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Abstract:

Studying more than 3600 observations of particulate organic carbon (POC) and particulate organic
nitrogen (PON), we evaluate the applicability of the classic Redfield C:N ratio (6.6) and the recently
proposed Sterner ratio (8.3) for the Arctic Ocean and pan-Arctic shelves. The confidence intervals for
C:N ranged from 6.43 to 8.82, while the average C:N ratio for all observations was 7.4. In general,
neither the Redfield or Sterner ratios were applicable, with the Redfield ratio being too low and the
Sterner ratio too high. On a regional basis, all northern high latitude regions had a C:N ratio
significantly higher than the Redfield ratio, except the Arctic Ocean (6.6), Chukchi (6.4) and East
Siberian (6.5) Seas. The latter two regions were influenced by nutrient-rich Pacific waters, and had a
high fraction of autotrophic (i.e. algal-derived) material. The C:N ratios of the Laptev (7.9) and Kara
(7.5) Seas were high, and had larger contributions of terrigenous material. The highest C:N ratios were
in the North Water (8.7) and Northeast Water (8.0) polynyas, and these regions were more similar to
the Sterner ratio. The C:N ratio varied between regions, and was significantly different between the
Atlantic (6.7) and Arctic (7.9) influenced regions of the Barents Sea, while the Atlantic dominated
regions (Norwegian, Greenland and Atlantic Barents Seas) were similar (6.7—7). All observations
combined, and most individual regions, showed a pattern of decreasing C:N ratios with increasing
seston concentrations. This meta-analysis has important implications for ecosystem modelling, as it
demonstrated the striking temporal and spatial variability in C:N ratios and challenges the common
assumption of a constant C:N ratio. The non-constant stoichiometry was believed to be caused by
variable contributions of autotrophs, heterotrophs and detritus to seston, and a significant decrease in
C:N ratios with increasing Chlorophyll a concentrations supports this view. This study adds support to
the use of a power function model, where the exponent is system-specific, but we suggest a general
Arctic relationship, where POC = 7.4 PON%#°.

Highlights

» Largest meta-analysis to date of seston C:N ratios in Arctic and pan-Arctic shelves » Average ratio
7.4, with confidence intervals ranging from 6.4 to 8.8 for different regions » In general, Redfield ratio
(6.6) too low and Sterner ratio (8.3) too high » Significant difference between regions, recommending
the use of regional ratios » Decreasing C:N ratios with increasing concentrations; non-constant
stoichiometry
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1. Introduction

The Arctic Ocean make up around 3% of the total area of the world oceans, with over
50% of the total area comprised of relatively shallow continental shelves that
encompass the Artic Ocean proper (Jakobsson et al., 2004). Some of these Arctic
shelves are among the most productive in the World Ocean (Sakshaug, 2004), and
the Arctic Ocean is disproportionally important in the global carbon (C) cycle with up
to 14% of the global CO, uptake (Bates and Mathis, 2009). Most temperate and high-
latitude shelves act as net sinks of atmospheric CO, (Chen and Borges, 2009), which
can subsequently be transported out of the surface layers and sequestered on long
time scales (Thomas et al., 2004). This “continental shelf pump” is considered
especially important on Arctic shelves, due to the wide extent, regionally high
productivity and formation of dense water (Anderson et al., 2010; Kivimae et al.,
2010). The sea ice cover in the Arctic Ocean has decreased over the last decades
(Perovich and Richter-Menge, 2009), which could stimulate primary production
through an increase in solar radiation. However, nutrient availability is limited due to
strong vertical stratification (Tremblay et al., 2002), which might increase due to
higher river run-off with climate change (Peterson et al., 2002). In addition, it has
been proposed that warming will increase the respiration rates and decrease the
potential these regions have to act as CO, sinks (Vaquer-Sunyer et al., 2010).
Whether the oceanic CO, sink in the Arctic Ocean will increase or decrease in the
future due to the effects of climate change on ice-cover, stratification and metabolic
balance is still under scrutiny (Bates and Mathis, 2009; Duarte et al., 2012; Hill et al
2013).

The cycles of C and the major nutrients, nitrogen (N) and phosphorus (P), are
linked through the uptake and remineralization of marine autotrophs. The Redfield
ratio (C:N:P = 106:16:1 (atomic ratio)) describes the relationship between C, N and P
in the suspended particulate organic matter (seston hereafter) and in the dissolved
inorganic fraction (Redfield, 1958; Redfield et al., 1963), and a fixed Redfield ratio
has for simplicity been widely adopted in ecosystem modelling. There are, however,
debates about the general applicability of a constant ratio between C and nutrients
(Arrigo, 2005; Karl et al., 2001), and both model selection and variability in C:N-ratios
may have profound impact on simulations of C and N-flux in marine food-webs
(Anderson et al.,, In Press). Indeed, model studies have shown improved
performance with a variable elemental stoichiometry (Christian, 2005; Klausmeier et
al., 2004). Increasing the C:N ratio of autotrophs in ecosystem models can have
substantial effects on the uptake of CO, and C-sequestration (assuming higher C:N
in the material exported below the winter mixed layer), and thus increase the
drawdown of atmospheric CO, (Schneider et al., 2004, Oschlies et al., 2008).

Sterner et al. (2008) recently performed the largest meta-analysis of C:N:P
stoichiometry in aquatic systems (including both oceanic and freshwater samples) to
date. However, their study did not include data from high latitudes. They found
variable stoichiometry between C:N:P when analysing the data on smaller spatial
scales (e.g. between ocean basins), which violates the assumption of a constant ratio
between the elements. A revised global ratio of C:N:P = 166:20:1 (atomic ratio) was
proposed, which correspond to a C:N ratio of 8.3 (henceforth the Sterner ratio).



Autotrophs have a large plasticity in their uptake of nutrients and C, and can adjust
their C fixation (mediated by photosynthesis) and nutrient uptake according to cellular
requirements and ambient conditions (Berman-Frank and Dubinsky, 1999; Sterner
and Elser, 2002). Higher C:nutrient ratios have been shown with progressive nutrient
limitation over the season (Sambrotto et al., 1993, Kortzinger et al., 2001, Falck and
Anderson, 2005) and in mesocosm experiments with higher pCO, (Bellerby et al.,
2008). Autotrophs do generally not have homeostatic elemental regulation (Sterner
and Elser, 2002), and thus elemental flexibility in the autotrophs themselves argues
against constant C:N-ratios in seston. Seston is often dominated by non-autotroph
fractions, and apparent stable Redfield ratios may emerge from a balancing of
sestonic fractions with contrasting C:nutrient ratios (Frigstad et al., 2011; Hessen et
al., 2003).

Historically, oceanographic data from Arctic shelves have been limited in space and
time due to the distant location and often difficult weather and ice conditions. This
has lead to a fragmented understanding of the biogeochemical properties and cycling
of the Arctic Ocean, such that the need for a “pan-Arctic’ approach has been
emphasized (Carmack and Wassmann, 2006). We present the largest compilation to
date of suspended particulate organic carbon (POC) and particulate organic nitrogen
(PON) from the northern high latitudes, in order to evaluate the variability of C:N
ratios across the Arctic Ocean and pan-Arctic shelves. We have not included
particulate organic phosphorus (POP) in this study, partly because the data on this
element is scarce, and also because most ecosystem models operate with either C
or N as the main element. However, given the key role of P in biological processes,
we strongly recommend the inclusion of this element in future monitoring. The aim of
this study is twofold, firstly to evaluate the applicability of the Redfield and Sterner
ratios in the northern high latitudes, and secondly to test the assumption of constant
C:N ratios by use of regression modelling. This has important implications for the C
and N cycles, including effects on air-sea gas exchange, export production and
sequestration of C on long (>100 years) time scales. The C:nutrient ratio in seston
also has important implications for higher trophic levels, because a reduction in
nutrient per unit C (i.e. reduced food quality) can impact growth and reproduction not
only of herbivores, but also higher trophic levels (Malzahn et al., 2010; Sterner and
Elser, 2002). The physical and biological systems of the Arctic Ocean are expected
to be greatly affected by climate change, and a synthesis of sestonic C:N ratios can
be useful for simulating to what extent the Arctic Ocean and pan-Arctic shelves will
act as net sinks or sources of C in the future.

2. Methods

2.1. Data

Observations of POC and PON were gathered from published sampling campaigns
north of 60°, comprising a total of 3672 observations from ten individual research
programs (see overview in Table 1). Only observations shallower than 200 meters
depth were included in the study. The observations were divided into regions (see
Fig. 1 and Table 2) following the definitions in Jakobsson et al. (2004). The following
regions were identified: Norwegian Sea (NS), Greenland Sea (GS), Atlantic Barents
Sea (BAt), Arctic Barents Sea (BAr), Kara Sea (KS), Laptev Sea (LS), East Siberian
Sea (ESS), Chukchi Sea and adjacent slope (CSS) and the Arctic Ocean (AO; the
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acronyms will be used in tables and figures, henceforth). The Northeast Water
Polynya (NEW) and North Water Polynya (NOW) were also treated as separate
regions, due to the unique turbulence regimes (Smith et al., 1990). The Barents Sea
was divided into an Arctic and an Atlantic region, due to the strong effect of the Polar
Front on the hydrography and biology of the region (Loeng, 1991). Two stations north
of Svalbard were included in the Arctic Barents Sea region, because they were on
the relatively shallow Barents Sea shelf and thus more similar to the Arctic Barents
Sea stations than the open Arctic Ocean stations.

POC and PON were measured by standard analytical methods in all studies, and the
protocols are described in the references given in Table 1. The average C:N ratio of
protein in organisms is 2.7 and protein can comprise up to 75% of body mass of the
various sestonic components (Sterner and Elser, 2002, and references therein). We
have applied a C:N of 3 as a conservative lower theoretical bound for the C:N ratio in
organic material, and thus observations in the original datasets with a C:N ratio lower
than 3 were removed (n = 113). From the two polynya studies there were
observations with a C:N higher than 50 (n = 44), these were predominantly when the
PON concentration was very low (< 0.05 umol L") suggesting that the very high C:N
ratios were due to measurements errors, and these observations were removed from
the database.

Around 2400 of the observations included measurements of Chlorophyll a (Chl a), yet
there were no measurements available for the Kara, Laptev, East Siberian and
Chukchi Seas. For the NOW polynya and the Arctic Ocean around 60% of the
observations included Chl a measurements.

2.2. Statistical analyses

All statistical analyses were performed using the R statistical software (R
Development Core Team, 2012). Due to non-normal distributions (as tested with the
Shapiro-Wilk test of normality) significant differences in C:N ratios between regions
were tested with a non-parametric Kruskal-Wallis Rank Sum test (Hollander and
Wolfe, 1973), with the confidence level set to 95%. To test the significance of the
relationship between the C:N ratio and Chl a we used a linear model on log-
transformed data (shown in Fig. 5). Note that we did not use a model Il regression
(as described below), because we were not interested in the value of the intercept
and/or slope, but the significance of the relationship (which can not be tested in a
standardized major axis (SMA) regression).

Both POC and PON are affected by biological and observational sources of
stochasticity, with no clear indication which of them should be considered the
dependent and independent variable (Laws and Archie, 1981; McArdle, 2003). In
such cases using ordinary least squares regression can underestimate the slope of
the linear relationship between the variables, such that it is recommended to use
model I methods for linear regression (e.g. Legendre and Legendre, 1998). In this
study, the R package Imodel2 was used to calculate SMA regressions (Legendre,
2011). The SMA regressions with 95% confidence intervals (Cl) on log (POC) against
log (PON) are shown in Fig. 6.

Following the arguments of Sterner et al. (2008), the C:N ratios can deviate from
“constancy” in two mathematically different ways. The first is:



Model 1: POC=a* PON* e (1)
Log-log space: logPOC =loga+log PON +loge

Where in model 1 the variation comes from the random error term e, while a
represents the proportionality factor (e.g. 6.6 for Redfield C:N). In this case the C:N
ratio is constant over the whole range of concentrations of POC and PON (given that
e is small compared to a). In log-log space this model would have a slope = 1. An
alternative model, where the ratio between the elements might change as the
concentrations increase or decrease is:

Model 2: POC =POC =a*PON"*e (2)
Log-log space: log POC =loga+blogPON +loge

Model 2 is a power function model, where the relationship between log (POC) and
log (PON) is still linear, however the slope does not have to equal 1. Significant
deviations from a slope = 1 in log-log space indicates that the ratio varies over the
range of the seston concentrations, and a log-log SMA slope < 1 implies that the ratio
of C:N decreases with increasing concentrations of POC and PON. The SMA slopes
with 95% CI are shown in Fig. 7. The anti-log of the intercept will estimate the C:N
ratio, when PON equals 1 pmol L™ (given significant non-constant relationship), and
the C:N ratios with 95% CI are given in Table 3. Significant deviations from the
Redfield and Sterner ratios were assumed when the 95% CI did not overlap with the
respective ratio.

3. Results

The largest dataset on high latitude C:N to date provided good coverage of the Arctic
Ocean proper and the pan-Arctic shelves (Fig. 1), and a good representation of all
latitudes north of 65° (Fig. 2). Most observations (around 2800) were in the upper 50
metres of water column, spanning the productive season in this region (from March
to October) and were collected over twelve years (Fig. 2).

The concentrations of POC and PON (Fig. 3) ranged over two orders of magnitude
from the low productivity regimes of the Arctic Ocean to the spring bloom in the Arctic
section of the Barents Sea. The C:N ratios (Fig. 3, lower panel) also showed large
variability, both within and between individual regions. The C:N ratios with 95% CI
are given in Table 3, and the average C:N ratio for all observations combined was
7.4, while the 95% CI for the individual regions spanned 6.43 to 8.82. All C:N ratios
were significantly higher than the Redfield ratio, except the Arctic Ocean and the
East Siberian and Chukchi Seas. The East Siberian and Chukchi Seas were the only
two regions that had a C:N ratio significantly lower than the Redfield ratio. The C:N
ratios were highest in the NOW and NEW polynyas, and these were higher and not
different from the Sterner ratio, respectively. All other regions had C:N ratios
significantly lower than the Sterner ratio.

There were significant differences between regions, also when excluding the NEW
and NOW polynyas (Kruskal-Wallis test: Chi-squared = 189, df = 8, p < 0.001). The
Atlantic and Arctic region of the Barents Sea were also significantly different
(Kruskal-Wallis test: Chi-squared = 15, df = 1, p < 0.001), while the Atlantic-
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influenced regions of the Norwegian, Greenland and Atlantic Barents Seas did not
differ significantly (Kruskal-Wallis test: Chi-squared = 5, df = 2, p = 0.080).

There was monthly and inter-annual variation in the C:N ratios within the different
regions (Fig.4), and all regions except the Laptev and East Siberian Seas were
sampled in more than one year. There was considerable seasonal variations in the
C:N ratio within the different regions, however, in general, the observations taken in
different years overlapped.

There was a significant decreasing trend of C:N ratio with increasing Chl a (Fig 5),
however the relationship had limited predictive power (log-transformed linear model:
R?=10.09, F (1, 2371) = 224, p = <0.001). The C:N ratio was higher at low Chl a, and
decreased towards the Redfield ratio at higher Chl a concentrations.

The constancy of the C:N ratios across the range of seston concentrations was
tested by a SMA regression (Fig. 6), and all ratios showed significant deviations from
constancy except the Atlantic sector of the Barents Sea and the East Siberian Sea
(SMA slopes in Fig. 7). All observations combined and all individual regions, except
the Laptev Sea, had a log SMA slope significantly < 1, showing that the C:N ratio
decreased with increasing seston concentration.

4. Discussion

4.1. The Redfield and Sterner ratios in the Arctic

This meta-analysis presents the first compilation of seston C:N ratios in the Arctic
and pan-Arctic shelves. We found that neither the Redfield nor the Sterner ratio were
in general applicable for the Arctic, with the Redfield ratio being too low and the
Sterner ratio too high. In addition, the significant differences in C:N ratios between
regions suggests that it is more appropriate to use data-based regional ratios, rather
than uniform global ratios in ecosystem models and budget studies in the Arctic.

The high latitude regions experience strong seasonal variability in light, nutrients and
temperature, and especially the short growing season, strong stratification created by
ice melt, low temperatures and low incident radiation separate them from the
temperate regimes (Carmack et al., 2006; Macdonald et al., 2004). In addition, as
some phytoplankton could be C-limited at present CO, concentrations (Riebesell et al.,
1993), it is possible that there could be higher C:nutrient ratios in colder Arctic waters
(with higher solubility of CO,) compared to warmer tropical waters (Weiss et al.,
1979). This could potentially explain the higher C:N ratio we observe in Arctic waters
relative to the Redfield ratio, which was primarily based on temperate and tropical
data (Redfield, 1934). However, low pCO2 values have been observed in several
Arctic studies (Arthun et al., 2012; Bellerby et al., 2012), which indicate that there
must be other and unknown mechanisms at work.

The global sestonic C:N ratio proposed by Sterner et al. (2008) was based on a
compilation of all available datasets containing POC, PON and POP, and included
both freshwater and oceanic samples. The median ratios for coastal (7.5) and
offshore oceans (6.6) habitats were substantially lower than the freshwater samples
(9.5 and 8.5 for small and large lakes, respectively). The global ratio of 8.3 was
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significantly higher than all the Arctic regions, except the NOW and NEW polynyas,
west and east of Greenland, respectively.

In this meta-analysis, we found no consistent shift in the C:N ratio with latitude (data
not shown), contrary to what has been reported for lakes (Dobberfuhl and Elser,
2000) and terrestrial vegetation (Reich and Oleksyn, 2004). However, our study
included no real temperate regions (majority of observations were north of the Arctic
Circle), and as discussed in Sect. 4.2 we believe the variations in C:N ratios were
more related to the biogeochemical properties of the individual regions.

There was pronounced seasonal variation within the regions, and the two research
programs that sampled consistently over several months (NOW and SBI; Table 1),
reported higher C:N ratios towards the end of the productive season (Mei et al., 2005,
Bates et al.,, 2005). This C overconsumption (Toggweiler, 1993) was in both
abovementioned studies accredited production of N-rich material in spring when the
nutrient supply was replete, and C-rich production later in the season when the
nutrient pool was depleted or significantly drawn-down.

The C:N ratios for the different regions are based on data sampled between March
and October (with the highest number of observations in June and July; Fig. 2). For
example, the Arctic Ocean and the Kara, Laptev and East Siberian Seas have only
been sampled during one or two months of the year. The lack of seasonal sampling
reflects the restraints due to the accessibility and difficult weather and ice conditions
in the region, implying that the averages given in this study might change as a result
of improved seasonal sampling in the future.

4.2. Pan-Arctic variations in the C:N ratio

The C:N ratios in the NOW (8.7) and NEW (8.0) polynyas were the highest in this
meta-analysis. Polynyas are essentially areas of open water surrounded by sea-ice,
and can sustain intense sea-ice production and dense water formation (from brine
rejection) in winter (Smith et al., 1990). Daly et al. (1999) reported a seston C:N ratio
of 8.9 in the NEW polynya in 1992, and accredited the high C content to nutrient
limitation and predominance of diatoms with a C-rich mucilaginous sheath
(Chaetoceros socialis), while detritus (with high C:N ratios) was found to have little
impact on the overall sestonic C:N ratio. The high seston C:N ratio in the NOW
polynya during 1998 was associated with high irradiance and nitrate limitation (Mei et
al., 2005). Nevertheless, the high C:N ratios of these two regions are striking,
especially given that the two polynyas are known to function quite differently (e.g.
Berreville et al., 2008). One possible similarity is that due to their ice-free nature,
primary production can start early and be sustained over a longer growing season
than the rest of the Arctic. This could imply that nutrient limitation can be severe for a
major part of the growth season, thereby increasing the C:N ratios due to nitrate
limitation, which is also highlighted in the two polynya studies (Daly et al., 2009; Mei
et al., 2005).

The C:N ratios varied significantly between regions, even when not including the two
polynya studies. The C:N ratio varied substantially over relatively short distances,
and we found that the C:N ratio in the Arctic dominated Barents Sea was significantly
higher than in the Atlantic Barents Sea (7.9 vs. 6.7). Significant differences between
the Atlantic and Arctic Barents Sea were also found for the C:N ratio in the material
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exported out of the euphotic zone by Tamelander et al. (2013) and Olli et al. (2002).
The Barents Sea can be characterized as a deep inflow shelf, where significant
modification of the inflowing Atlantic water occurs before entering the Arctic Ocean
(Carmack and Wassmann, 2006). The inflow of Atlantic waters is high, but the Polar
Front separates the primarily Atlantic regime of the southern Barents Sea from the
Arctic water influenced regime of the northern Barents Sea (Loeng, 1991). The
Atlantic region of the Barents Sea is characterized by deeper mixing and smaller
phytoplankton cells compared to the salinity-stratified and diatom dominated regime
of the Arctic Barents Sea (Reigstad et al., 2002). In contrast, the three regions
primarily influenced by Atlantic water (i.e. the Norwegian, Greenland and Atlantic
Barents Sea) did not show significant differences in the C:N ratios between regions.

While the C:N ratios varied considerably between regions, only the East Siberian and
Chukchi Seas had C:N ratios significantly lower than the Redfield ratio, with averages
of 6.5 and 6.4, respectively. The primary production in the Chukchi Sea is spatially
variable, but regionally the rates of primary production are among the highest
recorded for the World Ocean (Grebmeier et al., 2006). The production is fuelled by
inflow of nutrient-rich Pacific waters across the Bering Strait, which occurs throughout
most of the year (Woodgate et al., 2005). An influence of Pacific waters was also
found in the eastern part of the East Siberian Sea during the International Siberian
Shelf Study in 2008 (Sanchez-Garcia et al., 2011), from which most of the
observations from the Siberian shelves in this study were sourced (ISSS; Table 1).
The Pacific influenced waters in the East Siberian Sea had higher rates of primary
production and around equal contributions of algal and terrestrial sources to the POC
stock (Sanchez-Garcia et al., 2011). It therefore appears that the lower than Redfield
C:N ratios in the Chukchi and East Siberian shelves were connected to nutrient-rich
Pacific derived waters, which increased the fraction of algal-derived seston,
especially compared to the Laptev and Kara Seas.

The C:N ratios in the nearby Laptev (7.9) and Kara (7.5) Seas were high, and the
three major Arctic rivers (Yenisei, Lena and Ob) drain into these shelves, with annual
discharges around 750 and 1500 km?, respectively (Rachold et al., 2004, and
references therein). The rivers carry large amounts of organic C (plant material and
eroded soils) to the Arctic Ocean. This terrigenous C flux mediated by river-inflow
was found to dominate the POC pool in the Laptev and western region of the East
Siberian Sea (Sanchez-Garcia et al., 2011). Coastal erosion of ice-rich deposits is
also important to the total C load in the East Siberian and Laptev Seas (Rachold et
al., 2004). In the Kara Sea, Hessen et al. (2010) found that over 90% of the C was in
dissolved organic form and mostly of terrigenous origin. We hypothesize that this
terrestrial-derived C from rivers and coastal erosion contributes to the high C:N ratios
observed for the Laptev and Kara shelves in this study. In addition, the terrigenous C
was found to be subject to relatively fast degradation and contribute to outgassing of
CO, from the ocean to the atmosphere (Sanchez-Garcia et al., 2011). This
outgassing is expected to increase in the future, because of permafrost thawing and
intensification of coastal erosion due to sea-ice loss and sea-level rise (Macdonald et
al., 2004), which represents a potential positive feedback on atmospheric CO,
concentrations.

The C:N ratio for the Arctic Ocean (6.6) was not different from the Redfield ratio.
Results from the Arctic Ocean Section in 1994 (AOS; Table 1) showed that the ice-
covered Arctic Ocean was about a factor of 10 more productive than previously
believed (English, 1961; Wheeler et al., 1996). Both the AOS and Arctic Ocean
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Expedition (AOE; Table 1) crossed the predominantly ice-covered Arctic Ocean, and
observed non-depleted nutrients and a relatively shallow euphotic layer (Olli et al.,
2007; Wheeler et al., 1997). Both studies emphasize that even though the rates of
primary production were moderate, the autochthonous production alone was not
sufficient to support the relative high abundances of bacteria and mesozooplankton.
This suggests that the central Arctic Ocean in part is dependent on supply of
dissolved organic material from the more productive shelf-regions and river run-off,
and that the high grazing pressure (partly advected from the shelves) contributes to
net heterotrophy and to the apparent oligotrophic nature of the Arctic Ocean (Olli et
al., 2007).

4.3. Dynamic coupling between C and N

In all but two regions, a systematic shift in the C:N ratio with seston concentrations
was found, which means that a constant ratio (e.g. 6.6) between the elements did not
hold true, as evidenced by the rejection of the unit slope hypothesis for the SMA
regressions. Slopes <1, meaning that the C:N ratio decreased with increasing seston
concentrations, was found for all regions, except the Laptev Sea. This is in support of
Tamelander et al. (2013), where using the same SMA method, they found significant
departures from a constant C:N ratio in the exported material for several regions in
the Eurasian Arctic.

Sterner et al. (2008) found a scale-dependence in the elemental ratios, where a
constant ratio (albeit above the Redfield ratios) linked the elements at larger regional
scales. However, at smaller regional scales the seston elemental ratios were found to
decrease with increasing seston concentrations, as was also found in this study. The
increase in nutrient content (i.e. lower C to nutrient ratios) at higher productivity was
in the study by Sterner et al. (2008) attributed changing nutrient use efficiency (e.g.
Vitousek, 1982). This is an alternative to the constant Redfield model, where other
factors (such as light or micronutrients) become limiting when any given nutrient is
present in high concentrations. Following Sterner & Elser (2002), autotrophs with
high growth ratio to nutrient demand will be favoured under low nutrient availability.
However, as the nutrient levels increases, plants with high growth rate to light
demand will be favoured, as the increased biomass inevitably will lead to increased
self-shading. Therefore, the system appears to be less efficient (measured as the
production of a unit C per unit nutrient), because the critical competitive trait has
shifted from nutrient utilization efficiency to light utilization efficiency.

We propose an alternative explanation for the decrease in C:N ratios with increasing
seston concentrations, namely that the composition of seston changes. High C:N
ratios were found at low Chl a concentrations, while the C:N ratios was lower and
approached the Redfield ratio when the Chl a concentrations increased (Fig. 5).
Frigstad et al. (2011) applied a regression of POC on Chl a and demonstrated that
the seston composition (i.e. the fractions of autotrophs, heterotrophs and detritus)
has important consequences for the resulting C:N (and even more so the C:P) ratios.
In general, the autotrophic material had lower C:N ratios, while the ratios in the non-
autotrophic material was higher and above the Redfield ratios. At low Chl a the
influence of the autotrophic material on the total seston C:N ratio will be small, and
other sestonic fractions, such as heterotrophic and detrital (both marine and
terrestrial-derived), will have a larger impact on the resulting C:N ratio of seston as a
whole, thereby increasing the C:N ratios. While at high Chl a concentration the
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influence of the autotrophs on the seston C:N ratio is high, resulting in lower C:N
ratios. Thus, there can be a systematic decrease in the C:N ratio as the Chl a
concentrations increases, which results in non-constant C:N ratio over the range of
POC and PON. The only region where the C:N ratio increased with increasing seston
concentrations was the Laptev Sea, which is characterized by a strong contribution of
terrigenous POC, due to high river loading and coastal erosion (Sanchez-Garcia et
al. (2011).

The non-constant C:N ratio demonstrated in this study has important implications for
the modelling of these elements. Most ecosystem models in the northern high
latitudes assume a fixed ratio between C and the limiting nutrient (usually N)
regardless of the productivity or nutrient supply (Tian et al., 2003; Walsh et al., 2005;
Wassmann et al., 2006). Our study corroborates on the recommendation by Sterner
et al. (2008), to apply a power function model instead of a linear relationship (i.e.
POC = 6.6 PON). The mixture of SMA slopes in this study (i.e. Fig. 7) suggests that
the exponent in the power function model (b in eq. 2) will be system-dependent.
Based on all observations the POC vs. PON relationship was best described by POC
= 7.4 PON®, where the ratio would be POC:PON = 7.4 PON®"". Thus, a 100-fold
increase in the concentration of PON (as was the approximate range in seston
concentrations) would give a relative C:N change of 100%" = 0.60, which is
equivalent to a 40% decrease in the C:N ratio from the lowest to highest PON
concentration in this study.

The extent to which deviations from fixed sestonic C:N ratios reflects physiological
status in the autotrophs (i.e. changed nutrient use efficiency) or variable proportions
of autotrophs, heterotrophs and detritus in seston, has implications for the
parameterization of this process in models. In the former case, C-uptake in
autotrophs based on fixed C:N is clearly an oversimplification, but in either case
variable elemental ratios will impact the C-transfer efficiency in the food webs,
because of the effect of food quality up the trophic ladder (Malzahn et al., 2010;
Sterner and Elser, 2002), and as such calls for closer attention.
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Tables

Table 1. Overview of research programs included in study.

Program Location N Reference

ALV Atlantic and Arctic Barents Sea 142 (Clli et al., 2002)

AOE Transect Barents Sea to North Pole 216 (Olli et al., 2007)

AOS Transect Chukchi Sea to North Pole 140 (Wheeler et al., 1997)

AWS Transect into Canadian Basin 16 (Trimble and Baskaran, 2005)
ESOP Norwegian and Greenland Seas 532 (Rey et al., 2000)

ISSS Eurasian Arctic shelves 233 (Sanchez-Garcia et al., 2011)
NEW Northeast Water Polynya 1302 (Daly etal., 1999)

NOwW North Water Polynya 569 (Tremblay et al., 2002)

SBI Chukchi and Beaufort Seas 237 (Bates et al., 2005)

Yenisei Kara Sea 9 (Hessen et al., 2010)
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Table 2. Overview of regions.

Acronym Region N
All All regions 3672
NOW North Water Polynya 1302
NEW Northeast Water Polynya 569
NS Norwegian Sea 157
GS Greenland Sea 294
BAt Atlantic Barents Sea 139
BAr Arctic Barents Sea 119
KS Kara Sea 31
LS Laptev Sea 77
ESS East Siberian Sea 118
CSsSs Chukchi Sea and slope 611
AO Arctic Ocean 255

Table 3. C:N ratio with 95% CI (calculated as anti-log of intercept in SMA regressions
in Fig. 6). For all regions, except the BAt and ESS, the C:N ratio is given for the
reference concentration of 1 pmol N L™ (due to the non-constant relationship
between POC and PON).

Cl25% C:N C1 97.5%

Redfield - 6.6 -

Sterner - 8.3 -

All obs 7.32 7.38 7.45
NOW 8.59 8.71 8.82
NEW 7.54 8.03 8.57
NS 6.94 6.99 7.04
GS 6.81 6.95 7.10
BAt 6.73 6.74 6.75
BAr 7.81 7.94 8.07
KS 7.00 7.46 7.89
LS 7.73 7.86 7.98
ESS 6.45 6.47 6.48
CSS 6.39 6.44 6.50
AO 6.43 6.59 6.77

17



Figures

Figure 1. Map of the Arctic Ocean with adjacent marginal shelf seas. The different research
programs are shown with colours and symbols (see Table 1), and the regions are encircled
and labelled with bold and underlined acronym (see Table 2).
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Figure 2. Panel of the distribution of observations with latitude, depth, month and year.
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Figure 3. Box-and-whisker plot showing the concentrations of POC and PON and the
C:N ratio for the different regions. The dashed and dotted red lines are the Redfield
(6.6) and Sterner (8.3) C:N ratios, respectively.
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Figure 4. Panel showing the monthly variation in the C:N ratio across regions, the

observations are colour coded according to year (see legend). Note the range on the

y-axis, which is varied to emphasize the monthly variation within the regions.
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Figure 5. Plot of log (C:N) against log (Chl a) concentration with a significant log-
transformed linear model (solid red line), 95% CI (dash-dotted red line) and

prediction intervals (dotted dark red line).
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Figure 6. SMA regression of log (POC) against log (PON) concentrations for all
observations combined and individually for the 11 regions, also shown is the Redfield

ratio (dashed black line), SMA slope (solid red line) and 95% CI

line).
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Figure 7. Slopes from SMA regression (Fig. 6) with 95% CI. All regions had slopes
significantly different from 1, except the Atlantic Barents (BAt) and East Siberian
Seas (ESS).
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