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Abstract. Seston is suspended particulate organic matterremineralization of nutrients, and the P content mainly gov-
comprising a mixture of autotrophic, heterotrophic and de-erned the difference between the sestonic fractions. Despite
trital material. Despite variable proportions of these com-the seasonal variability in seston composition and the gen-
ponents, marine seston often exhibits relatively small devia-erally low contribution of autotrophic biomass, the variation
tions from the Redfield ratio (C:N:2 106:16:1). Two time-  observed in the total seston ratios was low compared to the
series from the Norwegian shelf in Skagerrak are used tovariation found in dissolved and particulate pools. Sestonic
identify drivers of the seasonal variation in seston elemen-C:N:P ratios close to the Redfield ratios should not be used as
tal ratios. An ordination identified water mass characteris-an indicator of phytoplankton physiological state, but could
tics and bloom dynamics as the most important drivers forinstead reflect varying contributions of sestonic fractions that
determining C:N, while changes in nutrient concentrationssum up to an elemental ratio close to Redfield.

and biomass were most important for the C:P and N:P re-
lationships. There is no standardized method for determin-

ing the functional composition of seston and the fractions of1  |4troduction

POC, PON and PP associated with phytoplankton, therefore

any such information has to be obtained by indirect meansOne of the seminal discoveries in marine sciences was that
In this study, a generalized linear model was used to dif-of Redfield (1958) who showed that the relative propor-
ferentiate between the live autotrophic and non-autotrophiaions of carbon (C), nitrogen (N) and phosphorus (P) in sus-
sestonic fractions, and for both stations the non-autotrophigpended particulate organic matter (seston) in the offshore
fractions dominated with respective annual means of 76 anécean were nearly constant. This observation is usually re-
55 %. This regression model approach builds on assumptionferred to as the “Redfield ratio”; C:N:2106:16:1 (atomic
(e.g. constant POC:Clal+atio) and the robustness of the es- ratios). Seston plays two major roles in the flux of energy
timates were explored with a bootstrap analysis. In addi-and elements in marine systems. Firstly, it constitutes a
tion the autotrophic percentage calculated from the statisticatoute from CQ to organic components and subsequent ex-
model was compared with estimated phytoplankton carbonport of C to deeper layers (i.e. the “biological pump”), and
and the two independent estimates of autotrophic percentsecondly it forms the base of the marine food web. Many
age were comparable with similar seasonal cycles. The esstudies have examined the composition of marine seston
timated C:nutrient ratios of live autotrophs were, in general,(Copin-Montegut and Copin-Montegut, 1983; Li et al., 2000;
lower than Redfield, while the non-autotrophic C:nutrient ra- Schneider et al., 2003; Sterner et al., 2008), and the general
tios were higher than the live autotrophic ratios and above applicability of the Redfield ratio has been widely discussed
or close to, the Redfield ratio. This is due to preferential since its introduction. For example, recent analyses indicate
that seston is more C-rich than the original Redfield ratio
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The Redfield ratio has been considered the “optimum com+to assess the share of phytoplankton to total seston mass,
position for phytoplankton biochemistry, independent of thewe identified processes responsible for the observed seasonal
composition of growth medium” (Lenton and Watson, 2000). variability in seston elemental ratios. This study is of im-
However, laboratory culture experiments have shown that nuportance not only for resolving the biogeochemical fluxes of
trient limitation can change elemental ratios by 2-10 fold, key elements in marine systems, but also for understanding
which questions the notion that the Redfield ratio has anythe natural variability in seston and improving the empiri-
physiological or biochemical basis, or that the proportionscal basis for modeling variable stoichiometry. In addition
of elements that primary producers require is fixed (Geiderthis study provides new understanding of the food quality of
and La Roche, 2002). On the other hand, stoichiometric resestonic food sources for pelagic consumers (cf. Sterner and
sponses to extreme experimental conditions may not be relElser, 2002).
evant to mixed communities in natural systems where also
other sestonic fractions are included in the response (i.e. dif-
ferent species of autotrophs and heterotrophs in various lif2 Material and methods
stages and detrital particles of mixed origin). Hence to un-
derstand the complex dynamics of variable stoichiometry in2.1 Time-series stations
seston extensive observational dataset are needed. In addi-
tion a more fundamental development of the Redfield ratioThe Skagerrak is situated in the North-East Atlantic Ocean,
is required to incorporate the variability of seston elementalbetween Denmark, Sweden and Norway. It connects the
ratios with time, region, scale and environmental variablesNorth and Baltic Seas, and has one of the most densely
(Michaels et al., 2001; Klausmeier et al., 2008; Sterner et al.populated catchment areas in the world. It is influenced by
2008). freshwater discharges from local rivers and outflow from the

The understanding of drivers of seston elemental ratios iBaltic Sea. The circulation of the surface water is on average
improving, for example on season and nutrient availability cyclonic, and consists of the Jutland Current along the west
(Kortzinger et al., 2001; Koeve, 2004; Bates et al., 2005),coast of Denmark, which mixes with the Baltic Current, river
depth (Schneider et al.,, 2003; Omta et al., 2006),, CO run-off and more saline Atlantic Water from the west to cre-
(Riebesell et al., 2007; Bellerby et al., 2008), light inten- ate the Norwegian Coastal Current (Svansson, 1975).
sity and spectral composition (Hessen, 2008) and productiv- In 1990 the Norwegian Climate and Pollution Agency es-
ity or seston mass (Sterner et al., 2008). Recently it has beetablished the long-term data series at stations Jomfruland
shown that “circulation averaging”, i.e. mixing water masses(58°51' N 09°40 E) and Arendal St. 2 (523 N 08°49 E)
with contrasting N:P ratios, can help to explain the uniform as part of the Norwegian Coastal Monitoring Programme
Redfield ratios often observed in the open ocean (Weber an¢stations shown in Fig. 1). The Jomfruland station is lo-
Deutsch, 2010). cated 2 nautical miles off the coast with a depth of 125m,

It has been shown that including variable stoichiometrywhile Arendal St. 2 is located 1 nautical mile off the coast
in ocean biogeochemistry models better represent importardind is 75 m deep. Both stations are sampled approximately
processes, especially those related to vertical and season2d times per year.

C cycling, than using a fixed C:N:P proportionality (Klaus-

meier et al., 2004; Christian, 2005). Flynn et al. (2010) em-2.2 Data

phasize that the importance of nutrient limitation on changes

in phytoplankton stoichiometry cannot be described by tra-The variables from the Norwegian Coastal Monitoring Pro-
ditional models with fixed proportionality, and that this con- gramme included in the present study were: temperature,
straint has implications for modelling not only the non- salinity, chlorophylla (Chl-a), Dissolved Inorganic Nitro-
limiting nutrients, but also for understanding predator-preygen (DIN), Dissolved Inorganic Phosphorus (DIP), dissolved
interactions and nutrient recycling. The call to introduce andsilicate (SiGQ), Total Nitrogen (TotN) and Total Phosphorus
improve parameterizations of variable stoichiometry in mod- (TotP), POC, PON and PP. The water samples for POC, PON
els has emphasized the need to enhance our understandinganfid PP were pre-screened with a cloth of pore size 180 um
the processes driving the natural variability in seston elemenbefore filtration. To ensure the consistency of measure-
tal ratios. ments and comparability between stations IMR and NIVA

In this study we used data from two time-series stations aparticipate twice a year in the quality assurance programme
Arendal and Jomfruland off the Norwegian coast of Skager-QUASIMEME (http://www.quasimeme.orj/in addition to
rak to address these challenges. These stations offer a uniquegular inter-calibrations between the two institutions. How-
long-term data-set, documenting vertical profiles of physi-ever, there is a systematic difference in POC and PON be-
cal, chemical and biological variables, in addition to mea-tween Jomfruland (analysis by NIVA) and Arendal (anal-
surements of Particulate Organic Carbon (POC), Particulatgsis by IMR) in the Norwegian Coastal Monitoring Pro-
Organic Nitrogen (PON) and Particulate Phosphorus (PP)gramme. The measurements reported by NIVA (including
Using an ordination of defined drivers and a statistical modeldata presented in this work) are thus corrected according to
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product-moment correlation coefficients with the PCA axes.
The seasonal patterns of the two first PCA axes are shown in
Fig. 6.

A Generalized Linear Model (GLM) from the Gamma
family with an identity link function of POC, PON and PP
Sweden to Chl-« was used to investigate the composition of seston
(Fig. 7). The dependent variable (POC) is then condition-
ally Gamma distributed with a constant coefficient of vari-
ation and with an expectation that depends linearly on the
independent variable (Clafy. The CI's of the regression
lines in Figs. 7 and 8 were calculated frah? Standard Er-
ror (SE). A comparison of the amount of total deviance ex-
plained ?) by the more traditional linear model of the log
transformed POC, PON and PP on Ghénd by the GLM
with Gamma distribution and identity link is shown in Ta-
R ble 3. The pseud®? for the GLM was calculated following
& 2 100km iﬂj Cameron and Windmeijer (1997).

/i o To validate the GLM we compared estimates from the sta-
tistical model with estimates of phytoplankton C from the
Arendal station (Fig. 8). The 20 yr of observations were col-
Longitude lapsed to a monthly scale, and the live-autotrophic percent-
age (converted from non-autotrophic percentage in Fig. 9)
was plotted together with the percentage of phytoplankton
C of seston POC concentrations. The phytoplankton C es-
timates were performed on samples from 5m, and carried

the inter-calibration results. An overview of analytical pro- 0ut in accordance with Norwegian Standard 9429, using a
tocols used for the measured variables is given in Table 1. Utermdhl sedimentation chamber and counting by use of an

Observations from the upper mixed layerdQ m; includ- inverted microscope. Based on the phytoplankton quantifi-
ing sampling depths at 0, 5 and 10 m for both stations) werecations, calculations of biovolume were carried out for each
analysed in this study. The numbers of observations werd@xon using the best fitting geometric shape and matching
1017 for POC and PON and 1009 for PP for Jomfruland€duation. Phytoplankton C calculations were based on the
and 1159 for all variables for Arendal. Nutrients, Gh&nd calculated bio-volume, in accordance to Menden-Deuer and
seston concentrations and ratios were plotted with box-andL-€ssard (2000).

whisker plots (cf. Emerson and Strenio, 2000) in Figs. 2to 4. The non-autotrophic percentage of total seston (Fig. 9)
was calculated from the intercept of the regression line of

POC on Chle (from Fig. 7), divided by the mean POC con-
2.3 Statistics centration for all years. For the seasonal percentages the in-

tercept of the regression line for the season was divided by
All statistical analyses (including model fitting) and plotting the mean POC concentration of the corresponding season.
in this work was done with the statistical software R (R De- The division into seasons was as follows: winter (December,
velopment Core Team, 2011). The C:N:P ratios (Fig. 4) wereJanuary and February), spring (March, April and May), sum-
tested for significant deviations from the Redfield ratios by mer (June, July and August) and autumn (September, Octo-
fitting a null model for the ratio (giving the overall mean), ber and November). The ratios of C:N, C:P and N:P of the
and investigating whether or not the Redfield ratio was in-seston fractions (Figs. 10 and 11) was calculated as the ra-
cluded in the Confidence Intervals (Cl). A Principal Compo- tio between slopes for the live autotrophic and ratio between
nent Analysis (PCA) with centred and unit variance scaledintercepts for the non-autotrophic component of the regres-
variables was performed on a selection of potential seasonadion of the relevant particulate organic element on £g-g.
drivers for seston stoichiometry: temperature, salinity, &hl-  intercept POC/intercept PON for non-autotrophic C:N from
DIN, DIP, TotN, TotP, and Si@ The PCA was performed on Fig. 7). The SE of the ratios in Figs. 9 to 11 was calculated
combined data from both stations to increase the robustnesassing first order variance propagation, with the simplified as-
of the analysis. The relationships between the two first PCAsumption that numerators and denominators are independent.
axes (PC1 and PC2) of the drivers and the elemental ratio¥he R package Ggplot2 was used to produce Figs. 9 to 11
(C:N, C:P and N:P) was visualized in a biplot (Fig. 5). The (Wickham, 2009).
driver vectors are determined by their loadings on the PCA We explored the robustness of our estimates by a boot-
axes, while elemental ratio vectors are positioned by theirstrap analysis where the original data set was resampled
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Fig. 1. Map of the Skagerrak with black dots showing monitoring
stations Arendal and Jomfruland.
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Table 1. Overview of analytical protocols for Arendal and Jomfruland stations.

Arendal Jomfruland
Instrument Reference Instrument Reference
Salinity and Neil Brun SEACAT CTD
Temperature CTD (Mark 111) (SEABIRD)
POC and PON Carlo Erba Elemental AnalyzeEhrhardt (1983) Carlo Erba Elemental AnalyzeEhrhardt (1983)
(M. 1106) (M. 1106)
PP Autoanalyzer (ALPKEM O. . Valderrama (1981), Perkin-Elmer Optima 4300 DV ISO 11885
analytical autoanalyzer) Hansen and ICP-AES
Koroleff (1999)
Chl-a Turner Design Fluorometer Holm-Hansen et Spectrophotometric  detection NS 4767
(M. 10). Calibrated by al. (1965) on Perkin-Elmer Lambda 40P
Spectrophotometer (Shimadzu UV Jeffrey and UV/VIS.
1201) Humphrey (1975)
NO, and NG3_  Autoanalyzer (ALPKEM O. I. Benschneider and Skalar San Plus Autoanalyzer NS 4745
analytical autoanalyzer) Robinson (1952)
PO}[ Autoanalyzer (ALPKEM O. I. Grasshoff (1965) Skalar San Plus Autoanalyzer NS 4724
analytical autoanalyzer)
TotNand TotP  Autoanalyzer (ALPKEM O. I. Koroleff (1983) Skalar San Plus Autoanalyzer NS 4743

analytical autoanalyzer)

with replacement 10 000 times, and fitted linear-link gammashowed strong seasonal cycles at both stations with peak val-
GLMs to particulate C, N, and P as function of chlorophyll ues in late winter close to 10, 0.6 and 10 pmdlfor DIN,

for each resampled subset. The intercepts and slopes d@IP and SiQ, respectively (Fig. 2). All elements decreased
the 3 GLMs from each resample were then used to comimarkedly during spring and summer, with the lowest concen-
pute corresponding estimates for C:P, C:N, and N:P of non4rations usually detected for DIP (notice the relatively high
autotrophs and autotrophs, respectively. The resulting booteetection limit for DIP at the Jomfruland station). The spring
strap distributions of elemental ratios were visualized as kerblooms at both stations showed large inter-annual variability
nel density estimates of their probability densities (Fig. 12),but generally peaked in March, and in some years an autumn
and compared for overlap between each other and with théloom could be identified (Fig. 2).

Redfield ratios. Concentrations of POC, PON and PP increased by a fac-
tor of 2—3 from winter to summer (Fig. 3) with this increase
being most pronounced for the Arendal station. This sta-
tion displayed winter values below 10, 1 and 0.1 pmbldf
POC, PON and PP, respectively, which more than doubled
during the peak period. For Jomfruland a corresponding sea-
sonal cycle was found for PP, but not for POC and PON.
The Arendal and Jomfruland stations are located in the NorH€re the background levels of POC and PON appear to be
wegian Coastal Current, about 80 km apart (cf. Fig. 1). Inhigher than at Arendal, such that_concentratlons remain high
both stations there was a pronounced freshening in earljroughout the year except for slightly decreased concentra-
spring and summer, with minimum salinity of 23 and 25, re- ions in November and December.

spectively, in late May and a steady increase during summer While the fluctuations in dissolved nutrients covered an
to the winter values of around 30 and 35, respectively, in De-order of magnitude and the particulate fractions also showed
cember for Jomfruland and Arendal (data not shown). Themore than a two-fold variability, covariation between POC,
brackish water mass in spring was caused mainly by freshwaPON and PP yielded relatively stable seston elemental ratios
ter input from local rivers with a larger relative influence at (Fig. 4). The C:N ratio at the Arendal station was lower in
the Jomfruland station, and was usually constrained to the togpring and in late fall compared with winter and summer. It
10 m. The dominant water mass in the upper mixed layer thevas significantly higher than the Redfield ratio of 6.6 (Ta-
rest of the year was Skagerrak coastal water, which is mainhple 2) and had an annual median of 7.8. The N:P and C:P
a mixture between waters from the North and Baltic Seasyratios showed less seasonal variation, however the C:P was
surface water from Kattegat and local river water (Norder-also significantly higher that the Redfield ratio. The C:N ra-
haug et al., 2009). The concentrations of inorganic nutrientgio at the Jomfruland station showed less seasonal variation

3 Results

3.1 Seasonal variations in dissolved nutrients and
seston concentrations

Biogeosciences, 8, 2917933 2011 www.biogeosciences.net/8/2917/2011/
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Fig. 2. Box-and-whisker plots showing the seasonal concentrations of DIN, DIB, &i® Chla at Arendal and Jomfruland. The nutrient
concentrations are in pmott and Chlea in pg 1. The y-axes are log-scaled, and the detection limits for the nutrients are indicated with
red horizontal lines.

than at the Arendal station and was closer to the Redfieldlhe figure shows that increased C:P and N:P ratios were re-
ratio (annual median 6.7), however it was also significantlylated to higher nutrient concentrations (especially TotN, DIN
higher than the Redfield ratio. The N:P and C:P ratios atand SiQ) and lower temperatures. The C:N ratios were ori-
Jomfruland were significantly higher than the Redfield ratio ented along PC2, with higher C:N ratios at higher salinities

and were especially high during winter months. and lower Chla and TotN concentrations. There was a clus-
tering of the seasons along PC1, and the strong seasonal com-
3.2 Ordination of seasonal drivers ponent in this axis was illustrated by plotting the PCs against

month (Fig. 6).
The first two axes in the PCA ordination of seasonal drivers
(Fig. 5) accounted for 69 % of the total variation. The scores3.3 Composition of seston
for the two stations overlapped, indicating that they were
both reflecting the same environmental gradients. 4;hl- The regressions of POC, PON and PP with @fls the in-
TotN, and salinity were oriented along PC2, while temper-dependent variable are shown in Fig. 7. The estimated per-
ature and the nutrient concentrations were along PC1. Theentage of phytoplankton C was compared to the percent-
vectors for C:P and N:P were identical and both PC axes werage of live autotrophs from the statistical model (Fig. 8).
equally important in describing the variation in these ratios. The two independent estimates of autotrophic contribution to

www.biogeosciences.net/8/2917/2011/ Biogeosciences, 8, 29332011
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Fig. 3. Box-and-whisker plots showing the seasonal concentrations of POC, PON and PP at Arendal and Jomfruland. All concentrations are
in umol I-1.

total seston ranged between 10 and 50 % and showed overahe elemental ratios were, in general, lower in the live au-
good correspondence and similar seasonal signals, with monetrophic (Fig. 10) than in the non-autotrophic (Fig. 11) frac-

autotrophs in summer than in winter. The statistical modeltion of seston. For the Arendal station the C:N and C:P ra-
predicts a low autotrophic percentage in June, in contrast tdios of live autotrophs were higher in summer and autumn
the estimated phytoplankton C. It also appears that the stacsompared to winter and spring, while the elemental ratios
tistical model underestimates the percentage of autotrophs im the non-autotrophic fraction did not show large seasonal
late winter and spring, while it overestimates the autotrophicvariations. At the Jomfruland station, the C:N ratios were
percentage in late fall. The estimated annual mean fractiorsimilar between the live autotrophic (Fig. 10) and the non-
of seston POC not associated with Gh{Fig. 9), i.e. the  autotrophic (Fig. 11) fractions. However, the C:P and N:P
non-autotrophic fraction, was 76 % and 55 % for the Jomfru-ratios were almost a factor of 3 higher in non-autotrophs.
land and Arendal stations, respectively. When looking at theThe difference in elemental ratios between the two fractions
seasonal pools of non-autotrophic seston the Arendal statiois manly governed by the P content, which is illustrated by
appeared to have a seasonal cycle with the highest fractiothe high N:P and C:P ratios of the non-autotrophic frac-
in winter and lowest in autumn. While at the Jomfruland sta-tions in Fig. 12. For both stations the live autotrophic N:P

tion the fraction of non-autotrophic seston was also highestirand C:P ratios were significantly lower than Redfield, while

winter, but stayed high throughout the year. For both stationghe non-autotrophic ratios were significantly higher for both

Biogeosciences, 8, 2917933 2011 www.biogeosciences.net/8/2917/2011/
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Fig. 4. Box-and-whisker plots showing the seasonal ratios of C:N, N:P and C:P (atomic ratios) for Arendal and Jomfruland. Dashed red lines
show Redfield ratios and the y-axes are log-scaled.

Table 2. Confidence Intervals (CI) of null model (overall mean) 4 Discussion

of C:N, C:P and N:P. The C:N:P ratio is deemed as significantly
different from the Redfield ratio if the respective Redfield ratio is
not included in the CI.

4.1 Environmental factors controlling seston
stoichiometry

Arendal Jomfruland Seasonal variations in seston elemental ratios are driven by
) processes such as nutrient depletiobrfiinger et al., 2001;
Redfield 25% 97.5% 25% 97.5% N ;
' i i > ° Koeve, 2004; Bates et al., 2005), changes in light and mixed
CIN 6.6 7.4 7.7 6.9 7.2 layer depth (Huisman et al., 1999; Omta et al., 2006), phyto-
C:p 106 1136 119.2 1391 1471 plankton species composition (Quigg et al., 2003) and vari-
N:P 16 15.7 16.5 20.7 221

able contributions of autotrophs, heterotrophs and detritus
(Hessen et al., 2003). In the ordination of seasonal drivers
(temperature, salinity, Chi-and nutrient concentrations) the
stations. The C:N ratios at the two stations were not signifi-two monitored stations displayed a rather consistent pattern
cantly different between the two fractions, and only the non-with regard to seston stoichiometry. The PC1 axis captured
autotrophic C:N ratio at the Arendal station was significantly most of the seasonal variation, representing changes in tem-
higher than Redfield. perature and inorganic nutrients (and probably light intensity,
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e that the timing of the spring bloom and the level of productiv-

|5 Summer ; ity are important drivers. Tot N and salinity pointed in oppo-
awier | site directions, indicating that N to a large degree comes from
BRI riverine inputs, probably in the form of DON, which is not

directly bioavailable. The orientation of C:N along the PC2
axis showed that the water mass characteristics and bloom
dynamics were the most important drivers affecting this rela-
tionship. The C:N ratio increased with salinities, indicating
higher C:N in summer, when there is a stronger Atlantic in-
fluence. There was a negative correlation with @¢hbnd

s periods with high Chk, such as the spring and fall bloom,
were related to slightly lower C:N ratios.

The overlap of the vectors for C:P and N:P indicated that
these ratios were driven by the same processes through the
production and degradation of PP. The orientation showed an
equal contribution of both PC axes with strongest correlation
to the nutrient concentrations and GhlTherefore the natu-
ral variation in the C:P and N:P ratios were mainly driven by
’ ‘ ‘ ‘ ‘ changes in nutrient concentrations and biomass, with higher
) ratios at lower temperatures and salinities and high TotN con-
centration. These conditions are characteristics for the win-
ter period, and reflects the increased C:N and C:P in winter

Fig. 5. Biplot of PC1 vs. PC2 of seasonal drivers for Arendal (light . Jomfruland. which al ts the | t dients i
grey) and Jomfruland (grey). Arrows show the loadings of the sea- " Jormiruiand, which also represents the largest gradients in

sonal drivers (italics) and the correlation between elemental ratioghese ratios (cf. Fig. 4).
and the PC axis (bold). See methods for detailed explanation.

PC2

PC1

4.2 Seasonal variation in seston concentrations and
ratios
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@mo O

There were year-round high levels of POC and PON at the
Jomfruland station, which has been attributed to advected or-
° ganic material and local supply from the nearby Frierfjord
e (Norderhaug et al., 2009). Even though the POC concentra-
tion was high, the annual median C:N at this station was 6.7,
because PON was tightly coupled to POC. The low &hl-
S . concentration, high POC:Clhl+atio (data not shown) and a
correspondingly high percentage of non-autotrophic material
g i (76 %, Fig. 9) gave the somewhat counterintuitive situation
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that the C:N relationship was close to Redfield year-round
(cf. Fig. 4), even though only a minor fraction of the particu-
late matter was phytoplankton. Both C:P and N:P showed an
increase in winter at Jomfruland, because the PP concentra-
tion decreased markedly from November to February.
The annual median C:N at the Arendal station was 7.8,
2 4 6 8 10 12 even though it had the highest calculated live autotrophic
Month Month contribution (45 %, Fig. 9) of the two stations. There was
a trend in C:N over season (cf. Fig. 4), with lower C:N in
Fig. 6. Plot of PC1 (left) and PC2 (right) vs. month of the year. spring relative to later in the productive season and winter.
Kortzinger et al. (2001) showed that the C:N ratios of ses-
ton increased from around 5 in an early-bloom to around 7
yet PAR was not included), which could be seen in the pre-in a post-bloom situation in the northeast Atlantic Ocean.
dictable monthly pattern of this axis in Fig. 6. The PC2 axis This seasonal uncoupling of the C:N ratio has been termed
was more related to inter-annually varying phenomena, andcarbon overconsumption” (Toggweiler, 1993) and has also
salinity indicates that watermass characteristics, the input obeen demonstrated in the nutrient depleted summer waters of
freshwater and stratification were the dominant driving pro-the Norwegian shelf (Falck and Anderson, 2005). This pro-
cesses. In addition Cla{fell along this axis, which indicates cess could be observed in the seston C:N in Arendal which
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Fig. 7. Panel with POC, PON and PP vs. Ghfer Arendal and Jomfruland with regression line (GLM with Gamma distribution and identity
link) and upper and lower 95 % ClI. Intercept and slope of the regression lines are shown in the right corner. The seston concentrations are in
pmol =1 and Chle in pg 1. Please note that the x and y-axes are log-scaled (not the data).

increased from a median of 6.6 in March to 7.6 in August. their C:P and N:P (less for C:N) ratios depending on growth
The overall small seasonal deviations from the Redfield ratioconditions (cf. Geider and La Roche, 2002; Sterner and Elser,
commonly encountered in marine seston could be interprete@002). Hence we suggest that the stability in the elemental
as if the planktonic autotrophs grow under a “balanced” sup-atios in mixed communities may not necessarily reflect bal-
ply of nutrients, and deviations from Redfield ratio has com-anced growth. Rather, we propose that this stability reflect
monly been used as an indicator of nutrient limitation (Gold- variable proportions of sestonic fractions over the season.
man et al., 1979). However, the seasonal drawdown of in-
organic nutrients in this study (and numerous others) un4.3 Statistical disentangling of seston composition
der (nearly) stable seston stoichiometry does not support this
view (cf. Fig. 2). On the contrary, Ptacnik et al. (2010) found There is no standardized method for determining the func-
seston N:P to be the poorest, among a suite of indicators, ttional composition of seston and the fractions of POC, PON
predict nutrient limitation, which at least in part is explained and PP associated with phytoplankton, therefore any such
by the mixed nature of seston composition. Phytoplanktoninformation has to be obtained by indirect means. Using
does not obey homeostatic rules in their elemental housea regression model of POC on Chlto separate the au-
hold, but rather show, at least in cultures, strong variability intotrophic and non-autotrophic fractions of seston has been
applied in several studies (Steele and Baird, 1961, 1965; Tett
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Fig. 8. Upper panel shows the seasonal concentrations of POC and phytoplankton C infimdiile the lower panel shows the independent
estimates of autotrophic percentage from phytoplankton C and the regression model.

et al.,, 1975; Eppley et al., 1992), to derive the phytoplank-is important to note that the use of this term does not imply
ton biomass and growth rate, and estimate the proportion ofhat the material cannot have an autotrophic origin, since it
non-algal matter. The accuracy of this kind of regression-will include recently dead phytoplankton (where Ghhas
based estimates has been disputed, however, since the selecomposed), bacteria and other small heterotrophs, as well
tonic fractions (detritus, zooplankton and phytoplankton) doas detritus of both allochthonous and autochthonous origin.
not vary independently of one another (Banse, 1974, 1977The slope of the regression line was interpreted as the ses-
Pissierssens et al., 1985). Previous studies has, howeveagn POC, PON or PP to Chi-ratio of the live autotrophic
shown a good fit of the regression model compared to othecomponent (for more explanation of calculations underlying
estimates (e.g. Eppley et al., 1992). Seston data are often heffigs. 9 to 11, see Sect. 2.3). The term live autotrophic was
eroscedastic, and the standard remedy is to log-transform thesed to emphasize that only material containing &l
samples, however this procedure changes the interpretatiole included in this fraction, while it will not include recently

of the regression coefficients. In this study we therefore usalead organisms where the Ghhas degraded to phaeopig-

a Generalized Linear Model (GLM) from the Gamma fam- ment. An similar approach for separating sestonic fractions
ily with an identity link function. The GLM regression line with a GLM has previously been applied to lakes (Hessen et
of the seston concentration on Gh{Fig. 7) was interpreted al., 2003), and in this study we test the applicability for ma-
such that the intercept on the y-axis (e.g. POC when [Chl-rine waters (Fig. 8). The obvious limitation of the regression
a] = 0) was the non-autotrophic component of the seston. Itmodel is the variability of the POC:Clal-ratio with light,
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Arendal Jomfruland

Table 3. Comparison of pseud®? for GLM and R? for log-linear
regression models of POC, PON and PP on &£fde methods for
description of calculations).

Arendal Jomfruland

Glm Lm (log) Glm Lm (log)

POC 0.37 0.39 0.22 0.23
PON 0.38 0.40 0.15 0.18
B Al Mean PP 057 0.59 0.50 0.54

Percentage of Non-Autotrophs
N
]

and biovolume conversions) taken for the Arendal stations
over the 20-yr period. The two independent estimates of au-
totrophic percentage of total seston display reasonable corre-
spondence (Fig. 8), and there is a seasonal cycle with highest
percentage in the productive season (especially during the
spring and fall blooms) and less in the winter months. How-
ever the regression model predicted a lower autotrophic per-
centage in June relative to the estimate of phytoplankton C
Fig. 9. Calculated non-autotrophic percentage of total seston frombased on cell counting. This was caused by a high POC:Chl-
regression model for Arendal and Jomfruland, with annual meana intercept in the regression, which could be related to the
percentage and error bars showing the SE. post-bloom build-up of zooplankton biomass (which will be
included in the non-autotrophic fraction) frequently recorded
in June for this station (Norderhaug et al., 2009). The dis-
and therefore also depth, and between species and growitepancies between the two estimates could therefore result
strategy (i.e. autotrophic vs. mixotrophic). As mentioned, from the failure of the statistical model to efficiently capture
this method assumes that phytoplankton C does not covarye reversal of growth trends of the sestonic fractions, for ex-
with detrital or zooplankton C (e.g. Banse, 1977). We haVeampIe at the decline of a bloom when the phytoplankton C
divided the data into seasons to limit the errors introducedstarts decreasing while the zooplankton and detrital C con-
by these correlations, however this assumption is admittedl¥jnes to increase (cf. “third error source” in Banse, 1977).
disputable. Fitting the regression models for each season alrpe GLM had comparabl&? to the traditional method us-
lows the POM:Chl ratios to vary, and there is indeed dif- jng a log-linear model (Table 3), but with the added benefit

ferent slopes and intercepts for POM vs. @hihroughout  that the parameter estimates (intercept and slope) are biolog-
the year, which is illustrated in the different estimates for jcqjly meaningful quantities.

different seasons in Figs. 9—11. Therefore this procedure is
also a test of the ability of the regression model to reproduce4.4  Seston composition and contribution from live
the trends that we expect in autotrophic percentage and el-  autotrophs
emental ratios of sestonic fractions. An expectation would
be that the share of phytoplankton in seston is higher duringAt both stations the annual mean phytoplankton percentage
the productive season, and lower in winter when the non-of total seston was less than 50 % (Fig. 9). The fraction of
autotrophic fraction is higher. This is what we estimate with live autotrophs ranged from around 20 to 60 % for Arendal,
the regression model in Fig. 9 for Arendal, while for Jom- while only from 10 to 30 % for the Jomfruland station. A
fruland there is no seasonal signal in autotrophic percentagesurvey of lake data suggested that autotrophs indeed are mi-
which is attributed to an allochthonous source of suspendeeor components of seston, rarely accounting for more that
matter (as also discussed elsewhere). In general for the live5 % of seston C, but in spite of this no strong deviations
autotrophs (Fig. 10) we see that the C:nutrient increases overom Redfield was detected (Hessen et al., 2003). Marine
the productive period, as has been shown in the literature duenvironments are commonly expected to have a smaller con-
to “carbon overconsumption”. In addition we see in Fig. 11 tribution of non-autotrophic seston, partly due to less impact
that the C:nutrient is higher in the non-autotrophic fraction from allochthonous inputs, yet there are a range of studies
than the live autotrophic fraction, as would be expected frombased on different methods that suggest a major contribution
preferential remineralization. on non-autotrophic seston. E.g. the autotrophic percentage of
Given the assumptions inherent in the method, we comseston ranged between 20-95 % for studies based on the re-
pared the estimates of autotrophic percentage from the modgression model approach (Wienke and Cloern, 1987; Eppley
with data of phytoplankton carbon (from microscopic countset al., 1992), 20-60 % for studies based on phytoplankton
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Winter Spring Summer  Fall Winter  Spring  Summer  Fall
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Fig. 10. Calculated C:N, C:P and N:P of live autotrophs for Arendal and Jomfruland from regression model, with lines showing annual mean
ratio and the Redfield ratios. Error bars show the SE.

microscopy (DuRand et al., 2001; Gundersen et al., 2001However, recent studies have shown that freshwater bacte-
and 19-21 % for satellite derived estimations (Oubelkheir etria might be more stoichiometrically flexible than previously
al., 2005), covering a wide range of ocean regions and proassumed, and might have a nutrient composition similar to

ductivity levels. seston as a whole (Cotner et al., 2010). On the other hand,
a high share of detritus would give increased C:P and N:P

45 Elemental ratios of live autotrophic and ratios, since detrital particles generally are deprived of nu-
non-autotrophic fractions trients (Sterner and Elser, 2002; Hessen et al., 2003). Many

studies have shown a preferential remineralization of nutri-
ents (especially P) over carbon (Menzel and Ryther, 1964; Li

Seston is a heterogeneous mix of particulate matter, and in- ) i
cludes a range of autotrophic and heterotrophic species plus ¢ ?I" 2000; Osterroht_ and ThOm?‘S’ 200.0’ 'I_'homas, 2902)’
which would lead to higher C:nutrient ratios in the detritus

detrital component of mixed origin, which may vary substan- . . . .
P g yvary (and thereby the non-autotrophic fraction) than in the live

tially in their elemental compositions. For example, there is totrophic fracti Th thod lied i tudv al
a higher cell-specific content of P (and to some extent N) induto ;op 'Ct_ ra(i lon. ¢ el mi ﬂ? fapri_le '? Olf[rts u hy a]:
heterotrophic bacteria (cf. Vadstein, 2000) and zooplanktodOWS or estimates not only ot the fraction ot autotrophs o
(Andersen and Hessen, 1991: Sterner and Elser, 2002) co otal seston mass as discussed above, but also of elemen-
pared with autotrophs. A high fraction of these heterotrophictal ratios in the autotroph and non-autotroph fractions. For

components may thus yield decreased C:P or C:N ratiost_hese estimates we do not have observational data in order
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Fig. 11. Calculated C:N, C:P and N:P of non-autotrophic fraction for Arendal and Jomfruland from regression model, with lines showing
annual mean ratio and the Redfield ratios. Error bars show the SE.

to validate the results of the regression model. The result®f the “stoichiometric footprint” of the phytoplankton may
from Fig. 8, and the fact that the elemental ratios shown inbe retained (for some time) and thus influence the elemen-
Figs. 10 and 11 reproduce the expected signals, gives cortal composition of seston as a whole. The higher C:P and
fidence that the overall trends in these estimates are correch:P of the non-autotrophic compared to the live autotrophic
However, these figures should nevertheless be judged witfraction at Jomfruland suggests that detritus is a substantial
some caution and probably reflect general trends more thanomponent in this pool, because of the abovementioned high
accurate numbers in the elemental ratios of the sestonic fradnfluence from local river run-off for this station.

tions for the two stations. The estimated C:nutrient ratios of

live autotrophs were in general lower than Redfield, while 4 6 |mplications of seston composition for food quality

the non-autotrophic C:nutrient ratios were higher than the
live autotrophic ratios and above or close to the Redfield ra-,
tio. For the Arendal station the increase in C:nutrient ratiosand it i well known that it is not only the quantity (in terms

from the live autotrophic to non-autotrophic fraction was Iessmc C), but also the quality (measured as the ratio of C to nutri-

pronounced. This station had a higher percentage of live AUz to) that is important for belaaic arazers. since th v of
totrophs, which could result in the “reversed causality” be- ¢ ts) that is important for pelagic grazers, since the supply o

. N and P through the food can be less than the heterotrophic
tween seston and phytoplankton biomass found by Hessen %Iemand for grgwth (Hessen, 2008). While N may be the IiFr)n-

al. (2003)' In this case the Iivin_g phytoplankton cells were iting element for egg-production in copepods (cf. Kiorboe,
an important source of the detritus, and consequently Som‘igsg; Anderson and Hessen, 1995), P could also constitute

Particulate organic matter is the base of the pelagic food web,
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Fig. 12. Probability densities of C:N, C:P and N:P for the live autotrophic and non-autotrophic fractions calculated with the regression model,
for information on bootstrapping procedures see Sect. 2.3. The stippled vertical lines indicate the Redfield ratios.

a stoichiometric bottleneck at the nauplius stage due to theibrganisms, may have contrasting C:nutrients ratios. Often
high P-demands for ribosomal RNA during periods of peakphytoplankton are modeled as an organic pool of N or P
growth. Generally, N and P are important for consumers in(cf. Weber and Deutsch, 2010), which is interpreted as con-
active growth, while they are considered less important insisting solely of phytoplankton. While this approach might
maintenance metabolism (Hessen, 2008). Hence knowledgee a sufficient approximation for highly productive areas of
about the seston composition is imperative to assess the fluthe open ocean it may reveal important stoichiometric pro-
of energy and matter from seston to higher trophic levels. cesses in phytoplankton and other sestonic fractions in the
coastal ocean. The relatively stable seasonal patterns in ses-
4.7 Variable sestonic composition may stabilize ton elemental ratios observed in this study do not contra-
elemental ratios dict variable stoichiometry in phytoplankton, precisely be-
cause phytoplankton responses can be masked by other ses-
An established notion in the field of ecological stoichiome- tonic fractions. We suggest that both elemental ratios close
try is that suspended particulate matter is a reliable indicato Redfield, as well as departures from Redfield, in many
tor of the composition of bulk autotroph biomass (Sternercases should not be accredited a balance between nutrient
and Elser, 2002). However, phytoplankton frequently con-supply and demand in autotrophs, but rather an effect of a

stitute a modest share of seston mass as a whole, and thglance between sestonic fractions. The sestonic fractions
other major contributors to seston, detritus and heterotrophic
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have different stoichiometric composition, and the seston ra+espect it is important to recognize that the response of seston
tios as expressed in Fig. 4, was a result of the relative conelemental ratios to parameters such as solar radiation, CO
tributions of these fractions with contrasting C:nutrient rela- and nutrient concentrations will depend upon seston compo-
tionships. For example, an increased share of heterotrophsition. Hence, to interpret the stoichiometric signal of seston
(with low C:P) could “compensate” for a high share of detri- to various ambient parameters, it is imperative to gain infor-
tus (high C:P) in a post-bloom situation. Resulting in what mation on its composition and to realize that stable elemental
could be described as “the right answer but for wrong rea-atios close to Redfield may not necessarily be indicative of
sons”. This idea of balancing sestonic fractions giving an“balanced growth” or a high contribution from phytoplank-
apparently Redfieldian stability has parallels to Klausmeierton.

et al. (2004), where it was shown that the Redfield N:P ratio
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