
ORIGINAL PAPER

Seasonal phenology of appendicularian tunicates in the North
Water, northern Baffin Bay

D. Deibel1 • P. A. Saunders1,2 • C. J. Stevens1,3

Received: 17 May 2016 / Revised: 12 November 2016 / Accepted: 14 November 2016 / Published online: 25 November 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract Appendicularian tunicates are marine, gelatinous

zooplankton that are important grazers of protists and

phytoplankton in Arctic polynyas. However, little is known

at the seasonal scale about their life cycle and population

phenology in the Arctic. The temporal and spatial pattern

of abundance and biomass, body size, and maturity stage

were determined over two cruises representing an entire

productive season of the North Water (NOW), to determine

when and where populations spawn, and whether popula-

tion growth tracks the expansion of open water and the

development of diatom blooms. Oikopleura vanhoeffeni

began to spawn in April and May, in association with an

early diatom bloom caused by the opening of the Jones

Sound and Inglefield Bay polynyas in the central NOW.

Fritillaria borealis began population growth in June, dur-

ing the transition from the early diatom bloom to an

extended bloom of Chaetoceros socialis (‘C-bloom’).

Subsequent spawning and population growth of both spe-

cies followed the progression of open water and the

developing C-bloom, to the north and then south during

June–September. Maximum abundance and biomass of

both species occurred during September, supported by the

C-bloom prey community. Temperature had a strong,

positive relationship with the abundance and biomass of

both species, and moderate-to-high concentrations of dia-

toms seemed necessary for the initiation of spawning in O.

vanhoeffeni. Appendicularians matured quickly in the

early-opening polynyas in the NOW despite very low water

temperatures and achieved high population growth rates in

response to diatoms produced over an extended growing

season (April–September).

Keywords Appendicularia � Phenology � Polynya �
Population � Spawning � North Water � Arctic

Introduction

The polar oceans and their marginal seas are changing

(Post et al. 2013). In the northern hemisphere, the Arctic

Ocean has experienced early, substantial warming (Ar-

dynya et al. 2011; Rasmussen et al. 2011; Rabe et al. 2012).

Arctic pack ice is decreasing in extent and thickness

(Howell et al. 2010; Tamura and Oshima 2011). In the

foreseeable future, there will be more open water for longer

periods of the year than at present, likely resulting in

increases in phytoplankton biomass, until nutrients become

limiting (Tremblay et al. 2006; Ardynya et al. 2011).

Arctic polynyas are quasi-permanent, mesoscale areas of

open water in the midst of ice-covered seas (Ingram et al.

2002; Tremblay et al. 2002b). They allow the penetration

of light into the water column and are hotspots of biolog-

ical production (Klein et al. 2002; Tremblay et al. 2006).

They may act as ecological harbingers of a more open

Arctic Ocean in the future (Ingram et al. 2002; Tremblay

et al. 2006). Increasing extent and duration of open water

may affect the abundance and species diversity of Arctic
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Ocean consumers and, in turn, trophic relationships. Thus,

it is important to understand how present-day polynya food

webs function (Pesant et al. 1998, 2000; Berreville et al.

2008).

The North Water (NOW) is the name given to the

northern extremity of Baffin Bay, between Ellesmere and

Devon islands, Canada, and north-western Greenland. In

late winter and spring, the NOW typically contains three

large polynyas in and immediately outside the mouths of

Smith Sound, Inglefield Bay, and Jones Sound (Richard

et al. 1998a; Tang et al. 2004). In June and July, these

polynyas generally merge into a large area of open water

(Richard et al. 1998a). The NOW is one of the most bio-

logically productive Arctic seas, due to the relatively large

area covered by polynyas and to a long productive season,

including an extended diatom bloom (Klein et al. 2002;

Vidussi et al. 2004; Tremblay et al. 2006). Although phy-

toplankton production in the NOW supports a complex

food web which includes humans (Stirling 1997; Tremblay

et al. 2002b), the zooplankton ecology of the NOW has not

received the attention given to its physics, chemistry, and

phytoplankton ecology. While copepod abundance and

feeding have been described for most of the productive

season (Ringuette et al. 2002; Saunders et al. 2003; Stevens

et al. 2004), appendicularian tunicate abundance and

feeding have been described only for Oikopleura in July

1998 and September 1999 (Acuña et al. 2002; Deibel et al.

2005). There has not been an investigation of the seasonal

phenology of the abundance and biomass of appendicu-

larians, here also including Fritillaria, nor of their life

history and population dynamics in relation to the changing

physical, chemical, and biological environment of the

NOW. The present paper addresses these knowledge gaps.

Appendicularian tunicates are ecologically important

suspension feeders in all oceans (Fenaux et al. 1998). They

use fine mucous filters to collect and ingest a wide size

range of particles, from colloids to diatoms (Deibel 1998;

Tönnesson et al. 2005). In temperate and boreal waters, the

population clearance rates of appendicularians may at

times be greater than that of all copepod species combined

(Knoechel and Steel-Flynn 1989; Deibel 1998). In addition,

given favourable temperature and food concentration,

secondary production of appendicularians can be greater

than that of herbivorous copepods (Hopcroft and Roff

1995; Nakamura 1998; Choe and Deibel 2011).

Appendicularians can be abundant in Arctic polynyas,

forming major links between phytoplankton, protists, and

subsequent trophic levels in both the Northeast Water

(NEW) (Pesant et al. 1998, 2000; Acuña et al. 1999) and

the NOW (Acuña et al. 2002; Booth et al. 2002). Shed

appendicularian houses and faeces dominate the vertical

flux of biogenic particulate organic matter in the NEW

polynya for large portions of the year (Bauerfeind et al.

1997). The appendicularian species reported from polynyas

include Oikopleura vanhoeffeni, Oikopleura labradorien-

sis, and Fritillaria borealis. In polar oceans, the abundance

and biomass of these species are often significantly corre-

lated with environmental conditions, such as temperature,

salinity, and food concentration (Blachowiak-Samolyk

et al. 2008; Dvoretsky and Dvoretsky 2009). Oikopleura

vanhoeffeni can be abundant in ice edge habitats, while F.

borealis seems to thrive primarily in warmer (i.e.[0 �C),
ice-free waters (Arashkevich et al. 2002; Hopcroft et al.

2010). However, the seasonal time course of species-

specific abundance and biomass of appendicularians has

not been examined in a polynya in relation to physical and

biological environmental factors.

The coarse-scale pattern of oikopleurid abundance and

biomass in the NOW in July and September has been

described from a preliminary analysis of upper mixed layer

samples by Deibel et al. (2005). The present paper extends

this earlier analysis to the full set of samples from the upper

100 m, covering an entire productive season (April–

September), and now includes data on F. borealis. Multi-

variate statistical techniques are used to test several

hypotheses concerning the seasonal phenology of appen-

dicularian populations. Specifically, (1) when and where do

appendicularians spawn in the NOW? (2) Do the abun-

dance and biomass of appendicularians track the spatial

and temporal progression of the diatom blooms across the

NOW, or are they most abundant in post-bloom waters in

which the microbial loop is most important? This hypoth-

esis examines the emerging paradigm that appendicularians

are associated with diatom-based, as well as microbial-

based, food webs (Lobón et al. 2013). (3) Is there evidence

that appendicularians are multivoltine, as are some cope-

pod species in the NOW (Ringuette et al. 2002)? Testing

these hypotheses makes use of new information from the

samples, not available to Deibel et al. (2005), on the length

and maturity stage distributions of oikopleurids. (4) Is F.

borealis confined to Atlantic source waters (Blachowiak-

Samolyk et al. 2008; Dvorestsky and Dvorestsky 2013), or

abundant in the NOW generally? Accordingly, is F.

borealis temporally or spatially segregated from O. van-

hoeffeni in the NOW, as is the case in Conception Bay,

Newfoundland (Choe and Deibel 2008)? This hypothesis

tests the applicability of environmental niche theory to

sympatric appendicularian species.

Methods

This research was a component of the International North

Water Polynya Project (Deming et al. 2002). The general

goal of the zooplankton sub-project, of which this study

was one part, was to understand the effect of polynya
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formation and physical dynamics on the gradients of phy-

toplankton and protist abundance and size, and the resultant

effect of these prey gradients on the abundance, size

structure, reproduction, and grazing potential of suspen-

sion-feeding copepods and appendicularians.

Sample collection and analytical methods

Data summarized by month represent the following time

periods: 4 April 1998–4 May 1998 (‘April’), 7 May

1998–31 May 1998 (‘May’), 4 June 1998–27 June 1998

(‘June’), 1 July 1998–21 July 1998 (‘July’), and 27 August

1999–1 October 1999 (‘September’). Because relatively

few samples were collected in April and May, data col-

lected during these months are combined in some of the

tables and figures and are designated ‘April–May’. Stations

sampled each month varied, depending upon changing ice

conditions and scientific objectives.

Collection and analysis of physical, chemical, and

phytoplankton samples have been described elsewhere

(Klein et al. 2002; Tremblay et al. 2002a, b; Booth et al.

2002). Zooplankton samples were collected by depth-

stratified, vertical tows of closing, 6-m-long, Nitex mesh

plankton nets (200-lm, 1-m2 square mouth) (Ringuette

et al. 2002), or, from 11 to 30 May 1998, by closing,

300-lm, 0.79-m2, 1-m-diameter ring nets. The substitution

of the 300-lm-mesh net was necessitated by loss of the

200-lm net. The trunk length of newly hatched O. van-

hoeffeni and F. borealis is [200 lm, and with tail and

house, ca. 1 mm (Choe and Deibel 2008, 2011). Thus, this

change in mesh size was not expected to affect the results.

This expectation was confirmed by the abundance time

course data (see ‘‘Results’’). Net tows represented surface,

middle, or deep strata, based upon the vertical profiles of

temperature, salinity, and fluorescence at each station

(Online Resource 1). On-board processing of zooplankton

samples has been described elsewhere (Saunders et al.

2003; Deibel et al. 2005).

A Motoda box splitter or Hensen–Stempel pipette was

used to remove subsamples from the zooplankton samples.

Appendicularians were classified as F. borealis or O.

vanhoeffeni. The congeners O. vanhoeffeni and O.

labradoriensis cannot be easily differentiated in fixed

samples. However, based upon distinct temperature–salin-

ity envelopes of these species in cold, Newfoundland

coastal waters (Choe and Deibel 2008), the area north of

77�N was most likely unsuitable for O. labradoriensis

during the study period.

Trunk length of O. vanhoeffeni was determined to the

nearest 0.1 mm using a Wild stereomicroscope and ocular

micrometer. Trunk length was defined as the distance from

the tip of the mouth to the posterior edge of the stomach,

excluding the gonad. In our net samples, the trunks of

animals were frequently separated from their tails. While

trunks are fragile and generally damaged when detached

from tails, the tails are muscular and relatively undamaged.

The maximum width of detached tails was used to estimate

trunk lengths of these specimens from regressions of trunk

length versus tail width constructed from intact specimens

(Online Resource 2). Observed trunk length was multiplied

by a factor of 1.18 to correct for shrinkage of the animals in

formalin (Deibel 1988). In addition, maturity stage of O.

vanhoeffeni was classified following the 5 categories of

Shiga (1976) for the congener O. labradoriensis, where

stage I is newly hatched juveniles, and stage V mature, pre-

spawning adults.

In situ appendicularian abundance (m-3) was calculated

using tow volume estimates determined from net dimen-

sions, flow meter revolutions, and tow depths, assuming

100% filtration efficiency. Areal abundance and biomass

values are reported for all stations and sample dates in

which depth-stratified net tows, singly or in combination,

covered depths down to at least 100 m. Thus, the abun-

dance and biomass values presented here are not directly

comparable to a preliminary analysis of a subset of stations

by Deibel et al. (2005), in which only surface tows cov-

ering the upper mixed layer were considered. Data are also

included for Station 44 in July, where the surface net tow

extended to 87 m. In this paper, appendicularian abun-

dances \500 m-2 will be referred to as ‘low’,

500–5000 m-2 as ‘moderate’, and[5000 m-2 as ‘high’.

Volumetric and areal biomass of O. vanhoeffeni

(lg C m-3 and mg C m-2) were estimated from the trunk

length of each animal in a sample using the regression

equation of Deibel (1988). Volumetric and areal biomass of

F. borealis were estimated using the equation of Capitanio

et al. (2008), assuming a mean trunk length of 0.7 mm in

all samples and carbon = 0.45 9 dry weight. Thus, the

mean carbon mass fritillarid-1 was estimated to be 0.1 lg
C in all samples. Because of these assumptions and the use

of a constant conversion factor, the spatial pattern of the

abundance and biomass of F. borealis was identical. In this

paper, O. vanhoeffeni biomass from 0 to 5 mg C m-2 will

be referred to as ‘low’, 5–50 mg C m-2 as ‘moderate’, and

[50 mg C m-2 as ‘high’. Low, moderate, and high bio-

mass categories for F. borealis are an order of magnitude

lower than those of O. vanhoeffeni.

The status of a subset of populations was classified as

pre-spawning, spawning, or post-spawning, based upon

available maturity stage and trunk length frequency data.

Pre-spawning populations were essentially unimodal, pre-

dominately maturity stage IV and V. Spawning populations

had bimodal maturity stage distributions, with maturity

stage I forming the younger mode and stages IV and V

comprising the older mode. Trunk length of spawning

populations was distributed evenly across most size
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categories. Trunk length data alone cannot be used to

define a spawning population, because individuals can

grow to a large size without maturation (Troedsson et al.

2002; Lombard et al. 2009). Post-spawning populations

had essentially unimodal trunk length and maturity stage

distributions, dominated by small animals with trunk

lengths from 0.3 to 1.0 mm and maturity stages I and II.

Statistical analyses

Spearman’s rank–order correlation analyses and PCA

bubble plots were used to investigate the relationship

between appendicularian abundance, biomass, trunk

length, and maturity stage, and the time–space multivariate

environmental pattern of stations, as captured in the first 5

PCA axes. All statistical analyses were conducted using

Primer-E (version 6.1.16).

First, pairwise relationships between all covariables

were examined by making bivariate scatter plots. Most

relationships were nonlinear and monotonic. Therefore, the

strength of the monotonic relationship among covariables

was determined using the nonparametric Spearman’s rho

statistic. Spearman’s rho uses the ranks of the raw data and

is insensitive to outliers, which were not removed prior to

analysis. Since zeroes in the biological data matrices were

ecologically relevant, they were not removed prior to

analysis. Empty cells (n = 6) in the environmental data

matrix were filled by an estimate based upon the nearest

samples available in space–time.

Next, all variables were examined for normality and

transformed if necessary. Bivariate plots of all variables

were then examined pairwise to confirm normality, lin-

earity, and monotonicity. Since environmental variables

had various units and may have meaningful zero and

negative values, they were normalized before principal

component analysis by subtracting each value from the

mean and dividing by the standard deviation.

Complete linkage cluster analysis was run on the

resemblance matrix of pairwise, Euclidean distances

among all stations. Significance level of clusters was

determined by SIMPROF, with a priori factors date, day of

the year, station, month, and ice cover. Significance of

these factors to account for the multivariate environmental

pattern was tested by ANOSIM. A multivariate analogue of

stepwise multiple regression (BVSTEP, under the BEST

routine) was used to select a subset of environmental

variables (n = 6), which together accounted for 95% of the

multidimensional pattern in the PCA. These six variables

were: silicate concentration integrated over the upper

mixed layer (siluml) and the upper 100 m (sil100), the

mean salinity integrated over the euphotic zone (saleuph),

the mean temperature integrated over the upper 100 m

(temp100), potential density at the surface (sigthetasurf),

and euphotic zone depth (eudepth) (Table 1). All subse-

quent multivariate analyses and plots were based upon

these ‘best six’ environmental variables.

Study area and oceanographic setting

The North Water (NOW) is located at the northern termi-

nus of Baffin Bay (BB), between Ellesmere and Devon

islands, Canada, and north-west Greenland (Fig. 1). The

Smith Sound, Jones Sound, and Inglefield Bay polynyas

merge into a single polynya in early summer, forming the

largest recurrent polynya in the Arctic (80,000 km2) (On-

line Resource 3) (Mei et al. 2002; Tremblay et al. 2002b).

The Smith Sound polynya is established and maintained by

persistent northerly winds, a polar current flowing towards

the south, and an ice dam blocking the northern end of

Smith Sound (Melling et al. 2001; Marsden et al. 2004;

Rasmussen et al. 2011).

Circulation within the NOW is driven by a polar current

(PC) flowing southwards through Nares Strait and Smith

Sound, and a northern extension of the West Greenland

Current (WGC) flowing north-westwards along the

Greenland coast (Melling et al. 2001; Aksenov et al. 2010;

Rasmussen et al. 2011). Surface-layer current velocities in

the PC generally range between 10 and 15 cm s-1, while

velocities in the WGC are\5 cm s-1 (Melling et al. 2001;

Aksenov et al. 2010).

Due to seasonally increasing surface temperature and

decreasing salinity, it is problematic to use temperature and

salinity to define water masses in sub-Arctic seas (Trem-

blay et al. 2002a; Bâcle et al. 2002). Tremblay et al.

(2002a) developed a nutrient-based index (Siex) which

depends upon the silicate and nitrate ? nitrite content of

water samples to assign them to either polar current, sur-

face water (i.e. silicate-rich Arctic water {SRAW}), or

North Atlantic water from the West Greenland Current (i.e.

Baffin Bay Water {BBW}). The index, which ranges from

0 (no SRAW) to 1.0 (100% SRAW), is calculated by

Siex ¼ Si�Nð Þ � 1:06=12:75� 1:06; ð1Þ

where Si = the vertically averaged silicate concentration,

and N = the vertically averaged nitrate ? nitrite concen-

tration over the upper 100 m of the water column. Fol-

lowing Tremblay et al. (2002a), categorical labels of

SRAW were assigned to samples with a value of Siex
C 0.70 and BBW to samples with a value of Siex B 0.30.

As many stations contained complex mixtures of SRAW

and BBW, the labels SRAW/BBW (i.e. mixed water with

SRAW dominant) were assigned to samples with

Siex\ 0.70 but C0.50 and BBW/SRAW (i.e. mixed water

with BBW dominant) to samples with Siex[ 0.30 but

\0.50.
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The oceanographic phenology during the NOW expe-

dition has been described in several journal publications

(see below). The following review is a summary of envi-

ronmental conditions relevant to appendicularian popula-

tion dynamics.

The ice dam north of Smith Sound formed in early

March 1998 (Wilson et al. 2001; Ingram et al. 2002). This

ice dam allowed the Smith Sound polynya (SSP) to be well

developed by mid-April, extending further to the south

along the Canadian than the Greenland shore. BBW was

predominant in the NOW, with SRAW confined to north-

western stations (Tremblay et al. 2002a). The diatom

bloom began in late April at eastern stations dominated by

BBW (Klein et al. 2002; Vidussi et al. 2004) and on the

western side near the Jones Sound polynya (Ringuette et al.

2002; Odate et al. 2002; Booth et al. 2002). Phytoplankton

at these stations was dominated by large, centric diatoms

and Thalassiosira spp. (Lovejoy et al. 2002). Nitrate con-

centrations were relatively high and non-limiting at all

stations, indicating that the phytoplankton bloom was in an

early stage.

By early May, the SSP and Inglefield Bay polynyas

(IBP) were joined along the Greenland coast, and the Jones

Sound polynya (JSP) was well developed south of Coburg

Island. All three polynyas merged by late May, with open

water again extending much further to the south along the

Canadian shore. All the stations in Fig. 1 were in open

water by late May, except southern stations. There was an

increase in polar outflow in May and June 1998, with

SRAW dominating most of the stations in the western half

of the NOW (Tremblay et al. 2002a). The phytoplankton

bloom accelerated in early May and June along much of the

Greenland coast (Vidussi et al. 2004) and central NOW,

including station 44 near the mouth of Jones Sound

(Tremblay et al. 2002b). Nitrate was depleted in the upper

35 m of the water column in early May at several stations

and was low at all stations along the coast of Greenland in

June. Concentrations of chlorophyll a were maximal in

May at eastern stations in BBW and in central NOW sta-

tions in June (Klein et al. 2002). From the onset to the peak

of the early bloom (May–June), phytoplankton biomass in

the eastern NOW (BBW) was dominated by tabular chains

Table 1 The best six environmental variables used for the environmental principle components analysis

Variable Group 1 (‘pre-bloom’)

(n = 17)

Group 2 (‘T-bloom’)

(n = 6)

Group 3 (‘C-bloom’)

(n = 30)

Loading on PC1 Loading

on PC2

Silicate100 907–2352 544–961 533–2369 0.34 0.59

1751 666 1168

1686a ± 462 733b ± 173 1191c ± 445

Salinityeuph 32.60–33.53 32.75–33.46 28.99–32.83 0.39 -0.59

33.04 33.04 32.11

33.04a ± 0.27 33.05a ± 0.28 31.75b ± 1.07

Silicateuml 38.7–1634 6.25–102 4.66–245 0.49 0.25

686 64.1 20.6

643a ± 449 57.1b ± 38.2 49.6b ± 66.2

Temp100 -1.79 to -1.29 -1.42 to -0.13 -1.41 to -0.01 -0.49 -0.14

-1.63 -1.10 -0.86

-1.61a ± 0.16 -0.97b ± 0.49 -0.79b ± 0.41

Sigma-tsurf 25.98–26.96 25.69–26.81 23.59–26.17 0.44 -0.45

26.50 26.47 25.25

26.48a ± 0.27 26.39a ± 0.41 25.27b ± 0.73

Eudepth 24.6–54.4 17.2–28.6 12.0–45.9 0.25 0.13

48.5 21.4 32.7

45.5a ± 9.67 21.9b ± 3.72 30.7c ± 8.25

‘Group n’ is the range (line 1), median (line 2), and mean ± standard deviation (line 3) of each variable in each of the 3 station groups as defined

by cluster analysis and analysis of similarities. ‘Loading on PCn’ is the loading factor (i.e. the linear coefficient) of each variable on the first two

axes of the principle component analysis shown in Fig. 2. Mean values sharing the same lower-case letter were not significantly different

(p[ 0.05, one-way ANOVA and Tukey’s LSD test)

Silicate100 = the silicate concentration integrated over the upper 100 m (mmol m-2); Salinityeuph = the mean salinity of the euphotic zone (i.e.

1% of incident irradiation) (no units); Silicateuml = the silicate concentration integrated over the upper mixed layer (mmol m-2); Temp100 = the

mean temperature of the upper 100 m (�C); Sigma-tsurf = sea water density at 5 m depth (kg m-3); and Eudepth = depth of the euphotic zone

(i.e. 1% of incident irradiation) (m)
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of Thalassiosira spp., whereas in the central NOW, there

was a more diverse mix of Thalassiosira spp., ribbon-

forming pennate diatoms, and Chaetoceros spp. (Booth

et al. 2002; Lovejoy et al. 2002).

The ice dam in Smith Sound broke up in June, with

some increase in broken ice along the Greenland coast

during July. After break-up of the ice dam, in July 1998,

the NOW returned to a state similar to April, with more ice

and a greater contribution of BBW to most stations

(Tremblay et al. 2002a). Nitrate uptake rates were low at

all stations, except for the most northerly stations near

Smith Sound. The second, more extended diatom bloom

(June–September) was dominated by the small centric

diatom Chaetoceros socialis and, in one part of the NOW,

by large ciliates and dinoflagellates (Lovejoy et al. 2002;

Booth et al. 2002; Tremblay et al. 2002b). In late June and

July, the phytoplankton community in the east-central

NOW shifted from dominance by diatoms to dominance by

flagellates, dinoflagellates, and ciliates (Lovejoy et al.

2002, Vidussi et al. 2004).

In September 1999, the NOW was entirely ice-free south

to Lancaster Sound and was dominated by BBW water.

Concentrations of chlorophyll a were low throughout the

NOW, with highest concentrations at northern stations in

Smith Sound, where the small centric diatom C. socialis

remained a dominant member of the phytoplankton com-

munity (Booth et al. 2002). The combination of large size,

early opening, and the extended bloom of C. socialis all

contributed to the high biological productivity of the NOW.

Results

Hypotheses concerning environmental pattern

Group-averaged, cluster analysis of environmental data

revealed three significantly different groups of stations

(p\ 0.001) (dendrogram not shown). Because of the cor-

respondence between these groups and the floristic obser-

vations of Booth et al. (2002), these groups will be referred

to as pre-bloom, T-bloom (i.e. the early, transient Thalas-

siosira bloom), and C-bloom (i.e. the later, extended

Chaetoceros bloom). The T-bloom stations had fourfold to

fivefold, and threefold to fourfold, greater mean chloro-

phyll a concentration than the pre-bloom, and C-bloom

stations, respectively (Online Resource 4). In addition,

T-bloom stations had significantly lower silicate concen-

trations (sil100) than did the other two groups, and a shal-

lower euphotic zone (Table 1).

Principal component analysis (PCA) resulted in sepa-

ration of the stations into the pre-bloom group on the right,

the T-bloom group in the lower centre, and the C-bloom

group on the left (Fig. 2a). Silicateuml concentration and

temperature were most strongly loaded on PC1 (Table 1),

with temperature decreasing and silicate increasing

towards the right. Temperature was nearly colinear with

PC1. Silicate concentration100 and salinity were most

strongly loaded on PC2, with silicate increasing and

salinity decreasing upwards (Table 1). Eigenvector plots

(not shown) indicated silicate increasing to the upper right

of Fig. 2a and decreasing to the lower left, while salinity

and density increased to the lower right and decreased to

the upper left. Thus, pre-bloom stations were cold with

high nutrient concentrations, while C-bloom stations were

warmer, fresher and had lower inorganic nutrient concen-

trations (Table 1). Although there were exceptions, the pre-

bloom group contained stations sampled primarily in April
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and May (n = 12) and the C-bloom group primarily in July

and September (n = 25) (Fig. 2a). The T-bloom group

contained stations sampled in May (n = 2), June (n = 3),

and September (n = 1). June was a transitional time, with

stations nearly equally divided among pre-bloom (n = 4),

T-bloom (n = 3), and C-bloom (n = 5) groups.

The spatial pattern in water masses can be seen by

replacing the month code in Fig. 2a with a shading code for

the Siex factor, which accounted for the latitude and lon-

gitude patterns in environmental variables (Fig. 2b). Siex
increased from lower left to upper right, indicating the

predominance of BBW stations in the lower left, SRAW

stations in the upper right, and the occurrence of the

T-bloom primarily in BBW. Thus, PC1 generally reflects

the temporal pattern, and PC2 the spatial pattern, of envi-

ronmental variability. Comparison of Fig. 2a, b indicates

that temporal evolution of the environment occurred

essentially synchronously over the entire study area (i.e.

month symbols were arrayed vertically, except for June,

which was a period of rapid environmental transition)

(Fig. 2a), while over the entire time of the study, the spatial

water mass structure was relatively stable (i.e. the Siex

-2.5

-1.5

-0.5

0.5

1.5

2.5 mononth
April
May
June
July
Sept

1

1
2

2
2

2

2 2

5
6 7

7
14

14

18

22

22

27

27

27
31

31

32 35

35

40
40

40

40 40

40

4444

44

44 44

49

50

50

54

54

54

54
54

54

58

58

66

6868

68

76

-3 -2 -1 0 1 2 3 4

-2.5

-1.5

-0.5

0.5

1.5

2.5

1
2
3
4

1

1
2

2
2

2

2 2

5
6 7

7
14

14

18

22

22

27

27

27
31

31

32 35

35

40
40

40

40 40

40

44
44

44

44 44

49

50

50

54

54

54

545454

58

58

66

6868

68

76

a

b

Pre-bloom

T-bloom

C- bloom

PC
2

C-bloom

T-bloom

Pre-bloom

PC1

SiSiex

Fig. 2 North Water station

groups. Principal component

analysis (PCA) based upon

Euclidean distances among

stations derived from the best

six environmental variables.

Groups at a distance of 3.1 are

shown, based upon a group-

averaged cluster analysis (not

shown). PC1 accounts for ca.

54% of the among-station

pattern in the environment, and

PC2 ca. 21%. The temporal

pattern among stations is shown

in panel (a), shaded by month.

The spatial pattern among

stations is shown in panel (b),
shaded by the water mass proxy

variable Siex. Siex 1 C 70%

Baffin Bay water (BBW); Siex
2 = mixed BBW and silicate-

rich Arctic water (SRAW), with

50–69% BBW; Siex 3 = mixed

BBW and SRAW, with 51–70%

SRAW); Siex 4 C 70% SRAW.

Pre-bloom = group containing

primarily those stations with

pre-bloom concentrations of

chlorophyll a and inorganic

nutrients. T-bloom = group

containing those stations which

were generally characteristic of

the early diatom bloom

dominated by Thalassiosira spp.

C-bloom = group containing

those stations which were

generally characteristic of the

extended diatom bloom

dominated by Chaetoceros

socialis. Data plotted are the

station numbers referred to in

the text

Polar Biol (2017) 40:1289–1310 1295

123



symbols were arrayed essentially horizontally) (Fig. 2b).

Overall, PCA showed that time (i.e. season) accounted for

more of the pattern in the environment (i.e. PC1 accounted

for 54% of among-station variability) than did space (i.e.

latitude and longitude) (PC2: 21%). Thus, the null

hypothesis of no environmental pattern among stations was

rejected.

Total chlorophyll a concentration was highest in the

T-bloom group of stations, with some extension into a few

stations at the edges of the pre-bloom and C-bloom groups

(i.e. June stations 7, 14, 27, and 31) (Online Resource 5). In

general, high chlorophyll a concentration was coincident

with intermediate temperatures and nutrient concentrations,

over a wide range of salinities. Moderate chlorophyll

a concentration was relatively extensive in time (PC1) and

space (PC2) over the NOW, characteristic of the prolonged

bloom of C. socialis. As shall be seen below, most of the

stations with abundant oikopleurid and fritillarid appen-

dicularians were in the upper left quadrant of Online

Resource 5, at moderate, C-bloom concentrations of

chlorophyll a.

Phenology of abundance and biomass

of appendicularians

During April and May, the abundance of O. vanhoeffeni

was generally low, with highest values along the Ellesmere

Island shore of the central NOW at stations 22, near the

mouth of Smith Bay, and 44, near the mouth of Jones

Sound and the Jones Sound polynya, north-east of Coburg

Island (Fig. 3a). Abundance was much lower at the

remaining stations, although O. vanhoeffeni was present

throughout the area sampled, including at stations 2 and 7

in the northern extremity of the study area.

The biomass of O. vanhoeffeni, which reflects the rela-

tive abundance of larger animals, had a somewhat different

distribution in April and May than did abundance. Biomass

was highest at central stations along both the east and west

margins of the central NOW, especially station 40, near the

mouth of Inglefield Bay and the Inglefield Bay polynya,

and station 44, in the Jones Sound polynya (Fig. 4a).

Biomass was low at the remaining stations sampled,

including station 22, which had the second highest abun-

dance in May (Fig. 3a).

Peak abundance of O. vanhoeffeni increased by ca. an

order of magnitude in June, with high concentration at

station 54 in the south-eastern-central NOW, near Green-

land (Fig. 3b). On the western side of the NOW, the more

moderate abundances were ca. twofold and tenfold higher

than in April–May, at stations 22 and 44, respectively.

Abundances remained low at northern and southern

stations.

Biomass of O. vanhoeffeni in June was fivefold to ten-

fold higher at a few stations in the central NOW in com-

parison with April–May (Fig. 4b). Largest biomass

occurred at stations 22 and 31 in the western-central NOW

near the mouth of Smith Bay (14–29 mg C m-2), although

these stations did not have the most abundant populations

in June (Fig. 3b). Station 54, in the eastern-central NOW,

had the highest abundance of the stations sampled in June,

but a relatively low biomass (Fig. 4b). All the other sta-

tions sampled had low biomass values.

Of the 8 stations sampled during July, only stations in

the central NOW had moderate or high abundances of O.

vanhoeffeni (Fig. 3c). Peak abundance (ca. 10,300 m-2 at

station 44) was ca. twofold greater than in June, with

greatest abundances once again on both the eastern and

western sides of the NOW, at stations 40 and 44, respec-

tively, near the mouths of Inglefield Bay and Jones Sound.

Abundances were moderate at deeper stations along the

central NOW channel (i.e. stations 35 and 54).

Biomass of O. vanhoeffeni in July again displayed a

different spatial pattern than did abundance (Fig. 4c).

Biomass was high in the central NOW at station 35, about

fourfold greater than peak biomass values for any of the

stations sampled in June (Fig. 4b). For the first time,

moderate biomass was observed at northern stations (2 and

5) in Smith Sound.

All 14 stations visited in September, including southern

and northern stations, had moderate or high abundances of

O. vanhoeffeni (Fig. 3d). Peak abundances were ca. two-

fold greater than in July and ca. 75-fold greater than in

April–May. Abundance was generally lower along the

western side of the NOW, except at the most southerly

station, 66 (Fig. 3c).

In contrast to previous months, stations with highest

biomass of O. vanhoeffeni in September were all in the

northern NOW (Fig. 4d). Maximum biomass at station 14

(240 mg C m-2) was ca. twofold greater than maximum

biomass in July at station 35 (Fig. 4c) and almost 2 orders

of magnitude greater than maximum biomass values in

April–May in the central NOW (Fig. 3a). Moderate bio-

mass was observed at all remaining stations. In the south-

ern NOW (i.e. stations 66, 68, and 76), biomass values

were several orders of magnitude greater than in any pre-

vious month.

Fritillaria borealis lagged O. vanhoeffeni in seasonal

population growth. There were essentially no F. borealis at

any of the stations sampled in April and May (data not

shown). In June, peak abundances were in the central

NOW, at stations 44 and 54 (Fig. 5a), as was the case for

O. vanhoeffeni during June (Fig. 3b). Abundance was low

at all the other stations sampled in June. Biomass of F.

borealis was very low in June (data not shown).
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Peak abundance of F. borealis increased \twofold in

July. This increase was concentrated in the central NOW

(Fig. 5b), though biomass was still low. All remaining

stations had low biomass values.

Fritillaria borealis abundance increased by more than

an order of magnitude between July and September,

reaching peak values for the entire study (e.g. [53,000

animals m-2 at station 2) (Fig. 5c). Abundance and bio-

mass of fritillarids were generally greater in the northern

NOW and along the Ellesmere Island coast (e.g. stations 2,

14, and 32). F. borealis biomass was moderate to high

north of 76.5�N, with a maximum value of 5 mg C m-2 at

station 2. Abundance and biomass values were generally

lower in the southern and eastern NOW. Biomass values at

stations south of 76.5�N were moderate to low.

The abundance of O. vanhoeffeni increased exponen-

tially after mid-April, while that of F. borealis increased

exponentially after the second week of June (Fig. 6).
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Phenology of spawning of Oikopleura vanhoeffeni

There were regional differences in the phenology of

spawning by O. vanhoeffeni in the NOW. Pre-spawning

populations were essentially unimodal, predominately

maturity stage IV and V. Spawning populations had

bimodal maturity stage distributions, with maturity stage I

forming the younger mode and stages IV and V the older

mode. Trunk length of spawning populations was

distributed evenly across many size categories. Post-

spawning populations had essentially unimodal trunk

length and maturity stage distributions, dominated by small

animals with trunk lengths from 0.3 to 1.0 mm and matu-

rity stages I and II. Over the entire NOW area, spawning

occurred from April through September, beginning in late

April at station 49 in the south-central NOW. Spawning

began from mid-June to mid-July at other central stations,

from mid-June to September at northern stations, and
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finally at two southern stations in late September. Inter-

pretation of time series data from specific stations or sets of

stations is potentially confounded by surface water

advection. In general, a spawning duration of ca.

2–3 months was observed at two east-central stations ver-

sus ca. one month in the rest of the NOW.

There was evidence of recent spawning at station 49 in

late April (Fig. 7a), under moderate ice cover. However,

the population at Station 40 (77.0�N) was in a pre-

spawning state in early May (data not shown) and again

when sampled in late May (Fig. 7b). There were no pop-

ulation data for the other stations sampled in April and May

(i.e. stations 2, 7, 22, 27, and 44).

Populations spawned at stations 31 and 22 in mid-June,

in the western-central NOW (Fig. 7c). The population at

station 14 in the northern NOW was in a pre-spawning

state (data not shown), while that at station 18 had recently

spawned (Fig. 7d). All four of the above stations had

moderate-to-high concentrations of Thalassiosira spp. in

June (Booth et al. 2002). Station 44 in the central NOW

near the mouth of Jones Sound also had recently spawned

(data not shown). There were no population data for the

other stations sampled in June (i.e. 7, 27, 40, 54, and 68).

There was evidence of spawning at station 54 in the

eastern-central NOW in July, but high abundances in June

(Fig. 3b) suggest that spawning also had occurred previ-

ously at station 54 in May or early June. There was no

evidence of populations in a pre-spawning state in July.

The populations at stations 1, 35, 40, and 44 had recently

spawned, station 40 perhaps more recently than station 35

(Fig. 7e, f). There were no population data for the other

stations sampled in July (i.e. 2, 58, and 68).

The first evidence of spawning in the southern NOW

occurred at stations 66 and 76 in late September. There was

no evidence of populations in a pre-spawning state in
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September. The populations at stations throughout the rest

of the NOW had recently spawned, including stations 1, 2

(Fig. 7g), 6, and 14 (north); 32, 35, 40 (Fig. 7h), 50, 54,

and 58 (central); and 68 (south). There were no population

data for station 44 in September.

Apparently, more than one generation of O. vanhoeffeni

occurred during the study period at stations 40 and 54.

Alternatively, advection may have supplied ready-to-

spawn animals over a longer period than for other stations.

The population at station 40 was in a pre-spawning state in

May (Fig. 7b), and abundance remained low in June

(Fig. 3b). In July, the population was in a post-spawning

state (Fig. 7f), and abundance was much higher (Fig. 3c).

Thus, the population at station 40 must have spawned

between mid-June and July. Two samples from station 40

in September also indicated a post-spawning population

(Fig. 7h, 20 September). All three July and September

post-spawning populations included large fractions of

small (78–90%\1 mm trunk length), immature (93–96%

maturity stage I) individuals, suggesting essentially con-

tinuous recruitment from July to September. Since abun-

dance at station 40 peaked in September (25 9 103 m-2)

(Fig. 3d), at least one generation followed that produced

between mid-June and July.

Similarly, the population of O. vanhoeffeni at station 54

was spawning in July (Fig. 8a) and was in a post-spawning
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state in late September (Fig. 8b), when abundance was

highest (14 9 103 m-2) (Fig. 3d), but biomass was very

low (Fig. 4d). The late-September maximum abundance

was preceded by more moderate numbers in July (Fig. 3c)

and early September. Although there are no maturity stage

data available to show spawning at station 54 before July,

high late-June abundance (5.5 9 103 m-2) (Fig. 3b) and

biomass (Fig. 4b) suggest spawning in June, as well as in

September (i.e. there was high abundance and low biomass

in both June and September). All animals collected at

station 54 in June were \1 mm long (data not shown),

consistent with recent spawning.

Hypotheses concerning associations

between appendicularian abundance, biomass,

and environmental pattern

The abundance of O. vanhoeffeni was strongly, positively

associated with oikopleurid biomass, and both abundance

and biomass were significantly and similarly (i.e. similar

sign) associated with the six environmental variables which

defined the temporal and spatial pattern of the environment

(Table 2; Fig. 2). There was no association between

abundance or biomass and the euphotic zone concentration

of chlorophyll a. Abundance and biomass increased with

increasing temperature and with decreasing salinity, den-

sity, silicate concentration, and euphotic zone depth, all

characteristic of advancing season (i.e. time). The effect

strength of temperature was strongest of all environmental

variables for the abundance of O. vanhoeffeni. The effect

strength of temperature was moderate for the biomass of O.

vanhoeffeni, as were all the other environmental variables

(Table 2).

Since the abundance of F. borealis was strongly, posi-

tively associated with both the abundance and biomass of

O. vanhoeffeni, F. borealis abundance had similar associ-

ations with environmental variables as did O. vanhoeffeni

abundance, in both magnitude and sign (Table 2). The

effect strength of euphotic zone salinity and surface density

on the abundance of F. borealis was greater than for the

abundance and biomass of O. vanhoeffeni.

The abundance of O. vanhoeffeni was low at most of the

stations in the pre-bloom and T-bloom groups (Fig. 9a).

Stations 22 and 44, in the western-central NOW, had

highest abundances. These stations were in the middle of

the pre-bloom group, indicating slight warming and lower

nutrient concentrations at the beginning of the phyto-

plankton bloom. Station 76, in the T-bloom group, had

moderate abundance, but this station occurred in Septem-

ber at relatively high temperatures and low nutrient con-

centrations, indicating a waning bloom of Thalassiosira

spp. in the south-eastern NOW at that time. In fact, Booth

et al. (2002) found the phytoplankton at station 76 in

September to be dominated by C. socialis. Abundance was

moderate or high at many stations in the C-bloom group,

particularly at central and southern stations (Fig. 9a).

Although the stations with high abundance were all south

of 77.5�N, these stations were observed in all water masses

(i.e. high abundances were spread over a wide range of

PC2 values). Thus, the abundance of oikopleurid appen-

dicularians was primarily a seasonally dependent (i.e.

variability along PC1), rather than a spatially dependent

(i.e. variability along PC2), phenomenon. This observation

was further supported by the relationship between the

abundance of O. vanhoeffeni and the PC scores of the

stations, which was highly significant (with negative sign)

for PC1 scores (i.e. time), but not significant for PC2 scores

(space) (Table 3).

Oikopleura vanhoeffeni biomass, reflecting populations

dominated by large, pre-spawning animals, was low or

moderate at most pre-bloom and T-bloom stations, except

for two stations in the pre-bloom group (i.e. 44 and 22,

occupied in May and June, respectively, and dominated by

SRAW), and two stations in the T-bloom group (i.e. 40 and
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76, occupied in May and September, respectively, and

dominated by BBW) (Figs. 9b, 2b). Highest biomass

overall occurred at stations 14 and 2 in the C-bloom group

in September, dominated by a mixture of BBW and

SRAW, with BBW predominant (Fig. 2b). As was the case

for abundance, the biomass of O. vanhoeffeni had a strong,

negative association with PC1 scores, but no relationship

with PC2 scores (Table 3).

Fritillaria borealis abundance and biomass were very

low at stations in the pre-bloom and T-bloom groups and

high only at several stations in the C-bloom group

(Fig. 9c). Ten of the 11 stations with highest abundance

and biomass were sampled in September (Fig. 2a).

Although eight of these 11 stations were on the western

side of the NOW, nine of 11 were in BBW, which covered

most of the NOW in September (Fig. 2b). As with O.

vanhoeffeni, F. borealis abundance was highly associated

(negative sign) with station scores on PC1 (i.e. time)

(Table 3). However, unlike O. vanhoeffeni, there was a

weak-to-moderate, significant, positive association of frit-

illarid abundance with PC2 scores (i.e. space), supporting

the observation of a preponderance of stations with high

abundance along the Ellesmere Island shore of the NOW

(i.e. western sector), with relatively high temperatures and

low salinities late in the season (i.e. the upper left quadrant

of Fig. 9c).

The high relative frequency of small, recently produced

O. vanhoeffeni of maturity stage I indicated recent or

ongoing spawning at almost all the C-bloom stations and at

5 of the 9 stations in the pre-bloom and T-bloom groups

(Fig. 10a; the relative frequency of maturity stage I had a

similar pattern and is not shown). This pattern was statis-

tically supported by moderately strong, negative associa-

tions between the relative frequency of O. vanhoeffeni

\1 mm long and of maturity stage I, with the station

scores on PC axis 1 (Table 3). However, there were no

significant associations between the relative frequencies of

small, immature stage I animals and the station scores on

PC axis 2 (Table 3), indicating lack of a coherent pattern of

small, immature animals in space (Fig. 10a).

The high relative frequency of mature, pre-spawning O.

vanhoeffeni of maturity stages IV and V, along with a high

abundance of small animals, indicated that spawning was

ongoing at the time of sampling at ca. 12 of the 21 stations

in the C-bloom group (Fig. 10b). Since the remaining

stations had a high abundance of small animals and lower

relative abundance of large, pre-spawning animals,

spawning must have occurred within less than a few weeks

before sampling. Four of the 5 stations in the pre-bloom

and T-bloom groups, for which maturity stage data were

available, had relative frequencies of mature, pre-spawning

O. vanhoeffeni [25%, indicating a readiness to spawn

(Fig. 10b). There was a moderately strong, positive asso-

ciation between the relative frequency of maturity stage IV

animals and the station scores on PC1, and a weak negative

relationship with the PC2 scores (Table 3). This pattern

indicates predominance of maturity stage IV early in the

season in relatively cold, nutrient-rich BBW, predomi-

nantly in the lower right quadrant of Fig. 10b. A stronger

negative relationship occurred between the relative fre-

quency of maturity stage V O. vanhoeffeni and the station

scores on PC2, indicating predominance of this life history

stage in the lower half of the PC plot (Fig. 10b), generally

coinciding with stations with higher chlorophyll a concen-

tration (Online Resource 5).

The largest size class of O. vanhoeffeni ([4 mm long)

had positive associations with station scores on both PC 1

and PC 2 axes, indicating that large animals in surface

samples were predominantly found at lower water tem-

peratures from April to June, but also in samples collected

Table 2 Spearman’s rank–order correlation coefficients (rho) among the abundance and biomass of Oikopleura vanhoeffeni, Fritillaria borealis,

and the best six environmental covariates with, in addition, chlorophyll a concentration integrated over the euphotic zone

Oikabund

(m-2)

Oikmass

(mg C

m-2)

Fritabund

(m-2)

Temp100
(�C)

Salinityeuph Sigma-

tsurf
(kg m-3)

Silicateuml

(mmoles

m-2)

Silicate100
(mmoles

m-2)

Euphotic

zone depth

(m)

chl aeuph
(mg m-2)

Oikabund 1 0.78*** 0.76*** 0.76*** -0.50*** -0.48*** -0.68*** -0.40** -0.34* NS

Oikmass 1 0.71*** 0.52*** -0.52*** -0.50*** -0.55*** -0.30* -0.47*** NS

Fritabund 1 0.68*** -0.79*** -0.74*** -0.50*** NS -0.39** NS

Abundance and biomass were integrated over C100 m. * = p\ 0.05, ** = p\ 0.01, *** = p\ 0.001. Values of rho not significantly different

from 0 at p[ 0.05 are indicated by ‘NS’. n = 46 for all comparisons

‘Oikabund’ = abundance of Oikopleura vanhoeffeni; ‘Oikmass’ = the biomass of Oikopleura vanhoeffeni; ‘Fritabund’ = the abundance of

Fritillaria borealis; ‘Temp100’ = the mean water temperature of the upper 100 m; ‘Salinityeuph’ = the mean salinity of the euphotic zone;

‘Sigma-tsurf’ = the sea water density at 5 m depth; ‘Silicateuml’ = the silicate concentration integrated over the upper mixed layer; ‘Sili-

cate100’ = the silicate concentration integrated over the upper 100 m; ‘chl aeuph’ = the concentration of chlorophyll a equivalents in the total

seston integrated over the euphotic zone
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from[100 m in the north-central and northern NOW after

June (Table 3). Immature O. vanhoeffeni with body sizes

from 1 to 2, 2 to 3, and[4 mm from the surface samples

had similar, positive associations with the station scores on

the PC 1 axis, i.e. at colder water temperatures earlier in the

season (Table 3).

Discussion

The objective of this paper was to further understand the

spatial pattern of population phenology of appendicularians

over an entire productive season in the NOW. Oikopleura

vanhoeffeni is a cryophilic, stenohaline appendicularian

(Choe and Deibel 2008), capable of ingesting a wide size

range of food, from colloids to diatoms [30 lm in size

(Flood et al. 1992; Acuña et al. 1996). This species has a

circum-Arctic distribution and is common and abundant in

the boreal north Pacific and Atlantic oceans (Shiga 1993;

Shiga et al. 1998; Choe and Deibel 2008). Oikopleura

vanhoeffeni consumes a substantial portion of primary

production and is a major secondary producer, in both the

Northeast Water Polynya (Acuña et al. 1999), and in

Conception Bay, Newfoundland (Choe and Deibel 2011),

which is influenced by the inshore branch of the Labrador

Current.

Due to the high latitude and cold-water temperatures of

the NOW, most, and perhaps all, of the oikopleurid

specimens collected were O. vanhoeffeni. For example,

only Dvoretsky and Dvoretsky (2009) have reported O.

labradoriensis from high latitudes in the northern hemi-

sphere, in ‘Atlantic Water’ in the Barents and Pechora seas,

at minimum water temperatures [2.0 �C. Depth-specific
temperatures[2.0 �C were observed at only three stations

in the south-central and southern NOW in July and

September (i.e. stations 44, 54, and 68), all at depths

\16 m. Given the limited thermal habitat available for O.

labradoriensis in the NOW during our study, all the

oikopleurid appendicularians collected were assumed to be

O. vanhoeffeni.

Fritillaria borealis is an eurythermal and euryhaline

appendicularian (Choe and Deibel 2008), often abundant in

coastal waters with lower than oceanic salinities (Wyatt

1973; Dvoretsky and Dvoretsky 2009). This species has a

broad distribution in the northern hemisphere, from tem-

perate to polar waters (Fenaux et al. 1998). Fritillaria

borealis consumes a similar size range of particles as do

oikopleurids, with ca. 80% of the diet coming from parti-

cles\15 lm in size (Flood 2003; Fernández et al. 2004).

Due to consumption of very small, abundant particles, the

abundance of F. borealis may be regulated by predators

rather than by food availability (Skjoldal et al. 1993).

Because of a small body size, this fritillarid is often the

most abundant appendicularian in zooplankton samples

(Choe and Deibel 2008; Dvoretsky and Dvoretsky

2009, 2013).

Table 3 Spearman’s rank–

order correlations (rho) between

the abundance and biomass of

Oikopleura vanhoeffeni,

Fritillaria borealis, and

demographic (i.e. trunk length

frequencies) (mm), and life

history (i.e. maturity stage

frequencies) (I–V) variables of

O. vanhoeffeni from net-tow

samples, and the station scores

on principal component axes 1

and 2 from ordination of the

environmental data (see Fig. 2a,

b)

Population variate Station score on pc axis 1 Station score on pc axis 2 n

Oikabundance -0.67*** NS 46

Oikmass -0.62*** NS 46

Fritabundance -0.72*** 0.33* 46

\1 mmall -0.36** NS 60

\1 mm\100 -0.42** NS 37

1–2 mmall 0.30* NS 60

1–2 mm\100 0.37* NS 37

2–3 mmall 0.29* NS 60

[4 mmall NS 0.26* 60

[4 mm\100 0.33* NS 37

[4 mm[100 NS 0.61** 22

Maturity Iall -0.32* NS 40

Maturity IVall 0.45** -0.31* 40

Maturity IV\100 0.49* NS 25

Maturity V\100 NS -0.42* 25

* = rho significantly different from 0 at p\ 0.05; ** at p\ 0.01, and *** at p\ 0.001. Those trunk length

and maturity stage classes not shown had no significant values of rho at p\ 0.05 on either pc axis

Subscript ‘all’ indicates that all tows available at a given station were used, regardless of depths covered.

Subscript ‘\100’ indicates that only those tows in the upper 100 m were used for the analysis, and subscript

‘[100’ indicates that only those tows at depths[100 m were used in the analysis. n = the number of tows

used for the analyses in each row of the table
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When and where do appendicularians spawn

in the NOW?

Seasonal cycles of appendicularian populations have long

been known in non-polar waters (Fenaux 1961, 1976;

Acuña and Anadón 1992; Acuña et al. 1995). In north-

temperate waters, fritillarids generally occur first in the

annual sequence, predominating in low-salinity water

during winter. Several species of oikopleurids may follow

in succession during spring and summer, as the upper

mixed layer becomes warmer and more saline. This

temperate successional sequence seems to be inverted in

the NOW, perhaps due to the seasonal cycle of sea ice

formation and melting, with lowest salinities in the upper

mixed layer occurring in late summer and autumn, rather

than in late winter and spring.

Earliest spawning of O. vanhoeffeni begins in synchrony

with the early bloom of diatoms (i.e. the Thalassiosira

bloom, or ‘T-bloom’) in April and May at central stations

across the breadth of the NOW. In May, abundance and

biomass of O. vanhoeffeni are highest at station 44, located

in or near the Jones Sound polynya, suggesting early,

-2

-1

0

1

2

1

1

2

2 2

6

14

14

18

22
27

31

31

32 35

35

4040

40

40
40

40

44

44

44 44

49

50

50

54

54
54

54

58

66

68

76

PC 1
-3 -2 -1 0 1 2 3 4

-2

-1

0

1

2

1

1

2
2

6

14

14

18

22

31

32 35

35

40

40
40

40

44

49

50
5454

58

66

68

76

a

b

PC
 2

C-bloom

Pre-bloom

T-bloom

C-bloom

Pre-bloom

T-bloom

1 %
10 %

100 %

1 %
25 %
50 %

Fig. 10 North Water

oikopleurid populations versus

environmental pattern. a Bubble

plot of the tow-wise (surface

stratum only) relative frequency

(%) of small Oikopleura

vanhoeffeni, with a trunk length

\1 mm, on the environmental

principal component axes PC1

and PC2, from Fig. 2. b Similar

bubble plot for pre-spawning,

adult O. vanhoeffeni of maturity

stages IV and V. For

explanation of numbers and

symbols, see the legend for

Fig. 9

Polar Biol (2017) 40:1289–1310 1305

123



ongoing spawning in the west-central NOW. The Jones

Sound polynya is known to be productive during early

spring and is a hotspot for zooplankton, Arctic cod

(Boreogadus saida), and marine mammals, including

walrus (Odobenus rosmarus), beluga (Delphinapterus

leucas), ringed seals (Phoca hispida), bowhead whales

(Balaena mysticetus), and narwhals (Monodon monoceros)

(Richard et al. 1998a; Thiemann et al. 2007; Stewart 2008).

For example, walrus and beluga are known to overwinter

from February to May in polynyas at the mouths of Jones

Sound and Inglefield Bay, both members of the NOW

system of polynyas (Richard et al. 1998b; Tang et al. 2004;

Stewart 2008). Sometimes the Jones Sound polynya is

bifurcated, with one arm west of Coburg Island and another

north-east of Coburg Island and south-east of Clarence

Head, Ellesmere Island (see Fig. 1 in Richard et al. 1998a),

near station 44. The biomass of O. vanhoeffeni and con-

centration of chlorophyll a are also elevated in May at

station 27 in the east-central NOW, indicating gonad

maturation and imminent spawning in response to phyto-

plankton abundance near the Inglefield Bay polynya.

Although station 44 in the western NOW had the highest

abundance and biomass of O. vanhoeffeni in May, along

with increasing concentration of chlorophyll a, station 22,

ca. 50 km north of station 44, had moderate abundance but

low biomass in May, indicating spawning sometime in late

April. The first evidence of spawning in the eastern NOW

was also in May, at station 40 near the mouth of Inglefield

Bay, along with a relatively high concentration of chloro-

phyll a. Thus, the early appearance of O. vanhoeffeni at

stations 40 and 44 is likely due to the presence of polynyas

at the mouths of Jones Sound and Inglefield Bay, on the

western and eastern sides of the central NOW, respectively

(see Fig. 1 in Richard et al. 1998a).

In subsequent months, spawning and population growth

of O. vanhoeffeni follow the progression of open water and

the summer blooming of C. socialis (i.e. the ‘C-bloom’),

northwards and southwards from the south-central NOW.

Highest abundances remain in the south-central NOW

throughout the June–September period, spatially associated

with relatively high concentrations of chlorophyll a near

the mouths of Jones Sound and Inglefield Bay. Abundance

and biomass are high in the northern NOW near the Smith

Sound polynya (i.e.[77.5�N) only in September, likely in

association with the relatively late, high productivity of C.

socialis (Booth et al. 2002). Abundance and biomass of O.

vanhoeffeni increase by about two orders of magnitude

from April to September, equivalent to a population growth

rate of ca. 0.03 day-1, or a numerical doubling time of ca.

23 days. This population growth rate is high for a multi-

cellular metazoan at near-zero water temperatures and

77�N latitude. For example, the median population growth

rate of O. vanhoeffeni from April to September in

Conception Bay, Newfoundland, at 47�N, is ca.

0.008 day-1 (Choe and Deibel 2011), equivalent to a

numerical doubling time of ca. 86 day.

There are several lines of evidence indicating that O.

vanhoeffeni was consuming diatoms in the NOW during

this study, despite the large size of many of the prey spe-

cies during the T-bloom, and the formation of colonies by

C. socialis during the C-bloom. Acuña et al. (2002) found

that gut chlorophyll content increased in NOW O. vanho-

effeni up to a chlorophyll a concentration of 250 mg m-2

(ca. 5 lg chl a l-1). This functional response demonstrates

the ability of O. vanhoeffeni to feed at relatively high

concentrations of large diatoms. In fact, for much of July

and September, the population grazing rate of O. vanho-

effeni was approximately equal to that of all the copepod

species combined, and oikopleurid population grazing

accounted for a high proportion of total phaeopigments in

the water column (Acuña et al. 2002; Deibel et al. 2005).

Microscopic analyses of faecal pellets collected in July

showed 49 to ca. 100% diatom content, with a median of

25% C. socialis and 20% Thalassiosira bioculata (Acuña

et al. 2002). In total, 89% of the faecal pellets examined

contained C. socialis (Booth et al. 2002). Booth et al.

(2002) have suggested that the extended bloom of C.

socialis may be the key to the high annual level of primary

productivity of the NOW. Furthermore, the bloom of C.

socialis, much like Thalassiosira during the early bloom,

may support gonad maturation and spawning of appen-

dicularians up to the end of the productive season of the

NOW in September, as well as the relatively high popu-

lation growth rate of appendicularians in July and

September.

In the absence of maturity stage information, a less

accurate estimate of spawning time of F. borealis can be

made. However, its population increase lags that of O.

vanhoeffeni by ca. 2 months. Fritillaria borealis was not

detected at any of the stations sampled in April and May.

There are moderate abundances in the central NOW in

June, at the same stations at which O. vanhoeffeni are

already at moderate or high abundance, and with a mixture

of T-bloom and C-bloom diatom species (Booth et al.

2002). There is ample evidence that F. borealis prefers

colder, fresher water than do oikopleurid species (Wyatt

1973; Acuña and Anadón 1992; Choe and Deibel 2008).

Thus, in the NOW, F. borealis population growth follows

that for O. vanhoeffeni, perhaps due to the inverted sea-

sonal cycle of upper mixed layer salinity in comparison

with temperate waters. This temporal pattern is similar to

the inverted successional sequence in Conception Bay,

Newfoundland, in which O. vanhoeffeni peaks in June at

the time of the annual salinity maximum, and F. borealis in

August, during the time of annual declining salinities

(Choe and Deibel 2008).
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The highest abundances of both O. vanhoeffeni and F.

borealis occur during July and September, in the central

and northern NOW, coinciding with the annual, maximum

faecal pellet flux in September, when the vertical flux of

appendicularian faeces was ca. 35% of the total POC flux

(Sampei et al. 2002). At this time, these stations are

dominated by BBW, due to the characteristic, fall decrease

in southward flow of SRAW through Smith Sound (J.-E.

Tremblay, pers. comm.). Available food is dominated by C.

socialis\10 lm in size (when not in colonial form) in the

central and northern NOW and by a mixture of diatoms,

flagellates, and dinoflagellates at eastern-central stations

(Booth et al. 2002). Companion studies indicate that dia-

toms are important food for both appendicularians and

copepods in July and September (Acuña et al. 2002;

Saunders et al. 2003; Stevens et al. 2004).

Abundance and biomass vis-à-vis diatoms

and the microbial loop

The rapid reproductive response of O. vanhoeffeni to the

seasonal proliferation of diatoms contradicts the long-s-

tanding paradigm of dependence of appendicularians on

small cells of the microbial food web. This older para-

digm is being replaced by recent studies of oikopleurid

species that indicate dependence of gonad maturation and

population growth on diatoms. For example, simulation

models suggest that Oikopleura dioica needs to encounter

relatively high concentrations of diatoms to complete the

final stages of gonad maturation (Troedsson et al. 2002;

Lombard et al. 2009). Our observations in the NOW

suggest a similar dependence of O. vanhoeffeni on dia-

toms for gonad maturation. There is abundant evidence

that oikopleurids become mature at different body sizes

throughout the year (Wyatt 1973; Choe and Deibel 2009).

So, although appendicularians are generally not thought to

be food limited (López-Urrutia et al. 2003; Lobón et al.

2013), population growth may be food limited at times

due to postponement of the final stages of gonad matu-

ration. Although there was evidence for an important role

of diatoms in the maturation and population growth of O.

vanhoeffeni, late-season production of oikopleurids in the

eastern-central NOW (e.g. at stations 40 and 54) and

direct observations of diet (Acuña et al. 2002) also

demonstrate the supporting role of microbial food webs in

sustaining and possibly extending the productive season

of appendicularians.

Is Oikopleura vanhoeffeni multivoltine in the NOW?

Abundance, trunk length, and maturity stage data provide

evidence of two generations of O. vanhoeffeni at two sta-

tions on the eastern-central side of the NOW (i.e. stations

40 and 54). At station 40, spawning starts in late May or

early June, and abundance data suggest that recruitment

continues through early September, when the population

peaks at ca. 2.5 9 104 ind. m-2. Recruitment appears to be

occurring a month or so earlier at stations 54 and 44 (sta-

tion 44 is on the west side of the NOW, near the mouth of

Jones Sound). However, there are two, separate abundance

peaks at station 54, one in June and a second in September.

Both the abundance and surface-tow trunk length data for

station 54 in June (100% \1 mm; not shown) support a

conclusion of May spawning. Similarly, station 54 abun-

dance data from September samples support a case for

additional, late-season spawning in August or early

September, when there are no population data samples. It is

possible that recruitment at station 40 also occurs in two

periods, starting ca. a month later and reaching a peak a

couple of weeks earlier than station 54. The above exam-

ples support the conclusion that, for this eastern-central

region of the NOW, conditions support more than one

generation of O. vanhoeffeni. However, this conclusion is

made cautiously due to the use of population demographic

data from summer 1998 and autumn 1999. There is a need

to collect appendicularians from a full, single growing

season in the future to test this multivoltine hypothesis.

Early spawning of O. vanhoeffeni at eastern-central

stations is probably encouraged by the relatively early

warming and high diatom productivity in the outflow from

Inglefield Bay. However, by late June and July, large O.

vanhoeffeni at these stations were consuming a mixed diet,

dominated by diatoms and ciliates, while at more northern

and western stations (i.e. stations 1, 2, and 35), prey were

almost entirely diatoms (Acuña et al. 2002). Copepod

faecal pellet data reported by Saunders et al. (2003) reveal

additional evidence for diversification of diets in July and

September in the eastern-central NOW, supported by

development of a more diverse, microbial loop food web.

In addition, fatty acid biomarkers indicate diverse copepod

diets in the NOW in September (Stevens et al. 2004).

Is there environmental niche separation

between Oikopleura vanhoeffeni and Fritillaria

borealis?

Fritillaria borealis is temporally or spatially separated

from oikopleurids, due to differences in preferred envi-

ronments, generally distinguished by temperature (lower),

salinity (lower), the concentration of chlorophyll a (lower),

or the size of available food particles (smaller) (Wyatt

1973; Acuña and Anadón 1992; Choe and Deibel 2008).

However, in the NOW, there is a strong, positive associa-

tion between F. borealis and O. vanhoeffeni, with highest

abundances of both species at C-bloom stations sampled in

July and September. There is no evidence of differential
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association of the two species with the major water masses

in the NOW. It could not be determined whether there is, or

is not, vertical separation between F. borealis and O.

vanhoeffeni in the NOW, as our net tows integrated over

broad ranges of depth. In Conception Bay, Newfoundland,

there is no vertical separation between the two genera at a

scale of 10 s of metres (Choe and Deibel 2008).

In summary, population growth of O. vanhoeffeni

begins in synchrony with the early diatom bloom (April–

May) in BBW, near the Inglefield Bay and Jones Sound

polynyas. F. borealis begins population growth in June,

during transition from the early diatom bloom to the

extended bloom of C. socialis. Maximum abundance and

biomass of both species occur in July and September, at

C-bloom stations in BBW. Population doubling time of

O. vanhoeffeni from April to September is ca. 1 month, a

remarkably high rate given the extreme northern latitude.

There may be more than one generation of O. vanhoeffeni

at eastern-central stations, supported by prey from the

microbial loop. Although moderate-to-high concentra-

tions of diatoms seem necessary for the initiation of

spawning in O. vanhoeffeni, there is no statistically sig-

nificant relationship between abundance and biomass and

the concentration of chlorophyll a, perhaps due to the

coarse-scale, vertical integration of the net tows, as well

as to the extended time scale of the study, spanning pre-

bloom, bloom, and post-bloom conditions. Spawning and

population growth of both species are strongly seasonal,

over much of the open water of the NOW (i.e. with a

weak spatial pattern). Temperature integrated over the

upper 100 m has the strongest effect strength on the

abundance and biomass of both species. The association

among early-opening polynyas, early and extended dia-

tom production, and high rates of population growth of

appendicularians in the NOW, suggests that a warming

Arctic will lead to a greater role of these planktonic

tunicates in the mortality of polar phytoplankton and

microbes, and in the vertical flux of high-quality organic

material to deeper water (Bauerfeind et al. 1997; Pesant

et al. 1998, 2000).

Acknowledgements We thank T. Avery and R.C. Tian for assistance

with statistical analyses; M. Riehl, L. Fortier, M. Fortier, M. Ringu-

ette, H. Hattori, L. Létourneau, J. Michaud, L. Michaud, N. Nagao, S.

Plourde, M. Robert, N. Kobayashi, M. Sampei, P. Sirois, and K.

Takahashi for assistance in the field; and N. Bonnell, T.L. Connelly,

S.H. Lee, C. Cull, K. Pike, and C. White for assistance in the labo-

ratory. We are also grateful for the expert assistance of the officers

and crew of the Canadian Research Vessel Pierre Radisson. J.-L.

Acuña reviewed an earlier draft and offered many helpful comments.

The paper was much improved by the comments and corrections of

the Editor and three anonymous referees. This research was supported

by a Network Partnership Grant to L. Fortier et al. and by the Dis-

covery Grant of D. Deibel, both from the Natural Sciences and

Engineering Research Council of Canada.

References

Acuña JL, Anadón R (1992) Appendicularian assemblages in a shelf

area and their relationship with temperature. J Plankton Res

9:1233–1250

Acuña JL, Bedo AW, Harris RP, Anadón R (1995) The seasonal

succession of appendicularians (Tunicata: Appendicularia) off

Plymouth. J Mar Biol Assoc UK 75:755–758. doi:10.1017/

s0025315400039187

Acuña JL, Deibel D, Morris CC (1996) Particle capture mechanism of

the pelagic tunicate Oikopleura vanhoeffeni. Limnol Oceanogr

41:1800–1814

Acuña JL, Deibel D, Bochdansky AB, Hatfield E (1999) In situ

ingestion rates of appendicularian tunicates in the Northeast

Water Polynya (NE Greenland). Mar Ecol Prog Ser 186:149–160

Acuña JL, Deibel D, Saunders PA, Booth B, Hatfield E, Klein B, Mei

Z-P, Rivkin RB (2002) Phytoplankton ingestion by appendicu-

larians in the North Water. Deep Sea Res II 49:5101–5115

Aksenov Y, Bacon S, Coward AC, Holliday NP (2010) Polar outflow

from the Arctic Ocean: a high resolution model study. J Mar Syst

83:14–37. doi:10.1016/j.jmarsys.2010.06.007

Arashkevich E, Wassmann P, Pasternak A, Riser CW (2002) Seasonal

and spatial changes in biomass, structure, and development

progress of the zooplankton community in the Barents Sea.

J Mar Syst 38:125–145

Ardynya M, Gosselin M, Michel C, Poulin M, Tremblay J-É (2011)

Environmental forcing of phytoplankton community structure

and function in the Canadian high arctic: contrasting olig-

otrophic and eutrophic regions. Mar Ecol Prog Ser 442:37–57.

doi:10.3354/meps09378
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B, Tremblay J-É, Mostajir B (2004) Spatial and temporal

variability of the phytoplankton community structure in the

North Water Polynya, investigated using pigment biomarkers.

Can J Fish Aquat Sci 61:2038–2052. doi:10.1139/F04-152

Wilson KJ, Barber DG, King DJ (2001) Validation and production of

RADARSAT-1 derived ice-motion maps in the North Water

(NOW) polynya, January–December 1998. Atmos Ocean

39:257–278. doi:10.1080/07055900.2001.9649680

Wyatt T (1973) The biology of Oikopleura dioica and Fritillaria

borealis in the Southern Bight. Mar Biol 22:137–158

1310 Polar Biol (2017) 40:1289–1310

123

http://dx.doi.org/10.1016/j.dsr.2004.07.011
http://dx.doi.org/10.1029/2010JC006586
http://dx.doi.org/10.1029/2010JC006586
http://dx.doi.org/10.1016/j.pocean.2004.09.005
http://dx.doi.org/10.1111/j.1748-7692.2007.00101.x
http://dx.doi.org/10.1111/j.1748-7692.2007.00101.x
http://dx.doi.org/10.1029/2000JC000595
http://dx.doi.org/10.3354/meps243083
http://dx.doi.org/10.1139/F04-152
http://dx.doi.org/10.1080/07055900.2001.9649680

	Seasonal phenology of appendicularian tunicates in the North Water, northern Baffin Bay
	Abstract
	Introduction
	Methods
	Sample collection and analytical methods
	Statistical analyses
	Study area and oceanographic setting

	Results
	Hypotheses concerning environmental pattern
	Phenology of abundance and biomass of appendicularians
	Phenology of spawning of Oikopleura vanhoeffeni
	Hypotheses concerning associations between appendicularian abundance, biomass, and environmental pattern

	Discussion
	When and where do appendicularians spawn in the NOW?
	Abundance and biomass vis-à-vis diatoms and the microbial loop
	Is Oikopleura vanhoeffeni multivoltine in the NOW?
	Is there environmental niche separation between Oikopleura vanhoeffeni and Fritillaria borealis?

	Acknowledgements
	References




