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ABSTRACT: Estuarine ecosystems in the Arctic are subject to extreme seasonal changes in the
physico-chemical environment, but multi-season studies of these near-shore systems are relatively scarce. We measured bulk concentrations, fatty acids, pigments, and bulk δ13C and δ15N of
suspended particulate organic matter (POM) collected from lagoons along the Alaskan Beaufort
Sea coast during full-ice cover (April), ice break-up (June), and open water (August) and found
that the quantity, composition and sources of suspended POM vary widely among seasons. We
saw a shift across all lagoons from (1) low concentrations (80 µg C l−1) and predominantly refractory material in April to (2) high concentrations (> 500 µg C l−1) with new inputs of organic matter
from diatom production and river sources in June to (3) a consumer-, dinoflagellate- and/or green
algae-influenced system in August. Relatively low δ13C values in all seasons (≤−25 ‰) suggest that
terrestrial material was a major component to the POM pool throughout the year. Concurrently,
fatty acid and pigment profiles show varying inputs of primary producers among seasons, with
higher diatom relative to dinoflagellate contributions in June and vice versa in August. Elevated
22:6ω3/20:5ω3 (docosahexaenoic acid/eicosapentaenoic acid) ratios and polyunsaturated fatty
acid proportions in the lagoons during August indicate that POM from lagoons provides animals
with essential nutrients. These results demonstrate that the compositions and sources of organic
matter available to consumers are a product of the dynamic seasonality of these ice-dominated,
yet productive Arctic estuarine ecosystems.
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Coastal environments in the Arctic are characterized by extreme seasonality in day length, runoff,
ice-coverage, solar radiation, and temperature. In
turn, these variables influence stratification, salinity,
inputs of terrestrial-sourced matter, nutrient concentrations, and biological production in coastal waters.

Shifts in the timing of sea ice melt and runoff from
snowmelt due to climate forcing have the potential to
produce significant changes in the timing, magnitude, and distribution of primary production in Arctic
coastal waters (Carmack & Wassmann 2006). Improved knowledge of seasonal dynamics in these
waters is needed to anticipate future changes. In
aquatic ecosystems, conditions during winter are im-
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portant regulators and predictors for food web structure and function later in the year (e.g. Schroeder et
al. 2013, Saba et al. 2014). Thus, a better grasp of
winter and spring conditions is needed to understand
the physical, chemical, and biological controls on
estuarine Arctic ecosystem function and to better
predict future change.
The roles of terrestrial versus marine organic
matter as resources supporting food webs within
estuarine systems vary widely among seasons and
geographic regions. Terrestrial inputs may exert a
particularly strong influence in the Arctic, because
the Arctic Ocean is relatively small compared to the
land area that drains into it. Rivers entering the Arctic Ocean supply enormous quantities of organic
matter (Dittmar & Kattner 2003, Holmes et al. 2012)
and changes in the timing or composition of these
inputs affects biological production and pan-Arctic
carbon budgets. Over the last decade there have
been increased efforts to understand the seasonality
of terrestrial inputs of organic matter into the Arctic
Ocean (e.g. Guo et al. 2012, Holmes et al. 2012), yet
these studies are primarily focused on the largest
river systems, whose watersheds are not wholly
within the Arctic. In contrast, much less attention has
been given to the cycling of organic matter occurring
in coastal systems that are fed by smaller rivers. One
exception is the recent work by Schreiner et al.
(2013) looking at the composition of organic carbon
in sediments of Simpson’s Lagoon near the Colville
River delta of the Alaskan Beaufort Sea.
Riverine input to the Beaufort Sea is dominated by
the Mackenzie River, but numerous smaller rivers
are also locally important (McClelland et al. 2014).
Much of the Alaskan Beaufort Sea coast is characterized by barrier islands that frame numerous shallow
lagoons, which are fed by many small rivers and
streams. These coastal systems support abundant
and diverse marine communities consisting of migratory birds, fish and mammals (Craig 1984, Brown et
al. 2012). Likewise, the marine life found in these
lagoons is an important source of subsistence and
cultural identity for the indigenous human population (Pedersen & Linn 2005). Recent work in lagoons
of the eastern Alaskan Beaufort Sea during summer
indicates that terrestrial organic matter is a notable
carbon subsidy for lagoon food webs (Dunton et al.
2012). However, little work has been done to quantify
seasonal variations in terrestrial versus marine
organic matter within these lagoons.
Our main objective was to investigate seasonal patterns in the quantity and composition of suspended
particulate organic matter (POM; i.e. C and N con-

centrations and ratios, bulk δ13C and δ15N, fatty acids
and pigments) in lagoon ecosystems along the eastern Alaskan Beaufort Sea during full ice cover
(April), ice break-up (June), and open water (August). This work was part of a larger effort aimed at
evaluating the importance of terrestrial organic matter to the seasonal dynamics of food webs along the
northern Alaska coastline. We anticipated that seasonality of environment conditions would be accompanied by marked differences in the quantity and
composition of POM within the lagoons.

MATERIALS AND METHODS
Sample collection
Several sites inside and outside barrier islands
along the coastal Alaskan Beaufort Sea were sampled for suspended POM in August 2011, and April,
June, and August 2012 and 2013 (Table 1). Four
lagoons, Kaktovik (KA), Jago (JA), Angun (AN) and
Nuvagapak (NU), and 1 site outside the barrier
islands near Barter Island (BP) were sampled in all 3
seasons (Fig. 1). Two additional lagoons, Tapkaurak
(TA) and Demarcation Bay (DE), and 3 sites outside
the barrier islands, near the Hulahula River (HU),
Bernard Spit (BE) and Demarcation Point (DP), were
also sampled in August (Fig. 1). In August 2013, we
were only able to sample at KA, JA, AN, BP and BE
due to severe weather. The 4 lagoons sampled in all
3 seasons (KA, JA, AN and NU) represent the core of
our study and are the only sites included in statistical
analysis testing difference among seasons (see ‘Statistical analysis’ below). In August, samples were col-

Table 1. Number of sites sampled inside barrier islands
(lagoons, bold) or outside barrier islands (italics) along the
Alaskan Beaufort Sea coast during ice cover (April), ice
break-up (June) and open water (August) in 2011, 2012 and
2013. See Fig. 1 for details
Month

April
June
August
a

Ice/water
conditions

2011

Year
2012

2013

Full ice cover
Ice break-up
Open water

—
—
6,3 a

4,1b
4,1b
6,4 c

4,1b
4,1b
3,1d

All sites, except Bernard Point (BP); results from 2011
are presented in Table S1 in the Supplement
b
The 5 sites sampled in all 3 seasons: Kaktovik (KA), Jago
(JA), Angun (AN), Nuvagapak (NU) and BP
c
All sites
d
The 5 sites sampled in all 3 seasons, except NU
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70.2º
N

Beaufort Sea

BE
BP
HU

JA
KA

TA

Alaska Canada
USA
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POC and PON concentrations
and isotopes

Within hours of sample collection, samples
for POC and PON concentration and
70.0º
isotope analyses were filtered in duplicate
AN
onto combusted 25 mm GF/F filters (except for August 2011, as described below)
NU
and immediately dried at ~60°C. One set
69.8º
of filters was used for PON analysis and
the other for POC. Those for POC were
DP
triple acidified by wetting with sulfurous
DE
acid (6%) prior to analysis to remove any
69.6º
144ºW
143º
142º
141º inorganic carbon. Samples were run on a
Finnigan MAT Delta Plus isotope ratio
Fig. 1. Locations of sites sampled for suspended particulate organic matter
mass spectrometer coupled to a Carlo Erba
during ice-cover (April), ice break-up (June) and open water (August). Filled
points indicate sites sampled in all 3 seasons, whereas open points are those
1500 elemental analyzer at the Marine Scionly sampled during open water. jh Sites within lagoons; ds sites outside
ence Institute of the University of Texas at
the barrier islands. HU: Hulahula, BP: Bernard Point, BE: Bernard Spit, KA:
Austin, USA. In August 2011 only, samples
Kaktovik, JA: Jago, TA: Tapkaurak, AN: Angun, NU: Nuvagapak, DE:
for POC and PON were filtered onto preDemarcation Bay, DP: Demarcation Point
weighed 47 mm GF/F filters. After weighing the entire filter to determine total suspended sedlected from 2 to 3 stations within each site, while in
iment, a filter wedge was weighed and analyzed at
June and April, generally, 1 or 2 stations were occuthe Marine Biological Laboratories, USA. Isotope valpied. BP has only 1 station in all seasons. Most sites
ues are expressed in δ notation:
were < 4 m deep, except BE and DP, where water
depths were ~9 to 10 m.
δ13C or δ 15N (‰) = [(Rsample / Rstandard) − 1] × 1000
Water samples were taken for particulate organic
where R is 13C/12C or 15N/14N and the standard refercarbon and nitrogen (POC and PON) concentration,
13
15
δ C, δ N, pigment and fatty acid analyses. Samples
ence material is Vienna Pee Dee Belemnite and
atmospheric nitrogen N2, respectively. Molar ratios
for fatty acid analysis were not taken in August 2011
and pigments other than chlorophyll a were only
were used to calculate C/N ratios.
analyzed in August 2012, and April and June 2013.
All other measurements were taken during all sampling efforts. Our seasonality analysis focuses on data
Fatty acids
from 2012 and 2013. However, POC and PON concentration and stable isotope values from August
Water for fatty acid analysis was poured through a
2011 are provided in Table S1 in the Supplement at
300 µm mesh and then filtered through combusted
www.int-res.com/articles/suppl/m527p031_supp.pdf.
47 mm GF/F filters. Filters were immediately frozen in
Samples in April and June were collected from 2 m
Kaktovik, AK, USA. As soon as the samples were
below the top of the ice or water surface with a peribrought to Texas, USA (usually within 10 d of samstaltic pump. A depth of 2 m below the top of the ice
pling), filters were put into glass centrifuge tubes
surface corresponds to ~0.5 m from the ice-water
(15 ml) and covered with chloroform (~2 ml). The
interface. August samples were collected from apheadspace in the tube was purged with N2 gas.
proximately 0.5 m by submerging carboys into the
Samples were stored frozen this way until lipid exwater. Additional samples were occasionally taken
traction, typically within 1 mo. Total lipids were exfrom deeper depths when higher chlorophyll a contracted following a modified method of Folch et al.
centrations were present. Chlorophyll a was initially
(1957) using a 2/1/0.5 chloroform/methanol/water raassessed with a YSI sonde, but data presented here
tio (Parrish 1999). Whole lipid extracts were derivaare from analytical measurements done in the labotized for fatty acid methyl esters (FAME) using BF3.
ratory (see ‘Pigments’ below). The YSI sonde was
FAMEs were run on a Shimadzu GC-FID with a Phealso used to read temperature, salinity, and dissolved
nomenex ZB-WAX plus column (30 m, 0.53 mm i.d.,
oxygen from discrete depths throughout the water
1.0 µm film thickness). Peaks were identified using
column.
external commercial standards or comparing retention
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times from samples with known peaks. An internal
standard 23:0 was used to quantify fatty acid peaks.
The diatom fatty acid biomarker used here is the
sum of C16 monounsaturates divided by C16 saturates
(∑16:1/16:0; Claustre et al. 1988). Bacterial fatty acid
biomarkers were calculated by summing odd-carbon
numbered and branched-chain fatty acids (OBFA;
Sargent et al. 1987, Kaneda 1991), while the sum of
22:1 and 20:1 was used as a copepod marker (FalkPetersen et al. 1987). Terrestrial plant fatty acid biomarkers were calculated as the sum of 18:3ω3 and
18:2ω6 (Budge & Parrish 1998). These fatty acids are
dominant fatty acids of sedge and willow genera
(Hietala et al. 1998, Ayaz & Olgun 2000) that are
dominant in the North Slope of Alaska (Spetzman
1959). This marker has previously been used in the
Beaufort Sea, where Connelly et al. (2012a) found a
gradient of values that decreased towards the shelf
break from the mouth of the Mackenzie River. The
C16 PUFA (polyunsaturated fatty acid) index, used as
an indicator of nutrient status of diatoms, is the ratio
of (16:2ω4 + 16:3ω4 + 16:4ω3 + 16:4ω1) to (16:0 +
16:1ω7 + 16:1ω5 + 16:2ω4 + 16:3ω4 + 16:4ω3 + 16:4ω1)
(Parrish et al. 2005), reported here as a percent. Sources and characteristics of fatty acids and fatty acids

biomarker are summarized in Table 2. Additional
source interpretations are possible, but our primary
interpretations (Table 2) are in line with the review of
Dalsgaard et al. (2003).

Pigments
Water for pigment analysis was filtered through
25 mm GF/F filters in duplicate and immediately
frozen. Extracts from August 2012, and April and
June 2013 were analyzed for multiple pigments
using HPLC and for chlorophyll a by measuring
absorbance at wavelengths 750, 664, 647, 630, and
600 nm on a Shimadzu UV-2401 PC spectrophotometer. Chlorophyll a concentrations were not significantly different between methods (data not shown),
so only HPLC data is presented for these seasons. For
all other seasons, only chlorophyll a was quantified
using the spectrophotometer. All samples beginning
in August 2012 were extracted by placing filters into
centrifuge tubes with 3 ml 100% acetone. The tubes
containing the filters were sonicated in an ice bath
for 15 min and then centrifuged for 5 min. After
decanting the extract, the process was repeated and

Table 2. Character and source of fatty acids (FA) and fatty acid biomarkers, and regions where FA markers have been previously applied or described; most character and source attributions after Dalsgaard (2003)
FA and biomarkers

Character or source

Polyunsaturated FA (PUFA)
Saturated FA (SFA)
ω-3 (PUFA)
ω-3/ω-6
∑16:1/16:0

Labile; high nutritional quality
Refractory; low nutritional quality
Autotrophs; high nutritional quality
High nutritional quality
Diatom

DHA/EPA (22:6ω3/20:5ω3)
C16 PUFA (e.g. 16:4ω1)

Dinoflagellate versus diatom
Nutritional index
Diatom

C16 PUFA index

Nutritional status of diatoms

C18 PUFA/C16 PUFA

Dinoflagellate versus diatom

18:3ω3 + 18:2ω6

Terrestrial plants, when
> 2.5% of total FA
Green algae; macroalgae

∑20:1 + ∑22:1
18:1ω9

Copepod
Animal detritus; animal tissue

∑odd-carbon numbered +
∑branched-chain FA

Bacteria

Regions of application/description

Mediterranean Sea (Claustre et al. 1988); Svalbard
Fjord (Mayzaud et al. 2013)
Newfoundland coast (Budge & Parrish 1998);
Bering Sea (Wang et al. 2014)
North Sea (Kattner et al. 1983); Alaskan Arctic coast
(Budge et al. 2008)
Hokkaido waters (Shin et al. 2000); Newfoundland
coast (Parrish et al. 2005)
North Sea (Kattner et al. 1983); Svalbard Fjord
(Mayzaud et al. 2013)
Newfoundland coast (Budge & Parrish 1998);
Beaufort Sea (Connelly et al. 2012a)
California coast (Khotimchenko et al. 2002); Svalbard
Fjord (Graeve et al. 2002)
Norwegian fjord (Falk-Petersen et al. 1987)
Barents and Greenland Seas (Graeve et al. 1997);
freshwater (Napolitano 1999); Fram Strait and central
Arctic Ocean (Auel et al. 2002)
North Water Polynya (Stevens et al. 2004); Canada
Basin (Shah et al. 2013)
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the two 3 ml extracts were combined. Previous to
August 2012, chlorophyll a was extracted overnight
in 5 ml 90% acetone and measured on the spectrophotometer as described above. All extractions
were done in the dark. Concentrations for a given
season did not significantly differ between years that
used different extraction methods (data not shown).
Before running the HPLC samples, extracts were
concentrated by drying them in the dark under a
stream of N2 in an ice bath and then reconstituted in
0.5 ml 100% acetone. All samples were run on a Shimadzu Prominence HPLC system within 24 h of
extraction using a C8 Agilent Eclipse XDB column
(150 mm, 4.6 mm i.d., 3.5 µm film thickness). The
mobile phase consisted of a binary gradient with (1)
tetrabuytl ammonium acetate (28 nM) in methanol
and (2) methanol. Pigments were monitored by
visible UV light (UVvis) absorbance (450 nm wavelength), and commercial standards (DHI, VWR, and
Sigma-Aldrich) were used to identify and quantify
peaks. Pigment standards included chlorophyll a, the
pheaopigments pheophytin a, pheophorbide a and
pyropheophorbide a, and accessory pigments chlorophyll b, chlorophyll c, fucoxanthin, peridinin, prasinoxanthin, 19-but-fucoxanthin and 19-hex-fucoxanthin.

Statistical analysis
Principal component analysis (PCA) was used on
stable isotope, C/N ratio, fatty acid, fatty acid marker
and chlorophyll a data from all sites in all 3 seasons in
2012 and 2013 (6 sampling periods, n = 71). Other
pigment data were not included because they are
only available for 3 sampling periods. Prior to analysis, fatty acid and chlorophyll a data was transformed
using the centered log-ratio (R package: ‘compositions’), whereas stable isotope data was not transformed (Tolosana-Delgado et al. 2005). Correlations
among variables were evaluated. Only those fatty
acids that were > 0.5% of total fatty acids in > 60% of
samples were included in the analysis. In addition,
those fatty acids that were included in calculating the
copepod, bacterial or terrestrial fatty acid markers
(i.e. fatty acid markers composed solely of sums)
were not included in the PCA as a separate factor.
Seasonal attributions (color coding) in the PCA plot
were done ad hoc.
Statistical analyses were done with the general linear model (GLM, e.g. ANOVA) to test for differences
(1) among seasons and (2) between inside and outside the barrier islands (α = 0.05). Only data from the
4 lagoons that were sampled in all 3 seasons (KA, JA,
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AN, and NU) were used for analyses evaluating differences among seasons. Other sites sampled during
August or outside the barrier islands were not used in
the analysis of seasonal difference (i.e. HU, BP, BE,
TA, DP, and DE). A pairwise t-test with a HolmBonferroni correction was used to determine which
season had the highest or lowest values. Any mention of statistical significance among seasons in the
following paragraphs refers to the analyses with only
the 4 lagoons. For comparisons between inside and
outside the barrier islands, we use data from all sites
collected during August. April and June are not
included in this analysis because we only have 1 site
outside the barrier islands during these 2 seasons.
Residuals were visually inspected to ensure they met
assumptions of homoscedasticity, independence and
normality. A Pearson product-moment correlation
coefficient was calculated to assess the relationship
between δ13C and the terrestrial fatty acid marker.
Errors are reported as standard deviation unless
stated otherwise. All statistical analyses were done
using R statistical software (v 3.0.0).

RESULTS
Conditions in April were characterized by full ice
cover (ca. 1.5 to 1.8 m thick), salinities of 31 to 42,
variable dissolved oxygen (26 to >100%) and low
temperatures (ca. −2°C) inside and outside the
lagoons. As sea ice began to break up, ice coverage
in June became very dynamic from day to day with
ice conditions varying among and within lagoons.
The water that we sampled at 2 m in June inside and
outside the lagoons was typically much fresher (< 5)
and warmer (1 to 4°C) than in April. However, the
few samples taken deeper than 2 m in June with
higher chlorophyll a levels were often from saltier
waters (up to 42) with temperatures generally < 0°C.
By August, the water was completely open and surface temperatures in lagoons had increased to
between 7 and 13°C, although marine sites remained
colder (0 to 7°C). Overall, surface salinities in August
were generally brackish (mean 23.2 ± 6.7). Dissolved
oxygen in June and August was ≥85%.

Quantity of organic matter
POM concentrations were greatest after the spring
freshet in June, both inside and outside the barrier
islands (Fig. 2). Overall, the concentrations of POC
and PON for a given site were 4 to 5× and 2 to 3×
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Composition of organic matter

POC (µg l–1)

800

A

600
400
200

Apr

Jun
2012

Aug

Apr

Jun
2013

Aug

B
PON (µg l–1)

greater, respectively, in June than in August and
April. These seasonal differences in POM concentrations in the lagoons were statistically significant
(Table 3). Mean POM concentrations were significantly higher inside the lagoons than outside the barrier islands in August 2012 and 2013 (Table 4), and
generally higher inside the lagoons during other
sampling periods, except in August 2011 and June
2012 (Fig. 2, Table S1 in the Supplement).
Overall, there was no significant difference in C/N
ratios among seasons, but there were differences in
the C/N ratios among seasons within a given year
(p < 0.05, Table 3). In 2012, the C/N ratios decreased
from April (8.9 ± 0.9) to June and August (~7.5), while
in 2013, June (9.6 ± 1.0) had the highest C/N ratios
and April (6.8 ± 1.6) the lowest for all lagoon sites
(Fig. 2).
Seasonal changes in the concentration of total fatty
acids were similar to those of bulk POM (Fig. 3A).
Concentrations of fatty acids in April and June were
significantly lower and higher, respectively, than in
the other seasons (Table 3). Mean values ranged
from 1.6 µg l−1 in April to 13.5 µg l−1 in June (Table 3).
These fatty acid concentrations correspond to approximately 2 to 3% of POC by weight depending on
season, but there was no statistical difference among
the seasons (Table 3).
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C
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POC:PON

36
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6

Principal component analysis
Apr

Jun
2012
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Apr

Jun
2013

25.0

δ13C

A total of 27 variables were included in the final
PCA analysis. The first 2 axes of the PCA accounted
for 38 and 21% of the variability in POM composition. Principal component 1 (PC1) generally separated April (positive scores) from June and to a lesser
extent August (negative scores), whereas PC2 separated June (negative scores) from August (positive
scores) (Fig. 4). Factors important for positive scores
on PC1 (April) include saturated fatty acids (i.e. 18:0,
16:0, and 20:0), bacterial fatty acid markers, C/N
ratios, and 18:1ω9, while phytoplankton-derived
compounds and markers (18:4ω3, 16:4ω3, the C16
PUFA index and chl a) were important drivers of
negative scores on PC1 (June and August). For PC2,
16-carbon PUFA and the diatom fatty acid marker
were important for negative scores (June), and the
DHA/EPA (docosahexaenoic acid/eicosapentaenoic
acid; 22:6ω3/20:5ω3) ratio, DHA, the copepod fatty
acid marker, and the C18 PUFA/C16 PUFA ratio were
important for positive scores (August).

Aug

D

27.5

30.0

32.5
Apr

Jun
2012

Aug

Apr

Jun
2013

Aug

Fig. 2. Mean (± SD) concentrations of (A) particulate organic
carbon (POC) and (B) particulate organic nitrogen (PON),
(C) POC/PON ratio, and (D) δ13C of POC in suspended matter collected within lagoons (j) and outside the barrier
islands (d) along the eastern Alaskan Beaufort Sea coast.
n = 3 to 6, except for sites outside the barrier islands in April
and June, where n = 1
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Table 3. Temperature, salinity, and the quantity and composition (i.e. C/N, fatty acid [FA] composition and markers) of suspended particulate matter collected during ice cover (April),
ice break-up (June) and open water (August) from 4 lagoons
(Kaktovik, Jago, Angun, and Nuvagapak) of the Alaskan
Beaufort Sea coast. Samples were collected from ≤2 m in
April, June and August 2012 and 2013. Diatom, Terrestrial,
Bacteria and Copepod are FA markers. DO: dissolved oxygen;
POC and PON: particulate organic carbon and particulate
organic nitrogen; DHA: 22:6ω3; EPA: 20:5ω3; SFA: saturated
FA; MUFA: monounsaturated FA; PUFA: polyunsaturated FA.
Only values that were significantly higher (bold) or lower
(underlined) than values from both of the other 2 seasons are
identified, based on a pairwise comparison with an adjusted
p-value. Standard deviations of the mean are in parentheses.
*Significant difference among seasons based on ANOVA.
#
Variation among seasons differs between years (i.e. there
was an interaction between season and year)
April
(n = 8)a

June
(n = 8)a

August
(n = 7)a

Temperature (°C)*# −2.1 (0.2)
2.5 (1.2)
11.1 (2.0)
Salinity*
36.4 (4.3)
2.4 (1.3)
18.6 (7.0)
DO (%)
93.2 (17.2) 100.4 (8.1) 103.4 (5.5)
POC (µg l−1)*
82.3 (29.1)
537 (191)
250 (31.2)
PON (µg l−1)*
13.8 (7.6)
70.4 (17.4) 39.6 (3.8)
C/N#
7.5 (1.6)
8.8 (1.4)
7.4 (0.3)
FA (µg l−1)* #
1.6 (0.8)
13.5 (4.9)
6.1 (3.2)
FA (% POC)
2.1 (0.0)
2.9 (0.2)
2.4 (0.1)
δ13C (‰)*
−26.5 (1.2) −28.2 (0.9) −28.7 (0.9)
δ15N (‰)
5.2 (2.1)
4.0 (1.0)
6.1 (1.7)
chl a (µg l−1)*
0.04 (0.04)
2.1 (2.9)
0.5 (0.4)
∑SFA (%)*#
65.3 (7.1)
36.4 (7.1)
40.3 (3.2)
∑MUFA (%)*
23.3 (4.1)
40 (4.8)
25.8 (1.9)
∑PUFA (%)*
10.1 (3.7)
23.5 (9.0)
33.5 (3.6)
∑ω-3 (%)*
5.5 (3.1)
16.2 (7.7)
26.1 (4.4)
∑ω-6 (%)
3.9 (0.9)
4.4 (1.3)
5.3 (0.9)
ω-3/ω-6*
1.4 (0.6)
3.6 (1.4)
5.0 (0.9)
EPA (%)*
2.7 (1.9)
4.9 (1.7)
6.2 (1.5)
DHA (%)*
1.1 (0.8)
2.2 (1.1)
7.1 (1.9)
DHA/EPA*
0.4 (0.1)
0.4 (0.2)
1.1 (0.1)
Diatom*#
0.3 (0.1)
1.4 (0.3)
0.6 (0.2)
Terrestrial (%)*
3.4 (0.9)
6.9 (3.9)
8.6 (1.3)
Bacteria (%)#
5.8 (1.4)
4.9 (2.2)
6.3 (1.3)
Copepod (%)*
2.1 (0.7)
2.7 (1.0)
4.4 (0.9)
18:1ω9 (%)*#
9.5 (1.8)
8.7 (2.2)
6.2 (1.0)
C16 PUFA index*
4.3 (1.1)
9.7 (4.0)
12.6 (3.7)
∑C16*
37.5 (2.5)
47.7 (5.5)
32.6 (3.3)
∑C18*#
42.7 (4.9)
27.6 (4.9)
31.5 (2.2)
∑C16 PUFA (%)*
1.5 (0.3)
4.6 (1.7)
4.1 (1.6)
∑C18 PUFA (%)*
4.6 (1.3)
11.2 (5.8)
14.8 (1.8)
C18 PUFA/C16 PUFA 3.1 (1.1)
2.6 (1.1)
4.0 (1.2)
a

n = 4 for each season within a single year, except August
2013 where n = 3

Composition of fatty acids
Saturated fatty acids were significantly different
among seasons, accounting for > 60% of fatty acids in
April and < 50% of fatty acids in June and August
(Table 3). In contrast, monounsaturated fatty acids
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Table 4. Temperature, salinity, and the quantity and composition of suspended particulate organic matter collected
from sites inside and outside barrier islands along the coast
of the Alaskan Beaufort Sea in August 2012 and 2013. POC
and PON: particulate organic carbon and particulate
organic nitrogen; DHA: 22:6ω3; EPA: 20:5ω3; SFA: saturated
fatty acids (FA); MUFA: monounsaturated FA; PUFA: polyunsaturated FA; Terrestrial is a FA marker (18:3ω3 +
18:2ω6). Standard deviations of the mean are in parentheses. *Significant difference between sites inside and outside
the barrier islands based on ANOVA

Temperature (°C)*
Salinity
POC (µg l−1)*
PON (µg l−1)*
C/N
FA (µg l−1)
δ13C (‰)
Chl a (µg l−1)*
∑SFA (%)
∑MUFA (%)*
∑PUFA (%)*
∑ω-3 (%)*
∑ω-6 (%)
ω-3/ω-6*
EPA (%)
DHA (%)*
DHA/EPA*
Terrestrial (%)*
18:1ω9 (%)*
C16 PUFA index*

Inside barrier
islands (n = 9)

Outside barrier
islands (n = 6)

10.9 (1.7)
17.7 (6.3)
243.8 (32.5)
38.4 (4.4)
7.4 (0.3)
5.5 (3.0)
−29.5 (0.9)
0.5 (0.4)
40.7 (2.9)
25.7 (1.8)
33.3 (3.3)
26.4 (3.9)
5.0 (1.0)
5.4 (1.1)
6.0 (1.5)
7.0 (1.9)
1.2 (0.1)
8.6 (1.1)
6.0 (1.0)
12.5 (3.4)

5.9 (3.4)
24.0 (4.5)
143.8 (44.1)
22.5 (6.6)
7.6 (1.3)
2.8 (2.0)
−28.3 (0.6)
0.1 (0.1)
47.5 (10.1)
29.5 (2.8)
22.6 (7.8)
16.5 (8.0)
5.0 (0.8)
3.4 (1.9)
4.8 (3.0)
3.2 (3.2)
0.6 (0.3)
6.8 (1.6)
8.8 (1.5)
7.1 (1.8)

were highest in June (Table 3, Fig. 3B), and PUFA was
significantly highest in August (Table 3). Consistent
with April having the lowest proportions of total
PUFA, C16 and C18 PUFA and the C16 PUFA index
were also significantly lower in April than in the other
2 seasons (Table 3). (See Table S2 in the Supplement
at www.int-res.com/articles/suppl/m527p031_supp.
pdf for greater detail of fatty acid profiles.)

Fatty acid markers and δ13C
Results for fatty acid markers were consistent with
the source designations listed in Table 2, although
other interpretations could be possible because individual fatty acids can have multiple sources. The
diatom fatty acid marker was highest in June and
lowest in April (Fig. 5A, Table 3). In contrast, DHA/
EPA ratios and the copepod fatty acid marker were
highest in August and similar in April and June
(Figs. 3D & 5C). These differences were statistically
significant for the 4 lagoons sampled in all seasons
(Table 3). Further, in August, the DHA/EPA ratios in
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lagoons were higher than the ratios found outside the
barrier islands (mean 0.6 ± 0.3, Fig. 3D, Table 4). The
C18 PUFA/C16 PUFA ratio was also higher in August,
but this difference was not significant for the 4
lagoons based on the pairwise t-test (Table 3). The
bacterial fatty acid marker was generally between 3
and 7% of total fatty acids and varied among seasons
depending on the year. Specifically, in 2012, this
marker was highest in August and lowest in June,
but in 2013, the marker was higher in April and June
than it was in August (Fig. 5). Values for δ13C were
<−25 ‰ in all seasons (Fig. 2, Table 3) except in
August 2011 (Table S1 in the Supplement) and were
significantly correlated with the terrestrial fatty acid
marker (r = −0.54, n = 69, p < 0.001), which was lowest in April (Table 3). It was expected that this terrestrial marker would be low in April, regardless of
the relative contribution of terrestrial organic matter,
because total PUFA proportions were very low in
April (~10% or 0.2 µg l−1) and this marker is the sum
of 2 PUFA (18:3ω3 + 18:2ω6). However, normalizing
for PUFA concentration, these 2 fatty acids contributed 32% of PUFA in April, compared to 26% and
28% found in June and August, respectively.

1.0

0.5
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2012
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Fig. 3. Mean (± SD) (A) concentration of fatty acids (FA), proportions of (B) monounsaturated and (C) saturated FA, and
(D) DHA/EPA ratios (22:6ω3/20:5ω3) in suspended particulate matter collected from sites within lagoons (j) and outside the barrier islands (d). n = 3 to 6, except for sites outside
the barrier islands in April and June where n = 1

The concentrations of all pigments were very low
in April (Fig. 6A−C). Total phaeopigments (pheophytin a + pheophorbide a + pyropheophorbide a)
contributed > 50% of the detected pigments at
lagoon sites (Fig. 6D). These phaeopigments also
comprised ~50% of identified pigments in August,
but the concentrations in lagoons in August were
higher at ~1.0 µg l−1 (compared with ~0.06 µg l−1
for April, Fig. 6A,D). In contrast, chlorophyll a
represented ~50% of identified pigments in June,
whereas it only contributed ~25% in April and
August (Fig. 6E). Accordingly, the chlorophyll a/
phaeopigment ratio was highest in June (mean 2.6 ±
1.1), when all lagoons had ratios of ≥1 (Fig. 6F). Concentrations of fucoxanthin were also highest in June,
especially at the site outside the barrier islands
(Fig. 6B). Note, however, that this data point is based
on duplicate samples from 1 sampling trip to the
same location. In addition to phaeopigments, there
was also an increase in the concentration of chlorophyll b in August. Proportions and concentrations
for chlorophyll c, peridinin, prasinoxanthin, 19-butfucoxanthin and 19-hex-fucoxanthin were on average < 2% of total pigments and ≤0.1 µg l−1 across all
seasons.
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indicate that the POM pool after winter
was refractory and highly processed,
having little contemporary input from
3
photosynthesis. These April results are
in stark contrast to those taken approximately 8 wk later, in June, when there
0
was clear evidence of organic matter
inputs from algae (see next section).
For our study area, complete dark–3
ness occurs for about 2 mo from late
November to January. By mid-March
there is >12 h daylight, but snowcovered sea ice continues to obstruct
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ice in Stefansson Sound were very low
throughout March and April, and did
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not increase until May and June. LikePC1 (38%)
PC2 (21%)
wise, in deeper coastal water (~230 m,
Fig. 4. (A) Scores for the first 2 principal components (PC1 and PC2) from ana20 km offshore) of the Canadian Beaulysis of the composition of suspended particulate matter in samples collected
within lagoons (j) and outside the barrier islands (d), and loadings of variables
fort Sea, surface chlorophyll a values
on (B) PC1 and (C) PC2. See Table 3 for abbreviations
have been shown to remain low
(< 0.05 µg l−1) throughout winter and
DISCUSSION
only begin increasing slightly in April (Forest et al.
2008). Further, the refractory nature of POM in April
April
with low levels of photosynthetic pigments and PUFA
indicate that contributions from ice-algae or benthic
POM in April was characterized by (1) low bulk and
algae into the water column were insignificant.
fatty acid concentrations, (2) high proportions of satuHeterotrophic processes most likely dominated the
rated fatty acids, (3) low proportions of poly- and
lagoons during April. Despite low temperatures and
mono-unsaturated fatty acids, (4) low levels of photonegligible inputs from primary production in winter
synthetic pigments, and (5) generally higher proporand early spring, Arctic waters contain viable and
tions of pigment degradation products. These results
metabolically active heterotrophs throughout the

PC2 (21%)

Black: April
Grey: June
White: Aug.
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Fig. 5. Seasonal variation in the mean (± SD) fatty acid (FA)
markers of suspended particulate matter collected from sites
within lagoons (j) and outside the barrier islands (d) along
the eastern Alaskan Beaufort Sea coast. Samples were collected from ≤2 m during full ice cover (April, black), ice
break-up (June, grey), and open water (August, white) in
2012 and 2013. n = 3 to 6, except for sites outside the barrier
islands in April and June where n = 1. (A) Diatom FA
marker: ∑16:1/16:0; (B) Bacterial FA marker: ∑odd-carbon
numbered and branched chain FA; (C) Copepod FA marker:
∑20:1 + ∑22:2; (D) Terrestrial FA marker: 18:3ω3 + 18:2ω6

year (Renaud et al. 2007, Darnis & Fortier 2012, Nguyen et al. 2012). The energy and organic matter
sources that support consumers during the Arctic
winter are poorly resolved and need further attention. Possible sources of organic matter used by heterotrophic communities (metazoan and microbial)
during this time could be reworked autochthonous
material produced during the prior light season
(including dead crustacean carcasses and coprophagy, Sampei et al. 2009, 2012), terrestrial organic
matter supplied during previous periods of runoff, or
even chemoautotrophic production during winter
(Alonso-Sáez et al. 2010, Connelly et al. 2014a).
Some animal consumers may subsist off energy
stores built during the previous growing season (Lee
et al. 2006, Connelly et al. 2012b), while some researchers have proposed that some consumers may
use heterotrophic microbial production to a greater
extent than they do in summer (Rivkin & Anderson
1999, McClelland et al. 2014).
Based on the lack of primary production in winter
and on our fatty acid and pigment data, we hypothesize that consumers likely contributed to the character
of POM observed in April. Overall, POM in April appeared to be material remaining after consumers used
or transformed what was available to them throughout
winter. For example, bacterial fatty acid markers and
18:1ω9 had strong positive loadings on PC1, where
April scores were exclusively positive on PC1. Our
bacterial fatty acid marker is an estimate of the
relative contribution of fatty acids of bacterial origin
(Stevens et al. 2004, Connelly et al. 2012a, Shah et al.
2013) and 18:1ω9 indicates possible animal detritus
inputs into the POM pool (Napolitano 1999) because it
is a dominant fatty acid in many marine animals (e.g.
Graeve et al. 1997, Auel et al. 2002), including those
found in the Beaufort Sea (Connelly et al. 2014b).
Moreover, phaeopigments in lagoons were the most
dominant pigment in April, contributing > 50% of
identified pigments. Relative increases in phaeopigments reveal increased biological breakdown of
chlorophyll a relative to new production because the
phaeopigments used here are the products of biological degradation of chlorophyll a (Bianchi & Canual
2011). Low dissolved oxygen levels present in some
lagoons in April further support the importance of respiration and heterotrophic processes to biogeochemical cycling in winter and early spring. Additionally,
low PUFA (~10%) and elevated saturated fatty acid
(~65%) proportions suggest that the organic matter
available to animal consumers in April was refractory
and of low nutritional quality. These observed proportions likely resulted from the greater stability of
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pigments and (E) chl a of total identified pigments, and (F) the chl a to
phaeopigment ratio in suspended particulate matter collected from sites
sources, suggesting that most POM in April
within lagoons (j) and outside the barrier islands (d) along the eastern
was of terrestrial origin. However, on average,
Alaskan Beaufort Sea coast. Samples were collected from ≤2 m during
these April values were more enriched in 13C
full ice cover (April 2013, black), ice break-up (June 2013, grey), and
than those from June or August (except Auopen water (August 2012, white). n = 4 to 6, except for sites outside the
barrier islands in April and June where n = 1. Data for chl c, peridinin,
gust 2011), suggesting greater proportional
prasinoxanthin,19-but-fucoxanthin and 19-hex-fucoxanthin are not
contributions of marine-sourced POM in
shown as they were on average < 2% of total pigments and ≤0.1 µg l−1
April as compared to the other time periods.
across all seasons
Since there is little other evidence for autochthonous inputs from fatty acid or pigment
statured fatty acids compared with PUFA (which are
analyses in April, this trend could also result from
more reactive) and reflect enhanced heterotrophic
the kinetic advantage of respiring 12C, resulting in
13
C-enriched POM. This same mechanism has been
processing of POM compared to primary production
proposed to account for small enrichments in 13C in
and other inputs during winter.
the sediment compared to water directly overlying
In addition to the compositional changes, the conthese sediments in other Arctic systems (Tamelander
centration of POM was significantly less in April than
et al. 2006, Connelly et al. 2012a).
in the previous August (by 40 to 80% depending on
lagoon). This change in bulk concentration was also
associated with interannual variation in compositional
June
changes in the bulk organic matter pool between
these 2 seasons. For example, the percent decrease in
Sea ice was present in all of the lagoons during
PON from August 2012 to April 2013 was less than the
sampling trips in late June, but coverage varied subdecrease in POC (~12% versus 65%). In the absence
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stantially over space and time. Despite this variability
in sea ice conditions and associated physical attributes of the environment, several generalities about
the quantity and composition of POM in the lagoons
were apparent. POM in June was characterized by
(1) high bulk and fatty acid concentrations, (2) low
δ13C values, (3) high fatty acid and pigment markers
indicative of diatom inputs, (i.e. fucoxanthin, and the
diatom and C16 PUFA/C18 PUFA fatty acid markers),
(4) high proportions of monounsaturated fatty acids,
(5) high chlorophyll a/pheopigments ratios, and (6)
high, but variable terrestrial fatty acid markers.
These results indicate that both terrestrial inputs and
autochthonous production contributed to the POM
pool during June.
June is a period of rapid change in the coastal Arctic and therefore studies during this time period are
crucial for full understanding of coastal Arctic processes. However, it is precisely the dynamic nature of
the environment in June that makes sampling a challenge, limiting our current understand of processes
occurring at this time. In June, under 24 h of sunlight,
rivers are flowing (although past peak flow) and sea
ice is melting. The spring freshet occurs before ice
break-up in coastal waters, and introduces warmer
water that enhances sea ice melt (Dean et al. 1994)
and drastically reduces salinity. While this brings
tremendous amounts of terrestrial organic matter
into the system, it also stimulates an increase in
phytoplankton production. Overall, we saw POC and
PON concentrations increase by 8-fold in ~2 mo from
April to June.
In addition to phytoplankton, ice algae and benthic
algae are 2 other sources of autochthonous production in the coastal Alaskan Arctic (Horner & Schrader
1982). The most complete study looking at the inputs
of these sources in a coastal Alaskan lagoon was
done in Stefansson Sound (Horner & Schrader 1982).
Throughout May and June, concentrations of chlorophyll a in Stefansson Sound were an order of magnitude higher in sea ice than in the water column,
reaching a maximum of > 25 µg l−1 in the first week of
June (Horner & Schrader 1982). Yet, chlorophyll a
levels in sea ice were an order of magnitude lower at
coastal Alaskan sites, including Stefansson Sound,
compared to other regions of the Arctic as predicted
from water column NO3− concentrations (Rózanska et
al. 2009). Rózanska et al. (2009) suggest several reasons for this pattern, including higher light attenuation due to sediments entrapped in the sea ice, which
is also probably true for our study area. We did not
measure chlorophyll a in sea ice and therefore are
unable to determine the extent of ice algae inputs.

However, the highest chlorophyll a levels were often
found in saltier waters just above the sediments, and
not in the top meters with lower salinity water. This
suggests that the higher chlorophyll a levels in bottom waters were not directly associated with ice
algae inputs, but instead reflect active growth of
phytoplankton or resuspension of benthic algae. In
the Stefansson Sound study, benthic chlorophyll a
levels, like those in sea ice, were an order of magnitude greater than water column levels in June
(Horner & Schrader 1982), suggesting that benthic
algae could have contributed to the elevated chlorophyll a levels in bottom waters.
The elevated diatom fatty acid marker (∑16:1/
16:0), C16 PUFA/C18 PUFA fatty acid ratios, fucoxanthin concentrations, and C16 PUFA index in June suggest that any autochthonous production was predominantly from diatom growth. Results from the PCA
analysis is consistent with this interpretation where
C16 PUFA (i.e. 16:4ω1 and 16:3ω4) and the diatom
fatty acid marker were important factors for the negative PC2 scores for June samples. C16 PUFA are reported to be the most dominant fatty acids during
diatom blooms (Kattner et al. 1983, Claustre et al.
1988), fucoxanthin is a photosynthetic pigment commonly synthesized by diatoms (Stauber & Jeffrey
1988), and 16:4ω1 is diagnostic of diatoms (Budge et
al. 2001) because it is found in most diatoms but
rarely in other microalgae groups (Volkman et al.
1989, Viso & Marty 1993). Also, diatoms generally
have higher proportions of PUFA with 16 carbons relative to dinoflagellates, which have higher proportions of C18 PUFA (Dalsgaard et al. 2003). The combination of these biomarkers identifies diatoms as
substantially contributing to autochthonous production during ice break-up in June. Further, the C16
PUFA index at 3 m in June was higher than at 2 m.
Specifically, the highest C16 PUFA index (21–24%) in
June was found in saltier waters collected from 3 m in
Kaktovik Lagoon, which also had the highest chlorophyll a concentrations (6 to 8 µg l−1, data not shown).
This concurrence suggests that chlorophyll a in deeper,
saltier waters in June was from actively growing diatom
cells under nutrient-replete concentrations (Shin et
al. 2000).

August
By August, sea ice has completely melted and
freshwater inputs from rivers into the Alaskan Beaufort Sea have greatly diminished (McClelland et al.
2014). Our data indicate that POM in August was
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characterized by (1) generally low δ13C values and
ondary production (Jónasdóttir et al. 1995, Müllerhigh proportions of terrestrial fatty acid markers, (2)
Navarra et al. 2000). Moreover, higher DHA/EPA
elevated proportions of PUFA, (3) fatty acids or markratios have been connected with better quality eggs
ers indicative of dinoflagellates (e.g. C18 PUFA/C16
and larval development in copepods and fish (see
PUFA, DHA/EPA, and proportions of DHA), (4) elereview by Parrish 2009). Thus, the greater availabilvated phaeopigment and chlorophyll b concentraity of PUFA during summer and the higher DHA/EPA
tions, and (5) greater proportions of copepod fatty
ratio found only in the lagoons in summer highlights
acid markers. These results suggest that a comthe importance of lagoons during open water to
bination of terrestrial sources, dinoflagellate and/or
aquatic food webs along the Alaskan Beaufort Sea
green algae input, and transformations by consumers
coast.
contributed to the POM pool after sea ice melt.
As in April and June, low δ13C values in August
(<−27 ‰) signal the dominance of terrestrial matter to
A shift in the relative contributions of diatoms verPOM. High terrestrial fatty acid markers during
sus dinoflagellates to the POM pool between June
August are seemingly consistent with the stable isoand August is evident in the proportions of C16 to C18
PUFA, total C16 and C18 fatty acids, and the ω-3 fatty
tope data. However, interpretations of these fatty
acids EPA and DHA in these 2 time periods. Like the
acids could be confounded by contributions from
comparison between C16 and C18 fatty acids for detergreen algae. Elevated chlorophyll b levels in August
mining diatom and dinoflagellate inputs, diatoms
are consistent with inputs of green algae to the POM
generally have greater proportions of EPA and dinopool (Jeffrey 1976), and fatty acid profiles of green
flagellates have greater proportions of DHA (Dalsalgae are also characterized by high proportions of
gaard et al. 2003), and DHA/EPA ratios of ≥1 have
the 2 fatty acids used in calculating the terrestrial
been used to indicate the dominance of dinoflagelfatty acid marker (Dalsgaard et al. 2003). Since
lates (Budge & Parrish 1998, Dalsgaard et al. 2003).
chlorophyll b is found in both terrestrial plants and
DHA in lagoons increased from ~2% in June to ~7%
green algae, it is difficult to discern between terresin August, whereas EPA was ~5 to 6% in both seatrial plants and green algae using these markers.
sons, resulting in DHA/EPA ratios of >1 in August.
Overall, however, δ13C values underscore the strong
influence of terrestrial contributions of POM during
This successional shift in autotrophs in our study area
all 3 seasons, consistent with surface sediment data
has also been observed using other analytical apfrom other near shore locations along the Alaskan
proaches (i.e. microbial eukaryotic amplicon sequenBeaufort Sea coast (Schreiner et al. 2013) and the
cing, C. T. E. Kellogg unpubl.).
apparent significance of terrestrial matter to these
Certain microzooplankton are capable of synthecoastal food webs (Dunton et al. 2012).
sizing DHA resulting in higher DHA/EPA ratios than
their food (Klein Breteler et al. 1999). Therefore,
microzooplankton, which include heterotrophic dinoAcknowledgements. We thank R. Thompson, S. Linn, S.
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