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Abstract

Arctic coastal fast ice supports high densities of sea ice algae, and is thermally 

stable at the ice-water interface at around the freezing point of sea water, providing a 

suitable environment for sympagic meiofauna feeding on the sea ice algae during spring 

months. Changes in water temperature due to seasonality and climate change may affect 

physiological processes of these organisms. We tested the hypothesis that juvenile growth 

rates of a common sympagic polychaete, Scolelepis squamata (Polychaeta: Spionidae), 

would be significantly faster at typical spring sea ice algal concentrations compared to 

concurrent phytoplankton concentrations and at open water summer versus winter 

temperatures. Juvenile S. squamata from fast ice off Barrow, Alaska were fed three algal 

concentrations at 0°C and 5°C, simulating ambient high sea ice algal concentrations, 

concurrent low phytoplankton concentrations and an intermediate concentration. Growth 

rates, calculated using a simple linear regression equation, were significantly higher (up 

to 225 times) at the highest algal concentration compared to the lowest in all experiments, 

showing sea ice to provide more beneficial food situation compared to the under-ice 

water column. Additionally, juveniles grew over five times faster at 5°C compared to 

those feeding at 0°C, forecasting faster juvenile growth as Arctic temperatures warm.
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Introduction

The Chukchi Sea is typically ice-covered from September through early June (Carey and 

Montagna 1982) with fast ice typically forming in Barrow, Alaska between November 

and January (Mahoney et al. 2007). Sea ice, with its brine-filled interstitial spaces 

between the ice crystals, is a comparable habitat to sediment interstitial spaces 

(Weissenberger et al. 1992) and plays a large role in the life cycle of sea ice-associated 

(sympagic) meiofauna taxa, such as acoels, polychaetes, ciliates, nematodes, rotifers and 

certain taxa of copepods (Grainger and Hsiao 1990). The highly seasonal occurrence of 

large densities of these taxa, including juvenile stages of the polychaete Scolelepis 

squamata, in bottom layers of the fast ice is presumably related to high algal 

concentrations (maximum 330 pg chlorophyll a (chl a)/L in coastal Alaskan fast ice; 

Gradinger et al. 2009) and the protection against predation (Krembs et al. 2000). While 

algal concentrations in sea ice are high in the spring, phytoplankton concentrations below 

the sea ice typically remain below 1 pg chl a/L (Horner et al. 1992, Gradinger et al.

2009), making sea ice-derived carbon an attractive food source early in the year. 

However, no studies have tested whether any sea ice inhabiting taxon actually grows 

faster at high algal concentrations typical for sea ice algal blooms compared to lower 

phytoplankton concentrations prevailing during the ice-covered period. In addition to 

high algal concentrations in the bottom 10 cm of the sea ice, the temperature in this 

section remains fairly stable around the freezing point of seawater, similar to plankton 

conditions, until late spring and summer when sea surface temperatures in the nearshore



Arctic may be rising as high as 5°C (Steele et al. 2008). As physiological processes are 

temperature dependent, increasing temperature, both seasonally and climatically, could 

lead to higher growth rates. Given the ongoing substantial long-term changes in the 

Arctic sea ice regime and water temperatures (e.g. Stroeve et al. 2007), this study aimed 

at understanding how increasing temperature and different food availability may affect 

the growth of sympagic organisms using juveniles of the benthic polychaete Scolelepis 

squamata as a model organism.

Scolelepis squamata (Spionidae) is a tube-dwelling bristle worm that may be 

found within Arctic coastal sea ice (Carey 1985, Grainger et al. 1985, Gradinger et al.

2009) in large abundances (>3 individuals/mL, personal observation) between March and 

June/July (Gradinger et al. 2009). Outside of the Arctic, S. squamata occurs in sandy 

beaches from tropical coastlines to cold, temperate waters. Its population dynamics have 

been studied in detail in Brazil (Souza and Borzone 2000), Morocco (Bayed et al. 2006), 

and Belgium (Speybroeck et al. 2007). Reaching adult lengths of up to 80 mm (Pardo and 

Amaral 2004), it is frequently the most abundant macrofaunal species on dissipative 

intertidal beaches, sometimes representing more than 70% of the total macrobenthic 

abundance (Barros et al. 2001, Fernandes and Soares-Gomes 2006) and about one third 

of the total macrobenthic biomass (Speybroeck et al. 2007). In areas of high abundance 

and biomass, S. squamata can have a strong influence on the overall macrobenthic 

community structure through predation upon larval and juveniles stages of other benthic 

invertebrates as well as through bioturbation (Dauer 1983, Degraer et al. 2003, Van Hoey 

et al. 2004, Speybroeck et al. 2007). Furthermore, S. squamata is an important prey item

2
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for many larger organisms in sandy beaches, including birds (especially sanderlings), fish 

and predacious invertebrates, such as the isopod Eurydice pulchra or the polychaete 

Eteone longa (Michaelis and Vennemann 2005, Speybroeck et al. 2007). Given its 

ecological importance within food webs in a wide range of regions, we chose this taxon 

to investigate its relationship of juvenile growth rates to food conditions and temperature 

as an important first step toward understanding its ecological role within the Arctic.

Adult S. squamata are non-selective suspension feeders ingesting, for example, 

microalgae, eggs and nauplii and are rarely, if  there is no current, surface deposit feeders 

(Dauer 1983). Concentrations of suspended chlorophyll a, as an indicator of food 

availability for adult S. squamata populations, vary with region and season. For example, 

a range from <0.3 pg chl a/L (January to March) to a maximum of 6.3-6.8 pg chl a/L 

(October to November) was measured for the Moroccan coast (Cherkaoui 1989 as cited 

in Bayed et al. 2006). For S. squamata larvae and juveniles, no information is available 

regarding the relationship between food concentration and growth rates. However, larvae 

of other polychaetes, such as the serpulid Serpula vermicularis (Paulay et al. 1985) and 

the spionids Capitella capitata and Polydora ligni (Qian and Chia 1991), grew faster at 

food concentrations exceeding natural plankton levels.

This study, therefore, focuses on the growth of sympagic juveniles of S. squamata 

when fed different chlorophyll a concentrations, testing the hypothesis that growth rates 

at sea ice algal concentrations during the spring bloom are significantly higher compared 

to those at concurrent phytoplankton concentrations. We also hypothesize that the growth 

rates of S. squamata juveniles will significantly increase with increasing temperature if
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sufficient food is supplied. These hypotheses were tested in laboratory experiments using 

juveniles collected in the fast ice close to Barrow, Alaska.

Materials and Methods

Juveniles are defined as adult-like specimens with the exception of functioning (though 

oftentimes visible) gonads (Qian et al. 1990). In contrast, the term larva pertains to the 

trochophore through nectochaete stages (Crumrine 2001).

Field Collection

Juveniles of the polychaete species Scolelepis squamata were collected from the Chukchi 

Sea fast ice in Barrow, Alaska on 19 April 2007 and 7 April 2008. In both years, the 

collection sites were located close to the Barrow Arctic Science Consortium (BASC) at 

71°19.753 N, 156°41.658 W and 71°21.770 N, 156°31.769 W (Figure 1).

Specimens were collected from the bottom 10 cm of replicate ice cores, taken 

using a CRREL-type ice corer with 9 cm diameter. After coring, the bottom 10 cm were 

sawed off and placed immediately into individual Ziploc bags and kept dark inside a 

cooler until return to the lab. There, the bottom core segments were melted individually at 

room temperature with the addition of 1000 mL of 0.2 pm filtered seawater (FSW) per 

core segment. After complete melt, polychaetes were concentrated over a 20 pm sieve, 

counted and separated from other fauna under a Wild M3C dissecting microscope.
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Figure 1. Barrow map. Location of project field sample collections in 2007 and 2008 

located near the Barrow Arctic Science Consortium (BASC). The circle indicates the 

approximate field sites for both years.
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Polychaetes found in 12 (2007) and 22 (2008) cores were pooled each year for the 

experiments and kept at 4°C in 0.2 pm FSW until used in experiments. In 2007, 250 mL 

from one of the melted bottom segments were sieved through a 41 pm sieve to eliminate 

larger grazers and kept in the dark at 0°C as food stock for polychaetes. In 2008, the 

natural concentration of ice algae in the ice cores was lower than in 2007. Therefore, an 

ice algal culture was established using melted ice bottom core segment material and 

Guillard’s (f/2) growth medium (SIGMA) at a salinity of 30 to achieve algal biomass 

levels similar to 2007. The culture was kept in constant light at 31 microeinsteins/m /s 

with constant aeration at 10°C.

Feeding Experiments

Feeding experiments were repeated four times with the same basic set-up in each 

experiment but with slight changes made each time to improve the experiment’s quality 

(Table 1). Five different food concentrations between 0 and 87.8 pg chl a/L (Table 2) 

were created from the stock ice algal cultures by mixing the food stock with 0.2 pm 

FSW.

Chlorophyll a concentration for each feeding treatment was determined by 

filtering subsamples of 8 to 50 mL onto Whatman GF/F filters and extracting them in 7 

mL of 90% acetone at -18°C for 24 hr. After 24 hr, samples were allowed to warm to 

room temperature, and fluorescence was measured using a TD-700 Turner Design



Table 1. Experimental set up of growth experiments. Experiments 2, 3 and 4 had few polychaetes per well in order to avoid 

duplicate measurements of the same individuals. Experiments 3 and 4 were conducted simultaneously at different 

temperatures. Exp=experiment; Poly=polychaetes. Dates are given as day/month/year.

Exp Start Date End Date # of
Poly/Well

# of
Replicates Temp Total # 

Poly Used

# of 
Food
Treatments

#1 27/4/2007 8/7/2007 30 3 0°C 450 5

#2 29/6/2007 22/8/2007 5 5 0°C 125 5

#3 2/6/2008 23/10/2008 5 6 0°C 360 6

#4 2/6/2008 23/10/2008 5 6 5°C 360 6

7



Table 2. Chlorophyll a concentrations (^g chl a/L) for the three treatment groupings. The highest feed treatment was 

meant to simulate sea-ice algal conditions, the lowest feed treatment was meant to simulate concurrent phytoplankton

concentrations. An intermediate 5-10 ^g chl a/L treatment simulated intermediate conditions.

Treatment >35 p,g chl a/L 5-10 p,g chl a/L <5 p,g chl a/
Exp #1 51.7 — 5.1 1.8 2.5 1.6
Exp #2 55.7 — 6.5 0.5 0.2 0.4
Exp #3 87.8 38.9 9.4 1.1 0.4 0.0
Exp #4 87.8 38.9 9.4 1.1 0.4 0.0

00
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Fluorometer before and after acidification with 0.22 mL of 10% HCl (Arar and Collins 

1997). The fluorometer was calibrated using pure chl a standards (Sigma).

Feeding experiments were conducted in the dark (in order to avoid additional 

algal growth in chambers) in Corning 6-well plates with 30 polychaetes per well in 

experiment 1 and with five polychaetes per well in experiments 2, 3 and 4. A lower 

number of animals was used in experiments 2, 3 and 4 to avoid accidentally measuring 

the same polychaete twice on the same measuring day. Each of the 3-6 replicate wells for 

each concentration per experiment was filled with 8 mL food solution (Table 2). 

Experiment 1 was continued for 58 days, experiment 2 for 54 days and experiments 3 and 

4 for 172 days. Experiments ended after there was <10% survival of animals. Every 3-5 

days, 6 mL of liquid were removed from each well and replaced with feed stock of the 

desired chl a concentration as assessed by in vivo fluorescence using a TD-700 Turner 

Design Fluorometer. The fluorescence of each concentration was kept constant for each 

food replenishing event through the addition of FSW to the food stock. Experiments 1 

and 2 were conducted at 0°C (close to ambient environmental temperatures during the sea 

ice covered season; experiments were not conducted below 0°C due to our inability to 

hold temperatures below freezing without potentially causing freezing within test wells), 

and experiments 3 and 4 were conducted concurrently at 0°C and 5°C (to simulate 

ambient summer temperatures or future spring temperatures), respectively. Survival was 

calculated by dividing the remaining number o f surviving polychaetes on any measuring 

day by the total number of polychaetes at the beginning of the experiment.



10

At each food replenishing event, digital images were taken of 5 to 20 animals per 

well using a Leica MZ12 stereo microscope at 20x magnification with an attached Canon 

EOS Rebel digital camera (DS6041, 6.3 megapixels). The total body length of each 

polychaete on the digital pictures (Figure 2) was measured using ImageJ 1.37V software 

(National Institute of Health, USA). We chose full length data as our indicator of growth, 

as width measurements proved to be highly variable, and polychaete growth is primarily 

through the addition of new segments as opposed to increasing their width (Dales 1952). 

All length data are presented as averages ± standard error of the mean (SEM), and means 

were used for all growth rate calculations.

A simple linear regression (SLR) growth function was used to calculate growth 

rates of S. squamata. This function was chosen over other growth functions because the 

polychaetes never reached their mature length but died prematurely, likely when 

changing anatomy during metamorphosis into their benthic life forms and because they 

were unable to create tubes in the wells. Linear change in size over time was suggested as 

the best choice for estimating premature growth (Day and Taylor 1997, Blanchard, 

personal communication). Our final length measurements, therefore, do not represent the 

possible final length of a mature individual. The following SLR growth equation was 

used using Systat11:

Lt=Li+B*t (1)

where Lt is the length (qm) at time t, Li is the initial length (qm), B is the growth rate (qm 

d-1) and t is experimental time in days (d).
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Figure 2. Digital length measurement of a juvenile Scolelepis squamata. Digital 

pictures of juvenile polychaete Scolelepis squamata (length = 6180 |im) taken at 20x 

magnification. Measurements were taken using ImageJ 1.37V of the entire length of the 

polychaete indicated by the red line.
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The most commonly used methods of calculating marine invertebrate growth are the 

Gompertz (G) and the Von Bertalanffy (VB) growth equations. To allow comparison of 

polychaete growth coefficients K with other published data, these two growth functions 

were also applied (Systat 11).

The G growth curve was computed as follows (Brey and Clarke 1993):

where Lt is the length (qm) at time t, L* is the final maximum length (qm), K is the

(qm). The G growth equation was chosen to estimate L*, because it was the best non

linear fit for polychaete growth data at highest food concentrations. Length estimates 

calculated here represent the change in length from L* - Li, and Li was added to L to get 

the true L* value.

The following VB growth function was used (Brey and Clarke 1993):

time in days (d) and Li is the initial length (qm). Only experimental days where at least 

10% of the initial polychaetes were still alive per concentration were used for calculating 

growth rates, except for experiment 1, where survival was not recorded.

Growth rates based on SLR are reported before and after standardization. To 

allow comparison of growth rates between different treatment groups and temperatures 

within and between experiments, growth rates were standardized to 45 or 46 days 

duration (the least number of days that polychaetes lived at any particular food

(2)

growth coefficient (d-1), t is experimental time in days (d), and Li is the initial length

Lt=L*(1-e(-K*VLi (3)

where Lt is the length (qm) at time t, K is the growth coefficient (d-1), t is experimental



concentration per experiment). Three treatments (1.1 qg chl a/L concentration in the <5 

qg chl a/L feeding treatment in experiments 3 and 4 and the 55.7 qg chl a/L 

concentration in the >35 qg chl a/L feeding treatment in experiment 2) were excluded 

from further analysis due to an above-average mortality rate. Any replicates where 

polychaetes survived less than the standardized time were excluded from the analyses. 

SLR growth rates are presented as averages ± SEM.

For further analysis, all results per experiment were grouped into three treatment 

groups with concentrations of >35 qg chl a/L, 5-10 qg chl a/L and <5 qg chl a/L (Table 

2). A one-way ANOVA and post hoc Tukey test (a=0.05, Systatll) were used to 

compare the growth rates between the three feed treatments among the experiments 

conducted at 0°C. The calculated multiple R values represent the variability in the 

growth rates that can be related to the grouping structure used for the ANOVA. A t-test 

(Systat11) was conducted to compare growth rates between treatments at 0°C and 5°C in 

the simultaneously conducted experiments 3 and 4.

Growth coefficient K from both G and VB equations were standardized across 

both temperatures for the various food treatments within each experiment by using the 

maximum L* value from the highest food concentration (87.8 qg chl a/L) of experiment 

4 (L*=22936 qm, derived from G) for all food treatments within all experiments. Growth 

coefficients were also standardized within each experiment for easy comparison of the 

various food treatments using the L* value (derived from G) from the highest feed 

concentration of each respective experiment (Table 2). Growth coefficients were also 

standardized among the three experiments conducted at 0°C using the L* value from

13
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experiment 3 at the highest feed concentration. All growth coefficients from both G and 

VB equations are presented as averages ± asymptotic standard error (ASE).

Results

The initial mean lengths of polychaetes significantly differed between experiments 

(ANOVA: R2=0.95, p<0.001) and ranged from 846 ± 95 qm (experiment 4) to 5840 ± 

608 qm (experiment 2). Mean initial lengths of polychaetes in experiment 2 were 

significantly longer than in experiments 1, 3 and 4 (Tukey: p<0.001), and mean initial 

lengths in experiment 1 were significantly longer than initial lengths in experiment 4 

(Tukey: p=0.029). The final measured lengths also significantly differed between 

experiments and were related to the duration of the experiment, temperature, feed 

concentration and differences in initial lengths (Figure 3). Within the feeding treatment 

>35 qg chl a/L, the mean final lengths of polychaetes significantly differed between 

experiments (ANOVA: R =0.52, p<0.001) with experiment 4 being significantly 

different from experiment 1 (Tukey: p=0.04) and experiment 3 (Tukey: p<0.001). Within 

the feeding treatments 5-10 qg chl a/L and <5 qg chl a/L, there was a significant 

difference in the final lengths of polychaetes in experiment 2 from those in experiments 

1, 3 and 4 (ANOVA: R2=0.79, p=0.001 for 5-10 qg chl a/L; R2=0.86, p<0.001 for <5 qg 

chl a/L). Negative growth due to polychaetes dropping their tail segments was observed 

occasionally in all feeding treatments and throughout the entire length of the experiments



Figure 3. Average body lengths over time. Average body lengths ± standard error of the mean over time at different 

chlorophyll a concentrations for experiments 1 (a), 2 (b), 3 (c) and 4 (d). Treatment groups are graphed to 10% survival of all 

polychaetes within each feeding treatment per experiment. Any replicates where polychaetes survived less than the 

standardized time of 45 days were excluded. Dashed line marks day 45.

15



at no discernable pattern. Data from the last day of experiment 2 at >35 pg chl a/L 

treatment were excluded from further analysis because all polychaetes had lost their tails.

Growth rates varied significantly with feed concentration (ANOVA: R =0.72, 

p=0.003; Table 3). The simple linear regression model provided best curve fits for the 

highest feed concentration for non-standardized data (R2=0.39 to 0.92, p<0.001; Table 3) 

but was also significant for the lower feed concentrations in several cases (Table 3). 

Fastest growth rates of 85 ± 12 pm/d were observed at >35 pg chl a/L in experiment 2, 

while lowest growth rates of 1 ± 1 pm/d were determined for <5 pg chl a/L in experiment 

1.

To eliminate the effect of different experiment durations, growth rates were 

calculated for the first 45 days of each experiment (Table 3, Figure 4). Growth rates 

within the feeding treatment >35 pg chl a/L significantly differed between experiment 1 

and experiment 3 (Table 4, p<0.001). Experiment 2 was excluded for not meeting the 

necessary number of standardized days. Within the feeding treatment 5-10 pg chl a/L, the 

only significant difference was between experiment 2 and 3 (Table 4, p=0.024). Within 

the feeding treatment <5 pg chl a/L, there were no significant differences between 

experiments (Table 4). Differences between treatments were determined within each 

experiment individually because of the above-mentioned differences between 

experiments. We observed significant differences related to feed treatments in experiment 

1 (ANOVA: R2=0.935, p<0.001), experiment 3 (ANOVA: R2=0.380, p=0.004) and 

experiment 4 (ANOVA: R2=0.594, p<0.001) (Table 3b). The overall fastest growth rate 

was determined in the feeding treatment >35 pg chl a/L in experiment 1 (68 ± 3 pm/d;

16



Table 3. Simple linear regression (SLR) growth rates. (a) Growth rates (B) are reported for each treatment before and after 

standardization to 45/46 days within each experiment, within the 0°C temperature experiments and across both temperatures 

together. R and p-values are given for each SLR. (b) Growth rates are compared for each experiment between treatments after 

standardization and are reported with ANOVA R and p-values and post-hoc Tukey comparisons. Bold p-values indicate 

significant regressions. ND=not determined

a)
Original Data Standardized Data

Chl a 
[pg/L]

Exp # Temp # Days B
(pm/d)

R2 P
(2 Tail)

# Days B
(pm/d)

R2 P
(2 Tail)

>35 pg/L 58 57.7 0.92 <0.001 46 67.6 0.94 <0.001
5-10 pg/L 1 0°C 46 9.8 0.27 0.008 46 9.8 0.27 0.008
<5 pg/L 46 0.5 0.00 0.673 46 0.3 0.00 0.800
>35 pg/L 30 85.3 0.53 <0.001 Too few days for standardization
5-10 pg/L 2 0°C 54 30.8 0.26 <0.001 45 36.6 0.34 <0.001
<5 pg/L 54 23.1 0.21 <0.001 45 16.7 0.12 <0.001
>35 pg/L 90 28.4 0.39 <0.001 45 7.4 0.06 0.014
5-10 pg/L 3 0°C 118 20.5 0.48 <0.001 45 0.6 0.00 0.918
<5 pg/L 83 6.2 0.12 <0.001 45 -6.6 0.03 0.087
>35 pg/L 172 77.8 0.75 <0.001 45 38.9 0.40 <0.001
5-10 pg/L 4 5°C 83 6.8 0.08 0.016 45 11.9 0.08 0.078
<5 pg/L 54 0.6 0.00 0.679 45 -1.7 0.01 0.545



Table 3 Continued

b)
Chl a

R p-value concentration
>35 5-10 <5 
pg/L pg/L pg/L

Exp 1 0.94 <0.001 >35 pg/L
5-10 pg/L 
<5 pg/L

1
0 1
0 0.283 1

Exp 2 0.18 0.069 >35 pg/L
5-10 pg/L 
<5 pg/L

ND
ND 1 
ND 0.069 1

Exp 3 0.38 0.004 >35 pg/L
5-10 pg/L 
<5 pg/L

1
0.38 1 

0.003 0.36 1
Exp 4 0.59 <0.001 >35 pg/L

5-10 pg/L 
<5 pg/L

1
0.012 1

0 0.298 1

18
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Figure 4. Single linear regression growth curves. Non-standardized single linear regression growth curves for experiments 1 

(a), 2 (b), 3 (c) and 4 (d). Blue diamonds represent length data, red triangles and red lines represent SLR curve fitted to the 

length data.
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Table 4. ANOVA and post-hoc Tukey comparison of the same food treatments among 

experiments 1, 2 and 3 at 0°C. Treatments that did not meet the minimum number of 

standardized days were excluded (ND=Not Determined). Bold print indicates significant 

differences (p<0.05).

Chl a
[^g/L] p-value exp 1 exp 2 exp 3
>35 <0.001 exp 1 1

exp 2 ND ND
exp 3 <0.001 ND 1

5-10 0.025 exp 1 1
exp 2 0.133 1
exp 3 0.714 0.024 1

<5 0.690 exp 1 1
exp 2 0.985 1
exp 3 0.820 0.676 1
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Table 3) with lower maximum growth rate values in the feeding treatments 5-10 gg chl 

a/L (37 ± 6 gm/d) and <5 gg chl a/L (17 ± 4 gm/d) in experiment 2.

Since growth rates at the different 0°C experiments were significantly different, 

we limited the comparison of growth rates between temperatures to experiment 3 (0°C) 

and experiment 4 (5°C), as those experiments were conducted simultaneously with 

polychaetes of the same initial mean length. Polychaetes at 5°C had higher growth rates 

in all treatments compared to 0°C (Table 3), although only significantly different for the 

>35 gg chl a/L treatment (t-test, p<0.001) where the 5°C growth rate of 39 ± 5 gm/d 

(Table 3) exceeded the 0°C growth rate of 7 ± 3 gm/d. There was no significant 

difference in growth rate between the two temperature regimes at the lower feed 

concentrations.

Highest growth coefficients were also calculated for the >35 gg chl a/L treatments 

in all experiments using the G growth model with L* in all experiments standardized to 

22936 gm. This was done because while polychaete growth feeding at >35 gg chl a/L 

was best described by the G function, polychaete growth at lower chl a concentrations 

was better described by the concave VB function. However, since all polychaetes could 

theoretically reach the same final length as polychaetes feeding at >35 gg/L chl a, the L* 

derived from the G equation was also used in the VB computations. For the 5-10 gg chl 

a/L treatments, the maximum growth coefficient K was 0.015 ± 0.001/d in experiment 3, 

and for treatments <5 gg chl a/L, the maximum K was 0.020 ± 0.001/d in experiment 2. 

For several treatment groups, the G growth model did not fit the data and K and R could 

not be calculated (Table 5).



Table 5. Gompertz growth coefficient calculations. Growth coefficients (K) were standardized for L* within each 

experiment, within the 0°C experiment and across both temperatures. For treatment groups where the Gompertz function could 

not fit the data, K and R were not estimated.

Standardized Within Standardized Within Standardized Across
Experiment Temperature Temperatures

Chl a 
[hg/L]

Exp Temp L*
(pm)

K
(d-1)

R2 L*
(pm)

K
(d-1)

R2 L*
(pm)

K
(d-1)

R2

>35 pg/L 1 0°C 3235 0.129 0.90 5891 0.055 0.83 22936 0.029 0.75
5-10 pg/L 1 0°C 3235 - - 5891 - - 22936 - -
<5 pg/L 1 0°C 3235 - - 5891 - - 22936 - -
>35 pg/L 2 0°C 1491 0.419 0.44 5891 0.099 0.46 22936 - -
5-10 pg/L 2 0°C 1491 0.160 0.30 5891 - - 22936 - -
<5 pg/L 2 0°C 1491 0.054 0.22 5891 0.030 0.22 22936 0.020 0.22
>35 pg/L 3 0°C 5891 0.024 0.38 5891 0.024 0.38 22936 0.014 0.31
5-10 pg/L 3 0°C 5891 0.023 0.61 5891 0.023 0.61 22936 0.015 0.60
<5 pg/L 3 0°C 5891 0.011 0.23 5891 0.011 0.23 22936 0.008 0.23
>35 pg/L 4 5°C 22936 0.018 0.82 22936 0.018 0.82 22936 0.018 0.82
5-10 pg/L 4 5°C 22936 - - 22936 - - 22936 - -
<5 pg/L 4 5°C 22936 0.002 0.00 22936 0.002 0.00 22936 0.002 0.00
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Growth coefficient values using the VB model were standardized across all experiments 

using L* of 22936 gm (derived from G calculations, see above) as the maximum possible 

length for S. squamata (Table 6). Highest growth coefficients were determined for the 

highest feed concentrations and decreased with decreasing food concentration. The 

maximum K for those treatments was 0.005 ± <0.001/d (mean ± ASE) in experiment 2. 

For 5-10 gg chl a/L treatments, the maximum K was 0.003 ± <0.001/d in experiment 4, 

and for treatments <5 gg chl a/L, the maximum K was 0.001 ± <0.001/d in experiments 2 

and 4 (Table 6).

Discussion

Our study found that the growth rate of arctic juvenile Scolelepis squamata is 

significantly affected by food concentrations and temperatures within the ranges naturally 

occurring in the coastal Alaskan setting in ice and sea water. At low food concentration, 

temperature became an insignificant factor in influencing growth rates. In the following, 

we will first discuss methodological considerations regarding the experimental design 

and outcome of this study and then focus on life history characteristics and growth rates 

of Arctic S. squamata. We will also discuss differences between populations of S. 

squamata within its distribution range and among other invertebrates, followed by 

relevance of sea ice for the life history of this species in the Alaskan Arctic.
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Table 6. Von Bertalanffy growth coefficients using the L* values from the Gompertz calculations for the respective 

experiment (see Table 7). Growth coefficients (K) were standardized for L* within each experiment, within the 0°C experiment 

and across both temperatures. For treatment groups where the VB function was not a good fit, K and R were not estimated.

Standardized Within Standardized Within Standardized Across
Experiment Temperature Temperature

Chl a 
[^g/L]

Exp Temp L*
(pm)

K
(d-1)

R2 L*
(pm)

K
(d-1)

R2 L*
(pm)

K
(d-1)

R2

>35 pg/L 1 0°C 3235 0.045 0.92 5891 0.016 0.95 22936 0.003 0.93
5-10 pg/L 1 0°C 3235 0.006 0.27 5891 0.003 0.27 22936 0.001 0.27
<5 pg/L 1 0°C 3235 - - 5891 - - 22936 - -
>35 pg/L 2 0°C 1491 0.103 0.50 5891 0.024 0.55 22936 0.005 0.54
5-10 pg/L 2 0°C 1491 0.066 0.29 5891 0.008 0.27 22936 0.002 0.26
<5 pg/L 2 0°C 1491 - - 5891 0.003 0.20 22936 0.001 0.21
>35 pg/L 3 0°C 5891 0.004 0.39 5891 0.004 0.39 22936 0.001 0.39
5-10 pg/L 3 0°C 5891 0.003 0.47 5891 0.003 0.47 22936 0.001 0.48
<5 pg/L 3 0°C 5891 0.000 0.12 5891 0.000 0.12 22936 0.000 0.12
>35 pg/L 4 5°C 22936 0.003 0.70 22936 0.003 0.70 22936 0.003 0.74
5-10 pg/L 4 5°C 22936 0.001 0.08 22936 0.001 0.08 22936 0.003 0.68
<5 pg/L 4 5°C 22936 0.000 0.00 22936 0.000 0.00 22936 0.001 0.08
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Methodological Considerations

The juveniles used in our study experienced high sudden mortality rates in some wells, 

such as in experiment 3 and 4 starting at day 6 at 1.1 pg chl a/L food concentration, while 

surrounding replicate wells remained unaffected. In the majority of those cases, cyst-like 

masses were seen protruding from the sides of the polychaetes generally within days 

before they died, which might represent an endoparasite as known from other Scolelepis 

species (Douglass and Jones 1991). Additionally, the high number of polychaetes per 

well in experiment 1 might have caused double measurements of individual specimens 

potentially affecting the calculated means. This problem was resolved in experiments 2, 3 

and 4 by limiting the number of polychaetes per well to five and monitoring the survival 

in each well. Some day-to-day variation in the length changes of the polychaetes resulted 

from different orientations of the living polychaetes while photographs were taken, i.e., 

whether a polychaete was relaxed or contracted.

Life Cycle o f  Scolelepis squamata in Sea Ice

The occurrence of S. squamata juveniles in Alaskan coastal fast ice in spring 2007 and 

2008 agrees with earlier observations of juveniles observed in the ice from March 

through May (Gradinger et al. 2009). The number of reproductive events over the 

lifespan and the mean lifespan for adult Arctic S. squamata is unknown since only 

juveniles have been collected and studied from the ice so far. No adults were seen within



the sea ice during our field seasons, and given that adults of this species are benthic in all 

other populations, we assume that adults living in the Arctic are also benthic rather than 

sympagic. Based on the timing of juvenile appearance in the sea ice, reproduction must 

occur before March for the juveniles to reach the sea ice by that time. In other regions of 

the world, reproduction is either discontinuous over three to four reproductive periods per 

year or continuous (Souza and Borzone 2000, Bayed et al. 2006, Speybroeck et al. 2007). 

Given that typically a single strong algal bloom occurs in Arctic waters once a year and 

that there is an absence of different juvenile size classes in the ice during December to 

May (personal observation), we suggest that reproduction for S. squamata in the Arctic 

may occur once a year, though this remains to be investigated. Since water temperatures 

are relatively stable at the ice-water interface at -1.8°C throughout the sea ice covered 

season (Gradinger et al. 2009), a thermal trigger for reproduction as found for S. 

squamata in Morocco (Bayed et al. 2006) is unlikely for the Arctic. The trigger for 

initiation of reproduction within the Arctic is still unknown.

Considerable differences exist in maximum juvenile lengths in polychaetes 

among different orders and families, environmental conditions and depending on when 

juveniles settle to the benthos (Pernet et al. 2002). The smallest S. squamata juveniles in 

our study measured between 900 and 1500 pm, and the longest juvenile in this study was 

17000 mm. Juvenile lengths of S. squamata from other populations are not available for 

comparison. Maximum lengths of juvenile spionid polychaetes Dispio uncinata found in 

temperate and tropical shorelines (Blake and Arnofsky 1999) were similar to those of 

Arctic S. squamata, while juveniles of the spionids Polydora sp. and Spio/Microspio sp.
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from temperate waters (Hansen 1999) did not exceed lengths of 1000 pm. Although as 

adults, Scolelepis sp. can reach 80000 pm in final length (Pardo and Amaral 2004), the 

maximum final length estimated from our juvenile length data (22000 pm, Tables 5 and

6) exceeds the final length of S. squamata in places such as the North Sea and Brazil 

(Table 7) by one to two orders of magnitude. Consequently, adults of this Arctic 

population may be considerably larger than adults from tropical or temperate regions.

Growth Rates

Comparing growth rates is highly dependent upon the growth model used and the life 

cycle stage being analyzed (Table 7). During premature growth, where growth is 

typically linear, the simple linear regression (SLR) model is most appropriate for 

estimating growth rather than using a nonlinear growth model (Day and Taylor 1997). 

Our results indicate growth rate calculations based on SLR may vary within a species 

depending on initial size of the juveniles, meaning growth is not truly linear. Over a full 

life cycle, using a nonlinear model such as VB or G is preferred (Kaufmann 1981). A 

comparison of growth rates is further complicated by the wide range of approaches and 

equations that have been used to determine growth rates of marine invertebrates (Table

7). Scolelepis squamata growth has previously been calculated based on the width of 

setiger 5 (Souza and Borzone 2000) and the width of setiger 3 (Speybroeck et al. 2007) 

using the VB growth equation. Among other invertebrates, a length to weight conversion 

ratio is a common form of growth measurement, particularly with copepods (Ki0rboe and



Table 7. Growth rates of various invertebrate species. VB = Von Bertalanffy, G = Gompertz, SLR = Simple Linear 

Regression, W = Width, WM = Wet Mass, H = Height, L = Length, D = Diameter, WT = Weight, CL = Carapace Length, S = 

Setiger, NG = data not given

Species S* (pm) B (pm/d) K (d-1) Growth Eqn Measured Location Source
Scolelepis squamata

Scolelepis squamata (only juveniles)

Scolelepis squamata (full life cycle) 
Scolelepis squamata cohort 1 (full life cycle) 
Scolelepis squamata cohort 2 (full life cycle)

22900
22900

2500
700
700

39-68

0.003-0.005
0.014-0.029

0.001
0.007
0.010

VB
G
SLR
VB
VB
VB

L
L
L
W S3 
W S5 
W S5

Chukchi Sea 

North Sea,
Northeastern Atlantic Ocean 
Southern Brazil 
Southern Brazil

This Study

Speybroeck et al. 2007 
Souza and Borzone 2000 
Souza and Borzone 2000

Other polychaetes

Scolelepis gaucha cohort 1 900 0.009 VB W Southern Brazil Santos 1994
Scolelepis gaucha cohort 2 800 0.007 VB W Southern Brazil Santos 1994
Amphicteis gunneri 4700 0.002 G WM Kerguelen Islands Brey and Clarke 1993
Aglaophamus ornatus 28000 0.000 G WM Kerguelen Islands Brey and Clarke 1993
Polar invertebrates

Adamussium colbecki 128000 0.000 VB H McMurdo Sound, Antarctica Brey and Clarke 1993
Aega Antarctica 26200 0.000 VB L Weddell Sea Shelf, Antarctica Brey and Clarke 1993
Bovallia gigantea (females Bone 1972) 81200 0.000 VB L Signy Island, Antarctica Brey and Clarke 1993
Cheirimedon femoratus Females 20400 0.001 G L Signy Island, Antarctica Brey and Clarke 1993
Cheirimedon femoratus Males 13800 0.002 G L Signy Island, Antarctica Brey and Clarke 1993
Gammarus wilkitzikii males 69200 0.001 G L Franz Josef Land, Arctic Poltermann 2000
Gammarus wilkitzikii females 64600 0.001 G L Franz Josef Land, Arctic Poltermann 2000
Gondogeneia antarctica Females 16500 0.005 G L Signy Island, Antarctica Brey and Clarke 1993
Gondogeneia antarctica Males 16900 0.003 G L Signy Island, Antarctica Brey and Clarke 1993
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Table 7 Continued

Kidderia bicolor 6800 0.001 G

Laevilacunaria Antarctica 6600 0.003 G

Laternula elliptica 105600 0.000 VB

Lissarca miliaris 6600 0.001 G

Lissarca notorcadensis 12100 0.000 VB

Nacella concinna 67500 0.000 VB

Onisimus litoralis 58-69 mg 0-0.4 mg/d SLR

Ophionotus hexactis 43800 0.000 VB

Paramoera walkeri Females 26500 0.001 VB

Paramoera walkeri Males 25200 0.001 VB

Philine gibba 14600 0.002 G

Serolis polita 18700 0.001 VB

Sterechinus antarcticus 82400 0.000 VB

Yoldia eightsi 34100 0.000 VB

Non-polar invertebrates

Amphipholis squamata (dark brown) 4750 9 SLR

Mytilus edulis Lynher site 68900 0.0016 G

Mytilus edulis Lynher site 93800 0.0006 VB

Sergio mirim females 31300 0.002 VB

Sergio mirim males 29400 0.002 VB



L South Georgia, Antarctica Brey and Clarke 1993
L Signy Island, Antarctica Brey and Clarke 1993

L Signy Island, Antarctica Brey and Clarke 1993
L Signy Island, Antarctica Brey and Clarke 1993
L Northern Weddell Sea Shelf, 

Antarctica Brey and Clarke 1993

L Signy Island, Antarctica Brey and Clarke 1993

WW Chukchi Sea, Arctic Kaufman et al. 2008

D South Georgia Sites A&B, 
Antarctica Brey and Clarke 1993

L Cape Bird, Antarctica Brey and Clarke 1993
L Cape Bird, Antarctica Brey and Clarke 1993
L South Georgia, Antarctica Brey and Clarke 1993

W Signy Island, Antarctica Brey and Clarke 1993

D Southern Weddell Sea Shelf, 
Antarctica Brey and Clarke 1993

L Signy Island, Antarctica Brey and Clarke 1993

Disc
Diameter Oliveri-Tindari lagoon, Sicily Dupont and Mallefet 

2000
L Plymouth, England Bayne and Worrall 1980
L Plymouth, England Bayne and Worrall 1980

CL Cassino Beach, Brazil Pezzuto 1998

CL Cassino Beach, Brazil Pezzuto 1998

u>o
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Sabatini 1995), while disc diameter and weight are commonly used to calculate growth in 

echinoderms (Dupont and Mallefet 2000, Gibbs et al. 2009).

Growth coefficients of S. squamata vary considerably between and within 

locations of its population range and are likely related to local characteristics including 

food availability, temperature and the developmental stage being investigated. For 

example, S. squamata feeding under in situ conditions off the Belgium coast had a 

growth coefficient of 0.017/d over a full lifespan (VB; Speybroeck et al. 2007) while 

juveniles in this study only had a maximum K of 0.005/d (VB) even at the highest food 

concentrations. In the following, we will discuss separately the influence of food 

concentration and temperature on growth.

The extent of the influence of food concentration on growth and development is 

species specific (Paulay et al. 1985, Qian and Chia 1991, Qian and Chia 1993, Pechenik 

et al. 1996). In general, the strong positive relationship between feed concentration and 

growth observed for some polychaete (Qian and Chia 1993) and gastropod larvae 

(Pechenik et al. 1996) also applied to S. squamata juveniles in our experiment, where 

fastest growth and maximum lengths were observed at the highest chl a concentrations 

provided. Similarly, fed polychaete larvae of the species Capitella sp. (Capitellidae) and 

Polydora ligni (Spionidae) grew more in body length than starved larvae (Qian and Chia 

1993). Polychaete juveniles of Polydora sp. (Spionidae), Spio/Microspio sp. (Spionidae), 

and Nereis (Neanthes) succinea (Nereididae) in a cold temperate region (Denmark) were 

offered in situ or enriched (double the in situ concentration) diets and the latter two taxa 

grew faster at the higher food concentration, but juvenile Polydora sp. grew equally fast
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at both concentrations (Hansen 1999). In the same study, comparing growth rates 

between the in situ and enriched diets, juvenile Spio/Microspio sp. growth rates increased 

by a factor of 1.4 (67 pm/d vs. 48 pm/d), and Nereis (Neanthes) succinea juvenile growth 

rates increased by a factor of 1.7 (40 pm/d vs 23 pm/d) at enriched diets. We observed 

substantially larger differences in SLR-based growth rates in experiment 1 with a ratio of 

245 between highest and lowest growth rates and more moderate differences in 

experiments 3 (factor of 12.6) and 4 (factor of 3.3). Assuming a ratio of 37.4:1 for 

organic carbon:chl a for phytoplankton in the summer (Gallegos and Vant 1996), 

polychaetes in the Hansen (1999) study were feeding at about 15.6 pg chl a/L (in situ) 

and 31.8 pg chl a/L (enriched) and consequently at relatively lower food levels compared 

to our study.

Starvation has profound impacts on the growth and metamorphosis of polychaetes 

and young stages of other invertebrates. Starved larvae of Polydora ligni (Spionidae) 

delayed settlement and consequently experienced reduced larval viability, metamorphic 

success, juvenile growth, and reproduction (Qian et al. 1990). For the gastropod 

Crepidula fornicata, starved larvae did not grow at all, and individuals that were 

transferred from full rations to starving conditions lost weight (Pechenik et al. 1996). The 

negative effects of larval starvation in C. fornicata also impacted later juvenile growth. 

While we observed slight growth of S. squamata juveniles at the lowest feed 

concentration in some experiments juveniles in other experiments at the lowest feed 

concentration decreased in size over time, thus likely losing weight similar to C. 

fornicata.
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Growth is also affected by temperature, a factor that might partially explain the 

frequently observed regional differences in growth rates and growth coefficients of 

marine invertebrates (Table 7). In general, growth rates in marine invertebrates tend to be 

slower in polar than in temperate and tropical regions (Clarke 1980), but animals may 

reach much larger body sizes than their conspecifics or congeners in warmer regions 

(Angilletta et al. 2004). This is commonly referred to as the temperature-size rule 

(Angilletta et al. 2004). In our study, juveniles had an estimated final body length of 

22000 pm in length and had a growth coefficient of <0.029/d (G) or <0.005/d (VB) or a 

growth rate of 38.9-67.6 pm/d (SLR).

The growth of Arctic S. squamata was slower compared to tropical populations of 

S. squamata but faster when compared to other polar, non-polychaete invertebrates and 

non-polar, non-polychaete invertebrates (Table 7). Compared to other polychaete species 

(not including S. squamata) from tropical and temperate regions, S. squamata varied as to 

being faster or slower depending on the growth model used. Apart from interspecific 

differences, these regional differences are likely caused by a suite of environmental 

factors like e.g., food concentration and temperature. The effect of temperature at any 

given feed concentration on the polychaete growth rate in this study was obvious with the 

faster growth rate of juvenile polychaetes at 5°C compared to 0°C. When feeding at the 

highest food concentration for 90 days, S. squamata has a temperature coefficient (Q10) 

value of 3.2. Polar invertebrates commonly have a Q10 value between 1 and 3 (Hoegh- 

Guldberg and Pearse 1995). The relatively high Q10 of Arctic juvenile S. squamata is a 

strong indication that their growth rate is strongly affected by temperature.
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Importance o f Sea Ice for Juvenile Scolelepis squamata 

Current Situation

Sea ice is important to the Arctic ecosystem by providing an early bloom of ice algae that 

feeds sea ice meiofauna during the spring and pelagic animals after the sea ice melts 

(Bluhm and Gradinger 2008). Sea ice meiofauna abundances change congruently with 

changes in the ice algal biomass (Gradinger et al. 2009). In Barrow fast ice, chl a levels 

in the bottom 10 cm of the ice generally increase during the spring season with maxima 

of up to 330 pg chl a/L in May (Horner and Schrader 1982, Gradinger et al. 2009) from 

much lower March concentrations (e.g. 19 pg chl a/L, Bluhm and Gradinger 2008). Sea 

ice maximum chl a concentrations were simulated in this study by the >35 pg chl a/L 

treatment group, which included concentrations as high as 88 pg chl a/L. Phytoplankton 

chl a concentrations remain much lower than sea ice concentrations during the entire ice- 

covered spring period and may be as low as <0.1 pg/L (Gradinger et al. 2009) and were 

simulated in our experimental study by the <5 pg chl a/L treatment group. Given that the 

growth rate in experiment 1 in the >35 pg chl a/L treatment was over 200 times higher 

than the growth rate in the <5 pg chl a/L treatment group, growth rates for juvenile 

polychaetes in the sea ice could be orders of magnitude faster than growth rates within 

the water column. A similar difference might apply to other invertebrate larval, juvenile 

and adult stages found within the sea ice that primarily consume algae including rotifers, 

copepods and acoels (Grainger et al. 1985, Gradinger et al. 2009). The present study thus 

supports the concept that the sea ice-based food web sustains faster growth rates than



concurrent water column conditions. Low food concentrations are the likely cause for the 

low abundances of S. squamata juveniles in the water column during periods of sea ice 

cover (Gradinger et al. 2009).

Future Scenarios

Scolelepis squamata inhabit the ice from roughly March through ice melt (Bluhm et al.

2010), which makes these organisms sensitive to changes in the occurrence of sea ice in 

the Arctic. Global climate change has been suggested to cause the observed reduction in 

Arctic sea-ice coverage, though this varies by season and region and may be interrupted 

by the occasional return of strong sea-ice coverage (Walsh 2008).

Currently, fast ice in the Barrow area starts to form between November and 

January (Mahoney et al. 2007). The expected later sea-ice formation in the future is 

unlikely to affect S. squamata as they are not found in the sea ice until closer to March 

(Bluhm and Gradinger, personal communication). However, an earlier ice melt could 

result in several different scenarios. First, it could likely cause a mismatch between 

polychaete maturation and the sea ice algal bloom, with delayed growth and even 

starvation as possible outcomes provided phytoplankton concentrations were still low. 

Although S. squamata is known to be an opportunistic feeder (Dauer 1983), when the gut 

contents of sea-ice derived juveniles were examined in the field, we observed primarily 

diatom frustules, indicating sea-ice derived diatoms to be their most important food 

source during ice-covered months (personal observation). The most detrimental effects of 

starvation are most likely increased mortality and/or delayed growth and maturation
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(Qian and Chia 1993). The relation between food concentration and juvenile growth 

demonstrates that S. squamata would require more time to complete their juvenile stage 

before maturing and settling into the benthos as adults without the presence of an ice 

algal bloom, provided phytoplankton concentrations were still low at this time. Most 

likely, S. squamata would postpone maturation and settlement if conditions were 

unfavorable (Joyner 1962). Alternatively, starved S. squamata may experience an earlier 

maturation into adulthood in order to feed in the benthos instead, as was found for larvae 

of the gastropod Crepidula fornicata, which metamorphosed with significantly smaller 

shell sizes when starved (Pechenik et al. 1996). In addition, the lack of a protected sea ice 

brine channel habitat could lead to higher predation rates on larvae and juveniles 

(Krembs et al. 2000). This could affect the biomass of higher trophic levels that feed on 

adult S. squamata, a situation which would only be exacerbated if the polychaetes had to 

extend their pelagic life stage in order to gather enough energy for metamorphosis. A 

contrary second scenario is based on the anticipated increased and earlier phytoplankton 

production due to the increased light availability and temperatures with earlier sea ice 

melt (Anderson and Kaltin 2001). In this case, S. squamata may mature at a faster-than- 

current rate and settle to the benthos sooner, thus escaping pelagic predation. However, 

the phytoplankton concentration would need to increase dramatically from its current 

concentration of <1 pg chl a/L to >35 pg chl a/L in order to see a significant increase in 

the growth rate of S. squamata from its current growth rate. Additionally, the quality of 

phytoplankton versus sea ice algae is considered poorer due to differences in 

concentrations of polyunsaturated fatty acids (S0reide et al. 2010), thus perhaps limiting
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S. squamata growth rates. However, a concurrent increase in water temperature would 

likely result in faster growth rates, thus perhaps allowing S. squamata to mature earlier 

than its current maturation rate.

Conclusion

In conclusion, we provide the first evidence that the juvenile of the common Arctic 

polychaete S. squamata grow faster by about one to two orders of magnitude under 

typical sea ice algal food concentrations compared to typical concurrent pelagic food 

concentrations. Additionally, juveniles grew faster by one order of magnitude at 5°C 

compared to 0°C, but only at the highest food concentration, indicating faster growth 

during summer months if sufficient food is supplied. Future research should analyze the 

entire life cycle, including adult growth, of Arctic S. squamata and observe how this 

species fares as the sea ice continues to recede.
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