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a b s t r a c t

The chlorophyll a specific absorption coefficient of phytoplankton, a4
*(l) is an important parameter to

determine for primary production models and for the estimation of phytoplankton physiological
condition. Knowledge of this parameter at high latitudes where nutrient rich cold water submitted to
low incident light is a common environment is almost nonexistent. To address this issue, we investigated
the light absorption properties of phytoplankton as a function of irradiance, temperature, and nutrients
using a large data set in the southern Beaufort Sea during the open water to ice cover transition period.
The a4

*(l) tended to increase from autumn when open water still existed to early winter when sea ice
cover was formed, resulting from a biological selection of smaller-size phytoplankton more efficient to
absorb light. There was no significant correlation between a4

*(l) and irradiance or temperature for both
seasons. However, a4

*(l) showed a significant positive correlation with NO3þNO2. Implications of the
results for phytoplankton community adaptation to changing light levels are discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The southern Beaufort Sea is characterized by the presence of
the Mackenzie shelf having a depth of less than 80 m (Fig. 1). Even
though this shelf accounts for only a few percent of the total Arctic
Ocean surface area it receives a large amount of freshwater from
the Mackenzie River estimated at 330 km3 yr�1 (Stein and Mac-
donald, 2004). This flux contributes to the heat and nutrient supply
to the Arctic Ocean (Aagaard and Carmack, 1989), and sustains
biological activity from lower (phytoplankton) to higher trophic
levels (fish, seabirds, and marine mammals) (Carmack and Mac-
donald, 2002).

In terms of bottom-up control, knowledge of phytoplankton
biomass variability that allows estimating primary production (PP)
Matsuoka), pierre.larouche@
a (M. Poulin), warwick.vin-
.jp (H. Hattori).

All rights reserved.
is thus important to understand the carbon cycle in the Arctic
Ocean. In addition to irradiance, the chlorophyll a (chl a) specific
absorption coefficient of phytoplankton (a4

*(l), m2 mg chl a�1) that
is a light absorption capacity by phytoplankton for photosynthesis
is a key factor to estimate PP (Platt and Sathyendranath, 1988;
Sathyendranath et al., 1991; Longhurst et al., 1995; Arrigo et al.,
1998) and to examine the physiological condition of phytoplankton
(e.g., Morel and Bricaud, 1981; Mitchell and Holm-Hansen, 1987;
Morel, 1991; Stramski and Reynolds, 1993; Bricaud et al., 1995; Cota
et al., 2003; Matsuoka et al., 2006). Using a large lower latitudes
data set (N¼ 815), Bricaud et al. (1995) suggested that smaller a4

*(l)
is related to eutrophic conditions of water, where large-size
phytoplankton such as diatoms dominate, leading to packaged
phytoplankton light absorption (so called the packaging effect).
While the intensity of light is also expected to be important for
a4

*(l), the relationship between the two had not been examined by
Bricaud et al. (1995).

Knowledge of a4
*(l) with varying light intensity has mostly been

accumulated during laboratory experiments. These studies partic-
ularly focused on the diel variations of a4

*(l) using relatively high
water temperature (>20 �C), sufficient nutrients, and irradiance up
to 970 mmol quanta m�2 s�1 on batch culture of a single species
(e.g., Stramski and Reynolds, 1993; Claustre et al., 2002; Ohi et al.,
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Fig. 1. Locations and station numbers for the CASES2003 cruise in the southern Beaufort Sea. Dots represent stations in leg 1 and stars in leg 2.
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2006). These experiments showed that a4
*(l) can be maximal

around sunset and minimal around sunrise due to change of
pigment composition (Claustre et al., 2002). In open oceanic
waters, Fujiki and Taguchi (2002) reported that variability in a4

*(l)
as a function of irradiance is dependent on the physiological
characteristics of marine phytoplankton. The behavior of a4

*(l) at
high latitudes where nutrient rich cold water under low incident
light is a common environment (Harrison and Cota, 1991) and
where a variety of phytoplankton species exist (e.g., Cota et al.,
2003; Lovejoy et al., 2007) could thus be different from that at
lower latitudes.

The objective of this study is therefore to clarify the variability
of phytoplankton light absorption properties with light, temper-
ature, and nutrients in a polar environment. To completely
describe the light absorption properties by all optical components,
absorption coefficients of non-algal particles (NAP) and colored
dissolved organic matter (CDOM) are also examined. This study
focuses on the optical properties variability during the early
winter transition period when sea ice cover is formed and should
allow us to understand the behavior of absorption properties of
phytoplankton for polar waters that are covered by sea ice for
a great part of the year.
2. Materials and methods

Field observations were made in the southern Beaufort Sea and
the Amundsen Gulf (Fig. 1) as part of the Canadian Arctic Shelf
Exchange Study (CASES) 2003 expedition. Samples were collected
during the first two legs of the expedition from 13 September to 14
October 2003 (leg 1) and from 15 October to 25 November 2003
(leg 2) onboard the Canadian icebreaker CCGS Amundsen. While
open water still existed during leg 1, the study region was covered
by newly formed sea ice during leg 2.

Temperature and salinity profiles were obtained using a SeaBird
911 Conductivity–Temperature–Depth (CTD) probe. Nutrient
concentrations (nitrate plus nitrite, phosphate, and silicate) were
determined on fresh samples (within 1 h of sampling) using
standard colorimetric methodologies (Grasshoff, 1999) adapted for
use on an Auto-Analyzer 3 (Branþ Luebbe). During our cruise,
a RAMSES ASC scalar hyperspectral irradiance sensor (TriOS) was
mounted on the flight bridge to measure downwelling irradiance
(Ed(l), mW m�2 nm�1) with 1 nm intervals during the day. The in
situ photosynthetically available radiation (PAR) was calculated by
summing Ed(l) from 400 to 700 nm at solar noon, and used as
a proxy of the incident light level (expressed in mmol
quanta m�2 s�1).
2.1. Absorption analysis

A total of 50 and 102 discrete water samples were collected at 13
and 20 stations for legs 1 and 2, respectively for chl a measure-
ments and absorption analysis. The samples were taken over the
euphotic zone (ze, m) defined as the depth of the 1% surface light
level measured using a PAR sensor attached to the CTD probe. One
optical depth (z90, m) that corresponds to the layer from which 90%
of the upwelling radiance originates (Gordon and McCluney, 1975)
was calculated as 1/ze. Onboard the ship, water samples were
processed immediately after collection within 2 h for absorption
analysis and 24 h for chl a measurements.

Chl a was determined fluorometrically with 90% acetone (Holm-
Hansen et al., 1965) using a 10-AU field fluorometer (Turner
Designs). For absorption analysis, water samples were filtered
under low vacuum on Whatman GF/F glass fiber filters immediately
after data collection. Optical density (OD, dimensionless) (Kirk,
1994) of all particles (phytoplankton plus NAP) on these filters,
ODp(l), was then measured from 400 to 750 nm with 1 nm inter-
vals using a MPS2400 spectrophotometer (Shimazu corp.). Phyto-
plankton pigments were extracted using methanol (Kishino et al.,
1985), and the OD of NAP, ODNAP(l), was measured in the same way
as for ODp(l). The OD of phytoplankton, OD4(l), was obtained
subtracting ODNAP(l) from ODP(l). Using the coefficients for
b correction proposed by Cleveland and Weidemann (1993), these
OD values were converted to absorption coefficients of phyto-
plankton (a4(l), m�1) and NAP (aNAP(l), m�1) with 750 nm as



Table 1
Coefficients for power laws expressed as a4ðlÞ ¼ A4ðlÞ½chl a�E4ðlÞ at 443 nm. Avail-
able coefficients from the literature are also shown for comparison.

Layer A4 E4 r2(4) N

This study leg 1 <z90 0.0574 1.382 0.82 12
>z90 0.0238 0.710 0.88 19
All 0.0303 0.841 0.81 31

leg 2 <z90 0.0631 1.001 0.87 39
>z90 0.0559 0.873 0.75 52
All 0.0567 0.889 0.84 91

Total 122

Literature Matsuoka et al. (2007) 0.0288 0.820 0.80 183
Cota et al. (2003) 0.0402 0.578 0.73 175
Wang et al. (2005) 0.0151 0.957 0.89 157
Bricaud et al. (1998) 0.0378 0.627 0.90 1166
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baseline for both. The a4
*(l) was calculated dividing a4(l) by chl

a concentration. Mean values and standard deviations of a4(l) and
a4

*(l) spectra were computed using all data for each leg. For
absorption measurement of CDOM, water samples were first
filtered using a 0.22 mm Millipore membrane. The OD of CDOM,
ODCDOM(l), was measured from 400 to 700 nm with 1 nm intervals
using a MPS2400 spectrophotometer (Shimazu corp.) with the
700 nm value used as baseline. The aCDOM(l) (m�1) was then
calculated as follow:

aCDOMðlÞ ¼ 2:303
ODCDOMðlÞ

0:1
(1)

where 2.303 is a factor for converting base e to base 10 logarithms,
and 0.1 is optical pathlength. Total non-water absorption coeffi-
cient, at-w(l) (m�1) was calculated as the sum of a4(l), aNAP(l), and
aCDOM(l).

2.2. Discrimination of phytoplankton taxa and HPLC
pigment analysis

Water samples for cell identification and enumeration were
preserved in acidic Lugol solution (Parsons et al., 1984) and stored
in the dark at 4 �C until analysis. Samples were enumerated and
identified to the lowest possible taxonomic rank using an inverted
microscope (WILD Heerbrugg) operating with phase contrast optics
(Utermöhl, 1931; Lund et al., 1958). The main taxonomic references
according to Tomas (1997) and Bérard-Therriault et al. (1999) were
used for phytoplankton identification.

Detailed method for high performance liquid chromatography
(HPLC) pigment analysis is described in Lovejoy et al. (2007). Briefly,
1–2 L water samples were filtered on a Whatman GF/F glass fiber
filter immediately after collection. The filters were then stored
frozen at �80 �C until analysis. Phytoplankton pigments were
extracted in 3 ml of 95% methanol. 50–100 mL of the extracts were
then measured using a ProStar HPLC (Varian Inc.) equipped with
a Symmetry C8 column (3.5 mm pore-size, 4.6 mm� 150 mm;
Waters Corp.). The HPLC peaks were detected from 350 to 750 nm at
1 nm intervals. Absorbance chromatograms were obtained at 440
(for chlorophylls) and 450 nm (for carotenoids). Chlorophylls were
also detected by fluorescence (excitation: 440 nm; emission:
650 nm). Concentrations of chl a and chlorophyll b (chl b) were then
obtained. These two pigments determined by HPLC measurements
were used for the calculation of the ratios of chl b to chl a.
a

Fig. 2. Available light condition. (a) Variability in photosynthetically available radiation (PA
moderate latitude, Tokyo bay on 16 October 1983 (Kishino, 1994) is shown as dashed line
originates as a function of irradiance for leg 1 and leg 2.
2.3. Regression analysis

A power function was applied to examine the relationship
between the absorption coefficient of phytoplankton, a4(l) and chl
a (Bricaud et al., 1995, 1998), assuming that this function is
appropriate for Arctic species:

a4ðlÞ ¼ A4ðlÞ½chl a�E4ðlÞ (2)

where l is the wavelength and A4(l) and E4(l) are empirically
derived coefficients (see Table 1).

The a4
*(l) is tightly related to phytoplankton physiological

parameters, the maximum photosynthetic rate (Pmax) and the
initial slope of the production versus irradiance (a) (e.g., Kirk, 1994;
Falkowski and Raven, 1997). More recently, Huot et al. (2007) per-
formed a stepwise regression analysis to examine which environ-
mental parameter had more impact on Pmax and a estimates. We
thus adopted this analysis to examine which of light, temperature,
and nutrient parameter was more related to a4

*(l) as follows:

log10 a*
4ðlÞ ¼ Aþ

XN

i¼1

Bi$log10 Xi (3)

where A and Bi are empirically derived intercept and coefficient,
respectively, and N is the number of ith parameters, Xi which is
used in this analysis, except for temperature.

In this study, T-test was performed to statistically quantify the
fits obtained by the above regression analysis.
b

R) at solar noon for leg 1 (closed circles) and leg 2 (open circle). The light intensity at
for comparison. (b) Location of z90 at which approximately 90% of upwelling radiance



Fig. 4. Relationship between aCDOM(412) and salinity. Data are separated according to
whether samples were taken above (open circle) or below (crossed mark) one optical
depth (z90). The fit for leg 1 and 2 (dashed and dotted lines, respectively) and all data
(solid line) and correlation for data points above z90 are shown.
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3. Results and discussion

3.1. Light condition and the influence of the Mackenzie river
freshwater plume

The light intensity primarily affects the phytoplankton growth
and PP in general. We first examine the change in the incident light
intensity during the cruise (Fig. 2). While a large variability in the
light level due to the weather conditions was observed (i.e., mostly
cloud-covered conditions with some sunny periods), the mean light
intensity at the sea surface decreased with time to values around
200 mmol quanta m�2 s�1 (Fig. 2a). Compared to observations at
moderate latitudes and at the same time period (1380 mmol
quanta m�2 s�1 at the surface on 13 October 1983, Tokyo Bay;
Kishino, 1994), the incident light was thus very low especially
during leg 2. The light penetration depth was significantly higher
during leg 1 (P< 0.0001) than during leg 2 for the same range of the
incident light intensity (Fig. 2b).

Freshwater influences the optical properties through the pres-
ence of CDOM that absorbs light mostly in the blue part of the
spectrum. The freshwater runoff of the Mackenzie river from
autumn to early winter is relatively small but cannot be ignored
(Carmack et al., 2004). Based on the presence of 26–28 practical
salinity units (psu) as a definition of the edge of the Mackenzie
plume (Carmack and Macdonald, 2002), we can see that during our
sampling period, the Mackenzie river plume extended over a large
area even reaching the Amundsen Gulf (Fig. 3) through either
density driven or wind-induced local surface circulation patterns
(Macdonald et al., 1987; Carmack and Macdonald, 2002; Macdon-
ald and Yu, 2006). Influence of the runoff during our observation
can also be seen using the relationship between aCDOM(412) and
salinity (Fig. 4). The aCDOM(412) is inversely correlated with salinity
up to about 28 (psu) when the linear relationship breaks due to
chemical changes of CDOM (Nieke et al., 1997). This linear rela-
tionship is a well known phenomenon that has often been observed
in a wide variety of estuaries and is consistent with previous results
in this region (Bélanger et al., 2006). Most of the data points above
28 psu are located below z90 and are scattered largely indicating
that the optical influence of the freshwater plume from the Mack-
enzie river is mostly constrained to the water layer above z90 (mean
depth of 10 m; Fig. 2b) which is consistent with the results of
Carmack et al. (2004).
3.2. Characteristics of light absorption coefficients of
phytoplankton, NAP, and CDOM

We examined chl a values as a proxy of phytoplankton biomass
during the sampling period (Fig. 5). The chl a values ranged from
Fig. 3. Salinity (psu) at 10 m depth
0.02 to 0.9 mg m�3 for both leg 1 and leg 2 indicating a low
phytoplankton biomass. These values fall within the range reported
at the same time of the year for the region west of the Mackenzie
river mouth that includes the Chukchi and western Beaufort seas
(Matsuoka et al., 2007).

We found a high correlation between a4(l) at 443 nm where
phytoplankton absorption is maximal and chl a for both leg 1 and
leg 2 (r2¼ 0.81 and 0.84, respectively; see Table 1 and Fig. 5). These
high correlations between the two variables are consistent with
previous reports from all latitudes (e.g., Bricaud et al., 1995, 1998;
Cota et al., 2003; Wang et al., 2005; Matsuoka et al., 2007). During
leg 1, the logarithmic slope of the relation is however much larger
for the surface layer than for deeper layer (1.382 and 0.710,
respectively; see Table 1) indicating an increased absorption
capacity for the same chl a values. This vertical difference of a4(443)
was not observed for the region west of the Mackenzie river mouth
(Matsuoka et al., 2007) indicating the optical specificity of our
study area that results from the vertical stratification.

While the number of samples used for our analysis is limited for
leg 1 (N¼ 31), the fit for all data points is very similar with the one
obtained by Matsuoka et al. (2007) for the region west of the
Mackenzie river mouth at the same time of the year (Fig. 5a). This
result suggests that, when integrated over the euphotic zone,
a4(443) has the same characteristics for the entire western Arctic
Ocean from autumn to early winter. Compared to other environ-
ments, a4(443) is smaller than values measured in open oceanic
for leg 1 (left) and leg 2 (right).



a b

Fig. 5. Relationship between a4(443) and chl a for (a) leg 1 and (b) leg 2. Regression lines of previous experiments are displayed for comparison. See Fig. 4 for symbols.
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waters at lower latitudes (Bricaud et al., 1998) and in the Labrador
Sea (Cota et al., 2003) at various seasons but larger than western
Arctic values measured in summer (Wang et al., 2005) (Fig. 5a). It is
interesting to note that a4(443) increased from leg 1 to leg 2 and
was higher than for the western Arctic at the same time period
(Matsuoka et al., 2007), getting closer to values measured at lower
and temperate latitudes (Fig. 5b). The strong vertical difference
observed during leg 1 was much less for leg 2 (Table 1).

To examine the contribution of phytoplankton absorption to
the other optical constituents, the relative proportion of the
absorption coefficient by each optical component (phytoplankton,
NAP, and CDOM) to the total non-water absorption, at-w(l) (see
Table 2) are shown for five wavelengths that correspond to the
spectral bands of the MODIS ocean color sensor (Fig. 6). In our
study area, the maximum CDOM absorption at 443 nm was
0.29 m�1 which is comparable to measurements in other coastal
environments (e.g., 0.27 m�1 for Chesapeake Bay; Kirk, 1994). The
total non-water absorption coefficient is clearly dominated by
CDOM for both legs and at all wavelengths (Fig. 6 and Table 2).
This is very different from measurements done in the same area
during summer (June and July) when aCDOM(443) only contributes
approximately 50% to at-w(443) (Bélanger et al., 2006). This
observation is consistent with the larger impact of the Mackenzie
river plume later in the season due to the time taken for water
advection from the river mouth. The magnitude of NAP absorption
was up to 0.09 m�1 and is second in importance for light
absorption (Fig. 6; see Table 2 for details). This result is compa-
rable to the one obtained in the region west of the Mackenzie river
mouth where a4(l) is the second contributor to at-w(l) (Matsuoka
et al., 2007). The magnitude of aNAP(l) normally reflects the
presence of suspended particles (Babin et al., 2003). Therefore, our
results that show high contributions of CDOM and NAP absorption
Table 2
Relative contributions of absorption coefficient of phytoplankton (4), non-algal particles (
551 nm that correspond to the spectral bands of the MODIS ocean color sensor. The aver
also shown for comparison.

l (nm) leg 1 (N¼ 50)

a4(l)/at-w(l) aCDOM(l)/at-w(l) aNAP(l)/at-w(l)

This study 412 0.04� 0.02 0.87� 0.07 0.09� 0.05
443 0.07� 0.04 0.84� 0.08 0.09� 0.06
488 0.08� 0.05 0.82� 0.10 0.09� 0.07
531 0.07� 0.04 0.83� 0.11 0.11� 0.08
551 0.05� 0.04 0.83� 0.12 0.11� 0.09

Literature
Matsuoka et al. (2007) 443 0.16� 0.11 0.76� 0.13 0.08� 0.05
Babin et al. (2003) 0.36� 0.14 0.41� 0.14 0.22� 0.13
to the total non-water absorption suggest that a strong influence
of the Mackenzie river runoff still exists from autumn to early
winter period over the whole area (see also Fig. 4). Although the
contributions of a4(l) are small at that time of the year, it is worth
noting that its proportion tends to increase from leg 1 to leg 2 (up
to 25% at 443 nm: Fig. 6) resulting mostly from the reduced CDOM
influence during the second leg.
3.3. Change of phytoplankton absorption spectra

Mean spectra of a4(l) and a4
*(l) for both legs are shown in Fig. 7.

Despite a large variability, it is observed that a4(l) is generally
higher during leg 2. The change of phytoplankton absorption is
more clearly shown in the mean spectra of a4

*(l). These results
indicate that a4

*(l), which provides an indication of in vivo
absorption capacity of phytoplankton cells (Morel and Bricaud,
1981; Bricaud et al., 1995), was significantly higher during leg 2
(P< 0.01; Fig. 7c,d). Two possible causes are put forward to explain
the observed change: a different phytoplankton species composi-
tion or an adaptation to a changing light condition by the same
dominant species of phytoplankton.

Fig. 8 shows the mean phytoplankton species composition for
both legs expressed as absolute abundance and relative percent-
ages. During leg 1, no clear dominant species is present (Flagellates:
26�14%, Dinophyceae: 16� 7%, Prasinophyceae: 14� 8%, and
Prymnesiophyceae: 13�7%). Our taxonomic data show that only
two major phytoplankton species, Flagellates (44�15%) and
Prymnesiophyceae (25� 9%) increased their abundance signifi-
cantly from leg 1 to leg 2 (P< 0.01 for Flagellates and P< 0.001 for
Prymnesiophyceae) while all other species declined (Fig. 8a). The
phytoplankton community thus changed with time with smaller
NAP), and CDOM to the total non-water absorption, at-w(l) at 412, 443, 488, 531, and
age� one standard deviation is shown. Available coefficients from the literature are

leg 2 (N¼ 102)

at-w(l) a4(l)/at-w(l) aCDOM(l)/at-w(l) aNAP(l)/at-w(l) at-w(l)

0.22� 0.09 0.07� 0.03 0.79� 0.08 0.14� 0.07 0.22� 0.08
0.16� 0.07 0.11� 0.05 0.74� 0.09 0.15� 0.08 0.14� 0.05
0.09� 0.04 0.14� 0.06 0.70� 0.10 0.16� 0.09 0.08� 0.03
0.05� 0.02 0.12� 0.05 0.70� 0.11 0.19� 0.10 0.04� 0.01
0.04� 0.02 0.10� 0.04 0.70� 0.12 0.20� 0.11 0.03� 0.01



leg1 leg2

Fig. 6. The proportions of absorption coefficient of phytoplankton, NAP, and CDOM to the total non-water absorption at 412, 443, 488, 531, and 551 nm. See Fig. 4 for symbols.
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a b

c d

Fig. 7. (a, b) Phytoplankton absorption spectra a4(l). (c,d) chl a specific phytoplankton absorption spectra a4
*(l). Mean (solid curve) and the mean� one standard deviation (SD)

(dotted curve) are displayed.
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species increasing their relative abundance through the decrease of
other species abundances in the water column (Fig. 8b).

It is expected that smaller-size phytoplankton leads to less
packaging effect (Morel and Bricaud,1981; Bricaud and Morel,1986;
Bricaud et al., 1995). To evaluate the level of pigment packaging, we
can use a4

*(676) as an indicator of the packaging effect since the light
absorption is not affected by accessory pigments at that wavelength.
Values of a4

*(676) for unpackaged pigments have the range of 0.023–
0.029 m2 mg chl a�1 (Johnsen et al., 1994; Moisan and Mitchell,
1999). Our results (Fig. 7) show that a small level of pigment
a

Fig. 8. Phytoplankton community composition. (a) Absolute cell concentration. (b) Relative p
packaging was present for leg 1 (a4
*(676)¼ 0.017 m2 mg chl a�1)

while no pigment packaging was measured for leg 2
(a4

*(676)¼ 0.025 m2 mg chl a�1). The values measured from autumn
to early winter in our study area are thus higher than those
measured in the region west of the Mackenzie river mouth in
summer (0.014 m2 mg chl a�1; Wang et al., 2005), at Resolute Bay
and in the Labrador Sea in the spring and fall (0.006 m2 mg chl a�1

and 0.014 m2 mg chl a�1, respectively; Cota et al., 2003). This result
suggests that pigment packaging is less important for our specific
Arctic location and season and that the phytoplankton community
b

ercentage of each phytoplankton species to the total biomass. Error bars show one SD.
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b
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Fig. 9. Scatter-plot of (a) chl a, (b) a4(443), and (c) a4
*(443) as a function of irradiance.

See Fig. 2 for symbols.
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was generally more efficient to harvest light for leg 2. In addition,
HPLC analysis indicated that the contribution of chl b to chl a was
19% and 44% for leg 1 and leg 2, respectively (see also discussion of
Lovejoy et al., 2007) which is similar to ratios measured during the
winter in the Atlantic where the dominant species are very small
(Bricaud et al., 2004). This specific pigment is known to increase
light absorption capacity (Moore et al., 1995; Bricaud et al., 2004)
and its effect is observed in a4(l) and a4

*(l) spectra around 600 and
650 nm (Fig. 7).

The observed increase in a4
*(l) between the two legs can thus

result from the modification of the phytoplankton community
towards smaller cells having a larger a4

*(l), from a physiological
adaptation of the smaller cells to better harvest light or from
a combination of both. Our data set does not allow us to conclude
on the specific process involved but it was already noted that
phytoplankton can adapt its photosynthetic efficiency when
submitted to a change of light intensity in the polar regions
(Palmisano et al., 1986)

Smaller species that are more efficient to absorb light were thus
present during leg 2. It is probable that the observed change in the
phytoplankton community was the result of a species selection by
the changing light level that was caused by a combination of
decreasing sun elevation and the presence of a newly formed sea
ice cover having an albedo varying between 2 and 80% depending
on the type of ice present (Ehn et al., 2007).

The level of PP in the Arctic is a function of temperature, light
intensity, and nutrient availability through the stability of the water
column. Platt et al. (1982) indicated that temperature and light
levels were more important to PP than nutrients using a data set
acquired in northern Baffin Bay in September. This was confirmed
by Harrison and Cota (1991) using an extended data set for the
eastern Canadian Arctic. To examine this issue for our study area,
chl a, a4(443), and a4

*(443) are plotted as a function of irradiance
(Fig. 9). During leg 1, data points are particularly scattered for both
chl a and a4(443) (Fig. 9a,b). Since there was no clear dominant
species of phytoplankton for leg 1 and as increased rate of phyto-
plankton biomass to irradiance is inferred to be different among
phytoplankton species (Cota et al., 1994), the scattered data points
shown in Fig. 9a,b are not surprising.

On the other hand, chl a and a4(443) are positively correlated
with irradiance for leg 2 (r2¼ 0.41 for both, P< 0.0001; Fig. 9a,b).
These results demonstrate that the dominant small-size phyto-
plankton in this leg (i.e., Flagellates and Prymnesiophyceae) that
contains a larger proportion of chl b relative to chl a tended to grow
with increasing irradiance. However, variability in a4

*(443) is not
dependent on irradiance for both legs (Fig. 9c).

Fig. 10 shows a4
*(443) as a function of temperature and nutri-

ents. No correlation between a4
*(443) and temperature is found

for both legs. This could result from the fact that different
dominant species were present in our study area compared to
Baffin Bay (i.e., Bacillariophycae; Platt et al., 1982). On the other
hand, our results based on stepwise regression analysis demon-
strate that a4

*(443) is significantly correlated with NO3þNO2 and
this correlation is higher (r2¼ 0.12, P< 0.001) than with phos-
phate and silicates for both legs (see Table 3 for details). This is
contrary to lower latitude results that suggested a negative
correlation (see discussion of Bricaud et al., 1995). So for our
specific environmental conditions of very low irradiance and cold
temperature during the early winter period, a4

*(443) might be
more sensitive to changes in nutrients than by the light intensity
and temperature since the variability in these two parameters is
small in addition to their small absolute values. More work on
phytoplankton physiology for Arctic waters is thus necessary to
understand the contribution of primary production to the Arctic
carbon cycle.
4. Conclusions

The Mackenzie River, the fourth largest river discharging into
the Arctic, has an important role for freshwater input with nutrient
supply to the coastal Beaufort Sea. Our results showed that the river
plume influences the optical properties in the surface layer alone
(approximately <10 m) and that this influence is still left in the
autumn and early winter seasons over the entire southern Beaufort
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Fig. 10. Scatter-plot of a4
*(443) as a function of (a) temperature, (b) NO3þNO2, (c) PO4, and (d) Si(OH)4. The best fit for all data points is displayed on Fig. 10b. See Fig. 2 for symbols.

The statistical results based on stepwise regression analysis are shown in Table 3.

Table 3
Stepwise regression analysis of chl a specific absorption coefficient of phytoplankton with environmental factors (light, temperature, and nutrients). *P< 0.01, **P< 0.005,
***P< 0.001.

Selected parameters 1 2 3*** 4* 5*** 3þ 4þ 5** 1þ 3þ 4þ 5** 2þ 3þ 4þ 5** 1þ 2þ 3þ 4þ 5*

Intercept �1.235 �1.267 �1.209 �1.197 �1.355 �1.287 �1.286 �1.303 �1.302
1Log10(I) �0.017 0.003 0.002
2T �0.037 �0.019 �0.018
3Log10(NO3þNO2) 0.098 0.035 0.035 0.033 0.033
4Log10(PO4) 0.211 0.109 0.114 0.120 0.123
5Log10(Si(OH)4) 0.190 0.120 0.122 0.114 0.116

Adjusted r2 0.00 0.00 0.12 0.06 0.10 0.12 0.11 0.15 0.15
F 1.25 0.89 14.71 7.42 11.61 5.65 4.20 4.26 3.38
P-value 0.2664 0.3466 0.0002 0.0076 0.0009 0.0013 0.0035 0.0032 0.0075
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sea region. While strong light absorption by terrigeneous CDOM
(up to 84% of at-w(443) for both legs) is relatively constant, the light
absorption by phytoplankton tended to increase from autumn
when open water still existed to early winter when sea ice cover
was formed. This is probably caused by biological selection of
smaller-sized cells that are either already more efficient or capable
to adapt their physiology to harvest the available light. The
phytoplankton light absorption capacity showed a significant
positive correlation with NO3þNO2 which is in contrast to
previous results from lower latitudes data sets. This probably
results from a combination of very limited available light and low
water temperatures making a4

*(l) more sensitive to nutrient supply.
The important implication of this study is that the phyto-

plankton community structure will adapt to the new physical
environment that will result from a reduced ice cover, a shorten ice
season and concurrent increases in freshwater input from land
(McClelland et al., 2006) that includes larger amounts of nutrients
(Holms et al., 2008) due to melting permafrost (Camill, 2005). This
could lead to possible higher trophic levels effects through a change
in the food web structure.
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