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Abstract. The Arctic Ocean (AO) undergoes profound rial production). The model also suggested that variable car-
changes of its physical and biotic environments due to cli-bon to chlorophyll ratios were required to simulate the ob-
mate change. In some areas of the Beaufort Sea, the strongserved herbivorous versus microbial food web competition
haline stratification observed in summer alters the planktorand realistic nitrogen fluxes in the Beaufort Sea oligotrophic
ecosystem structure, functioning and productivity, promot-waters. In face of accelerating Arctic warming, more atten-
ing oligotrophy. A one-dimension (1-D) physical-biological tion should be paid in the future to the mechanistic processes
coupled model based on the large multiparametric databasivolved in food webs and functional group competition, nu-
of the Malina project in the Beaufort Sea was used (i) totrient recycling and primary production in poorly productive
infer the plankton ecosystem functioning and related nitro-waters of the AO, as they are expected to expand rapidly.
gen fluxes and (ii) to assess the model sensitivity to key.
light-driven processes involved in nutrient recycling and phy-
toplankton growth. The coupled model suggested that am-
monium photochemically produced from photosensitive dis-1 Introduction
solved organic nitrogen (i.e., photoammonification process)
was a necessary nitrogen source to achieve the observed leVhe Arctic Ocean (AO) undergoes profound changes of its
els of microbial biomass and production. Photoammonifi-physical and biotic environments due to climate change.
cation directly and indirectly (by stimulating the microbial Overall net primary production (PP) is shown to have in-
food web activity) contributed to 70 % and 18.5 % of the 0— creased in the last decade®(&nger et al., 2012; Arrigo and
10 m and whole water column, respectively, simulated pri-Djiken, 2011) and is expected to follow this trend in the fu-
mary production (respectively 66 % and 16 % for the bacte-ture (Slagstad et al., 2011). Nevertheless, the PP response is
not the same everywhere in the AO, with regions showing
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stable or even decreasing PP (Arrigo et al., 2011; Slagstadiological coupled model of the water column was set up
et al., 2011). In the Hudson Bay, Foxe Basin, Baffin Sea, offbased on the extensive use of physical and biogeochemi-
the coasts of Greenland, in the Kara Sea and around Novayeal variables and rates measured during the Malina cruise.
Zemlya, earlier blooms are observed in response to earlieSteady-state runs were analyzed to budget the system and
light exposure caused by sea ice retreat (Kahru et al., 20110 gain a better understanding of the plankton ecosystem
In some areas of the Beaufort Sea, the stronger haline stratfunctioning in the most oligotrophic shelf waters of the AO.
fication recently observed mediates the growing contributionThe objectives of this study are, on one hand, to infer the
of small phytoplankton cells to the planktonic community in functioning and nitrogen fluxes within the summer plankton
summer (Li et al., 2009) suggesting oligotrophy is expand-ecosystem and, on the other hand, to assess the model sen-
ing in this part of the AO. In the Barents Sea, the 40 % pro-sitivity to key light-associated processes involved in nutrient
jected widening of the productive time period will probably recycling and phytoplankton growth.
allow heterotrophic organisms to optimize grazing through
growth and reproduction on phytoplankton, and hence alter
the carbon quality and quantity exported to the benthic realnp  Material and methods
(Wassmann and Reigstad, 2011). In this context of acceler-
ating Arctic sea ice decline (Comiso et al., 2008), a better2.1 Observations
knowledge of the mechanistic processes and biogenic fluxes
mediating PP is required, with particular attention paid to theThe large multiparametric dataset of physical, chemical and
oligotrophic season when biogenic fluxes are complex and sbiological measurements collected during the Malina cruise
far are poorly quantified. (18 July—24 August, 2009) in the Beaufort Sea was used (i)
In the AO, more than 80 % of the PP takes place in shelfto initiate and constrain the model runs, (ii) to set param-
seas (Sakshaug, 2004). The Beaufort Sea exhibits the lowesters and transfer functions and (iii) to compare with the
annual production rate (8 Tg C; Sakshaug, 2004) with respecmnodel outputs. We provide here a summary of the data used
to its surface area~476 000 kn?), which makes it the most along with their respective reference in the Malina special
oligotrophic shelf sea in summer (Ardyna et al., 2013). After issue, where the detailed methodology for each measure-
the bloom occurring in June, a deep chlorophyll (Chl) max- ment can be found. Measurements were taken in the Beau-
imum (DCM) forms as a result of relatively low nitrate con- fort Sea at the continental edge slope and ice-edge station
centrations in the surface layer at the end of spring (Tremblay345 (71.33 N, 132.56 W), sampled on 14-16 August, 2009
etal., 2008). Over the growth season, the DCM progressivelyFig. 1). Temperature, salinity and fluorescence were mea-
lowers the nitracline down to 60 m depth, where light be- sured using a conductivity-temperature-depth (CTD) sensor.
comes the limiting factor (Martin et al., 2010). On the slope Temperature and salinity data were used to compute potential
of the Mackenzie Shelf, where waters were amongst the mostiensity, which were in turn used to compute Bruréiddla
oligotrophic sampled during the Malina cruise (Tremblay frequencies §/). The latter were calculated in a leap-frog
et al., 2013), picoplanktorMicromonasecotype) and phy- fashion, with the potential density from the previous and fol-
toplankton < 5um dominated respectively the surface andlowing depths (i.e.N at 5m is computed with the data at
DCM autotrophic community (Balzano et al., 2012; Claustre 4 m and 6 m) (Gratton and Prieur, unpublished data). Surface
and Ras, unpublished data) whose role is central in mediatingnd vertical profiles of downwelling photosynthetic available
carbon fluxes in summer (Li et al., 2009). radiation (PAR) were respectively measured by an on-deck
The ability of coupled physical-biogeochemical models sensor and a Compact-Optical Profiling System (C-OPS)
applied to the AO to simulate realistic plankton dynamics profiler (Hooker et al., 2012). With respect to photosynthesis
and production rates relies on both the simulated physicparameters, photosynthesis initial slope$ &nd light sat-
(e.g., Popova et al., 2010) and elemental biogeochemicaliration parametergs) were taken from Huot et al. (2013).
fluxes (e.g., Le Fouest et al., 2011). In summer, nutrientsAmmonium concentrations (NHl were determined on board
within the upper mixed layer are mostly issued from the by fluorometer according to Holmes et al. (1999). Nitrate
remineralization of freshly produced organic matter. Henceconcentrations (Ng) were quantified in the laboratory us-
biogeochemical equations driving the simulated elementaing an automatic colorimetric procedure (Raimbault et al.,
fluxes between the ecosystem compartments play a pivotadl990). For both nutrients, the coefficient of variation (CV)
role. The representation in models of key biogeochemicalwas 5 %. Detection limits were 3 pmofrhand 5 umol nm3
processes and their comparison with measurements is gemfier NHs and NQ;, respectively. Rates of primary produc-
erally limited in the AO by the lack of joint multiparametric tion, NH; and NG uptake (CV 20-25 %), and Nftegen-
measurements, especially nutrient turnover rates and lighteration and nitrification (CV 20-25 %) were measured using
driven processes. Such measurements were done in the Beaai-dual'3C/15N isotopic technique (Raimbault et al., 1999a)
fort Sea during the Malina projechifp://malina.obs-vlfr.fy applied during a 24-hour in situ incubation. Size-fractionated
in summer 2009 (18 July—24 August), providing an oppor- Chl concentrations measured during the Malina cruise fol-
tunity to improve plankton ecosystem models. A physical-lowing the methodology described in Ardyna et al. (2011)
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Fig. 1. Mean remotely sensesea ice concentration (%; calcu- &
lated from Special Sensor Microwave Imager (SSM/I) data from .,
http://cersat.ifremer.Jifor the 14—-16 August 2009 sampling period.
Station 345 is indicated by a white point within a larger black one. 200

The full and dashed black lines indicate the land contour and the ) )
200 m and 600 m isobaths, respectively. Land appears in white. ~ F19- 2. Measured (14-15 August, 2009, red triangles) and fitted-
from-data (black triangles) surface PAR (PARO, upper panel), 4-day

(14-16 August, 2009) averaged profile of measured Bruaisla

) frequency (v, lower left panel) and derived profile of eddy diffusion
were used (S. 8langer, unpublished data) (CV 10%). Par- coefficient (., lower right panel).

ticulate organic nitrogen (PON) and carbon (POC) were si-
multaneously determined by a wet-oxidation method using
sealed vials (Raimbault et al., 1999b) (CV 10 %). POC mea-
surements were used to compute POC: Chl ratios. Bacteformulation (K, = 0.2555). A diurnal cycle ofEq was ob-
rial biomasses were derived from the product of the mea+tained by fitting a cosine function tBy on-deck measure-
sured cell counts with the measured mean carbon content penents (14-15 August) at the same station. Both physical
cell (15.2fg; Ortega-Retuerta et al., 2012a) (CV 10 %). Pro-forcing fields are shown in Fig. 2.
duction rates estimated in pmol Leath—! were converted The plankton ecosystem model (Fig. 3), fully detailed
into carbon equivalent using a conversion factor of 1.5kg Cin the Appendix, is of moderate complexity and includes
(molLeuy! (Kirchman et al., 2009). Copepod biomasses 10 compartments chosen according to the ecosystem struc-
were obtained from Underwater Video Profiler data con-ture observed during the cruise and measurements avail-
verted into carbon units (Forest et al., 2012) and then intoable. Phytoplankton is size-fractionated into large5(m)
nitrogen using a molar C: N ratio of 8.1 (Forest et al., 2010).and small & 5 um) phytoplankton (LP and SP, respectively).
The two zooplankton compartments represent large (LZ,
2.2 The coupled physical-biological model mainly copepods) and small (SZ, protozooplankton) organ-
isms. Bacteria are explicitly represented following the model
Based on the Malina cruise dataset, a mass-basedf Fasham et al. (1990). Available nutrients for phytoplank-
(mmol N mi~3) plankton ecosystem model was coupled to aton growth are nitrate (N§ and ammonium (Nbj). Detrital
vertically resolved one-dimension (1-D) physical model to (i.e., produced by the ecosystem model compartments) par-
compute biogeochemical concentrations and fluxes on théiculate and dissolved organic nitrogen (dPON and dDONI,
slope of the Mackenzie Shelf at the ice-edge station 345 samrespectively) close the nitrogen cycle. The standing stock of
pled on 14-16 August, 2009 (Fig. 1). This station was cho-potentially photosensitive DON (DONp) is photochemically
sen with regard to the very oligotrophic conditions observedtransformed into Nl within the first 10 m of the water col-
and the extensive multiparametric dataset available. The couamn. LP and SP growth depends on light, Nend NH;
pled model extends vertically to 200 m depth with constantavailability according to the Liebig’s law of minimum. LZ
1m layers. It is constrained by a stationary field of verti- graze on LP and SZ, whereas SZ graze on SP and bacteria.
cal diffusion coefficient K., m®d~1) and a diurnal cycle of Fecal pellets and LP basal mortality fuel the dPON pool. The
surface photosynthetic available radiation (PAR, B 1) dDONI pool is made of unassimilated nitrogen resulting from
(Eo). K, was computed from a mean BrungMala (V) SZ grazing (21 % of the total biomass grazed), SP and SZ
profile derived from measurements collected on 14-16 Au-basal mortality and dPON fragmentation. Bacterial release,
gust and turbulent kinetic energy turbulent dissipation rated Z excretion and unassimilated nitrogen resulting from SZ
(e=5x10"81to 5x 10~ m? s~3) using the Osborn (1980) grazing (49 % of the total biomass grazed) are the sources of
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vertical interpolation of DON concentrations measured on
15 August. dDONI and dPON were assigned a priori a con-
stant value of 0.001 mmolNn¥ and 0.0002 mmol N m3,
respectively, at each grid point of the vertical numerical do-
main. Vertical boundary conditions are no flux at the sea sur-
face (Neumann condition with vertical derivatives set to zero
for all variables) and constant concentrations (Dirichlet con-
dition) at the bottom boundary. Constant concentrations at
the bottom were calculated from the linear interpolation pro-
cedure.

The set of differential equations (Table 1) was solved in
a discrete form (explicit Crank—Nicolson scheme derived
from the control volume approach, see Roach, 1972) with
Choleski's double scanning method (also called Thomas al-

gorithm in Roach, 1972). The coupled model was run with an

T hourly time step. The time evolution of each of the 10 state
—> uptake variables ) is computed with the general partial differential

_ ) equation as follows:
Fig. 3. Conceptual diagram of the plankton ecosystem model.

The 10 state variables are nitrate (BOammonium (NH), large 9C 9 |: 9

(> 5um) and small € 5um) phytoplankton, copepods, protozoo- o = 3.
plankton, bacteria, detrital particulate and dissolved organic nitro- <
gen (dPON and dDONI, respectively), and photosensitive dissolvetheret is time, 7 is the vertical coordinate and, is the
organic nitrogen (DONp). Green, red and blue arrows represent nu- _ . ST .-
trient uptake, grazing and nitrogen recycling, respectively. vertical eddy diffusion coefficient.

Cc
Za—] + source terms- loss terms 1)
Z

. . . 3 Results and discussion
NH4 in the model. NH is converted into N@ through the

nitrification process. Nitrogen is converted into carbon using3.1  Plankton ecosystem functioning and nitrogen fluxes
the Redfield carbon to nitrogen (C : N) molar ratio (106;
Redfield et al., 1963) and into Chl using variable C : Chl massA diurnal simulation repeated 1200 times was run so that
ratios computed according to a modified version of the phy-the diffused state variables reached a near equilibrium state
toplankton photoacclimation model of Cloern et al. (1995). (Fig. 4) (“standard” run). Our steady-state approach was
Profiles of initial conditions were defined as the linear in- taken from the previous studies of Zakardjian and Prieur
terpolation (1 m as in the model grid) of vertical distributions (1994, 1998). It aimed at using the best set of biological
from bottle casts collected at station 345 (sampled depths ariinctions and parameters to get as close as possible from
shown in Fig. 5). For N@and NH,, we used surface to 90m a theoretical equilibrium state of nitrogen fluxes between
deep (the maximum sampling depth at this station) concenthe biogeochemical compartments, independently of the pre-
trations averaged from 2 casts from 14 August. Below 90 mset initial conditions. The plankton ecosystem model tended
and to the end of the numerical vertical domain, we averagedowards near equilibrium given the imposed environmental
concentrations (0.02 CV < 0.04) from stations of the en- conditions. The integration time required to reach such equi-
tire sampling grid for which nutrients were collected. For LP, librium in biogeochemical models is first dependant on verti-
we pooled together size-fractionated CGhRO um (pore size  cal mixing and vertical velocities that constrain the timescale
20 um) and Chk 5 um (pore size 5 um) measured on 15 Au- required for the numerical adjustment of the scalar gradients.
gust, whereas the Chl size fraction between 0.7 um and 5 urtrong physical forcings (e.g., high turbulence or significant
(pore size 0.7 um) was used for SP. Below 90 m, null concenvertical velocities) lead to relatively short steady-state time
trations were assigned based on CTD fluorescence profilemtegration (several weeks), whereas weaker forcings lead to
collected on 14-15 August. Profiles of Chl concentrationslonger steady-state time integration (several months). Initial
were converted into nitrogen units using the modified Cloernconditions far or close to the final equilibrium state only af-
et al. (1985) model at time step 0 of the model run to initi- fect the initial response of the model and the way the model
ate the LP and SP state variables. SZ initial concentrations imeaches the asymptotic. The present physical-biological cou-
the model were obtained by subtracting the sum of verticallypled model was run for the summer period, when the wa-
interpolated biomass measurements (15 August) of phytoter column at the Malina sampling site was highly strati-
plankton (LP and SP, see above) and bacteria in nitrogefied and, as a consequence, vertical turbulent fluxes were
unit from time coincident vertically interpolated bottle cast very low. This physical setting explains the relatively long
measurements of PON. DONp in the model results from thetime needed by the model to reach near equilibrium within
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Table 1. Differential equations for the 10-component plankton ecosystem model: nitratg) (H@monium (NH), large and small phyto-
plankton (LP and SP, respectively), large and small zooplankton (LZ and Sz, respectively), bacteria (BACT), detrital particulate and dissolved
organic nitrogen (dPON and dDONI, respectively), and photosensitive dissolved organic nitrogen (DONp).

aNo3 _

V(KZVN03)+n|tr|f—I|m MLPLP—“mNO uspSP

e = V (K. VNHg) —limf, i pLP —im35 1spSP— nitrif — Ubacky, BACT + exgacT + exsz(1 — assingz) GszSZ+ ex zLZ +ammo
9P = V(K VLP) + uLpLP — GLzpf pLZ — m pLP+ L (seqpLP)

93P = V (K. VSP + nspSP— GszpfgpSZ— mspSP

Iz - V(K. VLZ)+assimzGzLZ —m 7172 —exzLZ

i = V (K, VSZ) + assing;Gs7SZ— mszSZ2 — GLz(1— pf p)LZ

9BACT — V (K VBACT) + Ubacii,BACT + UbackiponiBACT — exgacT — Gsz (1 — pfsp) SZ

0d5’[0N V (K VdPON + (1—assimz)GLzLZ +m zLZ% + m| pLP + £ (sedipordPON) — fgdPON

9dDONI _ 7 (K, VADONI) + fgdPON+ mg,SZ2 + mgpSP+ (1 — exs7)(1 — assimsz) Gs7SZ — UbachponiBACT

dDONp _
a1

= V(K; VDONp) —ammo
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Fig. 4. Time course of the model state variables in the dissolved (left panels) and particulate (right panels) form integrated over the numerical
domain (upper panels), at the surface (middle panels) and within the subsurface maximum of primary production (lower panels).

the photic zone. The hypothesis stated is that the ecosysteports the stated hypothesis of a near-equilibrium plankton
would never be far from near equilibrium as the timescaleecosystem under vertically stratified and slowly varying en-
required continuously changes in response to the environvironmental conditions as observed during the Malina cruise.
mental conditions. Rapid environmental changes are geneffFhe model outputs at steady state were then compared with
ally driven by strong physical forcings promoting a rapid time coincident multiparametric measurements (10 a.m. local
ecosystem response. In contrast, highly stratified conditionsime for all variables, except for downwelling PAR measured
as observed at the Malina sampling site generally result fromat 11 a.m. local time) (Figs. 5 and 6). The profiles of mea-
physical processes associated with a timescale of severalured NQ, NHjg4, size-fractionated Chl, PON, LZ and bacte-
weeks and to which the ecosystem generally has enough timeal biomass used for the comparison were the same as those
to adjust to. Finally, the initial conditions of the model were used to initiate the model state variables. This approach per-
principally defined from observations, which the simulated mits assessment of the model’s ability to reproduce the ob-
steady state did not depart too much from. This result supserved concentrations and rates.
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Model outputs are in black and observations in réa) NOsg,
(b) NHg, (c) Chl for SP and LP (in the model, full and dashed 160
lines, respectively; in observations, triangles and circles, respec- Primary P. Bacterial P.
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tively), (d) PON (i.e., sum of LP, SP, SZ, BACT and dPON in the
model),(e) biomass of bacteria an(@ LZ.
0.000 0.008 0.016 0.000 0.008 0.016
0
e) f)
3.1.1 Nutrients, light, Chl and primary production 40 {
Simulated and measured NO concentrations E 80 17/
(1.4x103mmoINm3 and 3.1x 10°3mmolNm 3, s
respectively) were low at the surface but of the same order8 120
of magnitude. Below, simulated and measuredsN@Gncen-
trations increased with depth to reach 12—14 mmolNm 180 _
) . NOz and NH,_ uptake NH, regeneration
(Fig. 5a). With respect to NiJ the model reproduced (mmol N m=3 d~1) (mmol N m=3 d=")

the subsurface peak observed~a60 m with a simulated
concentration of~0.042 mmol N n13, close to that mea- Fig. 6. Model-data comparisons (rates) for the “standard” run.
sured (0.028 mmolNmP) (Fig. 5b). At 70m, below the Modeloutputs are in black and observations in (egidownwelling

subsurface peak of NHthe simulated N nitrification rate PAR, (b) C: Chl ratio (for SP in the model; for the observations de-
(3.3x 10-3 mmol N m=3 d_l) compared with its measured rived from Claustre et al. (1999) (see text for details); the vertical

counterpart (6.5 10-3 mmol N m=3 d‘l), the latter being dashed line is the mean C: Chl ratio according to DuRand et al.,

S . . . . 2002, and Sherr et al., 2003}) primary production,(d) bacte-
significant but low and hence likely imprecise (detection rial production,(e) NH, and NG uptake (in the model, full and
limit was 6—-8x 10~4*mmolNm3d1).

) . dashed lines, respectively; in the observations, triangles and circles,
With respect to phytoplankton, production rates and Chliespectively) andf) NH, regeneration. On panefs) and(d), the
are highly constrained by variations of the nutrients and light.averages- standard deviation appear in blue.

The shape of the vertical light field was well reproduced by

the coupled model as were the simulated PAR values at the

surface and within the DCM (Fig. 6a). While the range of al. (2003) and Booth and Horner (1997) for a phytoplankton
measured C: N ratios at study station 345 (6.744 at 3m andssemblage dominated ky5 um sized cells observed in the
6.362 at 60m) was analogous to the 6.625 Redfield ratiocentral oligotrophic AO in summer (13-70gYy ~30gg?

the observed POC: Chl ratios showed-&-fold decrease on average). Furthermore, these studies report abundant pico-
from the surface¢ 312gg 1) tothe DCM (57 gg1). As- phytoplankton ecotyp&licromonasas observed during the
suming phytoplankton carbon can represent 20 % of POQValina cruise (Balzano et al., 2012). DuRand et al. (2002)
in oligotrophic waters with a high regenerative capability measuredMicromonassp. cellular carbon and Chl content
(e.g., Claustre et al., 1999), the observed C : Chl range wouldnd estimated the mean C : Chl ratio tob80gg. In that
reach~62gg! at the surface and-11gg ! within the respect, it can be assumed that the simulated C: Chl ratios
DCM. These values compare with those given by Sherr efor SP (10-40 g g) lied within the expected observed range

Biogeosciences, 10, 4785800 2013 www.biogeosciences.net/10/4785/2013/
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(11-63gg?, Fig. 6b). The vertical variations of the mea- averaged over the top 40m (19mgC# lied within
sured light saturation parametef,) (1-6 E nm2d~1 within the upper range reported in summer in the central Arc-
the DCM and at the surface, respectively) were reasonablyic Ocean (1-18 mgCm# on average between the sur-
captured by the model (1.5-15 E®d~1 for SP within the  face and 40m; Sherr et al., 2003). The simulated bacte-
DCM and at the surface, respectively). The C: Chl ratio andrial biomass (0.065-0.08 mg CTH) was near the measured
E; are key parameters in the computation of Chl and primaryvalues (0.06-0.07 mgCmd) within the upper 20m, but
production (PP) in the model. was 1.6-fold higher at 50 m (Fig. 5e). Similarly, the simu-
The model produced a DCM at 60 m depth with a to- lated bacterial production at the surface matched that esti-
tal Chl concentration of-0.8mgnm3 formed at 78% by mated from measurements (0.6 mg Chd—1), but was 6-
SP, in line with the observations (87 %; Fig. 5c). At the sur-fold higher at 50m (0.9 mgCn¥d—1) (Fig. 6d). At this
face, the higher simulated SP Chl (0.2mg¥n than that  station, the bacterial growth was found to be strictly N-
measured (0.1 mgm?) likely resulted from a too low sim-  limited at the surface, but co-limited in N and C within
ulated C:Chl ratio (Fig. 6a). With respect to PP, the sim-the DCM (Ortega-Retuerta et al., 2012b). Carbon limita-
ulated and observed profiles showed similarities in shapdion, which was not accounted for in the bacterial growth
and rates (Fig. 6¢). In the model, PP was mostly regenermodel due to the large uncertainty in assessing the frac-
ated at the surfacef(ratio of 0.003) and within the subsur- tion of the total DOC pool that can be taken up for growth,
face maximum f ratio of 0.02). The simulated rates were partly explained the discrepancy. Temperature decreasing
high at the surface (1.1 mgCmhd1), decreased within with depth at the study site was also shown to constrain bac-
the upper 30m and then increased again to reach a sulierial production (Ortega-Retuerta et al., 2012a). Neverthe-
surface maximum (0.89mg Cmd—1) at~50m, i.e., 10m less, the overestimation by the model of the bacterial biomass
above the DCM and the subsurface peak of sNHhe (0.04 mmol N nT3) only had a limited impact on the subsur-
0.26mgCm3d-1 difference with the measured subsur- face plankton dynamics and total PON concentration (i.e.,
face maximum (0.63 mg Cn?d~1) likely resulted fromthe  the sum of phytoplankton, SZ, bacteria and dPON in the
slight shallowing of the subsurface PP maximum in the model) (Fig. 5d). A model run (not shown) initiated with the
model, hence providing SP a higher light availability (seeinterpolated profile of measured bacterial biomass and with

Fig. 6a.). the steady-state solutions of the “standard run” for the other
9 state variables showed that the simulated; X¢¢jeneration
3.1.2 Nutrient recycling (0.011 mmol N nr3d~1) would still fairly approximate the

measured value (0.014 mnhoin—3d~1).

As for PP, the profiles of simulated and observeds,NH  Because of its grazing activity, LZ shaped the biomass of
uptake and regeneration showed similar shapes and vaBZ and, as a result, controlled its nitrogen remineralization
ues (Fig. 6e, f). N uptake in both measurements and activity. The simulated biomass of LZ showed a maximum
the model was due to phytoplankton and bacteria. Whileat 50 m (0.08 mmolNmq), i.e., 10m above the observed
their respective contribution is difficult to assess in situ, maximum (0.1 mmol N m3) (Fig. 5f). In the upper 40 m, the
phytoplankton and bacteria in the model respectively con-mean simulated biomass was, however, one order of mag-
sumed 78% and 22% of the NHpool at the surface, nitude higher (0.035mmolNm¥) than in those measured
and 62% and 38% within the subsurface maximum of (0.0025 mmol N m3). As no LZ diurnal migrations were set
PP. Based on the measurements, the subsurface maxia the model, the LZ biomass varied only as a function of the
mum of total PP (0.63mgCn?¥d—1) would represent biomass of prey, namely SZ at the surface. Note, however,
0.0075 mmol N m3d—1 assuming a Redfieldian ratio. Sub- that within the top 40 m LZ grazing (0.04 mmol Nthd—1)
tracting the measured NQiptake (0.0006 mmol N ir# d—1) was not the primary loss term of the SZ biomass. It was
from the total PP measured (0.0115 mmol Nd~1) would ~ SZ basal mortality (0.075 mmol N8 d—1), and hence the
approximate the regenerated PP to 0.0073 mmolRiar?. higher LZ biomass had a limited impact on SZ biomass in
By reducing this value from the measured NHip- surface waters. At 90 m, the simulated flux of fecal pellets
take, the bacterial NI uptake rate in data would be (2.0mgCnt2d~1, assuminga C: N ratio of 8.3) was in fair
0.0043mmolN m3d-1. Assuming no mixotrophy, phyto- agreement with that estimated from sediment traps deployed
plankton and bacteria would respectively be responsible fort the same depth«(1.2 mgCnt2d-1) (J. C. Miquel, per-
63 % and 37 % of the total NfHuptake measured at the sta- sonal communication, 2013).
tion DCM, which was very similar to what was simulated by
the coupled model within the subsurface maximum of PP.

In the model, NH regeneration is driven by SZ (49.4 %),
bacteria (28.2 %) and photoammonification (22.4 %) at the
surface, and by SZ (65.5%) and bacteria (34.5%) within
the subsurface maximum. Although not estimated during
the cruise, the SZ biomass simulated by the model and
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3.2 Model sensitivity to light-related processes )OO 240658 WOW‘*bO)OO 002 004 006 ;O 02 04 06 08
a C)l]
4

3.2.1 Photosensitive DON photoammonification into
NH4

Depth (m)

In surface waters, Nldcan be produced from the photochem-
ical degradation of photosensitive DON mediated by ultravi-
olet (UV) radiation (i.e., photoammonification; see Bushaw
et al., 1996). This photochemical process was set up in the
model in a simple fashion using an empirical formulation Q0 02 04 06 OB 000 004 008 012 000 004 0.05 012
(Eqg. 24 in the Appendix) linking the decrease with depth of a d e) ¢ f)
mean photoammonification rate within the upper 10 m (Xie
etal., 2012). This approach based on measurements had been so
chosen at the expense of a more complex bio-optical spec
tral model involving accurate daily UV data, which were not ~
available for station 345. Rl I Bocteria u

A simulation without the photoammonification process (mmat N m™) (mmot N m™) (ot N m™)
(‘no phot.oar.r'lmonlflc.atlon" run) W"?‘S run in order to asses.sFig' 7.Model-data comparisons (scalars) for the “no photoammoni-
the qontrlbutlon of this photochemlca}I p.rocess t'o PP an.d Sication” run. Model outputs are in black and observations in red:
role in the plankton ecosystem functioning. During the time 3y NO5, (b) NH,, (c) Chl for SP and LP (in the model, full and
window simulated by the model, the 10% UV irradiance dashed lines, respectively; in observations, triangles and circles, re-
depths at 325-340nm (7.8-10.3m), where the photoamspectively),(d) PON (i.e., sum of LP, SP, SZ, BACT and dPON in
monification rate was the highest (Xie et al., 2012), were thethe model)(e) biomass of bacteria ar(f) LZ.
highest encountered during the whole Malina sampling pe-
riod (Para et al., 2013). A value of 0.0075 mmol N#a 1
of NH4 photoproduced from DONp was simulated by the PP (39.4mgCm?d—1 to 48.4mg Cm2d-1) and bacterial
model within the upper 10 m, which compared well with the production (38.1mgCmfd—! to 45.4mgCm?d-1),
mean value estimated from measurements in August in theespectively. The simulated photoammonification rate
same area (0.008 mmol NTAd~1; Xie et al., 2012). Inthe ~ (0.0075mmolNm?2 d~1, 0-10m) represented 8.3% of
model, photoammonification contributed directly and indi- the bacterial production (0.09 mmolNThd—1, 0-10m), a
rectly to 22.4 % of the total Niproduced within the upper contribution close to the upper range given bgttalo et
10m. It was the third highest source of Nidfter SZ and  al. (2011; 2-5%). In the model, the photoammonification
bacterial release (49.4 % and 28.2 %, respectively). process is an important driver of the regenerative capability

Within the upper 10m of the numerical domain, the of the system supported by the microbial food web.
photoproduction of NH translated into a 1.7-fold increase
of the total PON biomass (Figs. 5d and 7d). Part of that3.2.2 C:Chl ratios
PON pool, the biomass of bacteria, SZ and SP respectively
increased by 84 % (Figs. 5e and 7e), 76 % and 41 %. Phol the model, the competition for resources between SP and
toammonification stimulated the SP and bacterial growth,LP was driven primarily by differences in nutrient uptake,
as well as the subsequent SZ grazing pressure, leading tolaght use and C: Chl ratios. Simulated C: Chl ratios varied
3.1-fold and 3.3-fold increase of the total Niroduction  according to PAR and nitrogen limitation (see Egs. 10 and 11
and total NH uptake within the top 10m (Figs. 6e, f and inthe Appendix) and constrained the light-based growth rate,
8e, f). Assuming all the photochemically produced NH which was limiting in the vicinity of DCM. LP was charac-
the model would be taken up by phytoplankton, it would terized by simulated C : Chl ratios between 17 and 73Yyg
meet 7 % of its nitrogen demand. This contribution, in clearwhile SP showed lower values in the 10-40¢ gange.
offshore waters not influenced by the Mackenzie plume, is Generally, biogeochemical models applied to the AO typ-
lower than previous estimates from the Orincco River plumeically distinguish diatom phytoplankton from non-diatom
(50%; Morell and Corredor, 2001) that drains high loads phytoplankton. The C:Chl ratio used for diatoms gener-
of terrigenous organic matter. In terms of production, pho-ally lies between 33 and 509§ (Slagstad et al., 2011;
toammonification promoted within the upper 10 m a 3.4-fold Walsh et al., 2011; Zhang et al., 2011; Le Fouest et al.,
and 3-fold increase of the autotrophic (Fig. 6¢ and 8c) and2011; Popova et al., 2010), within the range simulated by
bacterial production (Figs. 6d and 8d), respectively, in ac-the model (17-73gtl). However, the C:Chl ratio used
cordance with the 2.9-fold increase reported in the bioassayor non-diatom phytoplankton varies amongst the different
study of Vahatalo et al. (2011). For the whole water column, models. Generally invariant in space and time, it can be the
it represented a 22.8% and 19 % increase of the simulatedame (e.g., Zhang et al., 2010; Le Fouest et al., 2011) or

160

Chl
3

05 NH,
(mmol N m™J) | (mmol N m~3) (mg m™3)

3

40

0
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more than twice the value used for diatoms (83-100Yyg 0 8 16 24 0 40 80 120
e.g., Slagstad et al., 2011; Walsh et al., 2011). These values a)o pootst
for non-diatom phytoplankton are much higher than those
simulated for SP in the model (10-40g'g Fig. 6b).

In order to infer the model sensitivity to the C: Chl ratios, ¢ 4,
a simulation accounting for the photoammonification process
but now using time- and depth-invariant C : Chl ratios respec- 2& 120
tively of 50 and 100 g g* for LP and SP was run (“constant
C: ChlI” run) and compared to observations (Figs. 9 and 10). 160
In the top 40 m, a higher C: Chl ratio for SP translated into (L‘Eghr;,z o) éicgh‘,w)
simulated Chl concentrations the closest to the measure-
ments & 0.1 mg ChinT3; Figs. 5¢ and 9c), suggesting that 0.0 0.2 0.4 0.6 0.8 1.0
in the “standard” run the simulated C: Chl ratios were likely ~ )° d)
underestimated. Similarly, the simulated total PON, bacterial
and LZ concentrations decreased and showed the best “°
agreement with the observations (Figs. 9d—f). With respect .
to the simulated rates, the 0-40 m integrated;Nbtake and £
primary and bacterial production decreased in the “constantf&
C:ChlI” run (0.36mmolNm?2d-1, 22.2mgCm?2d1, o
and 13.7mgCm?d-1, respectively) relative to the

40

o

.0 0.2 0.4 0.6 0.8 1.0

“standard” run (0.43mmolNmd-1, 26mgCnr2d-1, Primary P. Bacterial P.

and 17.6mgCm?d-1, respectively) and better ap- (mg € m™ ") (mg ¢ m~? d7h)
proximated the measured rates (0.37 mmolNmit,

18.2mgCn2d-1, and 10.6mgCm?d-1, respectively). 5% 0-908 o0re 0000 0-008 o018
However, the use of constant C: Chl ratios prevented below e) f)

the development of a DCM formed principally by SP, as 40 {0,
observed (Fig. 9c). Instead, the LP DCM moved 10m
upward in response to changes in the nutrient dynamics.£ 80 |/

In terms of nitrogenous biomass, LP contributed more £

to total PON (33 %) within the subsurface maximum as & 20

compared to the “standard” run (7 %). The simulated PP

(0.49mgCm3d1) was lower by 55% than in the “stan- 0 o g N unto " t_
dard” run (0.89 mg C m3d~1) (Figs. 6¢ and 10c), but with a (mimol N m=3 -1y (mimol N m=3 d-1)

larger contribution of new productiory (ratio of 0.43 versus

0.27 in the “standard” run). By contrast, the activity of the Fig. 8. Model-data comparisons (rates) for the “no photoammoni-

microbial food web dropped in the vicinity of the DCM, as fication” run. Model outputs are in black and observations in red:

illustrated by the 3.7-fold decrease of the Ntégeneration (a) downwelling PAR(b) C: Chl ratio (for SP in the model; for the

(Fig. 10f) ensured by SZ and bacteria. SZ represented 31 o)ibservations derived from Claustre et al.,1999 (see text for details);

of tr;e total PON pool in the “constani C:Chl” run. which the vertical dashed line is the mean C: Chl ratio according to Du-
S ) ' Rand et al., 2002 d Sh t al., 20 i ducti

was about half the contribution in the “standard” run (57 %). and e a., » an err et al,, 2008),primary production,

L. . . . d) bacterial production(e) NH4 and NG; uptake (in the model,
Similarly, the bacterial biomass and production decrease ull and dashed lines, respectively; in the observations, triangles and

by 54 % _and 75% (Figs. 9e and 10d), respectively. The_secircles, respectively) anff) NH,4 regeneration. Irfc) and(d), the
changes in the plankton ecosystem structure and functioningverages- standard deviation appear in blue.

showed that simulated C: Chl ratios, which constrained the
light-based phytoplankton growth rate in the model, were
important drivers of the large versus small phytoplanktonents and western Beaufort seas ([GhR-11mgnm 2 and

competition within the system. PP=10-300mg Cm3d~1; Zhang et al., 2011; Matrai et al.,
2007; Reigstad et al., 2002). In this context, a 1-D physical—
3.3 Concluding remarks biological coupled model was developed to gain a better un-

derstanding of the plankton ecosystem functioning in these
The low productive waters encountered at the outer-shelf stastratified, clear and very oligotrophic waters. The coupled
tion 345 during the August 2009 Malina cruise in the Beau- model was forced by a stationary field of vertical turbulent
fort Sea ([Chl}l=0.7mgnT3 and PRP=0.6mgCn3d?! diffusion and by a diurnal cycle of surface PAR based on
within the DCM) strikingly contrasted with the conditions measurements made at station 345 (Fig. 1). Simulations at
reported in summer in other shelf seas as the Chukchi, Barsteady state were produced and the outputs compared to an
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Oo 2 4 6 8101214 000 0.02 004 006 00 02 04 06 08 0 8 16 24 0 40 80 120
a) b)F= c)} a)O b)
_ FE—— 40
8 Sy
5 E 80
NO NH chl % 120
(m?ﬂo\ N m=3) | (m?ﬂo\ N m~3) (mg m™3) o
160
00 02 04 06 08 000 004 008 012 000 004 008 0.12 Light o C:Chl .
d)° e) 0F (Em™d™) CERD)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
£ c)’ =] d)
8 ) 40
{
(mmol N m~3) (Er:%ir\mrw m~3) (ernmo\ N m~3) E 80
Fig. 9. Model-data comparisons (scalars) for the “constant C: Chl” gol 120
run. Model outputs are in black and observations in (ajiNOs,
(b) NHg, (c) Chl for SP and LP (in the model, full and dashed lines, 160
respectively; in the observations, triangles and circles, respectively), Primary P. Bacterial P.
. . (mg C'm™3d7") (mg C m34d7"
(d) PON (i.e., sum of LP, SP, SZ, BACT and dPON in the model),
(e) biomass of bacteria an(@) LZ.
0.000 0.008 0.016 0.000 0.008 0.016
e)o f)
extensive dataset of space- and time-coincident and multi- 40 |
parametric data sampled at the same station. 5/
The 10-compartment ecosystem model approximated theg, 80
observed nitrogen fluxes and biomass levels. It suggesteds
that NH; photoproduced from DONp within the top 10m & 120
was a hecessary nitrogen source to achieve the observed lev-
H H H 160
gls of autotrophic an_d heterotrophic biomass and produc- NO3 and NH,_ uptake NH, regeneration
tion. The photochemical process fueled SP-regenerated PP (mmol N m=3 d~1) (mmol N m=3 d=")

directly through the Ni uptake by SP and indirectly by
stimulating the heterotrophic protist activity. Increased SPFig. 10.Model-data comparisons (rates) for the “constant C: Chl”
growth stimulated grazing and the subsequent release gf NHrun. Model outputs are in black and observations in (ajidown-

and dDONI by SZ. NH was used up by both SP and bacte- WeI_Iing PAR,(b) C: Chl ratio (for SP in the model; for the opser-
ria, while the latter also beneficiated from dDONI for growth, Vations derived from Claustre et al., 1999 (see text for details); the
Increased bacterial growth led, in turn, to an increased bacte/S"tical dashed line is the mean C : Chi ratio according to DuRand
. e . . . etal., 2002, and Sherr et al., 200@)) primary production(d) bac-

rial release pf lei.. Photoammonllﬁcatlon dlrectly_a_nd indi- terial production(e) NH, and NG; uptake (in the model, full and
rgctly (by stimulating the microbial food web activity) con- dashed lines, respectively; in the observations, triangles and circles,
tributed to 70% and 18.5% of the 0-10m and whole wa-regpectively) andf) NH4 regeneration. Ir(c) and (d), the aver-

ter column, respectively, simulated primary production (re- agest standard deviation appear in blue.

spectively 66 % and 16 % for the bacterial production). The

model also suggested that C : Chl ratios (83—100% dyp-

ically used for the non-diatom phytoplankton compartmentthe vicinity of the DCM to simulate the observed herbivorous
in plankton ecosystem models applied to the AO were notversus microbial food web competition and realistic nitrogen
suitable to reproduce the plankton ecosystem structure ofluxes, hence highlighting the relevancy of modeling variable
the oligotrophic Beaufort Sea. Applying a C:Chl ratio of C: Chlratios in response to abiotic and biotic conditions.
100gg? for SP in the model led to a DCM dominated by ~ The accelerated sea ice shrinking and thinning might
large phytoplankton, ensuring mostly new PP, whereas obpromote in the AO deep changes in autotrophic and het-
servations reported an autotrophic community dominated byerotrophic biomass levels, production rates and carbon ex-
small phytoplankton growing essentially on regenerated ni-port (Wassmann and Reigstad, 2011; Li et al., 2009, Ar-
trogen. While such a C: Chl ratio for SP was found suitablerigo et al., 2008). Enhanced stratification and nutrient lim-
for the surface waters, lower values were however required intation already suggest the increasing role of the microbial
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food web in the plankton ecosystem in some parts of the AOwhere li

4795

%fpand Iirrk,ﬁfp are the nitrate (Ng) and am-

(Lietal., 2009; Tremblay et al., 2009). In this context and in yonium (NHy) uptake fractions, respectively(LP' SP and

view of the current modeling effort in assessing the oceanic_ p sp
(e.g., Le Fouest et al., 2010; Popova et al., 2010) and contifNos

nental (e.g., Tank et al., 2012) drivers for AO primary pro-
duction, more attention should be paid in the future to the
mechanistic processes involved in food webs and functional
group competition, nutrient recycling and primary produc-

NH,4
are the half-saturation for NHand NG uptake, re-
spectively. NH is set to be the preferred inorganic nitrogen
source (Dorch, 1990) with a higher affinity for SP (Tremblay
pt al., 2000). This is expressed in the model by half-saturation

constants for Nl uptake K,E,FH”4SP) significantly lower than

tion in poorly productive Arctic waters as they are expected 0" NOs that, when used with the substitutable model, al-

to expand rapidly (Wassmann and Reigstad, 2011). In partic

low for an inhibitory effect of NH on NOs; uptake as often

ular, the still debated real contribution of the summer DCM ©Pserved (Dorch, 1990). The equation used to compute the
in the annual primary production budget should be clarified/'ght-based growth rate is

(e.g., Ardyna et al., 2013; Popova et al., 2010). Such a bet- LP,sP__
ter knowledge is required for robust model projections of AO
primary production and carbon fluxes in response to the acynere |i

celerated Arctic sea ice decline.

Appendix A

The set of differential equations that include the mechanistic

formulations cited below is given in Table 1. The biological

parameters related to the mathematical equations are detailed

in Table A1.
Al Phytoplankton

The growth rate" SP d—1) of large and small phytoplank-

LP, SP

LP, SA;
gt = Mg IMpghe (A6)

igphfp is the light limitation term (dimensionless)

expressed as

~ LP,SP
LPSP_ 4 _ ,

lim e , (A7)
whereE,';P'SP is the light saturation parameter (Ethd—1)

computed as follows:

LP,SP LP,SP
< C ) Mmax

pLP.SP_ ’
Chl aLp, SP

(A8)

where C:Chl is the carbon to Chl ratio (gb and
ap sp the initial slope (mgC (mg Chiyt (Em—2d-1)~1)
of the photosynthesis—irradiance curve. Photoacclimation
translates the adaptive response through varying Chl: C ra-

ton (LP and SP, respectively) depends on both light and nitrotios in response to light and nutrient availability (e.g., Clo-
gen availability. It is computed according to the Liebig's law ern et al., 1995; Geider et al., 1997; Macintyre et al.,
of the minimum between the nutrient-based and light-based®002). Values okx were measured during the Malina cruise

LP,SP

growth rates g 5, LP, SP

and Miight respectively).

(A1)

LP, SP
s (

LP,SP LP,SP
N Miight

The nutrient-based growth rate is computed as follows:

LP,SP__

LP, SP
My

Mo im'=F, (A2)

whereuma is the maximum growth rate and i °F the

total nutrient limitation term (dimensionless) computed ac-

cording to the substitutable model of O’Neill et al. (1989):

NOgKII\_lF;i4SP+ NH4KLP' SP

LP,SP__ NO3

lim™SP= (A3)
N LP,SP LP,SP, . LP,SP, LP,SP’
NO3KNH’4 + NH4KNO’3 + KNH’4 Kng
NOsK -P SP
limk®: SP= NHq and (Ad)
NO. LP,SP LP,SP’
3 NO3KNH’4 + NH4KNO‘3
LP, SP
limLP: SP__ NH4KN03 (A5)
NHs ™ LP,SP LP,SP
4 NO3KNI—i4 + NH4KNO’3
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at 0-3m and 65m depth. On average for the study sta-
tion 345, values ofe showed a decrease from the sur-
face (2.22mgC (mgChit (Em2d-1)~1) to the DCM
(6.94mg C (mg Chiy! (Em—2d~1)~1). For SP, which dom-
inates the Chl biomass, a linear function relating measured
values to depth is set from the surface to 65 m to account for
this decrease:

asp= 0.0826315 + 1.9721055 (A9)

A constant value of 5.55mg C (mg Chh (Em—2d-1)~1is

set below 65m based on reported measurements. For LP, a
constant value of 2mg C (mg Chf (Em=2d-1)~1lis setto

o p for the whole vertical numerical domain.

Varying Chl: C ratios are computed using a modified ver-
sion of the empirical relationship of Cloern et al. (1995), suc-
cessfully applied to Hudson Bay in the Arctic (Sibert et al.,
2011). The ratios can vary up to 4- to 6-fold based on the gen-
eral photoacclimation rule given by Maclintyre et al. (2002)
and on Arctic nano- and picophytoplankton data (DuRand et
al., 2002; Sherr et al., 2003) as follows:

LP LP E;

h ~05-55

(C—h') — (C—> 1+4e  “E lim5P) and (A10)
C C min
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Table Al. Model parameters.
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Symbol Description Value Units
kw Light attenuation coefficient due to water 0.04 ~f
knonchl Light attenuation coefficient due to non-chlorophyllous matter 0.051 m
K,'\-l'gz Half-saturation constant for N§use by LP 1 mmolNm3
Kﬁ& Half-saturation constant for N§use by SP 10 mmolNm
K,'\-“F_’|4 Half-saturation constant for NHuse by LP 0.5 mmolNm3
K§ﬁ4 Half-saturation constant for NHuse by SP 0.1 mmolNm?
KLP Photoacclimation parameter 8 Erd!
K %P Photoacclimation parameter 4 Ethd?
(%)LF_> Minimum Chl to C ratio for LP 0.0125 ggt

chl S - _
(T)min Minimum Chl to C ratio for SP 002 g g1
ukb Maximum growth rate for LP 1.2 o
T Maximum growth rate for SP 09 d
sedlp LP sinking rate 0.075 mt
mLp LP basal mortality 0.01 d!
msp SP basal mortality 001 o
Gmax Maximum grazing rate for LZ 03
A Ivlev constant for LZ 0.35 (mmolN m3)~1
GT Maximum grazing rate for SZ 1
Kg Half-saturation constant for SZ grazing 0.8 mmol N
assin z LZ assimilation 0.7 %
assingz SZ assimilation 03 %
exsz dDONI egestion by Sz 03 %
ex z NH,4 excretion by LZ 0.01 d?
msz SZ mortality 0.025 (mmolNm3)~1
mLz LZ mortality 0.2 (mmolNm3)~1
Ubacthax BACT maximum growth rate 2
KBACT  Half-saturation constant for Nfuse by BACT 0.1 mmolNm3
kBAS{,  Half-saturation constant for dDONI use by BACT 0.1 mmol N
exXgACT NH,4 release by bacteria 005 %
seddpon  dPON sinking rate 100 ntd (mmolNn3)~1
fg dPON fragmentation 0.05 o
nitrif max Maximum NH, nitrification rate 03 d?
Kr]1\i7trif Half-saturation constant for Nfhitrification 0.007 mmolNm3

<Ch|)sp_ (cm)sp
c c min
where KI';P’SP is the half-saturation parameter driving
the curvature of the Chl:C versus light relationship.
(Em—2d-1) is the downwelling PAR propagating according
to the Beer-Lambert’s law:

E. — PAR 0/6—[(kchl+ kw -+ knonchbz]dz

0555 o
1+6e  *Elimy ), (A11)

(A12)

where the diffuse attenuation of PAR with deptt) (s

due to the simulated Chl (kchl) (nd; Morel, 1988), wa-
ter molecules (kw) (0.04m'; Morel, 1988) and non-
chlorophyllous matter (knonchl). knonchl is set to 0.05'm

Biogeosciences, 10, 4785800 2013

from O to 5m depth to account for the release of optically
active matter by melting sea ice observed during Malina
(Doxaran et al., 2012) and to 0 below. kchl is calculated ac-
cording to Morel et al. (1988) as follows:
kchl = 0.0518Cht%572Ch, (A13)

with

106 chi\‘? chl\SP
Chl:12<1—6>[<?) LP+(?) SP1|. (Al14)

Apart from grazing, phytoplankton loss terms include
basal mortality and sinking for LP. LP sinking rates vary in
the model from 0 to 0.075md (e.g., Smith et al., 1991)
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depending on nutrient availability (Bienfang et al., 1983): Remaining SZ loss terms are grazing by LZ and mortal-
ity. Similarly to LZ, mortality is expressed by a density-

sed, = sedlp (1— Iim,LVP). (A15) dependant quadratic function to represent grazing amongst
SZ.

A2 Zooplankton
A3 Bacteria

Mathematical formulations and parameters related to large
zooplankton (LZ) dynamics were chosen to reflect copepod$3acteria are explicitly simulated following the model of
as they dominate in abundance at the study station (Forest &asham et al. (1990). dDONI is the preferred substrate for
al., 2012). Grazing (d') is described by an Ivlev function: ~ bacterial uptake (d") (Kirchman et al., 1989) represented
by a Michaelis—Menten model:
__ max _ ,—MLP+S2
GLz = G [(1 e )] (A16) oo
KNS oot + S + dDONI

Ubactponi = UbackaxBACT ( ) , (A20)
LZ grazes upon LP and protozooplankton (SZ) with a prey-

specific grazing rate assumed to be proportional to the rela- i ) BACT
tive biomass of the prey (Campbell et al., 2009), defined forVheré UbaGhax is the maximum uptake rate\i;; gpon
LP as follows: (mmol N m~3) the half-saturation constant for uptake ahd

Lp the total nitrogenous substrate (mmol N#h defined as
Plip= 55 (A17)
LP+Sz S = (NH4, 0.6 dDONI). (A21)

Losses in LZ biomass are due to bllelease, fecal pel-  gjmjjary, the uptake of Niiis represented as follows:
let production (non-assimilated nitrogen ingested) and mor-

tality. Mortality is assumed to be mainly due to predation S

. ; ; i backn, = UbackaxBACT
(Eiane gt al., 2902) and is de_scnb_e_d by a density depe_ndarH Ha ax Kﬁﬁ%ooruﬁf S+ dDONI
quadratic function. The latter implicitly represents cannibal-
ism as well as predation by appendicularians observed durfhis formulation ensures that the uptake of NHill be
ing the Malina cruise (Forest et al., 2012) and limits the oc-0.6 times the uptake of dDONI, as required by the balanced
currence of oscillations generated in such non-linear systemgrowth model (e.g., Fasham et al., 1990). Bacterial losses are

(Edwards and Bees, 2001). The constant of mortality is sefn the NH; form and represent 5% of the bacterial biomass.
to 0.2 (mmol N nT3)~! to simulate realistic mortality rates

) , (A22)

(e.g., Ohman et al., 2004). A4 Detritus
SZ grazing upon SP and bacteria (BACT) is formulated by
a sigmoid “Holling-type-I1I” function: The pool of detrital particulate organic nitrogen (dPON) is
fueled by LZ fecal pellet production and by LZ and LP mor-
Geoy— GIEX (SP+BACT)? (A18) tality. The sedimentation loss term 1) is expressed as a

Sz (SP+BACT)? + K(z;' quadratic function allowing for increasing implicit aggrega-
tion of particles with increasing dPON concentrations:

The function provides a threshold-like limit for low SP

biomass that enhances the biological system stability (e.g.$€%on= sedpondPON (A23)

Steele and Henderson, 1992). In polar waters, there is evi- ) _ _

dence that protozooplankton exert a control on small phytoWhere se(}%o[\l is_the sedimentation constant (mtd

plankton biomass only beyond a threshold (Lancelot et al',(mm.oINm ). The secorld 'F’SS term is the bacteria-

1997). As for LZ, SZ graze upon both SP and BACT with a mediated dPON fragmentation into dDONI (Grossart and

prey-specific grazing rate {d) assumed to be proportional Ploug, 2001).

to the relative biomass of the prey, defined for SP as follows: The dDONI _pool results from dPQN fragme”ta“‘?”' SP
and SZ mortality and SZ release. It is explicitly remineral-

ized into NH; by bacteria. Based on measurements made in
SP (A19) the Beaufort Sea in summer and during the Malina cruise
SP+BACT’ (Xie et al., 2012), we incorporated the photochemical pro-
duction of NH; from DONp (i.e., photoammonification pro-
cess) (mmolNm? d—1) within the first 10 m of the water
column:

pfsp=

According to the study of Riegman et al. (1993), we set the
fraction of food ingested by SZ and being converted into
biomass to 30 %. Lehrter et al. (1999) report thed0 % of

the total nitrogen release by SZ could be in the dissolved or- _,~0.00006
ganic form. In the model, assuming that 30 % is released adMmmo= 10 DONp. (A24)

labile DON (dDONI), the remaining 70 % are lost as NH
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is run, a value of 0.000067d is chosen to produce Nppho- cal chlorophyll a in the Arctic Ocean: impact of the subsurface

toproduction rates comparable to those measured in late sum- chlorophyll maximum on regional, seasonal and annual primary
mer. Below 10 m. the rate is set to 0. production estimates, Biogeosciences Discuss., 10, 1345-1399,

doi:10.5194/bgd-10-1345-2013013.
. Arrigo, K. R. and van Djiken, G. L.: Secular trends in Arctic
A5 Nutrien . .
S utrients Ocean net primary production, J. Geophys. Res., 116, C09011,

NH4 resulting from bacterial remineralization and from doi:10.1029/2011JC007152011.
4 9 Arrigo, K. R., van Dijken, G., and Pabi, S.: Impact of a shrinking

DONp photoammonification, _as well as fr(?m LZ and SZ_ Arctic ice cover on marine primary production, Geophys. Res.
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