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Abstract

Sea ice-algae contribute significantly to Arctic primary production and play an important role in the life
histories of planktonic and benthic consumers after the algae are released from the sea ice habitat. Following
export from the ice, the extent to which fresh algal material is available to planktonic or benthic consumers
is dependent on residence time in the water column, initially related to particle settling rate. Laboratory
experiments using isolated Nitzschia frigida, a common sea ice diatom, were conducted to ascertain the effects
of nutrient (N, P, and Si) and light limitation on settling characteristics of the algal material. While settling
characteristics of N- and P-limited cultures were not significantly different from controls grown under light
and nutrient-replete conditions, significant differences from the controls were found for light and Si limita-
tion. Differences between treatments were evidenced by changes in the proportion of each population that
had particular settling rates, rather than by changes in the range of settling rates measured within a treat-
ment. Thus, fast (> 20 m d21) and slow-sinking particles (< 2 m d21) were found in all cultures, but com-
pared to the controls, a larger percentage of fast-sinking particles were observed under Si limitation while a
larger percentage of slow-sinking material was observed under light limitation. While N. frigida is just one
member of the sea ice algal assemblage, its prevalence in Arctic land-fast sea ice means these results may be
representative of the broader Arctic nearshore ice-algae community. As such, abiotic conditions within Arctic
sea ice, such as nutrient availability and depth of overlying snow (which affects the light field in the ice),
could influence the amount of algae-derived material available to different components of the underlying
marine food web.

The interstitial and undersurface environments of sea ice
support a diverse community of organisms that thrive in
this physically and chemically dynamic habitat (Horner
1976; Cota and Smith 1991; Arrigo et al. 2010). These sea
ice assemblages, typically dominated in biomass by diatoms
(Hsiao 1980; Gradinger 1999; von Quillfeldt et al. 2003),
contribute greatly to annual primary production of polar
regions. In the Arctic, several studies have estimated that
the sea ice community can contribute 15-20% of annual
marine primary production (Legendre et al. 1992; Gosselin
et al. 1997; Arrigo and Thomas 2004). In nearshore, land-
fast sea ice, ice-algae production peaks in early spring when
water column phytoplankton production is minimal
(Horner and Schrader 1982; Hsiao 1988; Cota and Smith
1991). The timing of peak ice-algae production thus length-
ens the period of annual autotrophic production into the
ice-covered, pre-open water season (Horner and Alexander
1972; Cota et al. 1991; Arrigo and Thomas 2004). Although

ice-algae production rates fluctuate annually (Horner and

Schrader 1982; Melnikov et al. 2002; Arrigo et al. 2008),

their importance to the underlying communities is such

that many Arctic marine organisms have adapted life cycles

to take advantage of ice-derived organic material (Runge

et al. 1991; Bluhm et al. 2010; Daase et al. 2013) prior to

the spring phytoplankton bloom that typically occurs after

ice breakup.

Dissolved and particulate organic material generally accu-
mulates within sea ice in a predictable seasonal sequence,
especially within first-year, land-fast sea ice. Through early
spring, as surface irradiances increase, there is corresponding
algal growth in the ice. This bloom is especially apparent in
the bottom 10 cm of the ice near the ice-seawater interface
(Meguro et al. 1967; Smith et al. 1990; Riedel et al. 2008).
Later in spring, but before substantial ice melt or break up,
organic material is lost from first-year ice in rapid export
pulses that may only last a few days (Fortier et al. 2002; Juhl
and Krembs 2010; Juhl et al. 2011). Although the mecha-
nisms are not fully understood, export events often coincide
with increased light, temperature, ice porosity, and ablation
of the ice bottom (Apollonio 1961; Mundy et al. 2005; Nishi*Correspondence: caumack@ldeo.columbia.edu
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and Tabeta 2007). Once released, organic material from the
ice is either consumed in the water column (Tremblay et al.
1989; Michel et al. 1997), initiates ice-edge algal blooms
(Michel et al. 1993; Haecky et al. 1998; Yamamoto et al.
2014), or settles on the benthos where it is subsequently
either grazed or buried in the sediments (McMahon et al.
2006; Renaud et al. 2007; Morata et al. 2011). While particu-
late organic matter consumed by pelagic heterotrophs may
still reach the benthos as a viable food resource in the form
of fecal pellets or settled molts/carcasses (Wassmann 1997;
Goutx et al. 2007; Elliott et al. 2010), the amount of carbon
reintroduced post ingestion can be diminished (Møller et al.
2003). Furthermore, decomposition and digestive processes
significantly impact the overall nutritional quality of mate-
rial that has been ingested (Lovvorn et al. 2005; Goutx et al.
2007; Morata et al. 2011), ultimately altering the relative
value of material reaching the benthos directly and rapidly,
vs. material settling out post ingestion and/or post decompo-
sition that occurred during transit through the water
column.

Whether organic material freshly exported from sea ice is
primarily consumed in the plankton or the benthos is ini-
tially dependent on the settling rate of the material released,
influencing the residence time ice-derived material remains
suspended in the water column. Settling rates are unlikely to
be uniform though, and changes in the sea ice community’s
settling characteristics may correspond to a number of biotic
and abiotic changes within the ice. The very-limited previ-
ous research in the Arctic has indicated that overlying snow
depths (Riedel et al. 2006) and seasonal bloom progression
(Michel et al. 1993) can influence microalgal sinking rates
upon release from the ice, though the mechanisms underly-
ing these two influences are unknown. In other studies, phy-
toplankton physiology has proven to have significant effects
on their settling rates. This includes physiological changes
caused by altered nutrient availability (Bienfang et al. 1982;
Bienfang and Harrison 1984b), internal inorganic ion con-
centrations (Anderson and Sweeney 1977), light availability
(Steele and Yentsch 1960), cell age (Smayda and Boleyn
1966), and life history stages (Gross and Zeuthen 1948; Epp-
ley et al. 1967). Changes in cell or colony size and shape,
which can be influenced by growth conditions (e.g., Taka-

bayashi et al. 2006) can also affect settling rates (Smayda
and Boleyn 1966, Smayda 1970). Nevertheless, little work
has been conducted on the settling rates of ice-algae post
export from the ice habitat, despite high variability of light
and nutrients within land-fast Arctic sea ice (Welch and
Bergman 1989; Gosselin et al. 1990; Krembs and Engel
2001).

In this paper, we describe the effects that nutrient (N, P,
and Si) and light limitation have on settling rates of the sea
ice diatom, Nitzschia frigida, in controlled laboratory culture
experiments. N. frigida was chosen to be representative of
the ice algae found in land-fast sea ice because it has been
prevalently reported within the sea ice assemblage across
nearshore Arctic fast ice (Suzuki et al. 1997; Michel et al.
2002; Ratkova and Wassmann 2005) and it often is the most
abundant algal species within land-fast sea ice near Barrow
(Horner and Alexander 1972). If the regulation of diatom
buoyancy is inherently linked to mechanisms associated
with growth and photosynthesis, than light/nutrient avail-
ability in sea ice could drastically influence the settling prop-
erties of ice algae after release from the ice. Subsequently,
this could have indirect effects on the ultimate fate of sea
ice-derived material by altering the proportion reaching the
benthos vs. being consumed in the water column.

Methods

Experiments quantified the effects of limiting N, P, Si,
and irradiance on settling properties of laboratory cultures of
the sea ice diatom, N. frigida. Control cultures were grown
under replete nutrients and saturating light while the treat-
ment cultures were grown under limiting conditions for one
requirement (N, P, Si, or light) in different experiments (see
Table 1 for treatment details). Settling experiments were con-
ducted every three days during batch culture growth, ensur-
ing increasing limitation of the treatment cultures through
time.

All experiments used a monoalgal, non-axenic, clonal
strain of N. frigida originally isolated by A. Juhl in May 2011
from melted sea ice samples collected near Barrow, AK. Stock
cultures were maintained by serial transfer using sterile L1
medium (Guillard and Hargraves 1993) in a 4!C incubator

Table 1. Nutrient and irradiance conditions used for N. frigida incubations prior to settling experiments. Vitamins and trace metals
were started at L1 recipe concentrations.

Culture
Nitrogen
(mol L21)

Phosphorus
(mol L21)

Silicate
(mol L21)

Irradiance
(mmol photons m21 s21)

Control 8.82 3 1024 3.62 3 1025 1.06 3 1024 25-30

N-limited 3.91 3 1025 3.62 3 1025 1.06 3 1024 25-30

P-limited 8.82 3 1024 3.53 3 1026 1.06 3 1024 25-30

Si-limited 8.82 3 1024 3.62 3 1025 1.88 3 1026 25-30

PAR-limited 8.82 3 1024 3.62 3 1025 1.06 3 1024 2-5
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with continuous irradiance from cool-white fluorescent
lights providing photosynthetically active radiation (PAR) of
25-30 lmol photons m22 s21. Previous studies have found
this PAR level saturating for N. frigida growth (Suzuki et al.
1997; Juhl and Krembs 2010). In culture and in the field,
N. frigida grows as single cells and branched chains or colo-
nies of various sizes. However, the distribution of chain
lengths in different cultures was not assessed in these
experiments.

Experiments
To conduct each series of settling experiments associated

with each limitation treatment (N, P, Si, or light), nine 300-
mL cultures were inoculated on day 0. Three of these nine
cultures were used for settling experiments on days 3 and 15
each, such that n 5 3 settling experiments were conducted at
the beginning and ending points of the growth period. Sta-
tistical analyses therefore focused on these two time points.
In addition, settling experiments were also conducted on
days 6, 9, and 12 to assess the temporal trend in settling
characteristics for each limitation treatment, assuming that
limitation increased in successive dates. However, for days 6,
9, and 12, only a single culture (n 5 1) was sacrificed for each
day’s settling experiments. Two sets of control cultures were
handled in a parallel manner, such that n 5 6 control settling
experiments were conducted on days 3 and 15, with n 5 2
on days 6, 9, and 12.

The experimental setup used a homogenous sample (sensu
Bienfang et al. 1977) or homogenous suspension (type a)
approach (sensu Chancelier et al. 1998) to measure settling
velocities. The height of the columns was 0.375 m, with a
diameter of 9.0 cm. All experiments were conducted in a
walk-in incubator set at 4!C (6 0.5!C) with no direct light-
ing on the columns. All cultures and dilution water, as well
as the settling columns and all other equipment used were
housed in the incubator for at least 24 h before conducting
each experiment to ensure that temperatures were consistent
at the beginning and through each experiment (Peperzak
et al. 2003). For each settling experiment, a selected culture
was added to 6 L of filtered seawater (0.2 lm) that was then
mixed and transferred to three 2-L settling columns. Once
culture material was added to the settling columns, they
were capped and left undisturbed for 30 min, 90 min, or 180
min. Water remaining after filling the settling columns was
used to determine the initial chlorophyll-a (hereafter referred
to as “chlorophyll”) concentrations in the settling columns.
After each time period, water was carefully pumped off of
the top of the column except for the bottom 300 mL. The
bottom 300 mL was then collected and used to determine
the amount of chlorophyll that had settled to the bottom
layer of the columns. Each settling column was only
sampled for a single time point, but the entire time course
of settling was tracked by combining observations from the
replicate columns. The expectation was that as algal material

settled through time, the chlorophyll concentrations in the
bottom layer would increase, or conversely, that the amount
remaining in suspension would decline through successive
time points. Chlorophyll samples were filtered onto 25-mm
Whatman GF/F filters. After extraction in 100% methanol,
chlorophyll concentrations were determined fluorometrically
using a Turner Designs fluorometer according to UNESCO
(1994).

The percentage of chlorophyll remaining in suspension
(P) through time (t) was plotted. The percentages in suspen-
sion after the 30 min and 180 min time points were used as
the basis for statistical comparisons between treatments (see
statistical analyses section below). In addition, summarizing
the data in terms of absolute settling velocities followed
Owen (1976). The plot of P vs. t was fit with a curve includ-
ing upper and lower 95% confidence intervals. For any time
t along the curve, a corresponding settling velocity ws (5 h/t,
where h is the height of the water column) was calculated
and I(ws), the cumulative percentage of the particle popula-
tion with a settling rate less than any given value of ws was
estimated as

I wsð Þ5P– tð ÞdP=dt (1)

(Jones and Jago 1996; Malarkey et al. 2013). Equation 1
was then solved for I(ws) across a range of ws values using a
spreadsheet implementation of the original graphical proce-
dure described by Owen (1976) with the values for Eq. 1
deriving from the curve fit to P vs. t. The cumulative per-
centage of the population with settling rates greater than ws

was simply 100% 2 I(ws). Upper and lower 95% confidence
intervals for the settling velocity distributions were calcu-
lated in the same way, using the equations for the confi-
dence intervals around the curve fit to P vs. t.

Statistical analysis
Statistical comparisons between treatments and con-

trols were based on the percent of chlorophyll remaining
in suspension after the 30 min and 180 min time points
during individual settling experiments. We use these
data, as opposed to the settling velocity spectra, as the
basis for statistical comparisons because the data on
material remaining in suspension were less derived than
the calculated spectra. Data describing the percent
remaining in suspension at different time points were
also more readily analyzed using common statistical
methods. After the completion of all settling trials, results
from control experiments on different dates were statisti-
cally compared to each other using t-tests comparing
days 3 and 15 to test whether control settling characteris-
tics remained consistent during culture growth. Statistical
comparisons between controls and treatments were based
on two-way analysis of variance (ANOVA), using time in
culture (days 3 and 15) and the respective limitation
treatment as the factors.
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Results

Figure 1 shows average growth curves, in terms of chloro-
phyll concentration over time, in the control cultures and
four limitation treatments. In each treatment, the effective-
ness of the respective nutrient/light limitation is seen in
lower yield by the end of the experiment. The exponential
growth rate of the control cultures was approximately 0.36
d21 over the 15-day incubation period, consistent with pre-
viously published data for N. frigida under similar tempera-
ture and irradiance levels (Suzuki et al. 1997; Juhl and
Krembs 2010).

Settling experiments
Figure 2 highlights raw data derived from two individual

settling experiments shown as examples, depicting the per-
cent of chlorophyll remaining suspended after 15 days of PAR
limitation compared to a day 15 control culture. Data such as
these were the basis for subsequent analyses. Exponential
decay curves (as shown in Fig. 2) generally provided the best
fit to settling experiment data, regardless of treatment. Statis-
tical comparisons between treatments were based on the per-
cent of chlorophyll remaining in suspension after 30 min and
180 min (i.e., the second and fourth data points for each
curve in Fig. 2). Figures 3A,B summarize the results for all set-
tling experiments at these two time points. Figure 3A shows
the amount of chlorophyll left suspended in the settling col-
umn for each treatment after 30 min, with each group of bars
representing one treatment (or the controls) and the bars
within each grouping corresponding to experiments con-
ducted on different days during the 15-day culture period.
Figure 3B shows similar data for the 180-minute time points.

Focusing on results for the control cultures first, t-tests
were used to test for differences in the percent of chlorophyll

in suspension after the 30 min and 180 min time points dur-
ing settling experiments conducted on days 3 and 15 (n 5 6
for each day). No significant differences were found between
days for either time point (p>0.4 in each comparison), indi-
cating consistent control settling characteristics at the begin-
ning and end of the culture growth period. It should be
noted that the decline in the percent of suspended chloro-
phyll from 30 min to 180 min on all days (i.e., comparing
the upper and lower bar graphs) was expected and demon-
strates that material was continually settling during individ-
ual experiments.

Significant differences were found when comparing the
control culture results to those of the four limitation treat-
ments. For each time point (30 min or 180 min), a two-way
ANOVA, with treatment (control, N-, P-, Si-, and light-lim-
ited) and culture period (day 3 or day 15) as the factors, was
used to test for differences between treatments and the con-
trols. For both settling time durations, treatment had a sig-
nificant effect (p<0.001). Culture period did not have a
significant effect for either the 30 min or 180 min time
points (p 5 0.67 and 0.87, respectively), though there was a
significant interaction between factors (30 min. p 5 0.03, 180
min. p 5 0.03). Tukey post hoc tests were used for more
detailed comparisons. While neither N- nor P-limitation had
any significant effects (p>0.05) on N. frigida settling charac-
teristics on either day (relative to the controls), low Si and
light treatments were significantly different from the con-
trols on day 15 (p<0.03 in each case). There was also a sig-
nificant difference from the controls in the light-limited
cultures on day 3, though only for the 30-min time point
(p 5 0.012), this difference was not significant at 180 min.

The data in Fig. 3A,B demonstrate that, after a 15-day
growth period, irradiance levels and Si limitation had

Fig. 1. Average growth curves of N. frigida, in terms of chlorophyll con-
centration over time, for control (nutrient-replete and light-saturated)
cultures vs. cultures limited by N, P, Si, or light availability (PAR). Data
from day 16 show the mean 6 1 standard error. Standard errors for ear-
lier dates were proportionally similar but not shown for the sake of
clarity.

Fig. 2. Exponential decay curves indicating the percent of chlorophyll
remaining suspended as a function of time during settling experiments
for two N. frigida cultures grown for 15 days under either control or
light-limited conditions.
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significant effects on the settling characteristics of N. frigida
while N and P-limitation did not. The relative differences
between treatments constitute the primary finding of this
study, but the results can be expressed in terms of absolute
settling velocities to provide more context. Figure 4A shows
three exponential curves describing the decline in suspended
chlorophyll through time in the experiments conducted on
day 15. Curves were fit using all day 15 data for control, Si,
and light limited cultures and thus represent mean decay
curves for each treatment. Similar data for the N and P-
limited cultures were not plotted because, as demonstrated
in Fig. 3, there were no significant differences from the con-
trols on day 15 (or earlier). See Supporting Information (Fig-
ure S1a) for the comparison between mean decay curves for
the N- and P-limited cultures relative to the controls. The
best-fit equations from Figure 4A were used to calculate set-
tling velocity spectra with upper and lower 95% confidence

intervals for each treatment according to Eq. 1 (Fig. 4B).
Since these spectra are based on the mean curve fits in 4A,
they represent mean settling velocity spectra for the treat-
ments shown. See Supporting Information (Figure S1b) for
the mean settling velocity spectra of the N- and P-limited
cultures.

The mean settling velocity spectra highlight the wide
range of settling rates in each treatment. For example, $ 7%
of particles in the controls had settling rates%20 m d21. The
percent of control particles with settling rates%2 m d21 was
$30%, implying that $23% of particles had settling rates
between 2 m d21 and 20 m d21, and that $70% of particles
sank<2 m d21. Despite the wide range of settling rates, dif-
ferences between treatments were nevertheless apparent. For
example, over 90% of particles in the light-limited treatment
sank slower than 2 m d21, an increase of more than 20%
compared to the mean value for the controls.

Fig. 3. Percent of chlorophyll left suspended in settling columns for control N. frigida cultures and parallel cultures grown under N, P, Si, or light
(PAR) limitation after (A) 30 min and (B) 180 min. Individual columns within each grouping show results after 3 days, 6 days, 9 days, 12 days, and 15
days of culture growth. For the control cultures, n 5 6 for days 3 and 15, and n 5 2 for days 6, 9, 12. For treatment cultures, n 5 3 on days 3 and 15
only, n 5 1 on other days. Results for days with replicates are expressed as mean 6 1 standard error. The dashed line separates the control and treat-
ment results. Significant differences (p<0.05) in percent chlorophyll suspended (with respect to the controls) are highlighted with an asterisk.
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Discussion

This is the first study of the settling characteristics of an
ice alga grown under controlled conditions. Our findings
demonstrate that light and nutrient limitation can have sig-
nificant effects on the sinking characteristics of N. frigida.
While fast (> 20 m d21) and slow (< 2 m d21) sinking par-
ticles were present in all treatments, a higher fraction of
slow-sinking algal particles were present during light-limited
growth, and a higher fraction of fast-sinking algal particles
were present during Si-limitation (compared to respective
controls). Because of changes in aggregation probability, one
might expect that differences in biomass, per se, could alter
settling characteristics of a culture. However, evidence from
the control cultures demonstrated that settling characteris-
tics of N. frigida did not change over time, despite more than
an order of magnitude increase in biomass from days 3 to
15. This suggests that any changes in sinking rates in the
treatments were the result of either physiological changes
within the cells or changes in colony size or shape, rather
than the biomass differences between control and treatment

cultures. Because N. frigida is a common species of the land-
fast sea ice assemblage during the seasonal ice-algae bloom,
both in terms of abundance and biomass (Suzuki et al. 1997;
Michel et al. 2002; Ratkova and Wassmann 2005), these
results may be representative of the broader Arctic nearshore
ice-algae community. Although algae are just one compo-
nent of the material that fluxes out of the sea ice (Juhl et al.
2011), they are likely an important trophic resource for both
benthic and planktonic Arctic consumers (Runge et al. 1991;
McMahon et al. 2006; Daase et al. 2013).

Given only a few prior studies of ice algae settling charac-
teristics, what is known appears consistent with our results,
although earlier studies used field samples of mixed assemb-
lages with uncontrolled environmental histories. Riedel et al.
(2006) and Michel et al. (1993) used the SETCOL method
(Bienfang 1981) to measure the effects of the seasonal bloom
progression and overlying snow depths on mean settling
rates of field-collected Arctic ice-algae material. One major
effect of deeper overlying snow is a decrease in light avail-
ability for ice algae (Maykut and Grenfell 1975; Mundy et al.
2007; Aumack et al. 2014), and Riedel et al. (2006) described
significantly lower mean settling rates for algal particles col-
lected in the field under thicker snow/lower light conditions,
consistent with our laboratory results. Michel et al. (1993)
found that mean settling rates of ice-algae particles increased
with the seasonal progression of the under ice bloom. Again
consistent with our laboratory experiments, Michel et al.
(1993) hypothesized that the increase in settling rates they
observed could be related to increasing Si-limitation during
bloom progression, though they lacked direct evidence.

The SETCOL approach used by Michel et al. (1993) and
Riedel et al. (2006) provided only an estimate of mean set-
tling rates, rather than settling velocity spectra. The mean
rates for field-collected Arctic ice algae in those two studies
ranged from 0.1 m d21 to 2.7 m d21, a range that certainly
overlaps with the spectra measured in this study. In contrast,
Riebesell et al. (1991) highlighted fast sinking rates for Ant-
arctic ice algae (> 100 m d21). Rather than indicating a dif-
ference between Arctic and Antarctic ice algae, the
discrepancy between studies is more likely related to meth-
odological differences. Our observations show that fast- and
slow-sinking particles can both come from the same culture.
By focusing on mean settling rates, the Michel et al. (1993)
and Riedel et al. (2006) studies were not able to separately
quantify the contribution of fast-sinking particles. Mean-
while, the Riebesell et al. (1991) study focused on the fastest-
sinking particles because their approach included an aggrega-
tion step prior to measuring settling rates. By highlighting
the continuous, broad distribution of settling rates even
within a unialgal ice-algae culture, our study bridges per-
ceived discrepancies when comparing earlier results.

Given limited information on variability of ice diatom
settling rates, comparisons to phytoplankton studies may be
useful, with the caveat that comparable research on

Fig. 4. (A) Mean and 95% confidence intervals for the percent chloro-
phyll suspended through time during settling experiments conducted
on day 15 for control N. frigida cultures vs. cultures grown under Si or
PAR limitation. The best-fit exponential curves (and corresponding r2 val-
ues) shown were fitted using all respective data points within a treat-
ment. The equations for the three curves in Fig. 4A were then used to
calculate mean settling velocity spectra, with upper and lower 95% con-
fidence intervals (dashed curves) of the percentages for each treatment
(B). The curves for each treatment show the mean proportion of
particles with a sinking rate greater than the corresponding rate on the
x-axis.
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phytoplanktonic diatoms has generally focused on centric
diatoms (e.g., Smayda 1970; Bienfang et al. 1982; Waite
et al. 1992a) rather than pennates (like N. frigida) that domi-
nate nearshore sea ice. In addition, many studies of diatom
settling rates have used dead cells (e.g., Smayda 1974; Durkin
et al. 2013). Settling rates of dead cells may not directly per-
tain to those of live cells (Smayda 1970, Waite et al. 1997),
so comparison to those studies is problematic.

The changes in settling characteristics described here for
light-limited N. frigida are consistent with several earlier
studies of centric, planktonic diatoms. Lower mean sinking
rates under low light have been described for Thalasiosira
pseudonana, Chaetoceros gracilis, and C. flexuosum (Culver and
Smith 1989; Waite et al. 1997). Similarly, settling rates of
Coscinodiscus concinnus decreased in the dark part of the daily
light : dark cycle (Granata 1991). Light quality (red, white,
or blue) has also been show to affect mean sinking rates of
some centric diatoms (Fisher et al. 1996). Although appa-
rently common in diatoms, lower settling rates under low
light is not universal since opposing or equivocal results
have been reported for T. weissfloggii and Ditylum brightwellii
(Bienfang et al. 1983; Waite et al. 1997). Compiling across
studies, changes in settling rates of live cells in response to
light conditions were not consistently explained by changes
in cell volume, cellular carbon, nitrogen, silica, or carbohy-
drate content (Bienfang et al. 1983; Culver and Smith 1989;
Waite et al. 1997). Nevertheless, a physiological basis for the
response is likely because settling rates of metabolically inac-
tivated cells were more strongly related to predictions based
on cell volume than were those for healthy, live cells (Waite
et al. 1992b; Waite et al. 1997).

In this study, neither N nor P limitation appeared to have
any significant effects on the sinking characteristics of N.
frigida. There have been no conclusive trends across studies
concerning either N- or P-limitation effects on settling rates
of phytoplanktonic diatoms, and it thus appears that the
relationships between settling rates and limitation of these
nutrients are species specific (Titman and Kilham 1976; Bien-
fang et al. 1982; Bienfang and Harrison 1984b). For instance,
Titman and Kilham (1976), Bienfang (1982), and Waite et al.
(1992a) found that settling rates of certain centric diatoms
responded to either N or P limitation, but settling in other
species, similar in origin, were unaffected. In species that did
respond to nutrient stress, the physiological basis for
changes in settling rate was highlighted by concomitant
decreases in settling rate with increasing intracellular N
pools and a lack of correspondence with chain length or
aggregate formation (Waite et al. 1992a).

Si limitation had pronounced effects on the settling char-
acteristics of N. frigida in this study, leading to a higher per-
centage of fast-sinking particles than the controls or other
treatments. These results compare favorably to Bienfang and
Harrison (1982, 1984a,b) who found that Si limitation
caused higher mean settling rates in several diatom species

and that Si-deprivation had more pronounced effects on set-
tling characteristics than other nutrient limitation treat-
ments. These results for Si limitation are somewhat
counterintuitive. Recent research has shown that phyto-
planktonic diatoms with excess Si can become more heavily
silicified (Durkin et al. 2013; Martin-J!ez!equel et al. 2000),
which leads to faster sinking of dead cells (Durkin et al.
2013). However, this study and others (Bienfang et al. 1982;
Bienfang and Harrison 1984b) indicate faster sinking of liv-
ing, Si-limited diatoms. This phenomenon could be a
response to physiological modifications in response to Si
stress, potentially related to changes in the cell cycle. Under
continual Si stress, the duration of the G2 phase increases as
growth becomes Si limited, while the cellular carbon content
increases (Flynn and Martin-J!ez!equel 2000; Martin-J!ez!equel
et al. 2000). Increased cellular carbon should increase sink-
ing rate unless balanced by other physiological processes
(Bienfang and Harrison 1984a; Thompson et al. 1991). Addi-
tionally, Si limitation leads to a loss of setae which could
also increase sinking potential (Raven and Waite 2004).

Inconsistent and variable results of Si limitation on dia-
tom settling rates, as with limitation from other nutrients or
light (discussed above), reflect the complex physiological
control of settling rates. Numerous authors have pointed out
that while maximum diatom settling rates are related to cell
volume and composition as predicted by Stoke’s law, physio-
logical processes allow the cells to greatly reduce their set-
tling rates from the potential maximum (e.g., Anderson and
Sweeney 1977; Villareal 1988; Waite et al. 1997), even allow-
ing for positive buoyancy (Villareal 1988; Villareal 1992). In
the context of this study, we can see that changes in the set-
tling characteristics of populations occurred through altera-
tions in the proportions of cells exhibiting particular settling
properties (e.g., fast or slow settling) while maintaining a
broad overall range.

For a colonial diatom such as N. frigida, changes in colony
or chain size and shape must also be considered as a poten-
tial explanation for differences in settling velocities between
treatments. Smayda (1970) concluded that cell size, per se,
was not related to settling velocities for chain forming dia-
toms, though there was a general increase in settling veloc-
ities as the cell number per chain increased. However, this
trend was not uniform across species. For example, Skeleto-
nema costatum chains decreased settling velocity with
increasing cell number (Smayda 1970). Similarly, subsequent
culture and field studies have found that chain length or
aggregate size were not related to measured diatom sinking
rates (Waite et al. 1992a, 1997, Peperzak et al. 2003). Never-
theless, changes in the number of cells per N. frigida colony,
or the shapes of the colonies, may have varied between treat-
ments in our experiments and could play a role, together
with physiological responses at the level of the individual
cell, in explaining the changes in settling velocity spectra
observed in response to light and Si limitation.
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As a methodological comment, the approach to quantify-
ing settling velocities we applied in this study was based on
the description of Owen (1976), which has a history of use
in quantifying settling of particulates in estuarine water col-
umns and in the context of sewage treatment (Kowalski
et al. 1999; Crump and Baross 2000; Pejrup and Mikkelsen
2010). In our application, it is technically very similar to the
SETCOL method (Bienfang 1981) that has been more widely
used in studies of phytoplankton settling rates, with the
exception that one needs sequential samples through time
during a settling experiment to use the Owen approach, eas-
ily accomplished in our case by using replicate settling col-
umns. One advantage of the Owen approach is that it
provides a settling rate spectrum, which is more informative
than the single mean settling rate that results from the SET-
COL method. SETCOL is also subject to artifact when the
population of particles being studied has a wide range of set-
tling rates. In that situation, the plot of P vs. t (or any mea-
sure of settled particles through time) would be nonlinear
(as in Figs. 1, 4), violating a key SETCOL assumption (Bien-
fang 1981). When particle accumulation at the bottom is
nonlinear through time, the mean settling rate estimated
according to the SETCOL protocol changes with the duration
of the settling experiment. Longer settling experiments
result in progressively lower mean settling rates and the cal-
culated mean settling rate is always an underestimate rela-
tive to the true mean for the population of particles
(Johnson and Smith 1986; Pitcher et al. 1989; Peperzak et al.
2003). The approach used in this study avoids this common
artifact. It should be noted that Bienfang (1981) described
this caveat of the SETCOL approach, suggesting that it be
best applied to particle fields with uniform settling rates, and
also described methods for calculating the distribution of
phytoplankton settling velocities from the time series of set-
tled particles through time in settling columns (Bienfang
et al. 1977; Bienfang 1979; Bienfang 1980). However, the
caveats of SETCOL, and the alternate methods Bienfang
developed have not been widely appreciated in phytoplank-
ton research.

Nearshore land-fast sea ice contributes greatly to produc-
tivity of Arctic coastal marine communities, though ice algae
are largely isolated from planktonic and benthic consumers
until accumulated material is exported from the ice. The
degree to which exported particles are consumed in the
water column or benthos is initially related to their settling
properties. Although the data presented here are based on
laboratory experiments using only one species, the preva-
lence of N. frigida in land-fast Arctic sea ice, as well as the
correspondence of these results with earlier field studies,
indicates that these data may reflect in situ trends. If so, set-
tling velocities of ice algae exported from sea ice are highly
variable, though with predictable influences of in situ light
levels and nutrient availability. Although the regulation of
diatom sinking rates is physiologically complex, increased

ability to predict how ice algae sinking rates change in
response to environmental conditions improves current
understanding of the connection and importance of ice-
based primary production to other components of the Arctic
marine ecosystem.
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