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Abstract Particle size distribution (PSD) plays a significant role in many aspects of aquatic ecosystems,
including phytoplankton dynamics, sediment fluxes, and optical scattering from particulates. As of yet, little
is known on the variability of particle size distribution in marine ecosystems. In this study, we investigated
the PSD properties and variability in Hudson Bay based on measurements from a laser diffractometer
(LISST-100X Type-B) in concert with biogeochemical parameters collected during summer 2010. Results
show that most power-law fitted PSD slopes ranged from 2.5 to 4.5, covering nearly the entire range
observed for natural waters. Offshore waters showed a predominance of smaller particles while near the
coast, the effect of riverine inputs on PSD were apparent. Particulate inorganic matter contributed more to
total suspended matter in coastal waters leading to lower PSD slopes than offshore. The depth distribution
of PSD slopes shows that larger particles were associated with the pycnocline. Below the pycnocline, smaller
particles dominated the spectra. A comparison between a PSD slope-based method to derive phytoplank-
ton size class (PSC) and pigment-based derived PSC showed the two methods agreed relatively well. This
study provides valuable baseline information on particle size properties and phytoplankton composition
estimates in a sub-arctic environment subject to rapid environmental change.

1. Introduction

Particle size in marine waters is influenced by many processes including biological growth, flocculation,
aggregation, disaggregation, and sedimentation. These different processes dominate at different size scales.
Particle size distribution (PSD), i.e., the relationship between particle sizes and their concentrations, has
been widely used to characterize marine particles [Bader, 1970]. PSD provides important information about
pelagic ocean ecosystem structure and function and is therefore of particular significance in diverse fields in
oceanography, from sedimentology to biology. An understanding of PSD is required to assess the composi-
tion of particle assemblages, plankton populations, and phytoplankton functional types [Falkowski et al.,
1998; Neukermans et al., 2012; Karp-Boss, 2007; Kostadinov et al., 2010, 2012], as well as to characterize sedi-
ment fluxes, particle resuspension, and sinking rates [Mikkelsen and Pejrup, 2001; Ahn, 2012]. PSD also plays
a strong role in the propagation of light in the water, especially in spectral attenuation and scattering [Boss
and Pegau, 2001; Boss et al., 2001a, 2001b; Twardowski et al., 2001]. In bio-optical applications, the optical
methods provide an estimate of the change in the average size of particles. Assuming that the power-law
distribution is a good representation of the PSD, the PSD slope is often theoretically related to the spectral
slope of the particulate beam attenuation coefficient, cp(k), which also exhibits an inverse power-law
dependence on wavelength [Morel, 1973; Boss et al., 2001a, 2001b; Twardowski et al., 2001; Sullivan et al.,
2005]. The same is true of the particulate backscattering coefficient, bbp(k), though the backscattering is
largely attributed to different size range and particles [Stramski and Kiefer, 1991; Stramski et al., 2001; Dal-
l’Olmo et al., 2009]. However, it should be noted that bbp does not usually exhibit an inverse power-law
dependence in the visible range due to the effect of absorption peaks. A better understanding of bio-
optical properties improves the application technologies to relate ocean color and PSD to optical properties.
In remote-sensing applications, the bbp(k) slope has been used to describe and quantify the PSD slope and
the particle number density N0(D), as in recent models [Loisel et al., 2006; Kostadinov et al., 2009]. The rela-
tionship of the bbp(k) slope to the PSD has, however, remained ambiguous [Kostadinov et al., 2012], and this
is exacerbated in optically complex waters [Aurin et al., 2010]. Given that the PSD provides important
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information on the dominant phytoplankton size classes (PSCs) [Falkowski et al., 1998, 2003; Hood et al.,
2006], it is also possible to assess PSCs from PSD derived from remote sensing. Assuming that the open
ocean particulate assemblage is biogenic, Kostadinov et al. [2010] assessed the global distribution and
dynamics of PSCs using a new method to retrieve the parameters of a power-law PSD from ocean color
remote sensing data. This opens up the possibility of using water-leaving radiance-derived PSD from satel-
lite data to estimate phytoplankton functional types.

The regional variability of PSD slopes has been addressed in a few recent studies. Large PSD slopes and low
particle concentrations are typically found in open waters while smaller slopes and higher concentrations
are found in estuarine waters and river plumes [Buonassissi and Dierssen, 2010]. Significant spatial and tem-
poral variability in both concentration and shape of the PSD was demonstrated in situ [Reynolds et al.,
2010]. Karageorgis et al. [2012] also reported significant spatial and seasonal variability in particulate matter
abundance (or concentration) and size distributions in the Eastern Mediterranean Sea. The objective of this
study is to characterize PSD spatial variability, at both horizontal and vertical scales, and examine relation-
ships with phytoplankton assemblages in a large sub-arctic sea, Hudson Bay, Canada.

2. Material and Methods

2.1. Study Area and Sampling
The data used in this study were collected at 33 stations during the summer 2010 ArcticNet expedition
(between 9 and 31 July) in Hudson Bay (Figure 1), a large sub-arctic inland sea with complex optical proper-
ties due to a large influx of freshwater mostly in its southern portion [Xi et al., 2013]. Water samples for pig-
ment and particle concentrations were collected at discrete depths, including the surface, depth of deep
chlorophyll maximum (DCM), and other optical depths. Surface water samples were collected using a clean

Figure 1. Study area and stations in Hudson Bay during the ArcticNet 2010 expedition.
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bucket while samples at other depths were collected using a rosette equipped with 12 L Niskin-type bottles.
An optical profiling package made of a variety of instruments was used to measure various optical, biogeo-
chemical, and physical water properties. These instruments were a Sequoia LISST-100X to measure the size
spectra of particles up to 250 mm, a Seabird SBE49 CTD to measure the vertical physical structure of the
water column and a WetStar fluorometer to measure chlorophyll fluorescence (Chl fluorescence). The profil-
ing package was slowly (0.2 m s21) lowered in the water column down to a depth of 100 m. Only downcast
measurements have been used in this study to minimize interference from the instrument cage.

2.2. PSD Measurements
The PSD were estimated from field measurements of the volume scattering function performed using a
LISST-100X Type-B particle size analyzer (Sequoia, Inc.). An additional photodiode detector records transmit-
ted light, from which the beam attenuation coefficient of particles at 670 nm, cp(670), can be calculated.
There are 32 size ranges logarithmically placed from 1.25 to 250 mm in diameter (the upper size in each bin
is 1.18 times the lower), with the width of individual size classes varying from 0.2 to 35 mm. Scattered light
in the near forward angles is measured on concentric detector rings and inversion modeling based on Mie
theory yields the particle volume concentration, V(D), in the 32 size classes [Agrawal and Pottsmith, 2000]. D
is the geometric average of the two boundaries of each class bin and is often represented as a volume-
equivalent sphere due to the unknown particle shape. In order to measure only the scattered light contrib-
uted by the particles, the background scattering measurement of LISST was acquired beforehand. V(D) was
then calculated using the manufacturer provided software LISST-SOP and calibration [LISST-100X Particle
Size Analyzer, 2013]. The particle number distribution, N(D), was calculated from the equation:

NðDÞ56VðDÞ=pD3: (1)

The PSD can be defined as the average number of particles within a given size class of width DD for a unit
volume of suspension [e.g., Jonasz and Fournier, 2007; Reynolds et al., 2010] and is expressed as

N’ðDÞ5NðDÞ=DD: (2)

Accordingly, the differential volume concentration of particles per unit size, V0(D), is expressed as
V ’ðDÞ5VðDÞ=DD.

Mikkelsen et al. [2008] showed that density differences observed at pycnoclines can induce light scatter-
ing—schlieren—that artificially increases the proportion of large particles in the PSD and may pose prob-
lems for the interpretation of results. One way to detect schlieren is to compare beam attenuation (cp)
calculated from LISST measurements to cp measured using a wider acceptance angle instrument. Fortu-
nately, the ship’s rosette was equipped with a WETLabs C-Star transmissometer allowing the comparison of
cp between both instruments. Even though the measurements were not simultaneous, the comparison
between both casts showed that coastal stations were potentially affected by schlieren near the pycnocline.
Considering this, we filtered the vertical PSD profiles by eliminating all measurements for which LISST cp

was above a threshold value of 0.75 m21 down to the depth of 40 m as high LISST cp values below that
depth were similar to C-Star cp. That threshold was selected by plotting LISST cp against C-Star cp. Schlieren
affected PSD were easily identified as outliers with large LISST cp at low C-Star cp. Of the whole PSD meas-
ured, only 5% were found contaminated and removed from further analysis.

There are several mathematical descriptions of the PSD proposed for marine systems including power-law
model (or Junge distribution), Gaussian or lognormal distributions, and the gamma function [Bader, 1970;
Jonasz, 1983; Risovic, 1993]. Among these models, the power law is the most frequently used for optical and
ecological purposes [e.g., Jonasz, 1983; Bricaud et al., 1981; Stramski and Kiefer, 1991] and has been theoreti-
cally justified in many studies [e.g., Sheldon et al., 1972; Platt and Denman, 1978; Kiefer and Berwald, 1992].
Though the other models are able to describe the PSD spectra more precisely than the power-law model, it
is difficult to directly relate the derived PSD characteristics from these models with optical and biogeochem-
ical analyses. This is why we choose to use the power-law model even if it is imperfect. The following
power-law function can be fitted to the PSD data over a selected size range
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where Do is a reference diameter, the nondimensional n is the PSD slope (or Junge exponent), and N0(Do) is
the differential number concentration at Do (units of m23 mm21). Calculations were done using least
squares minimization on the log-transformed data of each distribution as performed in previous studies
[Vidondo et al., 1997; Reynolds et al., 2010; Buonassissi and Dierssen, 2010]. The relative concentration of small
to large particles was estimated by the PSD slope calculated by the power-law model.

Considering that the PSD slope is not only sensitive to the fitting method but also to the range of particle
size used for its calculation, deviations from the power-law model can lead to differences in the estimated
PSD parameters. The LISST-100X instrument has been shown to be sensitive to the presence of particles in
suspension that are finer than the measurement range of the optics [Agrawal and Traykovski, 2001; Agrawal
et al., 2008; Buonassissi and Dierssen, 2010] leading to a rising tail at small size class. Andrews et al. [2010]
attribute the rising tail to improper choice of refractive index for small particles. This contamination is evi-
dent in our data set (Figure 2) mostly for size classes less than 6 mm. Previous studies have shown that LISST
PSD measured over larger size classes (>6 mm) are generally consistent with measurements from other
instruments [Reynolds et al., 2010; Buonassissi and Dierssen, 2010].

Considering this, the PSD slope n was calculated using equation (3) within the size range of 6.14–196 mm.
This range minimizes the effect of the tail at smaller size range and the very low values at the largest size
classes on the slope calculation. Null data at some small size classes due to the tail were removed. The
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Figure 2. (a, c, e) Particle number density N0(D) and (b, d, f) volume concentration density V0(D) measured with the LISST at three represen-
tative stations for various depths. (top) Stn. 350 (0–100 m); (middle) Stn. 745 (0–100 m); and (bottom) Stn. 705b (0–35 m).
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size class 37.6 mm was selected
as the reference particle size Do

because it is the midpoint of the
logarithmic size range. The linear
least squares fit to the log-
transformed data provided good
regression statistics with deter-
mination coefficient R2 between
0.88 and 0.99 and significant p
value <0.01 for all sampled sta-
tions. In addition to the regres-
sion statistics of the power-law
model, the residuals were also
calculated to verify whether sig-
nificant deviations occurred
between the observed and mod-
eled data. Relative errors (RE, %)
were calculated in each size
class for all the PSD in the data
set, RE 5 [N(D)mod – N(D)obs]/

N(D)obs 3 100%, where N(D)mod and N(D)obs represent the modeled and observed particle number con-
centration, respectively. Figure 3 shows that the median values of the relative errors as a function of parti-
cle sizes ranging between 6.14 and 196 mm were within 630%. The particle number concentrations were
underestimated in the ranges of 6–10 mm and 80–200 mm while overestimated in the 20–30 mm and 50–
70 mm size ranges. This error pattern was tightly associated to the distinctive peaks in the PSD (see
Figure 2), resulting from the predominance of particles at certain sizes that are not captured by the
power-law model [Reynolds et al., 2010]. Results from the regression statistics and residual analysis were
consistent with previous results on the power-law performance [Reynolds et al., 2010; Buonassissi and Dier-
ssen, 2010], suggesting that though having limitations in capturing spectral complexities of the PSD, the
power-law model proved to be a reasonable approximation and can easily be used to analyze the proper-
ties and variability of the PSD in relation to optical and biogeochemical parameters in Hudson Bay. After
calculation, the PSD data at each vertical profile were median-binned to 1 m intervals. Note that near the
surface LISST measurements usually tend to be interfered by ambient light conditions in oligotrophic
environments [Andrews et al., 2011]. In our study, the binned PSD data were checked from station to sta-
tion and those showing abnormal shapes at the very surface (0–2 m) were discarded as in previous stud-
ies [Agrawal, 2005; Mikkelsen et al., 2008].

2.3. Particle and Pigment Measurements
Samples for total suspended matter (TSM) and chlorophyll-a (Chl-a) concentration were collected at
discrete depths including the surface, the DCM depth, and other depths (such as 10 and 20 m, 15%
and 30% light penetrating depths. Note that not all these depths were sampled at each station). For
TSM measurement, 0.5–3 L of sea water was filtered under low pressure onto preweighed 25 mm glass
fiber filters (Whatman, GF/F). The filters were rinsed with Milli-Q water and kept frozen at 220�C until
dried at 100�C for at least 3 h. The filters were weighed to measure the total suspended matter (TSM)
concentration and combusted at 550�C for 1 h and reweighed to measure the particulate inorganic
matter (PIM) concentration. The particulate organic matter (POM) concentration was obtained by sub-
tracting PIM from TSM. High-performance liquid chromatography (HPLC) was used to determine the
liposoluble pigment concentrations on samples filtered onto 25 mm Whatman GF/F filters under low
pressure. The samples were processed at the Horn Point Laboratory (see Van Heukelem and Thomas
[2005] for a complete description of the methodology). HPLC Chl-a concentration in this study is
defined as the sum of chlorophyll-a allomers and epimers, divinyl chlorophyll-a, and chlorophyllids-a.
Size-fractionated chlorophyll measurements were also done using the fluorescence method [Yentsch
and Menzel, 1963] for the following size classes (<5 mm, 5–20 mm, and >20 mm). In addition, chloro-
phyll fluorescence vertical profiles from WetStar fluorometer were also obtained. The fluorescence was
binned into 1 m intervals.
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2.4. Phytoplankton Size Class (PSC)
Two methods were used to determine the
PSCs in our study. First, HPLC data were used
to estimate the contribution of picoplankton
(BPpico: <2 mm), nanoplankton (BPnano: 2–20
mm), and microplankton (BPmicro: >20 mm) to
total biomass based on pigment composition
by the HPLC pigment-derived classes methods
[Vidussi et al., 2001; Uitz et al., 2006]. The sec-
ond method is based on the calculation of the
PSD slope n from LISST data. Here we assume
that PSD obeys the power-law model and the
PSD slopes also apply to particles smaller than
6 mm. LISST slope-based PSCs are defined as
the percent contribution of pico (0.2–2 mm),

nano (2–20 mm), and microplankton sized (20–200 mm) particles to the total volume concentration in the
range of 0.2–200 mm. The estimates of n were used to calculate the LISST slope-based PSCs after Kostadinov
et al. [2009, 2010] using the following equation:

BP PSC 5
D42n

PSCmax 2D42n
PSCmin

D42n
max 2D42n

min

; (4)

where DPSCmax and DPSCmin are the size limits of the PSC size class of interest, and Dmin 5 0.2 mm and
Dmax 5 200 mm are the lower and upper limits of the size range considered.

Relating the PSD to the PSCs assumes that the particle assemblage is of biogenic origin and that living phy-
toplankton represents a constant proportion of all particles by volume at all considered size classes [Kostadi-
nov et al., 2010, 2012]. This assumption is likely to be violated in coastal areas or in areas dominated by
inorganic particles. Significant deviations from the simple first-order power-law model may also be
expected, especially in coastal areas [Reynolds et al., 2010].

2.5. Uncertainties in Measurements and Intercomparisons
Discrete measurements of TSM and HPLC Chl-a were done on individual samples (no duplicates or tripli-
cates). However, blank samples (1–2 L of Milli-Q water processed as a sample) were done regularly to evalu-
ate the accuracy of the measurement/analysis process. The mean coefficient of variation (CV) of TSM was
15%, while the mean CV of HPLC Chl-a was small (0.49%). The linear correlation coefficients between the
different biogeochemical parameters are given in Table 1. Results show that TSM is significantly correlated
with all other variables. The same variable but measured with different techniques (i.e., HPLC Chl-a versus
Fluo. Chl-a) shows satisfactory correlations as well. The Fluo. Chl-a versus HPLC Chl-a are in good agreement
but the Fluo. Chl-a is higher than HPLC Chl-a (Notation section, R 5 0.95, p< 0.001, slope 5 1.98, figure not
shown). Such a high ratio has also been found in other polar environments [Mustapha et al., 2012; Marrari
et al., 2006; Darecki et al., 2005]. HPLC Chl-a values are used to investigate the relationship between Chl-a
and PSD slopes and its regional variability.

3. Results and Discussion

3.1. Regional Variability of the Surface PSD
The surface PSDs were obtained by averaging PSDs from 2 to 5 m in order to represent the first optical
depth in Hudson Bay. The very surface data (depth less than 2 m) were discarded because some stations
showed contamination by ambient light [Andrews et al., 2011]. Note that the surface mixed layer depth
(MLD) was calculated for each individual CTD profile. The mean MLD was 14 m while the mean 30% light
penetrating depth was 10 m [Xi et al., 2013], ensuring that the surface values of PSD and biogeochemical
parameters can adequately represent the first optical depth. The surface PSD slopes ranged from 2.84 to
4.46 with a mean value of 3.63 6 0.40, covering nearly the entire range observed for natural waters

Table 1. Linear Correlation Coefficients Between Optical Measure-
ments and Biogeochemical Parametersa

HPLC Chl-a Fluo. Chl-a TSM PIM POM

Fluo. Chl-a 0.95*
TSM 0.60* 0.59*
PIM 0.63* 0.65* 0.93*
POM 0.18 0.20 0.65* 0.35
LISST cp(670) 0.33 0.43 0.56* 0.52* 0.46*

aVariable symbols and units are as follows: HPLC Chl-a, chlorophyll
a concentrations measured with HPLC in mg m23; Fluo. Chl-a, chloro-
phyll-a concentrations measured by fluorescence method; TSM, total
suspended matter concentrations in g m23; PIM, particulate inor-
ganic matter concentrations in g m23; POM, particulate organic mat-
ter concentrations in g m23; LISST cp(670), particulate beam
attenuation coefficients at 670 nm measured with LISST in m21. Sig-
nificant correlation (p< 0.01) is marked with an asterisk.
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[Jonasz, 1983; Loisel et al., 2006; Jonasz and Fournier, 2007; Boss et al., 2001a; Reynolds et al., 2010; Kostadinov
et al., 2012; Buonassissi and Dierssen, 2010]. Steeper slopes were indicative of the higher relative abundance
of the smaller particles [Bader, 1970]. Figure 4a shows that, in general, the steepest slopes (n� 4) occurred
in the oligotrophic offshore stations, while the shallowest slopes (n� 3) were found in the Nelson River estu-
ary, where freshwater inputs are substantial and the particle assemblages are more complex. Figures 4b–4d
show the spatial distribution of the total PSD particle number concentrations for three size classes (small:
<10 lm, medium: 10–50 lm, and large: >50 lm). There was no significant regional variation in total parti-
cle numbers N0(D) for the small size class except for several stations with very low values due to the LISST
failure at finer size classes. For both medium and large size classes, total N0(D) was higher in the coastal
waters than offshore waters. This phenomenon is significant particularly for the large size class with approx-
imately 4 orders of magnitude between the maximum at Stn. 705a and minimum at Stn. 740. The Nelson
River estuary showed the highest particle load, likely due to the terrigenous material exported by the river.

Figure 4. (a) Spatial distribution of the power-law fitted surface PSD slope, and total particle number density for (b) small size class (<10
mm), (c) medium size class (10–50 mm), and (d) large size class (>50 mm) (unit: m23 mm21). Note that 10-based logarithm was performed
and the corresponding exponents are shown in Figures 4b–4d.
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The relationships between PSD slopes and biogeochemical parameters were also investigated. Given that
Chl-a concentration can be partially related to phytoplankton cell sizes [Bricaud et al., 2004] and that TSM
concentration also covaries with particle assemblages, Sullivan et al. [2005] proposed that higher (lower)
Chl-a and TSM would more likely exist in regions with larger (smaller) particles and lower (higher) PSD
slopes. Surface HPLC Chl-a ranged from 0.07 to 0.33 mg m23 and TSM ranged from 0.12 to 1.84 g m23,
indicative of oligotrophic conditions and low phytoplankton biomass during the summer sampling period.
Figure 5 shows that, for the surface layer, the PSD slope values were inversely related to Chl-a and TSM con-
centrations. Particulate inorganic matter (PIM) also showed an inverse relationship with PSD slopes. How-
ever, no correlation was found between PSD slopes and particulate organic matter (POM). The latter can be
explained by the weak correlation between POM and Chl-a, indicating that for many stations, phytoplank-
ton was not the main contributor to POM [Xi et al., 2013]. The proportion of PIM to TSM was also well corre-
lated with the PSD slope, showing that PIM contributes more to TSM in coastal waters where the PSD
slopes are lower. Determining such relationships helps to understand the role of phytoplankton in ecosys-
tem structure, particle size distribution, and particulate composition.

3.2. Vertical Variability of the PSD
Overall, more than 98% of n values were located in the (2.5–4.5) range with a mean value of 3.66 and SD of
0.37. n values were divided into three groups roughly representing the upper layer (0–10 m), middle layer
(10–30 m), and the deep layer (30–100 m). Figure 6 shows the histograms of n distribution for the three
layers for all stations. The mean n values were 3.64, 3.50, and 3.76 for the upper, the middle, and the deep
layer, respectively. The distribution of n values in the surface layer was slightly wider (SD 5 0.43) as this layer
is directly impacted by river runoff that generates small n values (Figure 4). The slope distribution was
slightly more compact at intermediate depths (SD 5 0.37), with some regions showing spectra dominated

Figure 5. Scatterplots of (a) PSD slope versus Chl-a, (b) PSD slope versus TSM, (c) PSD slope versus PIM or POM, and (d) PSD slope versus
PIM/TSM ratio with linear regression lines (solid) and 95% confidence intervals (gray dashed lines). In Figure 5c, regression line is plotted
between PIM and the PSD slope.
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by the presence of large particles (small n), such as Stn. 705a at the Nelson River estuary and Stn. 2709 at
the entrance of James Bay, with the smallest n values (2.21 and 2.24) measured in Hudson Bay. For the
deeper layer (30–100 m), the slope values distribution was even narrower (SD 5 0.32) with no trace of large
particles dominated spectra and a clear dominance of smaller particles (high mean n value of 3.76). Statisti-
cal analyses were performed on n values to determine whether the different layers exhibited significantly
different n values. Normality tests (Jarque-Bera test and Shapiro-Wilk test) were performed to check the nor-
mality of n values in the three layers. Small p values (p< 0.1) indicated that the null hypothesis (normality)
was rejected, meaning that PSD slope distributions of the three layers were not strictly normal. Nonpara-
metric tests for differences between layers were therefore considered. Two nonparametric tests, Mann-
Whitney U test (with the null hypothesis that two groups are taken from populations with equal medians)
and Kolmogorov-Smirnov test (with the hypothesis that two groups are taken from populations with equal

distributions), were carried out to
examine the differences between
different layers. Both tests
showed very small p values
(p< 0.001), indicating that PSD
slopes in the three layers were
from different populations and
were significantly different from
each other.

Figure 7 shows the mean vertical
profile of the PSD slope using all
available data. The mean n was
higher (�3.6) in the layer above
10 m and reached a minima
(�3.3) between 10 and 20 m
(where it is associated with the
bottom of the mixed layer) and
then increased gradually with
depth. The mean n profile thus
showed the same characteristic
as the n distribution histograms
for the three layers (Figure 6),
indicating that deep water has
higher relative abundance of
smaller particles, and thus has
higher PSD slopes [Bader, 1970].
Figure 7 also shows that volume
concentration densities for small
particles were higher than for
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Figure 6. Histogram of the modeled PSD slope n at (a) upper (0–10 m) layer, (b) middle (10–30 m) layer, and (c) deep (30–100 m) layer. Mean values and standard deviations (SD) are
provided.

Figure 7. Vertical profiles of the mean PSD slope with SD at 10 m intervals, mean sea-
water density, mean total volume concentration density at small size class (<10 lm)
V0(D)small, and mean V0(D)large (>50 lm) from LISST data.
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large particles down to 20 m, associated with the location of the pycnocline (5–20 m). The accumulation of
particles (both small and large) in the pycnocline can occur due to the stable density gradient that sepa-
rates the upper and lower water layers and hinders vertical transport [Mann and Lazier, 2006]. This separa-
tion may result in the accumulation and flocculation of the debris of phytoplankton degradation and
terrestrial detritus at the base of the mixed layer. Below the pycnocline, the volume concentration of
larger particles decreased faster than that of small particles as shown in Figure 7. The gradual increase in
small particles volume concentration with depth was possibly related to biogenic material degradation and
small particle resuspension near the bottom.

To further illustrate the vertical variability of the PSD, three stations were selected as representative of vari-
ous Hudson Bay environments along a North-South transect: Stn. 350 in the north, Stn. 745 in the central
basin of the Bay, and Stn. 705b in the southwest near the Nelson River estuary (Figure 1). Figure 8 shows
the vertical distribution of the N(D) (a, e, i) and V(D) (b, f, j) against particle size classes for the three selected
stations. The particle number concentration (N(D)) spanned a wide range (6.30–16.17 3 1011 m23), and the
particle volume concentrations (V(D)) varied from 7.27 3 1025 to 4.70 ppm with the highest value at the
coastal Stn. 705b. Though located at different sites, the three stations showed similar patterns in the vertical
distribution of particle number concentrations but with different magnitudes. The vertical profiles at the
three stations indicate heterogeneous PSD vertical structure over Hudson Bay. PSD slopes values at Stn.
705b showed the largest vertical variation range (�1.7) in the upper 40 m layer. All stations showed varying
slopes with depth, opposite to the corresponding cp(670) and Vt profiles. For the three stations, there were

Figure 8. Vertical distributions of (a, e, i) normalized particle number concentration (N(D), m23), (b, f, g) volume concentration (V(D), ppm), (c, g, k) temperature, salinity, and chlorophyll
fluorescence (WetStar) with discrete Chl-a values, and (d, h, l) Vt, cp(670) and PSD slopes at three representative stations (top: Stn. 350; middle: Stn. 745; and bottom: Stn. 705b). Due to
the large variation of the magnitudes. Note that N(D) and V(D) are log-transformed due to their wide range of variation. Blank areas in N(D) and V(D) distributions are where no data
were collected and therefore were not taken into account when modeling the PSD slope.
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a much larger number of small particles at each depth (Figures 8a, 8e, and 8i). However, when considering
the volume occupied by these particles, patches started to appear showing the presence of dominant size
class at different depths (Figures 8b, 8f, and 8j).

Stn. 350, located at the entrance of Foxe Basin, is under the influence of arctic water flowing through the
Canadian Archipelago. At this deep station (water depth ca. 380 m), the vertical salinity gradient is relatively
small due to the absence of a nearby freshwater influence. There was the presence of a large fluorescence
peak at 38 m just below the pycnocline, corresponding to the maximum proportion of large particles (small
n), high cp(670), and total particle volume (Vt). The maximum volume concentration was found at two size
classes, i.e., 5–7 mm and 30–200 mm (Figure 8b). In the surface mixed layer, small particles were dominant
leading to low Vt and cp(670). There was a patch of large particles (>100 mm) at a depth of 20 m near the
bottom of the mixed layer, coupled with a peak in Vt and cp(670). Gravimetric and chemical analyses on sus-
pended matter indicated that the particulate organic matter (POM) contributed 50% and 65% to the TSM in
the surface layer and at the DCM depth, respectively, resulting in a good correlation between Vt and Chl-a.
The secondary fluorescence peak observed at 70 m appeared related to the presence of a slightly larger
total particle volume with a small decrease of n but no effect on cp(670).

Stn. 745 (180 m depth) is representative of the generally more oligotrophic central portion of Hudson Bay.
Postbloom conditions are characterized by low primary production from mainly large cells (>5 mm) [Ferland
et al., 2011]. In the summer 2010, there was a relatively strong vertical temperature gradient with a shal-
lower mixed layer (15 m). Organic particles contributed more than 70% to the TSM in both the surface layer
and at the DCM depth. The depth of maximum chlorophyll fluorescence was 44 m, associated with a small
salinity/temperature gradient and a signature on the cp(670) and Vt profiles. There was an increase in the
proportion of small particles (larger n) just above that feature. Both Vt and cp(670) reached their maxima at
the bottom of the surface mixed layer (15 m) associated with an increased number of large particles (>80
mm) (Figure 8f), which probably result from the large particles accumulation on a density discontinuity.

Stn. 705b near the Nelson River estuary in Southwest Hudson Bay has a depth of only 40 m. It is representa-
tive of nearshore environments under the influence of freshwater sources. The vertical structure shows a
10 m mixed layer and a DCM at 15 m (Figure 8k). The vertical salinity gradient of 5 reflects the strong stratifi-
cation resulting from the large freshwater input from the Nelson River and its significant influence on the
upper water column. Larger particles (>100 mm) contributed most to total volume at the surface and at two
sharp subsurface maxima (10 and 18 m; Figure 8j), leading to characteristic features with small n values and
strong peaks of both Vt and cp(670). The maximum fluorescence signal was located between the two sub-
surface particle peaks. The PIM to TSM ratios at the surface and the DCM depth were 73% and 63%, respec-
tively, indicating that most particles masses were inorganic. PIM was the main contributor to particulate
attenuation and Vt at this station leading to the weak coupling between cp(670) and Chl-a. One interesting
feature of the optical profiles is the strong increase in smaller particles near the seabed. This is probably the
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result of bottom resuspension of small inorganic particles (<10 mm) leading to a decrease in both cp(670)
and Vt.

3.3. Assessment of a Slope-Based Phytoplankton Size Class Method
The PSD shows regional variation in the dominant size classes, which can be partially associated with the
presence of different phytoplankton assemblages. A recent intercomparison of particle size class (PSC)
methods showed that abundance-based algorithms generally perform well in the remote detection of dom-
inant PSC in oceanic waters [Brewin et al., 2010]. Here we did not attempt to determine phytoplankton size
classes by inferring size distribution from remote-sensing estimates of particle backscatter [Kostadinov et al.,
2009]. The availability of LISST data for Hudson Bay provides an opportunity to evaluate this new method
against in situ particle size spectra. In order to do so, we used the biomass contribution of pico (BPpico),
nano (BPnano), and microplankton (BPmicro) derived from HPLC data using the diagnostic pigment analysis
(DPA) method [Uitz et al., 2006]. This approach has often been used as a benchmark to provide a proxy for
size class [Brewin et al., 2010].

The analysis was performed on 45 samples where POM:TSM> 65% (estuarine stations are excluded) to con-
strain the results to reflect oceanic type environments. A significant relationship between HPLC-based and
slope-based estimates of the PSCs was found (Figure 9b and relationships therein). This is consistent with
the assumption that the PSD slope can be used to quantify the PSCs when biogenic particles dominate [Kos-
tadinov et al., 2010, 2012]. Our analysis showed that mean microplankton and picoplankton contributions
estimated by the slope method were underestimated (62% and 15% versus 72% and 20%) while the slope-
based nanoplankton contribution was overestimated (23% versus 8%) compared to HPLC-based PSCs.
Results were consistent over the depth range studied (surface, DCM depths, and other discrete depths).
Many factors can explain the discrepancies starting with the intrinsic inaccuracy of the diagnostic pigment
analysis (DPA) method which is directly affected by the precision of HPLC analysis, i.e., 21.5% for pigments
other than Chl-a [Claustre et al., 2004]. Second, one assumption of the DPA is that specific pigments are rep-
resentative of certain size classes whereas some degree of variability exists in natural assemblages [Vidussi
et al., 2001; Uitz et al., 2006]. Also, as shown in Figure 3, the power-law function did not provide a perfect
estimation of true particle size spectra. Microplankton in (20–80 mm) was generally overestimated but
underestimated in (80–200 mm). Nanoplankton in (6–12 mm) was underestimated but overestimated in (12–
20 mm). Therefore, underestimation and overestimation both existed for each size group leading to
decrease the bias for the whole range of a group. The slope-based picoplankton proportion was calculated
using only the power-law fit to the smaller sizes using n values, thus uncertainties existed in this size range
and had effect on the micro and nanoplankton proportions as well. An additional source of error may be
the fact that the particle size range (6.14–196 mm) used to calculate n is different than the slope-based
model range (0.5–200 mm). Different total particle size ranges would change, to a certain extent, the esti-
mated proportions of each phytoplankton functional types [Kostadinov et al., 2009, 2010, 2012].

Overall, despite of uncertainties in the slope-based PSCs, the agreement between slope-based PSCs and
HPLC-based PSCs is considered relatively good, supporting the use of remote sensing to infer particle size
distribution in offshore waters of Hudson Bay. One important observation from the in situ samples is the
apparent dominance of microplankton (62%, Figure 9a) at low Chl-a concentrations. This can be explained
by the presence of fucoxanthin in small cells such as prymnesiophytes, chrysophytes, and small flagellates
in addition to its typical occurrence in diatoms [Hirata et al., 2011]. Indeed, protist cell counts identified that
these small phytoplankton cells dominated suspended assemblages at offshore stations in 2010.

4. Conclusions

Particle size distribution measurements in Hudson Bay showed significant regional and vertical variability
both in the particle concentrations and slopes. A strong association of larger particles with the base of the
mixed layer was observed, probably resulting from the particles accumulation on a density discontinuity.
The PSD-derived PSCs were found to be consistent with HPLC-derived PSCs in offshore waters, lending sup-
port to the retrieval of PSCs from remote sensing even though the power-law model has limitations in cap-
turing spectral size complexities. To conclude, this study provides baseline knowledge on the PSD
properties and variability with regard to the nature of suspended assemblages in Hudson Bay waters. These
results apply to the summer period, characterized by very low phytoplankton biomasses [Xi et al., 2013].
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Further study of the seasonal variability associated with changes in phytoplankton abundance and compo-
sition in this high latitude system is warranted. In addition, future research will focus on optical properties
of marine particles in Hudson Bay and remote sensing applications, including backscattering to scattering
ratio of particles and relationships to their biogeochemical composition and applications of the PSD.

Notation

DCM deep chlorophyll maximum.
cp particulate beam attenuation coefficient measured by LISST, m21.
Fluo. Chl-a chlorophyll-a concentration measured by fluorescence method, mg m23.
HPLC Chl-a chlorophyll-a concentration measured by HPLC, mg m23.
Chl fluorescence chlorophyll fluorescence from WetStar.
n Junge slope of the particle size distribution (PSD).
k wavelength, nm.
MLD mixed layer depth, m.
N(D) particle number concentration at size class D, m23.
N0(D) particle number density at size class D, m23 mm21.
N0(D)small total particle number density at small size classes (<10 lm), m23 mm21.
N0(D)medium total particle number density at medium size classes (10–50 lm), m23 mm21.
N’(D)large total particle number density at large size classes (>50 lm), m23 mm21.
PIM particulate inorganic matter, g m23.
POM particulate organic matter, g m23.
PSD particle size distribution.
TSM total suspended matter, g m23.
V(D) volume concentration at size class D, ppm.
V0(D) volume concentration density at size class D, ppm mm21.
V0(D)small total volume concentration density at small size classes (<10 lm), ppm mm21.
V0(D)medium total volume concentration density at medium size classes (10–50 lm), ppm mm21.
V0(D)large total volume concentration density at large size classes (>50 lm), ppm mm21.
Vt total volume concentration within range of 6.14–196 mm.
PSC phytoplankton size-class.
BPpico biomass proportion of picoplankton (<2 mm).
BPnano biomass proportion of nanoplankton (2–20 mm).
BPmicro biomass proportion of microplankton (20–200 mm).
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