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Abstract. Phytoplankton are expected to respond to recent
environmental changes of the Arctic Ocean. In terms of
bottom-up control, modifying the phytoplankton distribution
will ultimately affect the entire food web and carbon export.
However, detecting and quantifying changes in phytoplank-
ton communities in the Arctic Ocean remains difficult be-
cause of the lack of data and the inconsistent identification
methods used. Based on pigment and microscopy data sam-
pled in the Beaufort Sea during summer 2009, we optimized
the chemotaxonomic tool CHEMTAX (CHEMical TAXon-
omy) for the assessment of phytoplankton community com-
position in an Arctic setting. The geographical distribution
of the main phytoplankton groups was determined with clus-
tering methods. Four phytoplankton assemblages were de-
termined and related to bathymetry, nutrients and light avail-
ability. Surface waters across the whole survey region were
dominated by prasinophytes and chlorophytes, whereas the
subsurface chlorophyll maximum was dominated by the cen-
tric diatoms Chaetoceros socialis on the shelf and by two
populations of nanoflagellates in the deep basin. Microscopic
counts showed a high contribution of the heterotrophic di-
noflagellates Gymnodinium and Gyrodinium spp. to total car-
bon biomass, suggesting high grazing activity at this time of
the year. However, CHEMTAX was unable to detect these
dinoflagellates because they lack peridinin. In heterotrophic
dinoflagellates, the inclusion of the pigments of their prey

potentially leads to incorrect group assignments and some
misinterpretation of CHEMTAX. Thanks to the high repro-
ducibility of pigment analysis, our results can serve as a base-
line to assess change and spatial or temporal variability in
several phytoplankton populations that are not affected by
these misinterpretations.

1 Introduction

The Arctic environment is undergoing transformations
caused by climate change highlighted by the accelerating re-
duction of the summer sea-ice extent (Comiso et al., 2008;
Rothrock et al., 1999; Stroeve et al., 2011). Rapid response
of phytoplankton in terms of diversity and dominance has
already been discussed (Carmack and Wassmann, 2006).
A shift towards smaller-sized phytoplankton has been sug-
gested in the Canadian Arctic as a result of low nitrate avail-
ability and strong stratification (Li et al., 2009). A recent
study suggested that nanoflagellates would be promoted in
the newly ice-free basins as a consequence of the deepening
nitracline (Coupel et al., 2012). More frequent wind-driven
upwelling events could multiply the production and favor
the development of large taxa such as diatoms (Pickart et
al., 2013; Tremblay et al., 2011). The earlier ice retreat may
affect the zooplankton and benthos by altering the timing and
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location of the spring bloom and associated species succes-
sion (Grebmeier et al., 2010; Hunt Jr. et al., 2002). In re-
sponse to these changes, a reorganization of the Arctic Ocean
food web would be expected causing changes in the function
of the ecosystem and ultimately fisheries, but also in biogeo-
chemical cycles (Falkowski, 2000) and carbon export (Sig-
man and Boyle, 2000; Wassmann and Reigstad, 2011).

Monitoring the diversity and dominance of Arctic phy-
toplankton is a prerequisite for documenting change. How-
ever, it is very difficult to detect responses of phytoplank-
ton in the Arctic due to a lack of quantitative information
on taxonomic composition (Poulin et al., 2010; Wassmann
et al., 2011). The various approaches used for phytoplank-
ton identification greatly increased the breadth of knowl-
edge on phytoplankton communities but limit the possibil-
ity of intercomparisons between different data sets. In the
aim to detect year-to-year main changes in the phytoplank-
ton communities, a reproducible method needs to be estab-
lished. Optical microscopy is a good option to identify and
enumerate large phytoplankton but the procedure is expen-
sive, time-consuming and relies greatly on the skill of the
taxonomist (Wright and Jeffrey, 2006). Flow cytometry and
molecular analyses are better suited to identify small phyto-
plankton (Ansotegui et al., 2001; Roy et al., 1996; Schlter et
al., 2000). The remote sensing approach is becoming increas-
ingly attractive with the recent advances in the interpretation
of optical signals to detect diatoms and other phytoplankton
groups from space (Alvain et al., 2005; Hirata et al., 2011;
Sathyendranath et al., 2004; Uitz et al., 2006). But these ap-
proaches, developed with in situ data set from non-polar re-
gions, still need to be adapted and tuned for the Arctic region.
However, the satellite method is restricted to the surface layer
and is still limited by the presence of sea ice, frequent cloudy
conditions and coastal turbidity in the Arctic Ocean (I0OCCG,
2014).

The use of pigments as markers of major phytoplankton
groups is a good candidate for monitoring Arctic phyto-
plankton although it is limited by the acquisition of water
samples during oceanographic cruises. Automated measure-
ments of pigment concentrations using high-performance
liquid chromatography (HPLC) allows fast and highly re-
producible analysis (Jeffrey et al., 1997). Moreover, pig-
ment analysis allows for the characterization of both the
large and small size phytoplankton (Hooker et al., 2005).
The main issue when using pigments for quantitative tax-
onomy is the overlap of several pigments among phyto-
plankton groups. The chemotaxonomic software CHEMTAX
(CHEMical TAXonomy) was developed to overcome this
problem by considering a large suite of pigments simulta-
neously (Mackey et al., 1996). CHEMTAX has been widely
used in the global ocean, notably in Antarctic polar waters
(Kozlowski et al., 2011; Rodriguez et al., 2002; Wright et
al., 1996).

Only few studies have used CHEMTAX in the Arctic
Ocean to date. Spatial and temporal variability of the phy-

Biogeosciences, 12, 991-1006, 2015

toplankton community structure was described for the North
Water Polynya (Vidussi et al., 2004) and the Canada Basin
(Coupel et al., 2012; Taylor et al., 2013), while Alou-Font et
al. (2013) used CHEMTAX to describe the influence of snow
conditions on the sea-ice communities of Amundsen Gulf.
Phytoplankton communities were also investigated using
CHEMTAX in subarctic regions, i.e., the Bering Sea (Suzuki
et al., 2002) and in the Faroe-Shetland channel (Riegman
and Kraay, 2001). Investigations of the reliability of CHEM-
TAX underscores the need to adapt procedures to the tar-
geted area by investigating the dominant species, their pig-
ment content and the environmental conditions such as light
availability and nutrient status (Wright and Jeffrey, 2006).
Despite this caveat, most prior studies using CHEMTAX
in the Arctic Ocean have used a parameterization made for
Antarctic waters. Inappropriate parameterization of CHEM-
TAX has been identified as the main source of misinterpreta-
tion in taxonomic determination based on pigments (Irigoien
et al., 2004; Lewitus et al., 2005). Knowing this, a regional
parameterization of CHEMTAX is required before using it to
examine possible changes in the phytoplankton community
structure. Then, regional settings could be used as a starting
point for other Arctic CHEMTAX work.

The objective of this study was to examine Arctic phyto-
plankton community structure with CHEMTAX using sam-
ples collected during summer in the Beaufort Sea. This re-
gion, which is influenced by freshwater from the Mackenzie
River over the narrow continental shelf and by oceanic and
ice-melt waters in the deep ocean basin, allowed us to test
the performance of CHEMTAX under diverse environmental
conditions. Accurate taxonomic identification and enumer-
ation of cells > 3um were combined with flow-cytometric
sorting and counting of picophytoplankton cells (1-3 um) to
identify the dominant phytoplankton groups. The pigment
ratios of these dominant Arctic groups were then found in
the literature and used to tune the CHEMTAX software for
the Beaufort Sea region. This work demonstrates the use of
CHEMTAX to describe phytoplankton populations, and sim-
ilar studies conducted in the future could be used to investi-
gate changes in populations over time.

2 Materials and methods

Hydrographical observations and seawater sampling were
carried out in the Beaufort Sea (69-73°N; 125-145° W)
during Leg 2b of the MALINA cruise in summer 2009
(30 July to 27 August 2009) onboard the CCGS Amundsen.
Twenty stations were sampled on the Mackenzie shelf and
the deep waters of the Beaufort Sea (Fig. 1) using Niskin-
type bottles mounted on a CTD (Conductivity, Temperature,
Depth)-Rosette system equipped with sensors to measure
photosynthetically active radiation (PAR; Biospherical QCP-
2300), temperature and salinity (Sea-Bird SBE-911plus).
Phytoplankton communities were investigated using three
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Figure 1. Location of the sampling stations in the Canadian Beau-
fort Sea from 30 July to 27 August 2009 during the MALINA ex-
pedition. The isobath 150 m (in red) separates the Mackenzie shelf
from the deep waters of the Beaufort Sea.

different approaches: pigment signature (386 samples), light
microscopy (88 samples) and flow cytometry (182 samples).

2.1 Pigments

We followed the HPLC analytical procedure proposed by
Van Heukelem and Thomas (2001). Briefly, photosynthetic
phytoplankton pigments were sampled at 6-10 depths at dif-
ferent sites in the upper 200 m of the water column, how-
ever only samples from the surface (5m) and subsurface
chlorophyll a maximum (SCM) are presented in this work.
Seawater aliquots ranging from 0.25 to 2.27 L were fil-
tered through 25 mm Whatman GF/F filters (nominal pore
size of 0.7pum) and frozen immediately at —80°C in lig-
uid nitrogen until analysis. Analyses were performed at the
Laboratoire d’Océanographie de Villefranche (LOV). Fil-
ters were extracted in 3mL methanol (100 %) for 2 h, dis-
rupted by sonication, centrifuged and filtered (Whatman
GF/F). The extracts were injected within 24 h onto a reversed
phase C8 Zorbax Eclipse column (dimensions: 3 x 150 mm;
3.5um pore size). Instrumentation comprised an Agilent
Technologies 1100 series HPLC system with diode array
detection at 450 nm (carotenoids and chlorophyll ¢ and b),
676 nm (chlorophyll a and derivatives) and 770 nm (bacteri-
ochlorophyll a). The concentrations of 21 pigments, includ-
ing chlorophyll a (Chl a), were obtained and used in this
study (see Table 1 for details and pigment abbreviations).
The limits of detection (3x noise) for the different pigments,
based on a filtered volume of 2L, ranged from 0.0001 to
0.0006 mgm~—3. The precision of the instrument was tested
using injected standards and showed a variation coefficient
of 0.35%. Moreover, previous tests of the precision of the
instrument and method used here were conducted on field
samples replicates. A coefficient of variation of 3.2 and 4%
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was found for the primary and secondary pigment, respec-
tively. Such precision was in accordance with the 3% stan-
dard high precision required in the analysis of field samples
(Hooker et al., 2005).

2.2 Light microscopy and flow cytometry

One to six depths at different sites were sampled in the up-
per 100 m of the water column for taxonomic identifica-
tion and enumeration of phytoplankton cells by light mi-
croscopy. Samples were preserved in acidic Lugol’s solu-
tion and stored in the dark at 4 °C until analysis. The count-
ing of cells > 3pum was performed using an inverted micro-
scope (Wild Heerbrugg and Zeiss Axiovert 10) following the
Uterméhl method with settling columns of 25 and 50 mL
(Lund et al., 1958). A minimum of 400 cells were counted
over at least three transects. Autotrophic and heterotrophic
protists were counted. The autotrophic phytoplankton were
distributed among 10 classes plus a group of unidentified
flagellates (Table 2). Unidentified cells (> 3 um) represented
less than 10 % of the total cell abundance over the shelf but
reached 75 % of the total cell abundance over the basin. Half
of the unidentified cells were smaller than 5 um. Enumeration
of picophytoplankton (1-3um) by flow cytometry analysis
(Marie et al., 1997) was performed onboard using a FAC-
SAria (Becton Dickinson, San Jose, CA, USA) and following
the method described in Balzano et al. (2012).

2.3 Converting abundance to carbon biomass

Phytoplankton abundances obtained by light microscopy and
flow cytometry were converted into carbon biomass (Ta-
ble 2). The carbon biomass (C, ngCm~3) is obtained by
multiplying cell abundance (A, cellsL=1) by mean cellular
carbon content (CC, ngC per cell) for each phytoplankton

group:
C=A-CC,

where CC was derived from cell biovolume (BV; um?3) using
three conversion equations determined by regression analy-
sis on a large data set (Menden-Deuer and Lessard, 2000).
Diatoms and dinoflagellates require particular formulas be-
cause of their low (diatoms) or high (dinoflagellates) specific
carbon content relative to other protists:

— Diatoms: CC = 0.288 x BV0-811
— Dinoflagellates: CC = 0.760 x BV0-819,

— All other protists (except diatoms and dinoflagellates):
CC=0.216 x BV0-9,

where species BV were compiled from Olenina et al. (2006).
When species BV were not referenced, biovolumes were
estimated according to cell shape and dimensions (Bérard-
Therriault et al., 1999) using appropriate geometric formulas

Biogeosciences, 12, 991-1006, 2015
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Table 1. Distribution of major taxonomically significant pigments in algal classes using SCOR (Scientific Council for Oceanic Research)

abbreviations (Jeffrey et al., 1997).
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Pigment Abbreviation  Specificity
Chlorophyll
Chlorophyll a Chla All photosynthetic algae
Bacteriochlorophyll a BChl a Photosynthetic bacteria
Chlorophyll b Chl b Dominant in green algae
Chlorophyll ¢1 + ¢2 Chlci+¢p Minor in red algae
Chlorophyll ¢3 Chl c3 Dominant in haptophyte, many diatoms and some dinoflagellates
Chlorophyllide a Chlide a Degradation products of chlorophyll a
Pheophorbide a Pheide a Degradation products of chlorophyll a
Pheophytin a Phe a Degradation products of chlorophyll a
Carotene(s) Car Dominant in chlorophytes, prasinophytes, minor in all other algal groups
Xanthophyll
Alloxanthine Allo Major in Cryptophytes
19’-butanoyloxyfucoxanthin  But-fuco Dominant in pelagophytes, dictyochophytes. Present in some haptophytes
Diadinoxanthin Diadino Diatoms, haptophytes, pelagophytes, dictyochophytes and some dinoflagellates
Diatoxanthin Diato Diatoms, haptophytes, pelagophytes, dictyochophytes and some dinoflagellates
Fucoxanthin Fuco Dominant in most red algae
19’-hexanoyloxyfucoxanthin ~ Hex-fuco Major in Haptophytes and dinoflagellates Type 2* (lacking Peridinin)
Lutein Lut Chlorophytes, prasinophytes
Neoxanthin Neo Chlorophytes, prasinophytes
Peridinin Peri Dinoflagellates Type 1*
Prasinoxanthin Pras Prasinophytes Types 3A and 3B
Violaxanthin Viola Dominant in chlorophytes, prasinophytes, chrysophytes, some dinoflagellates
Zeaxanthin Zea Dominant in cyanobacteria, pelagophytes, chrysophytes, some dinoflagellates

* Higgins et al. (2011).

(Olenina et al., 2006). Replicate measurements of the diame-
ter of some common diatom and dinoflagellate species shows
a variability in the biovolume around 30 % (Menden-Deuer
and Lessard, 2000; Olenina et al., 2006). A 30% overesti-
mation of the biovolume of a species would cause a 20 to
30 % overestimation of its carbon biomass depending on the
conversion equation used.

According to the three conversion equations, a large-sized
dinoflagellate (BV = 10 000 um?) contains 3 times more car-
bon than a diatom of the same biovolume and 15% more
carbon than a protist of the same biovolume. However, in the
case of a small cell volume (BV = 10 pm?), a dinoflagellate
would contain 2.5 times more carbon than both a diatom and
a protist.

2.4 Pigment interpretation: CHEMTAX

The CHEMTAX method (Mackey et al., 1996) was used to
estimate the algal class biomass from measurements of in
situ pigment. Two inputs are required to create the ratio ma-
trix used to run the CHEMTAX program: the major phyto-
plankton groups present in our study area (chemotaxonomic
classes) and their pigment content expressed as initial “pig-
ment / TChl a” ratios where TChl a is the total Chl a concen-
tration, i.e., the sum of Chl a and chlorophyllide a (Chlide a,
Table 3a).

Biogeosciences, 12, 991-1006, 2015

The algal groups identified by microscopy were grouped
in nine chemotaxonomic classes. The very high dominance
of the centric diatom Chaetoceros socialis in several sta-
tions over the shelf allowed us to accurately define the pig-
ment / TChl « ratios of the diatom class. For the other phy-
toplankton groups, due to the fact that their specific pigment
signatures, we used the pigment / TChl a ratios from the lit-
erature. Then, we chose the ratios representative of the domi-
nant species associated with each chemotaxonomic class pre-
viously identified with microscopy. The dinoflagellate class
represents the dinoflagellates containing peridinin (Peri) as
Heterocapsa rotundata whose ratio Peri / TChl a was set to
0.6 (Vidussi et al., 2004). The c3-flagellates group corre-
sponds to the Dino-2 class defined in Higgins et al. (2011),
which included the dinoflagellates type 2 lacking pigment
peridinin. We chose here to replace the group name Dino-
2 with c3-flagellates because we think the characteristics of
this groups, i.e., a relatively high chlorophyll ¢3 (Chl ¢3) con-
centration relative to their 19’-butanoyloxyfucoxanthin (But-
fuco) and 19’- hexanoyloxyfucoxanthin (Hex-fuco) concen-
trations, included a larger diversity of flagellates including
raphidophytes and dictyochophytes and dictyochophytes in
addition to the autotrophic dinoflagellates lacking Peri. The
cryptophytes were detected by the presence of alloxanthin
(Allo) pigment. The haptophytes type 7 class refers to the
prymnesiophyte-type Chrysochromulina spp. discriminated

www.biogeosciences.net/12/991/2015/
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Table 2. Abundance and carbon biomass (mean + SD) of the major protist groups in surface and subsurface chlorophyll a maximum (SCM)
depth of the Mackenzie shelf and in deep waters of the Beaufort Sea. The mean percent contribution of each protist group to the total cell
abundance and total carbon biomass is indicated in parentheses. Large (> 3 um) and small (< 3 um) cells were counted by light microscopy
and flow cytometry, respectively. The average cell abundance and carbon biomass are in bold characters. Total chlorophyll a concentration
(mean + standard) is indicated at the bottom of the table. The heterotrophic group is composed of flagellated protozoans.

Mackenzie Shelf Beaufort Sea

Surface (3m) SCM (35+8m) Surface (3m) SCM (61 +7m)
Number of stations N=8 N =6 N =13 N=13
Total abundance (cellsmL~1) 4500 % 1400 4000 % 1500 4400 % 1400 2500 + 2500
Algae >3um 660 % 830(15.0) 3000900 (74.1) 140+ 140(3.2) 93+110(3.8)
Diatoms 410+ 610(61.2) 2900+ 790(97.5) 7.1+5.7(5) 8+11(8.5)
Dinoflagellates 44 430 (6.6) 8.4+4.8(0.3) 19+15(13.1) 11+5(11.9)
Chlorophytes 0.6+0.9(0.1) 0.1+0.3(0) 0.2+0.4(0.1) 0.0+0.1(0)
Chrysophytes 36 +39(5.4) 4.9+10.0(0.2) 5.4+6.3(3.8) 0.1+£0.2(0.1)
Dictyochophytes 18 +28(2.6) 0.7+1.7(0) 9.5+9.4(6.7) 0.5+0.9(0.5)
Cryptophytes 19+23(2.8) 56+7.0(0.2) 4.6+5.2(3.3) 7+20(7.4)
Euglenophytes 0.2+0.4(0) 0.1+0.1(0) 0.2+0.5(0.1) 0.1+0.1(0.1)
Prasinophytes 21+27(3.2) 0.4+0.4(0) 30+38(21.2) 0.7+1.5(0.8)
Prymnesiophytes 15+25(2.3) 4.0+5.5(0.1) 19422(13.7) 22+ 25(24.3)
Unidentified flagellates 100 +40(15.7) 48 +36(1.6) 46 +33(32.8) 37+41(39.9)
Raphidophytes 0+0(0) 0.5+0.5(0) 0.0+0.1(0) 6.0+6.2(6.5)
Algae < 3pum 3600+ 1500(81.2) 930+850(23.5) 4000+1200(91.7) 2200+ 1300(91.1)
Heterotrophs > 3um 40+60(0.9) 12+14(0.3) 27 +39(0.6) 2.7+2.4(0.1)
Unidentified cells > 3 pum 120+120(2.8) 86+44(2.2) 190+ 270 (4.4) 120+ 160 (5.0)
Total biomass (mgC m*3) 64 +22 110+ 57 2547 1445
Algae > 3pum 43+40(54.7) 100 + 46 (86.8) 12+10(39.5) 9.2+7.6(48.5)
Diatoms 15+17(35.9) 91+40(89.2) 0.51+0.37(5) 0.31+0.53(3.8)
Dinoflagellates 23+20(56.7) 9.7+4.8(9.5) 7.93+6.49(76.9)  4.63+3.22(57.3)
Chlorophytes 0.10+0.21(0.3) 0.00+0.00(0) 0.04+0.11(0.4) 0.00+0.01(0)
Chrysophytes 0.48+0.33(1.2) 0.09+0.18(0.1) 0.32+0.62(3.2) 0.00+0.01(0)
Dictyochophytes 0.154+0.24(0.4) 0.01+0.03(0) 0.094+0.09(0.9) 0.00£0.01(0)
Cryptophytes 0.28+0.33(0.7) 0.29+0.45(0.3) 0.04 +0.05(0.4) 0.03+0.06(0.4)
Euglenophytes 0.04 +0.06 (0.1) 0.02+0.04 (0) 0.07+0.16(0.7) 0.14+0.36(1.7)
Prasinophytes 0.31+0.35(0.8) 0.01+0.01(0) 0.49+0.60(4.8) 0.02+0.04(0.2)
Prymnesiophytes 0.13+0.19(0.3) 0.04 +0.05(0) 0.19+0.21(1.9) 0.36 +0.53 (4.5)
Unidentified flagellates 1.52+0.60(3.7) 0.57 +0.30(0.6) 0.60+0.40(5.8) 0.48 +0.45(6)
Raphidophytes 0+0(0) 0.29+0.29(0.3) 0.01+0.02(0.1) 2.10+1.68(26)
Algae < 3pum 1.9+0.8(2.4) 0.49+0.45(0.4) 2.1+0.7(6.7) 1.2+0.7(6.2)
Heterotrophs > 3um 15+24(19.3) 5.4+5.6(4.6) 6.3+10.6(20.2) 1.0£1.2(5.3)
Unidentified cells > 3 um 3.8+4.0(4.9) 2.3+2.1(2.0) 4.0+4.4(12.9) 2.9+3.6(15.4)
Total Chlorophyll a (mgm~—3) 0.20+0.13 2.84+2.55 0.10£0.09 0.31+0.17

by a high ratio of Hex-fuco to TChl a. In contrast, the chrys-
ophytes and pelagophytes contained a high ratio of But-
fuco to TChl a. Finally, three groups of green algae con-
taining chlorophyll 5 (Chl b) were considered: chlorophytes,
prasinophytes type 2 and prasinophytes type 3. The prasino-
phytes type 3 containing the pigments prasinoxanthin (Pras)
is representative of the pico-sized Micromonas sp. while the
type 2 is associated with prasinophytes lacking Pras such
as the nano-sized Pyramimonas sp. Chlorophytes were ev-
idenced by significant concentrations of lutein (Lut), a char-

www.biogeosciences.net/12/991/2015/

acteristic pigment of this group (Del Campo et al., 2000). The
effect of light levels on pigment ratios was taken into account
by considering two ratio matrices, a high light ratio matrix
runs on surface samples (0-20m) and low light ratio ma-
trix runs on subsurface samples (20-200 m). Moreover, pho-
toprotective carotenoids (PPC = diadinoxanthin (Diadino)
+ diatoxanthin (Diato) + zeaxanthin (Zea) + violaxanthin
(Viola) + carotenes (Car)) were not used since they var-
ied strongly with irradiance and/or they are taxonomically
widespread (Demers et al., 1991). Finally, we carried out

Biogeosciences, 12, 991-1006, 2015
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Table 3. Pigment: TChl « ratios for each algal group under low (SCM samples) and high light (surface samples) light levels. (A) Initial
ratio matrix determined from 2 this study, b Vidussi et al. (2004), © Higgins et al. (2011); (B) final ratio matrix obtained after CHEMTAX
recalculation in order to find the best fit between the in situ pigment concentrations and our initial ratio matrix. The symbol “~” indicates
similar ratios between low and high light levels. Pigment abbreviations are defined in Table 1. According to Higgins et al. (2011): Chryso-
Pelago: Chrysophytes and Pelagophytes; Hapto-7: haptophytes type 7; Prasino-3: prasinophytes type 3; Prasino-2: prasinophytes type 2.

Class/Pigment  Light Chlcz Chlci4p But-fuco Fuco Hex-fuco  Neo Pras Chlb  Allo Lut Peri
(A) Initial ratio matrix
@Diatoms Low 0 0.171 0 0.425 0 0 0 0 0 0 0
High 0 0.192 0 0.495 0 0 0 0 0 0 0
bDinoflagellate Low 0 0 0 0 0 0 0 0 0 0 0.6
High 0 0 0 0 0 0 0 0 0 0 0.6
€ c3-flagellates Low  0.262 0.144 0.07 0.226 0.101 0 0 0 0 0 0
High  0.179 0.126 0.081 0.3 0.194 0 0 0 0 0 0
CCryptophytes Low 0 0.104 0 0 0 0 0 0 0.277 0 0
High 0 - 0 0 0 0 0 0 0.211 0 0
bChryso-PeIago Low 0.114 0.285 0.831 0.337 0 0 0 0 0 0 0
High - 0.316 1.165 0.425 0 0 0 0 0 0 0
¢Hapto-7 Low 0.171 0.276 0.013 0.259 0.491 0 0 0 0 0 0
High  0.215 0.236 0.023 0.42 0.682 0 0 0 0 0 0
CPrasino-2 Low 0 0 0 0 0 0.033 0 0.812 0 0.096 0
High 0 0 0 0 0 0.056 0 0.786 0 0.038 0
CPrasino-3 Low 0 0 0 0 0 0.078 0.248 0.764 0 0.009 0
High 0 0 0 0 0 0.116 0.241 0.953 0 0.008 0
CChlorophytes Low 0 0 0 0 0 0.036 0 0.339 0 0.187 0
High 0 0 0 0 0 0.029 0 0.328 0 0.129 0
(B) Final ratio matrix
@Diatoms Low 0 0.091 0 0.301 0 0 0 0 0 0 0
High 0 0.13 0 0.352 0 0 0 0 0 0 0
bDinoflagellate  Low 0 0 0 0 0 0 0 0 0 0 0.375
High 0 0 0 0 0 0 0 0 0 0 0.285
€ c3-flagellates Low  0.133 0.072 0.046 0.171 0.11 0 0 0 0 0 0
High  0.145 0.08 0.039 0.125 0.056 0 0 0 0 0 0
CCryptophytes Low 0 0.079 0 0 0 0 0 0 0.162 0 0
High 0 0.075 0 0 0 0 0 0 0.201 0 0
bChryso-Pelago Low  0.038 0.105 0.386 0.141 0 0 0 0 0 0 0
High  0.044 0.111 0.324 0.131 0 0 0 0 0 0 0
CHapto-7 Low  0.079 0.071 0.008 0.154 0.321 0 0 0 0 0 0
High  0.036 0.061 0.006 0.122 0.303 0 0 0 0 0 0
CPrasino-2 Low 0 0 0 0 0 0.03 0 0.424 0 0.02 0
High 0 0 0 0 0 0.017 0 0.418 0 0.049 0
CPrasino-3 Low 0 0 0 0 0 0.054 0.209 0.271 0 0.004 0
High 0 0 0 0 0 0.043 0.136 0.222 0 0.005 0
CChlorophytes Low 0 0 0 0 0 0.035 0 0.037 0 0.143 0
High 0 0 0 0 0 0.023 0 0.217 0 0.12 0

independent CHEMTAX runs for shelf and basin samples to
minimize the effects of the growth and nutrient conditions on
the pigment interpretation.

The ratio of pigment/Chl a for various algal taxa used as
“seed” values for the CHEMTAX analysis were chosen from
the literature. However, the pigment ratios for a real sam-
ple are unlikely to be known exactly due to regional varia-
tions of individual species, strain differences within a given
species and local changes in algal physiology due to envi-
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ronmental factors such as temperature, salinity, light field,
nutrient stress and mixing regimes (Mackey et al., 1996).
Therefore, to test the sensitivity of CHEMTAX, 10 further
high light and low light pigment ratio tables were generated
by multiplying each cell of our initial ratio matrix by a ran-
domly determined factor F, where F=1+S-(R—0.5). S
is a scaling factor (normally 0.7), and R is a random num-
ber between 0 and 1 generated using the Microsoft Excel
RAND function. The random ratio matrices were created
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using a template provided by Thomas Wright (CSIRO, Aus-
tralia). For the shelf and basin subset, each of the 10 low
light and high light ratio tables were used as the starting point
for a CHEMTAX optimization using iteration and a steepest
descent algorithm to find a minimum residual. The solution
with the smallest residual (final ratio matrix, Table 3b) was
used to estimate the abundance of the phytoplankton classes,
i.e., the part of the total Chl a associated with each phy-
toplankton class. The results of the 10 matrices were used
to calculate the average and standard deviation (SD) of the
abundance estimates.

3 Results and discussion
3.1 Spatial distribution of accessory pigments

The distribution of TChl a showed large horizontal and verti-
cal variability in the Beaufort Sea in August 2009. A subsur-
face chlorophyll @ maximum (SCM) was generally present
both over the shelf (3548 m) and deep waters of the Beau-
fort Sea (61 +7m). Surface TChl a was twice as high on
the shelf (0.20+0.13mgChl am~3, Fig. 2a) than in the
basins (Fig. 2c) and SCM TChl a was 10 times higher
over the shelf (2.84 & 2.55mgChl a m~3, Fig. 2b) than in
the basins (Fig. 2d). The highest chlorophyll biomasses (>
6 mg Chl « m—2) were observed at the SCM close to the shelf
break (St 260 and 780, Figs. 1 and 2b). Such high values
contrast with the low ones (< 1 mg Chl @ m—2) observed dur-
ing autumn in the same area in 2002 and 2003 (Brugel et
al., 2009).

The concentrations of accessory pigments also varied sig-
nificantly across shelf and basin stations and between the sur-
face and the SCM. The highest biomasses, observed at the
SCM of shelf waters, were associated with the dominance
of fucoxanthin (Fuco) and chlorophyll ¢1 + ¢ (Chl ¢1 + ¢2).
These two pigments, characteristic of diatoms, represented
56 and 23% of the total accessory pigments biomass, re-
spectively (Fig. 2b). The presence of degradation pigments
of Chl a at the SCM of the shelf (Chlide a+ pheophorbide a
(Pheide a) + pheophytin a (Phe a) = 14 % of total accessory
pigments) indicated the presence of zooplankton fecal pellets
or cellular senescence (Bidigare et al., 1986). The remaining
7 % were mainly associated with photoprotective carotenoids
(Diadino + Diato + Zea + Viola + Car = 6.7 % of total ac-
cessory pigments).

In surface waters of the shelf (Fig. 2a), pigment assem-
blages were indicative of diverse communities consisting of
diatoms, dinoflagellates, cryptophytes, prymnesiophytes and
green algae. The contribution of Fuco (34 % of total acces-
sory pigments), Chl ¢11.c2 (13 % of total accessory pigments)
and degradation products of Chl a (9.7 %) decreased while
the proportion of Chl b to total accessory pigments increased
from 0.3 % at the SCM to 9% at the surface. Peri and Allo
pigments, reflecting dinoflagellates and cryptophytes, were
observed at stations 394 and 680 but remained poorly rep-
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resented elsewhere. The high contribution of photoprotective
carotenoids to total accessory pigments (16.1 %), compared
to surface waters (6.7 %), indicated the response of phyto-
plankton to high light (Frank et al., 1994; Fujiki and Taguchi,
2002).

In the basin, pigments associated with green algae (Chl b,
Pras, neoxanthin (Neo), Viola, Lut) and nanoflagellates
(Hex-fuco, But-fuco, Chl ¢3) increased while diatom pig-
ments decreased, i.e., Fuco and Chl c14.¢2 (Fig. 2¢ and d).
The highest contribution of nanoflagellate pigments Hex-
fuco (18 %), But-fuco (9 %) and Chl c¢3 (9 %) were observed
at the SCM. In contrast, the contribution of the green algal
pigments, Chl b (23 %), Viola (5.9 %) and Lut (4.3 %), was
higher at the surface than at the SCM. Degradation products
represented less than 3 % of the total pigment load. Like on
the shelf, the contribution of photoprotective carotenoids was
3 to 4 times higher at the surface (=~ 20 %) than at the SCM
(5.5%).

The few historical pigment data available for the Canadian
Arctic show spatial patterns similar to those reported here.
Hill et al. (2005) in the western Beaufort Sea and Coupel et
al. (2012) in the Canada Basin and the Chukchi Sea agree on
the dominance of Fuco and Chl ¢3¢, over the shelf and an
increase of pigments indicative of green algae (Pras, Chl b)
and nanoflagellates (Hex-fuco, But-fuco) offshore. However,
some differences also exist, possibly reflecting the influence
of distinct environmental conditions on the phytoplankton
assemblage. While in summer 2008 a high contribution of
Fuco was found in the surface waters of the southern Canada
basin free of ice (Coupel et al., 2012), Hill et al. (2005) in
summer of 2002, in the same area but covered by ice, found
lower Fuco and a greater contribution of Pras. Furthermore,
the contribution of Pras at the SCM of basin stations was
twice as high in 2008 compared to 2002. Finally the pigments
Hex-fuco and Chl c3, characteristic of prymnesiophytes, con-
tributed less in both 2002 and 2008 studies than in our 2009
data.

3.2 Phytoplankton group contribution

The surface and subsurface pigment assemblages shown in
Fig. 2 were converted into relative contributions of main phy-
toplankton groups to TChl a with the CHEMTAX software.
We first tested the sensitivity of the software by running
CHEMTAX on our data set using five different ratio matrices
from previous studies of polar oceans. The resulting CHEM-
TAX interpretation of the pigment assemblages varies widely
according to the matrix used (Fig. 3). The diatom contribu-
tion to SCM assemblages at basin stations of the Beaufort
Sea varied from 3.5 % when using a parameterization for the
North Water Polynya to 40% when using a parameteriza-
tion for the Antarctic Peninsula. Similarly, the prasinophytes
contribution ranged from 15 to 46 % depending on the ini-
tial ratio matrix used. These differences arise from the differ-
ent species and pigment / TChl a ratios used as seed values

Biogeosciences, 12, 991-1006, 2015
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Figure 2. Relative contribution of accessory pigments to total accessory pigment (wt: wt) in (a, ¢) surface water and at the (b, d) subsurface
chlorophyll maximum (SCM) depth of the (a, b) Mackenzie shelf and (c, d) deep waters of the Beaufort Sea. The black line with circle
represents the chlorophyll a concentration. DP: degradation pigments (Chlide a+ Pheide a+ Phe a); PPC: photoprotective carotenoids (i.e.,
Diadino + Diato + Zea + Viola + Car). Pigment abbreviations are defined in Table 1. Please note the different TChl a scales between the
four panels. The same TChl a scale (0-0.8 ugL—1) was used for the panels (c) and (d).

in CHEMTAX. Optimizing seed values for our study clearly
requires an investigation of dominant species and their pig-
ment content in the Beaufort Sea. Here we did this by first
identifying the dominant phytoplankton species under opti-
cal microscopy (see Sect. 2.4). We tested the sensitivity of
CHEMTAX by multiplying each number of the ratio matrix
by a random factor. Our results show that by independently
and randomly varying the ratios, up to 35% of their initial
values do not significantly modify the abundance estimates
of the phytoplankton classes by CHEMTAX. The standard
deviation in estimating the relative abundance of the phyto-
plankton classes ranged between 0.1 and 8 % with an aver-
age deviation of 2%. Highest deviation was found for the
Prasino-2 and Prasino-3 classes (about 5 %) while the varia-
tion of the others groups were less than 2% on average. We
suggest that changing the starting ratios by more or less a
threshold value of 50 % ensures confidence in the CHEM-
TAX output.

After running CHEMTAX on our data set, the sta-
tions were classified with the k-means clustering method
(MacQueen, 1967) according to their pigment resem-
blance/dissemblance. Four significantly different phyto-
plankton communities were highlighted by the cluster clas-
sification (Fig. 4a). Cluster 1 was dominated at 95 % by di-
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atoms and represented the SCM of stations located on the
shelf as well as surface waters close to Cape Bathurst and
the Mackenzie Estuary (Fig. 4b and c). Cluster 2 included
surface waters of basin and shelf stations, characterized by
a dominance of green algae (40 %) shared between type 3
prasinophytes (25 %) and chlorophytes (16 %). Diatoms, di-
noflagellates and cryptophytes were also major contributors
of cluster 2 with 20, 12 and 7 %, respectively. Clusters 3
and 4 were restricted to the SCM of basin stations and char-
acterized by a high contribution of flagellates (Fig. 4a and c).
Cluster 4 was dominated by prymnesiophytes (41 %) while
c3-flagellates dominated cluster 3 (28 %). The contribution of
green algae remained high in clusters 3 and 4 but was shared
between prasinophytes of types 2 and 3 while chlorophytes
were no longer present.

3.3 Linkages between phytoplankton assemblages and
environmental factors

The four assemblages of phytoplankton inferred from pig-
ments (Fig. 4a) were compared to environmental conditions
(Table 4). Statistical analysis (Student’s ¢ test, Table S1 in
the Supplement) showed significant difference between the
environmental conditions of the four clusters. The green al-
gae, especially pico-sized prasinophytes of type 3, dominated
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Table 4. Physical, chemical and biological characteristics (mean + SD) for each cluster presented in Fig. 4. Cluster 1 is subdivided for sam-
ples collected in surface water (surf) and subsurface chlorophyll maximum (SCM) depth. PAR: uM m~—2s~1 of the surface photosynthetically
active radiation; C / TChl a: ratio of algal carbon biomass to total chlorophyll a concentration (i.e., TChl a = Chl a+ Chlid a).

Depth T Salinity PAR NO3 NH, Pof;— TChla C/TChla
(m) ©) PSU  (uMm~2s71) (umol L~1) (HgL™Y)

Cluster 1 (n = 11) 24416 0.8+2.7 30.2+3.0 39+78 3.1+28 0.09+0.11 096+0.41 1.80+2.35 140+150
Cluster 1 surf (n = 4) 5+3 42+1.1 26.7+3.7 100+ 110 0.2+0.2 0.01+£0.01 050+0.14 0.164+0.04 280+150
Cluster 1 SCM (n =7) 35+8 —-1.0+01 31.7+0.4 22423 5.1+1.6 0.154+0.12 1.27+0.11 2.73+255 49 +23

Cluster 2 (n = 15) 2+1 3.7+29 24.1+6.4 129485 0.1+01 0.02+0.04 0.54+0.10 0.12+0.13 1604110

Cluster 3 (n = 8) 66+4 —-114+01 315402 22+1.2 5.1+2.7 0.02+0.02 1.264+0.20 0.28+0.16 38+23

Cluster 4 (n = 6) 56+5 —-114+0.1 31.0+0.4 47+17 05+0.2 0.03+0.02 0.86+0.06 0.36+0.20 34+25

North Water Polynya
(Vidussi et al., 2004)

Barents Sea
(Not et al., 2005)

Bering Sea
(Suzuki et al., 2002)

Diatoms
Dinoflagellates
Cryptophytes
Hapto-7
Hapto-8
cy-flagellates
Chryso-Pelago
Prasino-2
Prasino-3
Chlorophytes
Cyano-4

Antarctic Peninsula
(Rodriguez et al., 2002)

Southern Ocean
(Wright et al., 1996)

[ ) Qopsl Eaj Nopel |

Figure 3. Average contribution of major algal groups to total
chlorophyll a (Chl a) concentration at the subsurface chlorophyll
maximum (SCM) depth in the deep waters of the Beaufort Sea
calculated with the CHEMTAX software using five different pig-
ment / Chl a ratio matrices. Ratio matrices are from previous stud-
ies conducted in polar oceans: Vidussi et al. (2004) in the North Wa-
ter Polynya, Suzuki et al. (2002) in the Bering Sea, Not et al. (2005)
in the Barents Sea, Rodriguez et al. (2002) around the Antarctic
Peninsula and Wright et al. (1996) in the Southern Ocean. Accord-
ing to Higgins et al. (2011): Hapto-7: haptophytes type 7; Hapto-
8: haptophytes type 8; Chryso-Pelago: chrysophytes and pelago-
phytes; Prasino-2: prasinophytes type 2; Prasino-3: prasinophytes
type 3; Cyano-4: cyanobacteria type 4.

the oligotrophic (0.12+0.13mgChl am~3) and nutrient-
depleted surface waters (cluster 2). This is consistent with the
high surface / volume ratios of the picophytoplankton, which
allows for more effective nutrient acquisition and better re-
sistance to sinking. The dominance of the prasinophyte Mi-
cromonas sp. in the Beaufort Sea has been previously high-
lighted and was shown to be more pronounced under reduced
sea-ice cover (Comeau et al., 2011; Li et al., 2009; Lovejoy
et al., 2007).

Otherwise, the high Lut/Chl b ratio (= 0.2) points out a
significant contribution of chlorophytes in surface waters, a
group including several freshwater species. The restriction
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Figure 4. (a) Relative contribution of major algal groups to total
chlorophyll a (Chl a) concentration (calculated by CHEMTAX) for
four groups of samples with similar pigment composition (clus-
ters) determined with the k-means clustering method (MacQueen,
1967). The geographical position of the four groups of samples
(four clusters) is mapped for the (b) surface water and (c) sub-
surface chlorophyll maximum (SCM) depth. According to Higgins
et al. (2011): Hapto-7: haptophytes type 7; Chryso-Pelago: chryso-
phytes and pelagophytes; Prasino-2: prasinophytes type 2; Prasino-
3: prasinophytes type 3.

of this group to the surface low-salinity waters in our study
leads us to believe the Mackenzie River could have spread
them in the Beaufort Sea as previously proposed by Brugel
et al. (2009). Finally, dinoflagellates identified in surface wa-
ters of cluster 2 have been previously underlined as a major
contributor of the large autotrophic cells abundance on the
Mackenzie shelf (Brugel et al., 2009).

The cluster 1 was subdivided in two subclusters (cluster 1
surf and cluster 1 SCM, Table 4) because of the important
environmental difference between surface and SCM. At the
SCM of shelf stations (cluster 1), nitrate concentrations were
high (3.1 4 2.8 umol L2, Table 4) and possibly support sub-
stantial new production. The highest biomasses of the cruise
(1.8+2.3mgChl am~2 and 80 + 45 mgCm~—3) were mea-
sured in these waters and were related to a high dominance

Biogeosciences, 12, 991-1006, 2015
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of diatoms. The diatom population could be fed by a cross-
shelf flow of nitrate-rich waters from the basin to the shelf
bottom (Carmack et al., 2004; Forest et al., 2014). The op-
tical microscopy showed a strong dominance of the colo-
nial centric diatoms Chaetoceros socialis (=~ 1x 10° cell L1,
data not shown). This species is relatively small (=~ 10 pm)
and often observed succeeding the larger ones, such as Tha-
lassiosira spp. or Fragilariopsis spp., as the ice-free sea-
son advances (Booth et al., 2002; Vidussi et al., 2004;
von Quillfeldt, 2000). Diatoms also dominated surface wa-
ters north of Cape Bathurst and near the Mackenzie Estuary
but their biomass was lower and related to different species
according to microscopy (i.e., Thalassiosira nordenskioeldii
and Pseudo-nitzschia sp.). Dominance of diatoms in cluster 1
surf showed by both microscopy and pigment strongly differ
from the surface communities associated with the cluster 2
and characterized by green algae, dinoflagellates and hapto-
phytes. However, environmental conditions associated with
these two clusters (Table 4) were similar and cannot explain
the differences in communities. We suppose that the higher
dominance of diatoms in surface waters of the cluster 1 could
be a remnant of a past event such as an upwelling. Sporadic
high concentration of Chl a and occurrence of Chaetoceros
socialis was previously observed in September 2005 at the
SCM and at the surface following local upwelling events and
advective input of nutrients from the deep basin (Comeau et
al., 2011).

The SCM of basin stations was dominated by two dis-
tinct flagellate assemblages, which are distinguished by their
Hex-fuco / But-fuco ratio. The prymnesiophytes character-
ized by a high Hex-fuco / But-fuco ratio (~ 3) dominated
cluster 4 while c3-flagellates associated with a low Hex-
fuco / But-fuco ratio (=~ 1) dominated cluster 3. The shift in
assemblages was related to the vertical position of the SCM
relative to the nitracline. The prymnesiophytes, mainly as-
sociated with Chrysochromulina sp., dominated when the
SCM matched the nitracline, whereas c3-flagellates domi-
nated when the SCM was below the nitracline (Fig. 5). In-
cidentally, the relatively shallow prymnesiophyte-dominated
SCM (=~ 56m) was exposed to more light (PAR=4.7+
1.7uMm—2s~1, Table 4) but less nitrate (0.5+0.2 umol L1,
Table 4) than the deeper c3-flagellate-dominated SCM (=~
66 m) that occurred at a PAR of 2.2+1.2uMm~2s~1 and
10-fold higher nitrate concentrations (5.1 2.7 pmolL™1).
We stated that the c3-flagellate group was comprised pri-
marily of raphidophytes. Indeed, microscopy showed that
raphidophytes were present only at the SCM of basin sta-
tions, where they represented 25% of phytoplankton car-
bon biomass (Table 2). The lack of photoprotective pig-
ments in raphidophytes could explain why this group is re-
stricted to deep SCM (Van den Hoek et al., 1995). A re-
cent study based on molecular approaches showed an in-
crease of prymnesiophyte-type Chrysochromulina sp. since
2007 in the Beaufort Sea (Comeau et al., 2011). The preva-
lence of flagellates was attributed to the gradual freshening
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Figure 5. Relationship between the nitracline depth and the subsur-
face chlorophyll ¢ maximum (SCM) depth for samples of clusters 3
(grey triangle) and 4 (black diamond). The dashed line represents
al: 1relationship. Note the SCM depth matches with the nitracline
depth for cluster 4 samples. In contrast, the SCM is deeper than the
nitracline depth for cluster 3 samples.

of the Beaufort Sea and increasing stratification. The lack of
mixing may act to force the SCM deeper, resulting in lower
ambient PAR (McLaughlin and Carmack, 2010). The domi-
nance of nanoflagellates has been previously noticed in SCM
waters of the Canada Basin in conditions of intense freshwa-
ter accumulation (Coupel et al., 2012).

3.4 Cell abundance and carbon biomass: implications
for carbon export

The chemotaxonomic interpretation of pigments remains
semi-quantitative. CHEMTAX provides the percentage con-
tribution of phytoplankton groups according to their rela-
tive contribution to TChl a. This information is relevant to
monitor changes in the phytoplankton communities changes
in the plankton pigment composition caused by modifica-
tions in the environment such as nutrients or light regimes.
A change in the relative contribution of pigments is a clear
indication of change in the structure or in the acclimation
of phytoplankton communities. Nevertheless, to investigate
the implications of phytoplankton changes on food webs and
the biological pump, the pigment data must be converted into
contribution to total abundance or into carbon biomass. How-
ever, this conversion is not always straightforward since pig-
ment chemotaxonomy and microscopy measure different pa-
rameters with different units (i.e., cell numbers, mgCm—3
vs. mgChl a m=3).

Not surprisingly, the contribution of different phytoplank-
ton groups to total cell abundance differed from their con-
tribution to total phytoplankton carbon biomass. The pico-
phytoplankton largely dominated cell abundance, except on
the shelf where diatoms dominated the SCM (Fig. 6, Ta-
ble 2), but contributed only 0-3 and 6-7% of the total
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Figure 7. Carbon biomass of five protist groups in (a, ¢) surface and at the (b, d) subsurface chlorophyll maximum (SCM) depth of the (a,

b) Mackenzie shelf and (c, d) deep waters of the Beaufort Sea.

phytoplankton carbon biomass over the shelf and basin, re-
spectively. Phytoplankton larger than 3 um dominated carbon
biomass at all stations (Fig. 7, Table 2). The minimum to-
tal phytoplankton abundance was observed at SCM of the
basin (2500 + 2500 cellmL~1) and the maximum in surface
of the shelf (4400 4 1400 cellmL~1). Nevertheless, the to-
tal phytoplankton abundance over the shelf was not signif-
icantly higher than in the Beaufort basin. Conversely, aver-
age carbon biomass at the surface was 3 times higher on the
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shelf (64422 mgCm~3) than in the basin (257 mgCm~3).
The difference was more pronounced at the SCM, where
carbon biomass was 8 times higher at shelf stations (110 &
57 mgCm~23) than at basin stations (14 =5 mgCm~3). This
contrast was attributed to the dominance of SCM carbon
biomass (up to 90%) by diatoms on the shelf. Otherwise
the carbon biomass was dominated at 50-75 % by dinoflag-
ellates, which represented less than 15 % of total cell abun-
dance (Table 2). The highest biomasses of dinoflagellates

Biogeosciences, 12, 991-1006, 2015
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occurred in surface waters of the Mackenzie canyon area
(stations 620, 640, 670, 680, 690; Fig. 6a, 6¢) and were as-
sociated with high biomasses of other heterotrophs, mainly
ciliates. Raphidophytes also made a substantial contribution
(26 %) to the total phytoplankton carbon biomass at the SCM
of basin stations.

Since the estimated contributions of phytoplankton groups
to carbon biomass differ from contributions to cell abundance
one might ask which of the two variables should be reflected
by the chemotaxonomic approach. Overall, the contribution
of algal groups to TChl a (CHEMTAX) showed better agree-
ment with their contribution to total cell abundance (Fig. 8)
than to total carbon biomass (Fig. 9). The best agreement
between CHEMTAX and relative abundance and biomass
was obtained for diatoms (Figs. 8a and 9a). For nanoflag-
ellates and picophytoplankton, CHEMTAX showed a mod-
erate correlation with relative abundance (Fig. 8b and c)
and a weak one with relative biomass (Fig. 9b and c). In
fact, CHEMTAX underestimates the importance of picophy-
toplankton and nanoflagellates in terms of cell abundance but
overestimates their importance in terms of carbon biomass,
as shown by the position of data points with respect to the
1:1 line in Figs. 8b, ¢ and 9b, ¢. We observed that the
contribution of picophytoplankton to TChl a became sig-
nificant only when its contribution to total cell abundance
exceeded 80 % (Fig. 8b). Obviously, the underestimation of
small phytoplankton abundance by chemotaxonomy is ex-
plained by the lower amount of pigment including Chl a in
small cells compared to large cells. On the other hand, the
ratio of carbon to TChl a (C/ TChl a) in phytoplankton in-
creases with cell volume (Geider et al., 1986). The fact that
small cells are richer in Chl a than large cells for a similar
carbon biomass could explain the overestimation in the con-
tribution of small phytoplankton to total carbon biomass by
the chemotaxonomy. Based on the relationships between cell
volume and content in Chl a and carbon proposed by Mon-
tagnes et al. (1994), we calculate the ratio C / TChl a of a Mi-
cromonas sp. (1 um?3) to be twice as low than in diatoms or
dinoflagellates (1000 umq). Indeed, the pigments are mainly
in the periphery of the cell, which means that the intracel-
lular pigment density increases as ratio of surface area to
volume increases. This is clearly demonstrated by compar-
ing the mean C/ TChl « ratio of the surface waters domi-
nated by diatoms (cluster 1 surf: C / TChl a = 280+150, Ta-
ble 4), with the surface waters dominated by Micromonas sp.
(cluster 2, C / TChl a = 160+ 110). The weaker relationship
between CHEMTAX and carbon biomass could have been
induced by these variations in the C/ TChl a ratios of the
phytoplankton and by the different transfer equations used
to determine the carbon biomass from the biovolume (see
Sect. 2.3).

No significant correlation was observed between CHEM-
TAX and microscopy for dinoflagellates, prymnesiophytes,
chrysophytes, chlorophytes and cryptophytes. Such incon-
sistences are mainly attributed to the low accuracy of vi-
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Figure 8. Scatter diagrams of the contribution of (a) diatoms, (b) pi-
cophytoplankton, (c) nanoflagellates and (d) dinoflagellates to total
chlorophyll a (Chl @) concentration (calculated by CHEMTAX) as
a function of their contribution to total cell abundance. The dashed
line represents a 1 : 1 relationship. The Pearson correlation coeffi-
cient (r2) is indicated for each algal group. The root-mean-square
error (RMSE) depicts the predictive capabilities of cell abundance
from the CHEMTAX-derived algal groups. In total, 95 % of the al-
gal cell abundance estimated from the CHEMTAX-derived algal
groups is in the range +£2x RMSE from the least-squares regres-
sion line.

sual counts for nano-sized flagellates. Up to 35 % of the vis-
ible flagellates were categorized as unidentified and others
may have been overlooked because of poor conservation.
The most surprising divergence between CHEMTAX and mi-
croscopy occurred for dinoflagellates (Figs. 8d and 9d). De-
spite the high contribution of this group to carbon biomass
(Fig. 7), it rarely constituted more than 10 % of the TChl a
according to CHEMTAX. While such a discrepancy may
generally arise from the large biovolume and high C / TChl a
ratio of dinoflagellates compared to other groups, in our
study it was presumably caused by the inability of CHEM-
TAX to detect dinoflagellates of the genera Gymnodinium
and Gyrodinium, which lack Peri (Jeffrey et al., 1997). In-
deed, we found no correlation between dinoflagellate abun-
dance and the unambiguous pigment Peri used by CHEM-
TAX to detect this group (-2 = 0.04, not shown). Only the
surface waters of the stations 394 and 680 dominated by an
autotrophic dinoflagellate (Heterocapsa rotundata) known to
possess a relative high Peri content showed the presence of
Peri in relative high proportions. Molecular analyses indi-
cated that the nonphotosynthetic heterotrophic species Gy-
rodinium rubrum dominated the dinoflagellate assemblages
in the region (D. Onda, personal communication, 2014).
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Figure 9. Scatter diagrams of the contribution of (a) diatoms, (b) pi-
cophytoplankton, (c) nanoflagellates and (d) dinoflagellates to to-
tal chlorophyll a (Chl a) concentration (calculated by CHEMTAX)
as a function of their contribution to total carbon biomass (calcu-
lated from biovolume, see Materials and methods). The dashed line
represents a 1: 1 relationship. The Pearson correlation coefficient
(r2) is indicated for each algal group. The root-mean-square error
(RMSE) depicts the predictive capabilities of carbon biomass from
the CHEMTAX derived algal groups. In total, 95 % of the algal car-
bon biomass estimated from the CHEMTAX derived algal groups
is in the range +2x RMSE from the least-squares regression line.

Heterotrophic dinoflagellates would only contain diagnostic
pigments if they ingested them from their prey. It is known
that heterotrophic and mixotrophic dinoflagellates feed on
diverse types of prey including bacteria, picoeukaryotes,
nanoflagellates, diatoms, other dinoflagellates, heterotrophic
protists and metazoans due to their diverse feeding mecha-
nisms (Jeong et al., 2010) and are likely to be significant con-
sumers of bloom-forming diatoms (Sherr and Sherr, 2007).
It follows that the presence of heterotrophic dinoflagellates
could potentially lead to overestimation of the phytoplank-
tonic groups they ingest when looking at the pigment con-
centrations. In contrast to the study of (Brugel et al., 2009) in
the Beaufort Sea during summer 2002, when autotrophic di-
noflagellates contributed as much as heterotrophic dinoflag-
ellates abundance, heterotrophic dinoflagellates were largely
dominant in 2009. Strict autotrophic dinoflagellates repre-
sented only 13 % of total dinoflagellate biomass.

The high contribution of heterotrophic dinoflagellates and
ciliates in surface waters suggest an important transfer of or-
ganic material to the pelagic food web and a reduced sinking
export of high-quality algal material, due to assimilation and
remineralization as mentioned by Juul-Pedersen et al. (2010).
This scenario also agrees with the observation of Forest et
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al. (2014), showing a limited vertical exchange of nutrients
and carbon between the surface and subsurface and the es-
tablishment of a food web exclusively based on small protists
using recycled nutrients. Conversely, the high abundance of
centric diatoms at the SCM on the shelf could lead to an ef-
fective transfer of high-quality algal material to the benthos
as evidenced by the very large pool and fluxes of particulate
organic carbon (POC) observed at shelf stations by Forest
et al. (2014) during the same cruise. The high abundance of
Fuco previously observed in the sediment of the Mackenzie
shelf during summer supports the hypothesis of an efficient
export of diatoms to the seafloor (Morata et al., 2008).

4 Conclusions

We evaluated the utility of CHEMTAX to characterize phy-
toplankton dynamics in the Beaufort Sea in late summer
2009. Based on the taxonomic information from optical mi-
croscopy, a ratio matrix was created specifically for the Beau-
fort Sea and run using the CHEMTAX software.

The interpretation of the pigment data by CHEMTAX
highlights linkages between the phytoplankton distribution
and environmental parameters commonly observed in the
Arctic Ocean. The productive and nutrient rich subsurface
waters of the shelf were dominated (95 % of abundance) by
the centric diatom identified by microscopy to be Chaeto-
ceros socialis. In contrast, oligotrophic, nutrient-depleted
surface waters over the shelf and basin constitute the high-
est amounts of green algae (48 % of the TChl a), dominated
by the pico-prasinophytes Micromonas sp.

The use of pigments and CHEMTAX also revealed more
subtle information difficult to observe with other taxonomic
methods. Indeed, two populations of flagellates were high-
lighted in subsurface waters of the basin: prymnesiophytes,
rich in Hex-Fuco pigment, and a group of various flagellates
rich in Chl ¢3 and Fuco (i.e., c3-flagellates). The prymne-
siophytes dominated where the subsurface chlorophyll max-
imum was located above 60m and were associated with
higher light availability and lower nutrient concentrations.
In contrast, the c3-flagellates dominated when the subsurface
chlorophyll maximum was deeper than 60 m and the organ-
isms were exposed to higher nitrate concentrations and lower
light availability. Flagellate populations that are able to grow
at deep subsurface chlorophyll « maxima should be closely
monitored in a context of a deepening nutricline observed
over the past decade in the Canadian Arctic due to increased
surface freshening and stratification.

The present study underlines the high sensitivity of
CHEMTAX to the initial matrix ratio chosen and the mis-
interpretation introduced by the blind use of a ratio matrix
calibrated in regions other than the targeted one. Therefore,
we recommend that future pigment studies in the Beaufort
Sea use the CHEMTAX parameterization developed in the
present work.
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However, some issues and inconsistences should be
considered when using CHEMTAX in the Beaufort Sea
and, probably, in the entire Arctic Ocean. Despite high
biomasses, the heterotrophic dinoflagellates of the Gymno-
dinium/Gyrodinium complex were undetected by pigment
analyses since they lack peridinin. High heterotrophy can
lead to misinterpretation because CHEMTAX potentially
takes into account other pigments present in the algae in-
gested by dinoflagellates. Additionally, CHEMTAX under-
estimates the importance of small phytoplankton in terms of
cell abundance but overestimates their importance in terms of
carbon biomass. The variability in pigment content per cell
and in the C / TChl a ratio makes it difficult to relate pigment
signatures to carbon biomass or cell abundance. The contri-
bution of small phytoplankton to TChl @ was 2 to 3 times
higher than their contribution to carbon biomass due to gen-
erally low C / TChl « ratios of these organisms. The oppo-
site was observed for large phytoplankton like dinoflagellates
for which contribution to total biomass was higher than their
contribution to TChl a. Overall, we found the contribution
of algal groups to TChl a (CHEMTAX) showed better agree-
ment with their contribution to total cell abundance than their
contribution to the total phytoplankton carbon biomass.

In contrast, for localized use of CHEMTAX, as presented
in our study, the large pigment data set in the Arctic Ocean
could be used to determine average pigment ratios for the
dominant Arctic phytoplankton groups and create a single
pan-Arctic ratio matrix for CHEMTAX. With this goal in
mind, we recommend the creation of a simple ratio matrix
in CHEMTAX to retrieve the three functional groups, di-
atoms, nanoflagellates and picophytoplankton, successfully
validated by optical microscopy. Indeed, weak or no correla-
tion was found between CHEMTAX and microscopy for the
other groups: chrysophytes, prymnesiophytes, chlorophytes
and cryptophytes. Nonetheless, we attribute these dissimilar-
ities to the high proportion of flagellates that are unidentified
or overlooked by microscopy rather than a misinterpretation
by CHEMTAX.

Alternatively, when taxonomic information is lacking in
the targeted study area, we recommend using the raw pig-
ment data and selecting key pigment ratios rather than using
a CHEMTAX parameterization tuned for a different region.
The high reproducibility of the HPLC method for pigment
measurements and a local CHEMTAX calibration would pro-
vide a suitable approach to detect interannual changes in the
phytoplankton communities. Nevertheless, pigment-derived
information gains in accuracy when coupled with other mea-
surement types. The optical microscopy and flow cytometry
remain crucial to convert the phytoplankton into carbon bud-
get or to detect heterotrophic plankton groups such as the
dinoflagellates.

The Supplement related to this article is available online
at doi:10.5194/bg-12-991-2015-supplement.
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