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Abstract The Arctic Ocean is characterized by substantial seasonal and inter‐annual variability, of which
the sources and impacts are not yet fully understood. Here, we analyze how much of the variability found in in
situ observations of biogeochemical and ecological variables collected at the Long‐Term Ecological Research
Observatory HAUSGARTEN can be explained by differences in the physical conditions in the water masses
passing through the Fram Strait (FS). Employing a size‐based plankton ecosystem model with nine distinct size
classes of protist phyto‐ and zooplankton, we simulate standing stocks and fluxes within the nutrient,
phytoplankton, zooplankton, and detritus pools in water parcels that follow trajectories tracing the opposing
East‐Greenland and West‐Spitsbergen currents through the FS. Our model results agree with in situ
observations of biogeochemical tracers, plankton size measurements, climatological data, and remote sensing
observations. They show distinct temporal developments in plankton size composition, growth, and export in
trajectory ensembles, highlighting how variable physical conditions affect the communities' specific growth
histories. Our study indicates that 10%–72% of the variability in upper water column tracer concentrations
observed in the FS can be attributed to differences in water parcel trajectories. The maxima of net primary
production and vertical export along the trajectories occurred in some (spatial and temporal) distance upstream
of the sites of in situ sampling. This study shows that Lagrangian modeling helps clarify complex
biogeochemical‐ecological relationships in highly dynamic systems such as the FS, which is urgently needed to
understand the role of climate change in the Arctic carbon cycle.

Plain Language Summary To study sources of biological and chemical variability in the Fram Strait
(FS) (Arctic Ocean), this study uses a model that follows water parcels as they move along the currents and
simulates the growth of plankton populations, their influence on nutrient concentrations and the production of
dead, dissolved, and decaying organic matter. By simulating many different pathways, the model estimates how
variability in the environmental conditions along those pathways contributes to the variability of the plankton
ecosystem in the upper water column. When compared to real data measured from ships and observed by
satellites, we find that the model successfully reproduces changes in the plankton size structure and estimates
productivity and export close to observations from the region. Our study finds that a substantial portion (10%–
72%) of the observed variability in biogeochemical tracers can be explained by differences in the origins and
pathways of water parcels. Nonetheless, a large amount of variability remains unexplained, indicating the need
for further research to better understand essential processes. This research helps us understand the sources of
variability in the FS and make better predictions about elemental cycling, productivity and export, which is
especially important in the face of climate change.

1. Introduction
The Arctic Ocean has changed significantly in recent decades as sea surface temperatures have risen (Comiso &
Hall, 2014; Nielsen‐Englyst et al., 2023) and the extent and thickness of sea ice has declined (E. Hansen
et al., 2013; Renner et al., 2014; Spreen et al., 2020; Stroeve et al., 2012). These changes in the environment may
substantially modify biogeochemical processes and alter the functioning of marine ecosystems.

The Fram Strait (FS), between Greenland and Spitsbergen, is one of the main gateways to the Arctic Ocean and
has been the subject of numerous repeated studies in the fields of biological, chemical and physical oceanography.
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A target area in the FS covers the Long‐Term Ecological Research (LTER) observatory HAUSGARTEN (e.g.,
Soltwedel et al., 2005, 2016), where warmer waters enter from the North Atlantic in the East (West‐Spitsbergen
current, WSC) and colder, seasonally ice‐covered waters exit the Arctic Ocean southwards in the West (East‐
Greenland Current, EGC). With the WSC and the EGC passing through the HAUSGARTEN area, the obser-
vations at different sampling sites capture biological and chemical signals that are influenced by dynamical
changes that have already taken place outside the study area, for which data with comparable details are not
available.

Most in situ investigations conducted in the FS have focused on the summer conditions (e.g., Nöthig et al., 2020),
as the region is seasonally covered with sea ice or close to the ice edge. More recent studies also covered periods
in autumn or spring (e.g., von Jackowski et al., 2020a, 2022). Observations from the dark winter months are still
rare (e.g., Błachowiak‐Samołyk et al., 2015; Wietz et al., 2021). Detecting longer‐term trends from annually
repeated observations in summer and autumn within the FS is difficult given the strong spatial and temporal
variability in ice cover and hydrographic conditions and usually requires many years, if not decades, of data
collection. Helpful in this respect is to disentangle the range and causes of the observed variability within such
regions, which contributes to our understanding of the processes involved. Thus, the motivation for this modeling
study is to resolve the impact of variable environmental conditions on the variability of biogeochemical variables
across regions connected by water mass transport.

In principle, variability in organic matter (OM) observations is conditioned by a combination of external factors,
which are variations in physical and chemical conditions such as light, nutrient availability, and temperature, as
well as of internal factors that are associated with the plankton dynamics. Overall, in the context of this study, we
are concerned with different sources of variability that are linked to each other and become ultimately expressed
in regions of observations:

I. Spatio‐temporal variations in environmental conditions
– differences in the horizontal transport of water masses (pathways)
– differences in vertical mixing

II. Temporal variations in plankton dynamics
– differences in plankton physiology, community structure, and interaction
– differences in pre‐conditioning, spatial origin and growth history of the plankton community

Apart from purely stochastically driven (random) processes, and disregarding methodological uncertainties,
individual in situ measurements are subject to these major sources of variability that create differences between
nearby but distinct sampling sites. For example, the diversity of plankton is shaped by their dispersion and
advection across environmental gradients (Barton et al., 2010; Lévy et al., 2014), responsible for much of the
variability observed within a particular region. On regional scale, variability and differences in characteristic
timescales of phytoplankton are expected to be better represented in a Lagrangian framework (Kuhn et al., 2019),
since mechanisms that drive local bio‐physical dynamics can be effectively described along the actual landscape
of a drifting and evolving ecosystem (Ser‐Giacomi et al., 2023). Furthermore, a difficulty in ecosystem modeling
is the identification of appropriate model parameters for an area of interest, which is complicated by the
commonly used Eulerian perspective, but is facilitated by accounting for the evolution of nutrients and plankton
along advection pathways explicitly (Kida & Ito, 2017).

The horizontal heterogeneity observed during a limited period of ship‐board sampling (usually 2–3 weeks) in the
HAUSGARTEN can, to some extent, be attributed to differences in the prior history along different pathways of
water parcels passing through that region. These pathways can be investigated with a Lagrangian modeling
approach, allowing dynamically consistent solutions of a one‐dimensional (1D) marine ecosystem model to be
derived along trajectories of individual water parcels (e.g., Banas et al., 2009). This approach facilitates the
identification of optimized model solutions due to its computational efficiency (Banas, Zhang, et al., 2016), as
model calibration requires multiple simulation runs. In a recent global comparison study by Kuhn et al. (2023) it is
shown that the variability in Chl‐a concentration is similarly described by an Eulerian and a Lagrangian approach
on timescales of 30 days (approximately two times the characteristic timescale of plankton growth). Only in some
ocean areas, with boundary currents or in upwelling regions, can differences between the two approaches become
significant. With regard to plankton ecosystems in ocean regions that include frontal systems like in the FS, the
findings of Kuhn et al. (2023) suggest suitable descriptions when a Lagrangian perspective is chosen. To inves-
tigate the spatial heterogeneity found in theHAUSGARTENdata the Lagrangian approach is particularly useful, as
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it allows us to connect detailed local observations, for example, plankton community structure, to spatio‐temporal
variations in tracer concentrations, primary production and carbon export outside of the target region.

Many aspects of plankton dynamics, from cellular to community level, are controlled by cell size, which can be
regarded as a “master trait” (Andersen et al., 2016; Blanchard et al., 2017; Marañón, 2015). Physiological pro-
cesses such as nutrient assimilation and photosynthetic rates are size dependent (e.g., Edwards et al., 2012;
Litchman et al., 2007), as are predator‐prey interactions (e.g., B. Hansen et al., 1994). Size based ecosystem
models make use of these allometric features to explain structural changes of the plankton community (e.g.,
Banas, 2011; Moloney & Field, 1991; Ward & Follows, 2016; Ward et al., 2012). Litchman et al. (2007) have
shown that trade‐offs between ecophysiological and morphological traits arise from fundamental allometric re-
lationships that describe diverse plankton interactions and can explain variations in community composition
along environmental gradients. Similarly, Ward et al. (2012) have shown that their size‐structured ecosystem
model was able to reproduce global patterns in biogeography and community structure of marine plankton,
demonstrating the utility of size‐based modeling.

Our primary objective is to investigate to what extent the differences between the environmental conditions
(histories) of horizontally advected water parcels (trajectories) may contribute to the spatial heterogeneity of
particulate and dissolved organic matter (POM and DOM) concentrations in the FS, as observed during summer
and autumn of 2018 respectively. Along four ensembles of Lagrangian trajectories, which differ with respect to
their origins and times passing the observational HAUSGARTEN area in the FS, a 1D size‐based plankton
ecosystem model is applied. We assess the model's ability to reproduce changes in the community size spectra
observed in Lampe et al. (2021), where the plankton community showed a shift toward larger cell size during the
summer‐autumn transition in 2018. We provide insight into the differences in simulated rates of NPP and export,
and explicitly resolve stoichiometric variations in carbon‐to‐nitrogen and Chl‐a‐to‐carbon ratios before, during,
and after the sampling periods along trajectories that originate from either the Arctic to the north or the North
Atlantic regions to the south.

2. Methods
This study follows a Lagrangian approach, where we apply a one‐dimensional (1D, vertically resolved)
ecosystem model and force it with data of the physical environment along transport pathways (trajectories)
through the FS. The ecosystem model is a size structured nutrient‐phytoplankton‐zooplankton‐detritus (NPZD)
model with nine size classes for phytoplankton and zooplankton. Some model parameters important for physi-
ology and ecological interactions (e.g., regulating cell quota, nutrient uptake, growth, mortality, and grazing) are
dependent on organism size and scale allometrically with cell volume. The oceanographic conditions that force
the plankton model were extracted from SINMOD model results (Slagstad & McClimans, 2005; Wassmann
et al., 2006) along trajectories passing the HAUSGARTEN site in the FS. Four ensembles of trajectories that
differ in their origin (North Atlantic vs. northern FS) and timing of passage (summer vs. autumn) allow us to
obtain multiple model solutions (see Section 2.2). For model calibration we use observational data collected in the
FS, which comprise tracer concentration measurements (Engel et al., 2019; Torres‐Valdés et al., 2019; von
Jackowski et al., 2020b) as well as microscopic measurements of cell abundance and cell size (Lampe
et al., 2021). We fit the model to observations (in situ, remote sensing, and climatological data) by adjusting the
model parameters. In addition, remote sensing Chl‐a data (Sathyendranath et al., 2021), and climatological data of
the World Ocean Atlas 2018 (WOA18, Boyer et al., 2018) are considered for model evaluation.

2.1. Observational Data

In situ observational data were collected at the HAUSGARTEN LTER observatory site in the FS, located between
Greenland and Spitsbergen (see Figure 1). This region is commonly referred to as a main gateway to the Arctic
Ocean (e.g., Nöthig et al., 2015) and is characterized by the convergence of two hydrographic regimes. While the
eastern part of the FS is dominated by the northward flowing West‐Spitsbergen‐Current (WSC) that transports
warm water from the North Atlantic into the Arctic Ocean (e.g., Beszczynska‐Möller et al., 2012), the East‐
Greenland‐Current (EGC) carries cold Arctic water into the Atlantic through the western FS (e.g., de Steur
et al., 2009). The western region of the FS remains covered with sea ice for most of the year. More seasonal
variability in sea ice cover is observed in the north‐eastern, WSC dominated, part while the south‐eastern region
stays ice free throughout the year (Soltwedel et al., 2016). The HAUSGARTEN LTER is located in the central FS
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between 78°N and 81°N and 5°W–11°E and includes sampling stations in the colder EGCwaters, as well as in the
warmer WSC waters. The Marginal Ice Zone is a highly productive region (Soltwedel et al., 2016).

The data consist of in situ concentration measurements of inorganic nitrogen (nitrite and nitrate) (Torres‐Valdés
et al., 2019), and chlorophyll‐a (Chl‐a), particulate organic carbon (POC) and nitrogen (PON) (Engel et al., 2019;
von Jackowski et al., 2020b), collected between 16 July and 27 July 2018 during the PS114 expedition of research
vessel RV Polarstern. Additionally to the observational data recorded during summer time, we also consider data
from a research cruise in autumn. Autumn samples were collected on MSM77 research cruise on RV Maria S.
Merian between 16 September and 4 October 2018 and include measurements of Chl‐a and POC. Unfortunately,
no measurements of dissolved inorganic nitrogen (DIN) and PON were conducted during this expedition. To

Figure 1. Ensembles of particle trajectories for the physical model forcing. The color scales indicates the dates at each location. The starting point at day= 1 is indicated
in dark blue (in the Northern Fram Strait, Arctic origin, left panels; or in the Norwegian Sea, Atlantic origin, right panels). Black crosses mark the HAUSGARTEN
sampling stations of observational in situ data used for model evaluation. Trajectories of the summer setup pass the stations during the summer sampling period (16
July–27 July 2018), those of the autumn setup during the autumn sampling period (16 September–4 October 2018).
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complement the biogeochemical tracers, we also considered ecological data to evaluate the model. For this, we
used plankton size data in the form of size spectra of the protist plankton community, as described in Lampe
et al. (2021), where size spectra of 60 samples from summer (PS99, PS107, PS114) and autumn (MSM77) and
both the WSC and ESC influenced HAUSGARTEN stations were used.

2.2. Model Setup and Forcing

The 1D‐NPZD model resolves n = 9 size classes of phytoplankton and zooplankton with variable stoichiometry
(carbon‐to‐nitrogen, C:N ratio), similar to the size‐based models of Ward et al. (2012) and Ward and Fol-
lows (2016). In this model, 10 important parameters controlling the physiology (e.g., nutrient uptake rates,
biosynthesis rates) and ecology (e.g., grazing) are dependent on organism size (see Table 1). We chose a
Lagrangian approach to simulate lateral dispersal of the plankton along with the water currents (flow field). Along
these trajectories the plankton experience changing environmental conditions, including variations in vertical
mixing and exposure to light. The target region is the HAUSGARTEN observatory in the FS, to be reached at
times that cover the two sampling periods, in summer and autumn.

Table 1
Model Parameters: The First 17 Parameters Are Independent of Cell Size, While the Remaining Seven Parameters Are Described According to an Allometric
Relationship (x = a ⋅ ( Vol

1 μm3)
b
)

(#) Notation Values Unit Description (equation)

(1) T ref 20 °C Reference temperature (Equation S5 in Supporting Information S1)

(2) A 0.05 – Temperature sensitivity (Equation S5 in Supporting Information S1)

(3) h 10 – Uptake quota regulation (Equation S4 in Supporting Information S1)

(4) m2 0.05a m3 mmol C− 1 d− 1 Quadratic mortality (Equation S24 in Supporting Information S1)

(5) a∗
P 3.83 ⋅10− 7 mol C m− 2 (g Chl a μEin)− 1 Initial slope of P‐I curve (Equations S8 and S14 in Supporting Information S1)

(6) θ 4.2 mg Chl‐a (mmol N)− 1 Maximum Chl‐a:N ratio (Equation S14 in Supporting Information S1)

(7) ξ 2.33 mol C (mol N)− 1 Cost of biosynthesis (Equation S12 in Supporting Information S1)

(8) aG
b 4 m3 (day mmol C)− 1 Grazing clearance rate (Equation S16 in Supporting Information S1)

(9) kG 2.75 mmol C (m3)− 1 Total prey half saturation (Equations S15 and 16 in Supporting Information S1)

(10) δopt 10 – Optimum predator‐prey size ratio (Equation S18 in Supporting Information S1)

(11) σb 2 – Width of grazing kernel (Equation S18 in Supporting Information S1)

(12) Λ − 1 – Prey refuge parameter (Equation S15 in Supporting Information S1)

(13) λmax 0.7 – Max. assimilation efficiency (Equations S21 and 22 in Supporting Information S1)

(14) mmin 0.01 d− 1 Summand to prevent mj approaching 0 (Equation S23 in Supporting Information S1)

(15) ri, k
b 0.04 d− 1 Remineralization rate (Equations 1 and 3)

(16) β b1 = 0.9, b2 = 0.2222, b3 = 2 – Detritus and DOM partitioning (Equations S25–S27 in Supporting Information S1)

(17) wdet
b 10 m d− 1 Sinking velocity of detritus (3)

( x = a ⋅ Volb) (Unit of x)

(18) Qmin
N ab = 0.035, b = 0 mol N (mol C)− 1 Minimum N:C quota (Equations S2–S4 in Supporting Information S1)

(19) m ab = 0.05, b = 0 d− 1 Mortality rate (Equation 2; Equation S23–S27 in Supporting Information S1)

(20) s̃max
N ab = 0.6166, bb = − 0.09 – Scaling of maximum N:C quota (Equation S2 in Supporting Information S1)

(21) vmax ab = 0.1008, bb = 0.09 mol N (mol C)− 1 d− 1 Maximum uptake rate (Equation S6 in Supporting Information S1)

(22) α ab = 0.5933, bb = − 0.18 m3 (mmol C) − 1 d− 1 Nutrient affinity (Equation S6 in Supporting Information S1)

(23) Pmax ab = 2.5, bb = − 0.08 d− 1 Maximum photosynthetic rate (Equation S7 in Supporting Information S1)

(24) Gmax ab = 11, bb = − 0.16 d− 1 Maximum prey capture rate (Equations S15 and S16 in Supporting Information S1)

Note. Two of the originally assumed size‐dependent parameters (Qmin
N and m) yielded the best fit when assigned no size dependency (i.e., b = 0). aFor the largest size

class, otherwise 0. bParameter was considered in numerical optimization, see Section 2.4.
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2.2.1. Physical Forcing

The physical forcing data were extracted from the ocean model SINMOD (Slagstad & McClimans, 2005;
Wassmann et al., 2006), a regional coupled 3D model system encompassing physical, chemical, and biological
domains. Configured for the Nordic and Arctic Seas, it operates at a horizontal resolution of 20 km and with 25
vertical layers. The hydrodynamic component, responsible for calculating fundamental oceanic properties such as
velocity, water temperature, and pressure, is based on the primitive Navier‐Stokes equations, implemented on a z‐
grid (Slagstad & McClimans, 2005; Slagstad et al., 2015). The ice model incorporates two state variables: ice
thickness and concentration, shaping ice interaction dynamics (Hibler, 1979). This model integrates the ice
momentum equation and an equation for ice internal stress, utilizing the elastic‐viscous‐plastic (EVP) dynamical
model proposed by Hunke and Dukowicz (1997). Vertical turbulent diffusivity is calculated based on a
Richardson number based scheme described in Sundfjord et al. (2008). Surface irradiance is calculated based on
solar elevation, cloud cover and light attenuation through sea ice. Cloud cover is obtained from ERA‐Interim
reanalysis data from the ECMWF (European Center for Medium‐Range Weather Forecasts). Details regarding
the model runs including atmospheric, freshwater and tidal forcing utilized in this study can be found in Vernet
et al. (2021). The data extraction was achieved by applying the particulator MatLab tool (Banas, 2018). The
extracted data include surface irradiance (Isurf(t)), water temperature (T(z,t)) and vertical (turbulent) diffusivity
(K(z,t)) for times t (day) and depths z (m). The spatio‐temporal development of Isurf(t) and surface temperature are
shown in Figure 2. Irradiance attenuates exponentially with depth (I(z,t)), assuming a seawater attenuation co-
efficient of κSW = 0.04 m− 1 (Lorenzen, 1972) together with a light attenuation by Chl‐a, which is κP = 0.0149 m2

(mg Chl)− 1 (Krause‐Jensen & Sand‐Jensen, 1998), see Equations S10 and S11 in Supporting Information S1. The
pathways of these model trajectories are shown in Figure 1.

The model is applied in two seasonal setups, both of which distinguish between trajectories of Arctic and Atlantic
origin. In the first “summer” setup, we isolated particle trajectories that passed through theHAUSGARTEN region
during the July 2018 sampling period by defining “catchment areas” at the location of each in situ sample. Tra-
jectorieswithin25kmfromasample location at the timeof samplingwere retained, and all other trajectories passing
throughFSwereomitted.The radiusof 25kmwas selected after considering several factors, including theproximity
of neighboringHG stations, the geographical context, and the availability of trajectories. The distances between the
stations sampled in 2018 range from 10 to 20 km and the FS is approximately 500 km wide at HAUSGARTEN. A
25 km radius therefore ensures that the trajectories pass in reasonable proximity to the stations and capture the local
variability without averaging over a too broad area. Finally, the radius must be large enough so that sufficient
trajectories are included to provide a robust representation of the physical forcing (based onSINMOD20kmspatial
model grid resolution). A too small radius may lead to the exclusion of some stations, because then too few tra-
jectories cross within the defined proximity. Eddies in this region are typically smaller than 20 km, with an average
radius of 5 km (Wekerle et al., 2020), therefore these small‐scale features are not properly resolved. Observational
samples were usually taken in regions with no or thin ice cover.We therefore excluded trajectories of Arctic origin
withhigh ice cover (ice cover>50% in July) from thepool of forcing trajectories. In total, 139 trajectoriesofAtlantic
origin and 10 trajectories of Arctic origin have been applied to force the model in the summer setup.

In the second “autumn” setup, we focused on trajectories passing through the HAUSGARTEN region during the
September to October 2018 sampling period. To reach the target region later in the year, Atlantic‐origin tra-
jectories began further south, and Arctic‐origin began further north than in the summer setup. Due to the limited
number of available SINMOD particle trajectories and sampling stations from the field campaigns, the catchment
area for trajectories had to be increased to a 100 km radius around the HAUSGARTEN stations for this setup.
With a 25 km catchment area radius like in the summer setup, no trajectories of Arctic origin would remain for the
autumn setup. Ultimately, five trajectories of Arctic origin and 50 of Atlantic origin were considered for the
autumn setups.

2.2.2. Plankton Ecosystem Dynamics

The dynamical plankton ecosystem model is described by a set of differential equations that describe the mass
flux of nitrogen and carbon. The phytoplankton and zooplankton are structured according to cell size (9 size
classes: 1.12–2.00; 2.00–3.56; 3.56–6.33; 6.33–11.25; 11.25–20.00; 20.00–35.57; 35.57–63.25; 63.25–112.48;
112.48–200 μm equivalent spherical diameter, ESD), applying allometric rates that determine autotrophic growth
within the respective size classes, as well as size‐specific grazing by heterotrophs. While some parameters are
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independent of organism size, others are dependent on the cell size, for example, maximum cell nutrient quota,
nutrient uptake, and linear mortality. The model's parameter values are listed in Table 1. The differential
equations are adapted fromWard et al. (2012, 2017), but modified to represent a 1D water column and with some
minor changes to parameterization:

∂N
∂t
=

∂
∂z
K
∂N
∂z
− ∑

j
VN,jBC,j +∑

k
rN,kMN,k (1)

∂Bi,j
∂t

=
∂
∂z
K
∂Bi,j
∂z

+ Vi,jBC,j − ∑
jz

Gi,jz,jBC,jz

+∑
j
λi,jzGi,jz,jBC,jz − (mj + m2Bi,j)Bi,j

(2)

Figure 2. Physical conditions along the simulated model trajectories. The left column shows the history of surface PAR (= Isurf(t)) for the summer (upper) and autumn
(lower) setup, the right column shows the history of sea surface temperature. Line colors indicate the trajectory origins (Arctic= blue or Atlantic= orange). Gray shaded
areas exhibit the periods trajectories pass the HAUSGARTEN stations. In situ sampling was conducted between 16 July to 27 July 2018 and 16 September to 4 October
2018.
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∂Di,k
∂t

=
∂
∂z
K
∂Di,k
∂z

− wk
∂Di,k
∂z

− ri,kDi,k

+∑
j
βj,k (mj + m2Bi,j)Bi,j +∑

jz

BC,jz∑
j
βj,k (1 − λi,jz)Gi,jz ,j

(3)

Here, the state variables are concentrations of N (DIN), Bi,j (phytoplankton and zooplankton biomass, a stacked
matrix Bi,j = [Pi,jp,Zi,jz] ) and Di,k (dissolved and detrital particulate OM, DOM, and detritus respectively).
Subscripts index biomass components (i∈C, N, Chl‐a), plankton size classes ( j = [jp,jz]∈ 1,…,np + nz), and
type of detrital OM (k∈DOM, detritus). Chlorophyll is relevant only for phytoplankton, so the zooplankton and
OM matrix rows where i = Chl‐a are zeroed.

The rate of change in DIN is the sum of changes due to vertical mixing and replenishment via remineralization
minus the uptake by autotrophs. The rate of change in biomass is the sum of changes due to vertical mixing,
autotrophic uptake (phytoplankton), uptake through grazing (zooplankton) minus changes due to grazing and
mortality. The rate of change in D (DOM and detrital, particulate OM) is the sum of changes due to vertical
mixing, mortality and sloppy feeding minus sinking and remineralization. Because the model only resolves the
labile‐semi‐labile fraction of DOC, we refer to it as DOCSL. The detailed terms of model Equations S1–S3 are
described in Text S1 in Supporting Information S1.

The efficiency at which the primary production is exported to depth is diagnosed from the model results as the pe‐
ratio, and is calculated as the ratio of the total export flux at 100 m (combining the sinking of detritus
(wdet ⋅ [Di,POM]z) and the net flux induced from the turbulent vertical diffusion of POM
(detritus + zooplankton + phytoplankton)) to the depth‐integrated (100 m) NPP (e.g., Le Moigne et al., 2015;
Serra‐Pompei et al., 2022). The pe‐ratio is therefore calculated as:

pe =
export
NPP

(4)

In this study, we considered instant, daily pe‐ratios and time integrated pe‐ratios over the productive period. For
the time integrated pe‐ratios, we integrated export and NPP over April‐September prior to calculation of the
ratios.

2.2.3. Initial Conditions

The initial conditions were largely adopted from SINMOD simulation results. With regard to initial DIN profiles
(at the origins on 1 January) of the Arctic trajectories, the SINMOD results exhibit surface concentrations around
6–7 mmol m− 3, which are lower than those derived in the WOA18 (10–11 mmol m− 3). For these Arctic tra-
jectories we therefore adjusted the initial conditions to agree with the profiles of the WOA18 data by increasing
the initial concentrations from 6–7 to 10–11 mmol m− 3. Plankton N biomass was initialized by splitting SIN-
MOD's small and large phytoplankton N biomass evenly across the respective model size classes. For the initial
plankton C biomass a constant C:N factor of 6.625 is imposed. We assume Chl‐a:N at 75% of the maximum Chl‐
a:N ratio to be reasonable for model initialization on Jan 1st, and therefore calculated initial Chl‐a biomass as
BChl,jp = 0.75 ⋅BN,jp ⋅ θ, with θ being the maximum Chl‐a:N ratio (Table 1).

Initial detritus was derived from initial plankton. We assume that detrital OM equals a small fraction of plankton
OM, and therefore derive∑kMi,k = 0.05 ∗∑jBi,j. Of the total detrital OM,∑kMi,k, half is assumed dissolved, and
the other half particulate. We stress that the sensitivity of the simulated phytoplankton and zooplankton biomass
in spring, summer and autumn to variations of the initial conditions turned out to be extremely small. This is
because of the prolonged period of darkness during the first months of the year; long enough to cause respective
biomass to converge toward negligible concentrations in the range of 1 ⋅ 10− 8 mmol C m− 3, which is given after
approximately 40 days.

2.3. Model Assessment

Monthly mean climatological DIN concentrations of WOA18 (Boyer et al., 2018; Garcia et al., 2019) are
considered for evaluating the model's performance with regard to spatio‐temporal changes in nutrient acquisition
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along the pathways of the trajectories. On local scales, the ensembles of model solutions are assessed against the
in situ measured DIN, Chl‐a, POC, and PON concentrations of the respective sampling periods in the FS. The
corresponding biovolume‐size spectra derived from microscopic measurements are considered for an evaluation
of the size‐specific structural changes resolved by the model. In principle two different metrics are applied, the
Root Mean Square Deviation (RMSD) for the tracer concentrations and a divergence function for the plankton
size spectra.

2.3.1. Root Mean Square Deviation and Coefficient of Variation

In order to quantify the model's ability to reproduce the in situ observational data collected during the cruises, we
calculated the RMSD for DIN (nitrate + nitrite), Chl‐a, POC, and PON. We deliberately choose the notation
RMSD instead of Root Mean Square Error, as it is not exclusively a model error, but also includes the variation
between individual model trajectories. Accordingly, a wide spread of solutions of all trajectories will yield a
RMSD that is higher than for cases where these solutions are very similar.

RMSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N
∑

np

p
∑

nt

t
∑

nz

z
(modp,t,z − obs∗

z )
2

√
√
√

(5)

Here, obs∗
z = median(obs)z is the median of all individual samples at depth z across all days and

N = np + nt + nz. The indices represent model trajectory ( p), day‐of‐year (Julian day) (t), and depth (z). Model
results were interpolated to depths where data are available. For the calculation of RMSD, we distinguish between
trajectories according to their origins (Arctic and Atlantic) for both model setups (summer and autumn).

Furthermore, we derived a measure that relates the RMSD to the corresponding mean of obs∗
z , similar to a co-

efficient of variation (CV):

CV =
RMSD

mean(obs∗)
(6)

The calculated RMSD and CV, as defined in Equations 5 and 6 include deviations from observations of every
trajectory (ensemble member).

For the assessment of DIN profiles of the model, we additionally evaluate RMSD against the monthly mean
climatological WOA18 data along the ensembles' mean of trajectories. The monthly WOA18 data are repre-
sentative for the model trajectories with a 20 km radius. Here, the RMSD are calculated as:

RMSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
nm

1
nz
∑

nm

z
∑

nz

z
(modz,m − WOAz,m)

2

√
√
√

(7)

where modz,m and WOAz,m are monthly averages over trajectories for model results and WOA data, respectively.

2.3.2. Integrated Quadratic Distance

The simulated plankton size spectra are evaluated against those derived from microscopic measurements by
applying a non‐parametric distance metric. We use the Integrated Quadratic Distance (IQD) (e.g., Thorarinsdottir
et al., 2013). In our case it represents a divergence function that describes the difference between the cumulative
distribution of normalized biovolumes of all size classes resolved by the model (Fmod) and observations (Gobs)

derived from the normalized, continuous biovolume‐size spectra ( fmod and gobs):

IQD(Fmodx,y,Gobs) =∫
s
(Fmodx,y (s) − Gobs(s))2 ds (8)

with s being the log‐transformed ESD (s = log10(ESD1μm)). The IQD is separately calculated for the phytoplankton
and zooplankton spectra, distinguishing between the summer and autumn setups as well as between the trajec-
tories origins (Arctic and Atlantic). We note that this metric accounts for relative changes in the community size
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structure. Changes in biomass are exclusively assessed as RMSD described before, based on the Chl‐a, POC, and
PON data.

2.4. Model Calibration

Model calibration was performed in two successive parameter estimation steps. In a first step, the sum of residuals
between transformed data and model results was minimized, using a genetic algorithm for optimizing parameter
values. The transformation was determined by a linear mixed model, based on log‐transformed, depth‐resolved
measurements of different types. We estimated a total of 17 parameters (indicated with “b” in Table 1) in the
numerical optimization, of which 12 parameters determine size dependencies in the model. This initial numerical
optimization produced unsatisfactory results with respect to cross‐comparisons with monthly WOA18 data along
the trajectories (data not shown), which were not included in the cost function. Also, the simulated plankton size
spectra poorly matched their observational counterparts. Perhaps crucially, as we later realized, the cost function
was under‐constrained by not imposing non‐linear restrictions on combinations of the size‐dependent parameters
representing minimum nutrient quota, nutrient uptake rate, and photosynthetic rate, as described by Ward
et al. (2017).

From a subsequent parameter sensitivity analysis we could identify sixmodel parameters (described below)whose
refined values significantly improved the model's ability to reproduce observational data. Therefore, in a second
step, we used the parameter estimates from the initial optimisation and adjusted the values of these six parameters,
such that the final model solutions showmuch better agreement with all four different data types, using the RMSD
and IQD (Equations 5, 7 and 8) for assessing the model results of: the (a) local tracer concentrations, (b) Chl‐a
remote sensing data, (c) monthlyWOA18 climatology, and (d) the plankton size spectra. For these six parameters,
we have introduced values that further improve the model solutions in terms of comparability with the observed
tracer concentrations. The former values identified in the numerical optimisation are given in square brackets. The
minimum nitrogen quota of the autotrophs is set toQmin

N,a = 0.035 [0.1423] mol N (mol C)− 1, the sinking velocity of
detritus is adjusted to be wdet = 10 [1] m d− 1, and a single remineralization rate of ri,DOM = 0.04 [0.02] d− 1 is
assigned to the hydrolysis and remineralization of DOC and DON. Furthermore, the size dependency of photo-
synthesis is modified by refining the exponent of the maximum photosynthetic rate (Pmax

b = − 0.08 [− 0.15]). A
quadratic mortality is introduced with a value ofm2 = 0.05 [0] m3 mmol C− 1 d− 1 for the largest size class ( j= 9).
Finally, the impact of grazing is refined with a maximum potential prey capture rate Gmax

a of 11 [21] d− 1.

Manual tuning of model parameters should be unnecessary for any sufficiently constrained model. The parameter
values resulting from the numerical optimisation indicated that repeating the first optimisation step while con-
straining the parameters to ensure that variability in cell growth rate as a function of volume matches observation
(based on Ward et al., 2017) may be all that is required to achieve satisfactory model outputs from a purely
automated method. Alternatively, there may be need to include the WOA18 data into a single meaningful cost
function, alongside the in situ measurements, or to perform a multi‐objective optimization with three or even four
different metrics for the respective data types. The former of these two options would require additional research
efforts while the latter would demand optimization algorithms to be tested according to their usefulness for our
special case. Improvement to the numerical optimization routine continues, but goes beyond the scope of this study,
so we therefore restrict our analysis to the model solutions identified with the two‐step calibration approach.

3. Results
Here, we discuss the model results from different perspectives. We first consider the model solutions along the
trajectories and compare them with climatological monthly WOA18 data and with monthly Chl‐a concentrations
derived from satellite measurements. We then focus on comparisons of the local patterns between the HAUS-
GARTEN data and our model results, distinguishing between variations in vertical tracer distributions and
horizontal heterogeneity. The simulated plankton size spectra in the FS are compared with the spectra derived
frommicroscopic measurements. Finally, the temporal developments in the plankton community size structure, of
NPP and export are presented as they occur before, during and after the observation periods. In general, all model
solutions are obtained with an identical set of parameter values and any differences between these solutions are
due to variations in origin and pathway of the individual trajectories. Accordingly, these differences are largest
between the four ensembles (summer Arctic, summer Atlantic, autumn Arctic, and autumn Atlantic) and smaller
between individual members of an ensemble.
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3.1. Data‐Model Comparison: Seasonal Patterns of DIN and Chl‐a Concentrations Along Trajectories

By averaging over all members (trajectories) of an ensemble, we find major differences between the ensembles
with respect to the timing and intensity of plankton growth and nutrient utilization. This can be well illustrated by
comparing seasonal changes in monthly mean DIN concentration, which can also be assessed against the
climatological nitrate concentrations derived fromWOA18 data along the trajectories' pathways (Figure 3). When
compared with the WOA18 monthly means, the simulated profiles reproduce the vertical distribution and tem-
poral development of DIN concentration in a similar manner. The major discrepancy is a delayed but then more
rapid decline in DIN concentration during late spring/early summer in the model solutions. The timing of the DIN
decline fits best in Atlantic trajectories of the autumn setup. Furthermore, differences in the vertical structure
between our simulations andWOA data are more pronounced below ca. 50 m depth. Especially during the growth
season, nitrate concentrations in the model ensembles consistently show a rapid increase with depth, while this
increase is considerably more gradual in the respectiveWOA data.While minimum concentrations in theWOA18
data sporadically fall below 1 mmol m− 3 in all subsets, similarly low DIN concentrations are only reproduced in
model solutions of the autumn setup simulations of the Arctic trajectories.

We furthermore compared simulated Chl‐a to monthly and 8‐day mean concentrations derived from remote
sensing along the model trajectories (20 km radius, limited to 2018) in Figure 4. Although similar in magnitude,
the timing of the spring bloom along the Arctic trajectories could not be resolved by our simulations. Model
solutions of some individual trajectories exhibit a somewhat earlier bloom development, for example, starting by
the end of May. The overall delayed bloom development in the simulated Arctic trajectories leads to an over-
estimation of Chl‐a concentration in June and July. These discrepancies in Chl‐a decrease with time, without
major deviations occurring in the late summer and early autumnmonths, when the simulated Chl‐a concentrations
become similar to the remote sensing data. We note that remote sensing estimates for April and May along the
Arctic trajectories come with large uncertainties, as ice cover is still extensive during this period, which allows
only few observations. These few observations may be biased as they stem from locations with thinner ice cover
and therefore more light exposure.

For the Atlantic trajectories, the model solutions are in better agreement with the data. The monthly and 8‐day
mean Chl‐a concentrations in June compare well, with similarly good matches in both, the summer and the
autumnmodel setup. This period includes the peak of the bloom in the model results of the summer setup and their
counterpart remote sensing estimates. However, in the autumn setup model results in June describe a post bloom
stage when the respective remote sensing observations indicate the gradual formation of a bloom that peaks a
month later. The best model representation can be assigned to the solutions of the summer setup of the Atlantic
trajectories, as they also provide the best fit to the monthly mean WOA18 nitrate concentration data (Figure 3).
Daily concentrations of simulated Chl‐a can exceed the monthly averages by a factor up to two, with some
considerable variations between trajectories during the exponential growth phase in June and July (Atlantic
summer trajectories), and in May and June in the Atlantic autumn trajectories. We note that the earlier bloom
development in the Atlantic autumn ensemble is due to the more southern positions of these trajectories in May,
with higher light levels compared to the trajectories of the Atlantic summer setup. The remote sensing Chl‐a data
reveal a small but distinctive bloom in September that is less accentuated in the simulation results. The simulated
Chl‐a concentrations in September are rather a prolongation of the summer conditions. In November the simu-
lated Chl‐a concentrations of all trajectories, of all four ensembles, drop below 0.05 mg m− 3. With the onset of the
dark Arctic winter period all photoautotrophic growth becomes inhibited in our simulations.

3.2. Data‐Model Comparison: Local Patterns in the Fram Strait

The ensembles of model solutions of the individual trajectories allow us to analyze the range of simulated
biogeochemical tracer concentrations within the region of the HAUSGARTEN observatory in the FS during the
periods of sampling in 2018.

3.2.1. Local Vertical Distributions

Within the target region, the model reveals greater variability in concentrations of DIN and Chl‐a than in POC and
PON (Figure 5). In particular, the variations in POC and PON observed during the sampling campaigns (summer:
16 July–27 July 2018; autumn: 16 September–4 October 2018) are larger than those explained by the ensembles
of model solutions.
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We calculated the root mean squared deviation and CV (Section 2.3) as a metric for model fit. Averaged values for
the seasonal model setups are summarized in Table S1 in Supporting Information S1. The model (in summer
setup; no observational nitrogen data for autumn sampling campaign) slightly overestimated DIN concentrations
in the upper 100 m. For the in situ comparison, smaller RMSDs and CVs indicate a slightly better fit in the Arctic
trajectories than in those coming from the Atlantic. Simulated chlorophyll values in the summer setup in the upper
26 m seem overestimated, however several depth layers with single measurements (the single vertical blue lines in
the figure indicate a single observation at the respective depth) are occasionally well above the interquartile range
of simulated Chl‐a concentrations. The fit between 30 and 40 m matches well, and simulated concentrations for

Figure 3. Fit of simulated dissolved inorganic nitrogen to correspondingWorld Ocean Atlas data. Model results (left column)
were averaged over trajectories, discriminating between their Arctic and Atlantic origins. World Ocean Atlas data (right
column, Boyer et al., 2018; Garcia et al., 2019) were extracted along the model trajectories for each day with a 20 km radius,
then averaged over trajectories.
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depths below 40 m are slightly underestimated. Model‐data‐fit of Chl‐a concentrations in the autumn setup is
particularly good, although the model produces outliers well above observed concentrations. Both, in summer and
autumn, smaller RMSEs and CVs indicate a better fit for Atlantic trajectories. Concentrations of POC in summer
and their simulated counterparts fit well, although simulated concentrations below 30 m are rather on the lower
end of the observed range. Noticeably, the interquartile ranges of simulated values are smaller then of the ob-
servations. The POC data are consistently underestimated during the autumn setup. Simulated PON concentra-
tions were in good agreement with observations in the summer setup (no data for autumn setup).

3.2.2. Horizontal Heterogeneity in Local Tracers

Here we examine the statistical properties of our model solutions and put them into context of the observed
horizontal variability (disparities in the measurements between sampling sites in the HAUSGARTEN), using
local depth‐averaged (upper 100 m) data and model results. The resolved spatial differences are mainly repre-
sentative for the horizontal heterogeneity, although to some small extent they include short‐term temporal var-
iations during the sampling periods, in summer (12 days) and in autumn (19 days). Table 2 documents measures
of central tendency as well as 95% confidence intervals (CI95) of concentrations of DIN, Chl‐a, POC, PON, POC:
PON, and DOCSL. The limits of the CI95 represent 2.5% and 97.5% quantiles (Q0.025 and Q0.975) derived from

Figure 4. Comparison between simulated Chl‐a with corresponding remote sensing data. Remote sensing data (monthly
means as red circles, 8‐day means as red “+” symbols, Sathyendranath et al., 2021) were extracted along the model
trajectories with a 20 km radius. The ensemble of thin blue lines represent daily average chlorophyll concentrations over the
upper 46 m for individual model trajectories and indicate the variability across trajectories. Bold blue lines represent their
respective average over trajectories. Blue circles represent the monthly averages of the (depth and trajectory averaged)
simulation results.
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Figure 5. Fit of observed and simulated concentration depth profiles (without water mass distinction; data from Engel et al. (2019) and Torres‐Valdés et al. (2019)).
Model results (orange) were interpolated to corresponding observation (blue) depths and limited to the time frame when sampling was conducted (summer: 16 July–27
July 2018; autumn: 16 September–4 October 2018) ± 7 d. No dissolved inorganic nitrogen and particulate organic nitrogen observational data were available for the
autumn period. In this boxplot representation, a box represents the interquartile range, the line in the box is the median, and whiskers represent the 99.3% confidence
interval (assuming normally distributed data). Single vertical lines with missing boxes are drawn where only individual measurements were available.
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Table 2
Measures of Central Tendency and 95% Confidence Limits of Tracer Concentrations, Averaged Over the Upper 100 m,
Covering Periods of Observation

Variable/unit, subset Type Median Mean Q0.025 Q0.975
ΔCI95mod
ΔCI95obs

× 100 ∣meanobs − meanmod ∣
ΔCI95obs

DIN/mmolNm− 3

Summer Atlantic Observed 7.2 7.4 2.4 13.2

Simulated 9.8 9.8 8.8 10.6 17 0.22

Summer Arctic Observed 7.3 7.7 3.6 13.5

Simulated 8.2 8.2 7.5 9.4 19 0.05

Autumn Atlantic Observed – – – –

Simulated 7.2 7.1 6.3 7.8 – –

Autumn Arctic Observed – – – –

Simulated 8.0 8.0 7.6 8.3 – –

Chl‐a/mgChlm− 3

Summer Atlantic Observed 1.4 1.5 0.1 3.3

Simulated 0.8 0.8 0.7 1.0 9 0.22

Summer Arctic Observed 0.4 0.5 0.1 1.0

Simulated 0.8 0.7 0.5 0.9 33 0.22

Autumn Atlantic Observed 0.4 0.4 0.3 0.6

Simulated 0.3 0.3 0.2 0.4 50 0.33

Autumn Arctic Observed 0.4 0.4 0.1 1.0

Simulated 0.3 0.3 0.2 0.6 44 0.11

POC/mmol Cm− 3

Summer Atlantic Observed 16.2 16.4 5.5 27.8

Simulated 7.6 7.5 6.8 8.1 6 0.40

Summer Arctic Observed 7.1 7.9 1.7 15.0

Simulated 6.9 6.7 5.4 7.7 18 0.09

Autumn Atlantic Observed 4.3 4.5 3.0 6.9

Simulated 2.0 2.1 1.2 3.0 46 0.62

Autumn Arctic Observed 4.0 4.7 2.7 9.3

Simulated 2.3 2.3 1.1 3.8 39 0.63

PON/mmolNm− 3

Summer Atlantic Observed 1.8 1.8 0.6 2.9

Simulated 1.1 1.1 1.0 1.2 9 0.30

Summer Arctic Observed 0.7 0.9 0.1 2.2

Simulated 0.9 0.8 0.6 1.0 19 0.04

Autumn Atlantic Observed – – – –

Simulated 0.3 0.3 0.2 0.4 – –

Autumn Arctic Observed – – – –

Simulated 0.3 0.3 0.2 0.5 – –

POC:PON/molmol− 1

Summer Atlantic Observed 9.3 9.3 6.9 11.4

Simulated 7.0 7.1 7.0 7.3 9 0.49

Summer Arctic Observed 10.4 10.2 5.0 14.9

Simulated 7.8 8.1 7.6 10.5 29 0.21

Autumn Atlantic Observed – – – –
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cumulative Kernel density estimates of the respective data, estimated using a diffusion based diffKDE (Pelz
et al., 2023). Accordingly, the width of the interval is ΔCI95 = Q0.975− Q0.025.

In general, themedians andmeans of themodel results fall into the CI95 of the observations. Comparisons between
the simulated and observed mean concentrations reveal biases that correspond with the differences already seen in
the vertical profiles (Figure 5); the model's tendency to underestimate measured PON and POC concentrations
while the means of the simulated DIN concentrations (between 8.2 and 9.8 mmol N m− 3) are higher than the
observational means (between 7.4 and 7.7mmolNm− 3). The simulatedmeans of the POC:PON ratio are generally
lower than observed, between 7.1 and 8.1 in the model results and 9.3 and 10.2 in the observations. With regard to
the DOCSL accumulation in summer and the subsequent drawdown until autumn, the model results compare well
with the observed concentrations. In all cases, the biases (i.e., the differences between means of observations and
simulations) are smaller than the observed variability, as documented in ∣meanobs − meanmod∣

ΔCI95obs
in Table 2.

When comparing the CI95, and as indicated by the upper CI95 limits (Q0.975) , a noticeable finding is that only in
the solutions of the autumn‐Arctic trajectories the simulated maxima in DOCSL concentration
(Q0.975 = 4.7 mmol C m− 3) exceed the observed range (Q0.975 = 3.1 mmol C m− 3). In all other cases, the Q0.975
limits of the observations are higher than in the model solutions, which is even true in the case of DIN, although
the model overestimates the observational means. Ultimately, the concentration range of simulated DIN, Chl‐a,
POC, and PON, as well as the variations in POC:PON ratio, do not cover the full range (ΔCI95 = Q0.975− Q0.025)
derived from the depth‐averaged observational data. Thus, the model's ensemble solutions of the trajectories can
explain only a portion of the observed horizontal variability of the HAUSGARTEN data.

To put the variability of the model solutions in relation to the variations found in the observations, we set the
widths of the respective CI95 in relation to each other (ΔCI95mod/ΔCI95obs × ∼100), see Table 2. For the summer
period, the model trajectories approaching the FS from the north (Arctic) describe a greater portion of the
observed horizontal variability (18%–41%) than those of the Atlantic entering from the south (6%–17%). The
relative portions are generally larger in autumn (39%–76%), in addition to the higher than observed Q0.975 in the
simulated DOCSL concentration of the Arctic trajectories (254%) mentioned before. There are two reasons why a
larger portion of the horizontal variability within the target region can be explained by the model trajectories
arriving in autumn. On the one hand, the observed and simulated OM concentrations are generally lower in
autumn than in summer and the widths of the CI95 become narrower. On the other hand, the model trajectories
that arrive in autumn are associated with longer pathways, and thus more divergent histories of plankton growth,
than the summer trajectories. This is consistent with the finding that the CI95 of the autumn data of Chl‐a and

Table 2
Continued

Variable/unit, subset Type Median Mean Q0.025 Q0.975
ΔCI95mod
ΔCI95obs

× 100 ∣meanobs − meanmod ∣
ΔCI95obs

Simulated 6.6 6.6 6.4 6.8 – –

Autumn Arctic Observed – – – –

Simulated 6.7 6.7 6.5 7.0 – –

DOCSL/mmol C m− 3

Summer Atlantic/Arctic Observeda – 6.2 2.8 9.7

Atlantic Simulated 5.5 5.5 5.1 5.9 12 0.10

Arctic Simulated 5.9 5.7 4.2 7.0 41 0.07

Autumn Atlantic/Arctic Observeda – 2.5 1.9 3.1

Atlantic Simulated 1.9 1.9 1.4 2.3 76 0.50

Arctic Simulated 3.0 3.1 1.7 4.7 254 0.50

Note. Median and the limits of the 95% confidence interval (CI95) were calculated as quantiles (Q) from cumulative
probability densities derived from Kernel density estimates: Median = Q0.5, lower (Q0.025) and upper (Q0.975) limits of the
CI95, and ΔCI95 = Q0.975 − Q0.025.

ΔCI95mod
ΔCI95obs

× 100 relates the variability found in the model to the observed variability (in%).
∣meanobs − meanmod ∣

ΔCI95obs
relates the difference of the observed and simulated means to the observed variability. Values printed in bold

font refer to observations, those in regular font to simulations. aFor the 95% confidence limits we use the z‐score together with
the standard deviations published in von Jackowski et al. (2020b).
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POC in the WSC and the corresponding model results (Atlantic trajectories) are narrower than those associated
with the EGC (Arctic trajectories). The autumn Atlantic trajectories expand over greater distances, covering a
larger latitudinal range.

When comparing the horizontal heterogeneity observed with the spread of depth‐averaged solutions obtained
with the ensembles of trajectories, some additional insight can be gained by simple comparisons of the non‐
parametric probability densities (PD) obtained by Kernel density estimation, see Figure S5 in Supporting In-
formation S1. These PDs illustrate the results presented above, particularly with regard to the different widths of
the CI95. However, they also show details such as bimodalities and the skewness in the PDs.

3.2.3. Local Plankton Community Size Structure

To evaluate how well the model resolves the size composition of the plankton community, we compare simulated
plankton size spectra to continuous size spectra derived from microscopic counts and size measurements
(expressed as ESD), as described in Lampe et al. (2021), based on samples collected during summer and autumn.
Figure 6 shows that the overall slopes of simulated size‐abundance spectra around the time of in situ sampling are

Figure 6. Comparison of simulated plankton size spectra (during sampling period) and observations (Lampe et al., 2021). Model results were extracted for the sampling
period ± 7 d and averaged over the upper 46 m. Cell concentrations were derived from C‐biomass per size class divided by the respective carbon quota
(cell conc.[cells m− 3] = BC,j [mmol C m− 3]/QC [mmol C cell− 1]). Lines show the mean cell concentration densities (over model trajectories or in situ samples) of phyto‐
and zooplankton, respectively, with shaded areas indicating the 95% confidence intervals (mean ± 1.96 ⋅ standard error). The confidence limits of the model are narrower
than the width of the lines. The dotted graphs represent the observations, the solid lines represent the simulated (size binned) spectra.
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in agreement with observations. Spectra of total biovolume by size are shown in Figure S1 in Supporting In-
formation S1. Despite this satisfactory general characteristic, the observations in the size range between 4 and
40 μm clearly differ from the simulated almost log‐linear relationship (with a nearly constant slope). The solutions
of the autumn setup of the Arctic trajectories are the only exception, which instead show a higher abundance of
cells with ESD below 2 μm in the simulations. This is all the more interesting because it is this setup in which the
total abundance of phytoplankton (sum of all size classes) agrees well with the observations. In all other cases,
total abundance is generally underestimated by our model solutions at times of the sampling period. Within the
mentioned size range between 4 and 40 μm, the deviations can be as high as a factor of 10 in the trajectories of the
summer setup, and even higher (almost factor 20) in the autumn setup of the Arctic trajectories. We note that the
deviations in the size spectra are not accompanied by serious discrepancies compared to the PON and POC data
shown before; data that were used as constraints for the total biomass.

3.3. Temporal Variations in Community Size Structure of the Plankton

The relative size distributions and the corresponding total phytoplankton biomass of our model solutions resolve
distinctive seasonal patterns (Figure 7). The simulated blooms in the Arctic trajectories reveal two distinct peaks
associated with the spring bloom. Some minor first peaks occur in early June (summer setup with 3 g C m− 2) and
mid‐June, with approximately 2.5 g C m− 2 in the autumn setup. These first peaks are followed by stronger peaks,
only three and 4 weeks later in the summer and autumn setups of the Arctic trajectories respectively. Both maxima
differ in their magnitude. Those trajectories that approach the FS in autumn yield maxima of around 8.5 g C m− 2.
In the summer setup, the total phytoplankton biomass reaches 6 g C m− 2 during the bloom. According to our
model results, the blooms along the EGC are later but more intense the further north they are, away from the
HAUSGARTEN region. Apart from the double peaks, we obtain a characteristic that is consistent with this result

Figure 7. Integrated phytoplankton biomass per size class over time. C‐biomass was integrated to 100 m depth and averaged
by trajectory origin. Phytoplankton size classes are represented by green colors, and their respective sum equals total
phytoplankton biomass.
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for the Atlantic trajectories coming from the south. The difference is that the Atlantic trajectories starting further
south show the earlier bloom, which is the case for the autumn setup with a maximum of almost 8 g C m− 2.

Here, too, the later bloom in the Atlantic trajectories of the summer setup is accompanied by a higher intensity,
reaching almost 10 g C m− 2 in mid‐June. These trajectories approach the FS in summer and therefore originate
further north than the trajectories that do not arrive there until autumn. Thus, the summer Atlantic trajectories are
always north of the corresponding autumn trajectories and they are thus exposed to lower light levels during the
spring period. Overall, all the results together suggest that it is predominantly the availability of light within the
mixed layer that determines the temporal bloom development in these high latitudes in these simulations. We note
that short‐term (e.g., diurnal) stratification events remain unresolved in this model; a process that could counteract
light‐limitation of phytoplankton growth. Considering the predominant role of light exposure in the presence of
short‐term stratification (e.g., within ice and snow covered regions), this could explain why the simulated blooms
are delayed in the Arctic trajectories, as previously described (Figure 4).

The shift of plankton biomass towards larger size can be well demonstrated by depicting the temporal variations
of the most dominant class (Figure 8). The figure shows the size class that comprises the maximum carbon
concentration of all nine size classes, of the phytoplankton and the zooplankton respectively. In general, temporal
changes in dominant size class show greater similarities between trajectories that share the same origin than
between the different seasonal model setups. During the initial growth phase, when light is the only limiting factor

Figure 8. Size classes with maximum biomass for phytoplankton (blue) and zooplankton (orange) over time, integrated over the upper 46 m. Translucent lines represent
single trajectories, solid lines the trajectory‐mean (calculated from the respective size class indices). Background colors indicate the depth‐integrated phytoplankton
biomass per size class.
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and while total biomass remains low (below 0.2 mmol C m− 2), all solutions have in common that they initially
favor the growth of larger phytoplankton cells. The larger cells are more efficient than the smaller sized
phytoplankton during this early low light pre‐bloom period, because of their high nutrient uptake rate (vmax)

relative to carbon fixation. This advantage is only of short duration and the considerable build‐up of biomass at the
onset of the bloom is then actually achieved by phytoplankton of all size classes, with smaller‐to‐intermediate size
classes (3.6–6.3, 6.3–11.3 μm) accounting for the largest proportion. During the summer months, the highest
growth rates occur in these small‐to‐intermediate size classes, but the gradual shift towards a dominance of larger
phytoplankton is mainly controlled by top‐down processes.

In the Arctic and the Atlantic trajectories, the zooplankton respond to the food availability in the smaller size
range. Clearly, the temporal fluctuations in the predominant size class of zooplankton are a delayed response
signal that follows the predominant size class of phytoplankton after about one to 3 weeks. Once zooplankton
stocks sufficiently increased, the grazing progressively depletes populations of small phytoplankton. Following
the peak in total biomass, more and more biomass shifted to larger size classes as total biomass declined. Most
biomass end in the largest size class (112–200 μm), at times when total biomass has decreased below 2–
3 mg Cm2. Apart from the Arctic autumn trajectories, most zooplankton biomass is found in the largest size class,
roughly one month after phytoplankton have reached their maximum size class in the Atlantic trajectories. In the
Arctic trajectories, the largest dominant sizes of the zooplankton range within the eighth size class (63–112 μm).
This size class becomes dominant in September in the summer setup and in October in the autumn setup.

3.4. Temporal Variations in Net Primary Production and Export of Carbon and Nitrogen

Our analyses of the annual, depth‐integrated NPP, the POM export at 100 m, and the corresponding export ef-
ficiency along the model trajectories reveal clear differences between the ensembles (Table 3). The temporal
variations are more pronounced in NPP than in export, also revealing greater variability in the Arctic than in the
Atlantic trajectories (Figure 9).

With 101 g C m− 2 yr− 1 we find the highest productivity in the Atlantic trajectories of the summer setup, where
light availability is highest. Compared to the Arctic trajectories, the NPP in the trajectories of Atlantic origin is
generally higher (Table 3). Despite the overall lower NPP, the spatio‐temporal variability in NPP is higher along
the Arctic trajectories, in particular at times when the bloom begins, which is due to extensive fluctuations in
temperature rather than in surface irradiance (see Figure 2). Generally, our model results yield lower C:N ratios in
yearly production rates in the Atlantic ensembles (summer: 7.9; autumn: 7.8) than in the Arctic ensembles
(summer: 8.7; autumn: 9.3). Surprisingly, and despite the previously mentioned differences, the ensemble mean
values of NPP appear to have converged during the observation periods and show similar values between the
Atlantic and Arctic trajectories: Arctic (NPP = 54 ± 11 and 5 ± 4 mmol C m− 2 d− 1, summer and autumn
respectively), Atlantic (NPP = 56 ± 8 and 6 ± 4 mmol C m− 2 d− 1).

Generally, export is closely related to NPP and follows it with a lag of 2–3 weeks. The rapid increase in pro-
ductivity in spring is not immediately reflected in exports, suggesting that much of the spring production remains
in the upper ocean and is recycled rather than being rapidly exported to depth. The high temporal variability in the
export in Arctic trajectories is linked to the high variability in NPP. Furthermore, the spatial variability in NPP,
that is strongly expressed in Atlantic trajectories of the summer setup, propagates to export. During September,

Table 3
Time and Depth‐Integrated (100 m) Net Primary Production, Export of Carbon (C) and Nitrogen (N) at 100 m, and Export
Efficiency (Pe‐Ratio)

Data subset (ensemble)

Production [gm− 2 yr− 1] Export [gm− 2 yr− 1] Pe‐ratio

C N C N C N

Summer/Arctic 53.14± 6.34 7.11± 0.87 22.16± 3.17 3.23± 0.46 0.42± 0.01 0.45± 0.01

Summer/Atlantic 61.04± 0.93 9.01± 0.19 28.02± 0.65 4.40± 0.14 0.46± 0.01 0.49± 0.01

Autumn/Arctic 69.04± 1.39 8.69± 0.44 27.37± 2.38 3.79± 0.38 0.40± 0.03 0.44± 0.02

Autumn/Atlantic 100.96± 5.67 15.04± 0.77 50.15± 2.73 7.85± 0.43 0.50± 0.01 0.52± 0.01

Note. Values are the model ensemble means ± standard deviation.
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export begins to exceed local production. The productivity is always higher in the Atlantic than in the Arctic
trajectories, which translates into higher annual export accordingly, with a maximum of 50 g C m− 2 yr− 1 in the
Atlantic summer setup. As for the NPP, the C:N ratios of the yearly export rates are lower for the Atlantic en-
sembles (7.4 for both, summer and autumn setups) than in the Arctic counterparts (summer: 7.9; autumn: 8.4).
Although not as striking as in case of NPP, during the sampling periods, the export flux at 100 m do not differ
much in Arctic (Export = 24.8 ± 3.6 and 10.4 ± 2.8 mmol C m− 2 d− 1 in summer and autumn respectively) and
Atlantic (Export= 32.5± 1.5 and 9.1± 1.8 mmol C m− 2 d− 1) trajectories. These differences are small despite the
preceding developments in export flux exhibit larger differences (Figure 9).

The efficiency of export integrated over the productive period is slightly higher in the solutions of the Atlantic
ensembles, indicating less efficient export and thus more retention and recycling takes place in Arctic trajectories.
Differences in the pe‐ratio of C and N are, albeit small, caused by the variable stoichiometry in the model. The
model solutions indicate some marginally more efficient export of N than of C. We note that the rates assigned to
demineralization in our model are identical for C and N, which means that the difference here only reflects the
higher C:N ratio of the OM that is demineralized. Instant, daily pe‐ratios show a considerable temporal and spatial

Figure 9. Depth‐integrated carbon production (blue) and export (orange) at depth (100 m). Bold graphs indicate the mean
between all Arctic (left panels) and Atlantic (right) model trajectories. Thin lines show the values of individual trajectories.
Upper panels show the results from the summer model setup, lower panels from autumn setup. The timespan of the passage
of HAUSGARTEN and of in situ sampling is highlighted in gray.
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variability (Figure S4 in Supporting Information S1). While in the beginning of the productive period pe‐ratios are
close to 0, they increase to 0.4–0.6 in Arctic trajectories and 0.4–0.8 in Atlantic trajectories during the summer
sampling period and eventually exceed 1 during the autumn sampling period. An instant pe‐ratio greater than one
is due to the continuation of export, here at 100 m, of POM that has already been produced before, while at the
same time the actual productivity gradually ceases.

4. Discussion
As water parcels move through space over time, they are subject to varying environmental conditions, such as
light availability, temperature, and water column stratification. Studies in the HAUSGARTEN observatory that
present time series of biogeochemical measurements (e.g., Engel et al., 2019; Nöthig et al., 2015, 2020) reveal
substantial variability in the data, with differences between samples at individual times and locations. Some part
of the variability seen in the local observations can be attributed to water masses that are passing by the sampling
stations and are thus “snapshots” of the current situation. To relate observed changes, for example, in plankton
composition, to changes in local physical and biogeochemical conditions is difficult, since the specific conditions
to which the communities were exposed before their arrival in the observation region remain unresolved. The
Lagrangian modeling approach allowed us to investigate bottom‐up and top‐down processes that determine
seasonal changes along trajectories. With our simulations of distinct ensembles of trajectories we could analyze a
large suite of model solutions (with different histories in space and time) and examine how these can contribute to
the variability seen in the pelagic ecosystem at HAUSGARTEN in the FS at times of observation. Furthermore,
we determined the spatio‐temporal variations along the major trajectories passing the FS.

This section discusses the representativeness and usefulness of our model solutions. We address the insights
gained on the different distributions (spatial and temporal) of the trajectories, focusing on NPP and POC export.
We further elucidate aspects of the compositional variations of the plankton. The differences in DOM and POM,
as resolved by our simulations, are discussed in relation to the concentrations typically observed in the FS.
Finally, we explain the limitations of the model as well as potential improvements.

4.1. Influence of Trajectory Origin and Evolution on NPP and POC at HAUSGARTEN Sites

Trajectories emanating from the North Atlantic cover a wide latitudinal range of 15° or up to 1,930 km in summer
and as much as 17° (2,100 km) in autumn. The Arctic trajectories cover only a range between 5.5° (650 km) and
6.7° (830 km) latitude (autumn and summer setup respectively, see Figure 1. In Section 3.2.2 we show that a
significant part (6%–17% in Atlantic and 18%–41% in Arctic trajectories of the summer setup; 46%–76% in
Atlantic and 39–44 (254)% in Arctic trajectories of the autumn setup) of the variability in tracer concentrations
observed locally at HAUSGARTEN is caused by differences in the pathways of water parcels passing the
HAUSGARTEN sampling sites. Here we discuss how our estimated rates of NPP and export in the FS compare
with those derived from observations and other modeling studies, and document how these rates change along the
trajectories resolved in our model.

Our model results of annual NPP are within the range of rates reported for the FS from observations and modeling
studies. The ensemble means of NPP in the FS of the Atlantic trajectories are 61.0 ± 0.9 (summer setup) and
101.0 ± 5.7 (autumn setup) g C m− 2 yr− 1 (Table 3). The corresponding Arctic trajectories (along the EGC) yield
mean rates that are slightly lower, 53.1± 6.3 (summer setup) and 69.0± 1.4 (autumn setup) g C m− 2 yr− 1. Arrigo
and Van Dijken (2011) derived an average NPP for the Greenland Sea of 86.0± 6.5 g C m− 2 yr− 1 from long‐term
remote sensing analysis between 1998 and 2009, while Hop et al. (2006) reported an average rate of
80 g C m− 2 yr− 1 for the FS. Similar to our results, Wassmann et al. (2010) found GPP to be higher in the eastern
than in the western part of the FS in their SINMOD simulations (east: GPP ≈ 130 g C m− 2 yr− 1, and west:
50 g C m− 2 yr− 1). Net primary production estimates obtained in SINMOD simulations were considerably lower,
as documented in Vernet et al. (2021), and yield an NPP of 33.2 g C m− 2 yr− 1 in the EGC dominated region of the
FS. For the same region, even lower rates of NPP (11 g C m− 2 yr− 1) were derived from their remote sensing data
analysis, which is roughly equivalent to only 18% of NPP in our results. However, we like to note that the study of
Vernet et al. (2021) focused on coastal waters off Greenland and the high ice cover in this region may contribute to
the lower NPP estimates compared to our area of interest.

Peaks in productivity occur well before the trajectories reach HAUSGARTEN, as shown in Section 3.4. The time
difference is shorter for the summer setup (20–40 days for Arctic; 30–40 days for Atlantic trajectories) than the
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autumn setup (ca. 70 days for Arctic and 130–140 days for Atlantic trajectories). During these productivity peaks,
our model estimates the maximum daily NPP (integrated to 100 m) around 150–250 mmol C m− 2 d− 1, which is
within the range reported by Forest et al. (2010) (maximum GPP: 1.5–2.3 g C m− 2 d− 1, thus ca. 125–
190 mmol C m− 2 d− 1), but considerably higher than estimations around 0.6 g C m− 2 d− 1 (thus
50 mmol C m− 2 d− 1) for the EGC‐influenced sector (Vernet et al., 2021). While the timing of the productivity
increase is relatively homogeneous within Atlantic trajectories, it is much more variable for Arctic trajectories.
Although the average of Arctic trajectories has a slightly later maximum than in the Atlantic trajectories, pro-
ductivity peaks already in early June in few Arctic trajectories (Figure 9). Arctic trajectories are subject to
variations in sea ice cover, while Atlantic trajectories remain ice free throughout the simulated period. Sea ice
strongly influences the light available in the water column, which is reflected in the high variability in the start
date of the spring bloom in Arctic trajectories in the summer setup. Similarly, Banas, Zhang et al. (2016) found
that in the East Bering Strait, bloom timing was controlled mainly by light availability and the light availability
was in turn controlled by ice cover in regions under high ice influence, whereas in the ice‐free regions, a com-
posite of surface light availability and diffusivity correlated to the bloom timing. Long‐term remote sensing
observations of Chl‐a concentrations between 1998 and 2012 typically show maxima around May or June in the
EGC and around June or July in the WSC influenced region of the FS (Nöthig et al., 2015). Furthermore, Vernet
et al. (2021) report the initiation of the bloom between late May and mid‐June for the North‐East region off
Greenland, which is similar to our simulations.

The temporal delay in NPP and export signals leads to the accumulation of POC at different times and distances
from the target region, as shown in Figure 10. In the ensembles of trajectories passing HAUSGARTEN during the
summer sampling period, POC concentrations reach their highest levels just before entering the HAUSGARTEN
region (in situ sampling stations are marked with black “+” signs). During this time, within the 77.5°N–80°N
latitude bin, NPP (31.7 mmol C m− 2 d− 1 in Arctic and 28.2 mmol C m− 2 d− 1 in Atlantic trajectories) and export
(11.4 and 13.6 mmol C m− 2 d− 1) average fluxes are highest. Export exceeds NPP once the Atlantic trajectories
leave the target region. In contrast, in the autumn setup, where trajectories cross HAUSGARTEN during the
autumn sampling period, the maxima in POC concentration, NPP, and export occur before the Atlantic trajec-
tories enter the target region. In the Atlantic‐autumn ensemble, we observe the highest POC concentrations about
5° south of HAUSGARTEN, and the concentrations have decreased considerably by the time the trajectories
reach the region. Similarly, in the Arctic‐autumn ensemble, NPP and POC reach their highest values before the
trajectories approach the HAUSGARTEN region, but the distance is shorter than in the Atlantic counterparts and
export is highest in the 77.5°N–80°N latitude bin.

Although our estimations of NPP and tracers (see Sections 3.2 and 4.3) are within the range of observations, our
model considerably overestimates export. The annual average of POC export fluxes at HAUSGARTEN between
2000 and 2013, as observed with sediment traps in 200 m depth, ranged from 0.16 to 0.18 mol C m− 2 yr− 1(Salter
et al., 2023), which is equivalent to 1.92–2.16 g C m− 2 yr− 1. Bauerfeind et al. (2009) reported similar values, with
POC fluxes between 1.6 and 2.5 g C m− 2 yr− 1 measured with sediment traps in 200–300 m depth. However, our
model estimations at the 100 m depth horizon are 10–20 times higher than these observations. Our estimations for
POC export at 300 m depth are about half of those simulated at 100 m (Summer Arctic: 12, Atlantic: 16; Autumn
Arctic: 15, Atlantic: 28 g C m− 2 yr− 1) and still significantly higher than the sediment trap observations.
Considerably higher values, around 24–34.5 g C m− 2 yr− 1, have been reported from short‐term sediment trap
deployments in the seasonal ice zone North off Svalbard (Dybwad et al., 2021), being closer to our estimates.
Maximum export rates in our simulations of 30–40 mmol C m− 2 d− 1 occur 10–20 days before Arctic and Atlantic
trajectories reach HAUSGARTEN in the summer setup. For the autumn setup, maxima were higher (ca.
50 mmol C m− 2 d− 1) and at a greater temporal distance from the sampling region (50 d for Arctic, 110 d for
Atlantic trajectories). These rates are again considerably higher than export rates observed during high carbon
export events, which range between 20 and 50 mg C m− 2 d− 1(Cardozo‐Mino et al., 2023), that is, 2.4–
4.2 mmol C m− 2 d− 1.

We note that the apparent overestimation of POC export by our model occurs even though productivity rates and
tracer concentrations lay within the ranges we expect from observations, and even though we assume a sinking
velocity for detritus of 10 m d− 1. Using a larger detritus sinking velocity of 100 m d− 1, as is often assumed in the
literature (e.g., Bauerfeind et al., 2009; Iversen, 2023), leads to further general overestimation of vertical POC
export and underestimation of POC concentrations in the water column during the sampling period, as shown in
Figure S6 in Supporting Information S1.
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4.2. Variations in Plankton Community Structure

The Lagrangian ecosystem model outlined above divides the phytoplankton and zooplankton populations into a
number of discrete size‐classes, with plankton ecophysiological traits determined by organism size, in line with
observed allometric relationships (e.g., Edwards et al., 2012). In line with previous size‐structured plankton
ecosystem models, our Lagrangian model captures the observed equivalence of phytoplankton biomass in
logarithmically‐spaced size classes (e.g., Brewin et al., 2014; Schartau et al., 2010). This behavior is a robust
feature of size‐based marine ecosystem models that include coupled phytoplankton and zooplankton size classes
(Ward et al., 2014), and occurs because the biomass within each phytoplankton size class is restricted by top‐
down grazing pressure from their respective zooplankton predators (Armstrong, 1994).

In situ observations of spring bloom and summer phytoplankton populations in Arctic waters have been described
in several publications but are either limited to certain species or limited to specific periods (e.g., Degerlund &

Figure 10. Depth‐integrated (100 m) particulate organic carbon concentrations along model trajectories. Numbers in bold
font on the right sides represent average Carbon net primary production (integrated over upper 100 m [mmol C m− 2 d− 1])
fluxes within latitude bins of 2.5°, numbers in regular font represent carbon export at 100 m depth [mmol C m− 2 d− 1]. In situ
sampling locations at HAUSGARTEN are marked with “+” symbols.
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Eilertsen, 2010; Eilertsen et al., 1989; Gradinger & Baumann, 1991; Hasle & Heimdal, 1998; Kubiszyn
et al., 2017; Nöthig et al., 2015). In the FS bloom biomass is usually dominated by either colony‐forming
Phaeocystis (0.1–2 mm, Rousseau et al., 2007), also occurring as small flagellates (ca. 2.5 μm), or/and diatom
species of the genus Thalassisira (ca. 20 μm) or Chaetoceros (ca. 7 μm), accompanied by varying amounts of
pennate diatoms (ca. 5–15 μm) such asNitzschia,Navicula, and Fragilariopsis. Dinoflagellates (ca. 5–20 μm) and
other flagellate species (ca. 2–5 μm) are a minor contributing group during spring. In the course of the late
summer to autumn a variety of flagellates become more prominent, for instance Hegseth and Sundfjord (2008)
found a bloom of Emiliania huxleyi (ca. 4–7 μm). In the FS very large cells (up to ca. 180 μm) of the genera
Rhizosolenia and Proboscia were also found during autumn together with small flagellates (Menge, 2019).

Although our model underestimates abundance and biovolume of small—intermediate size classes at times of
observations, it resolves the relative shift of biomass from smaller to larger size from summer to autumn that was
observed in Lampe et al. (2021). We can link the variability in plankton size structure to bottom‐up and top‐down
controls that have varying effects throughout the productive season, as seen in Figure 11.

Early in the productive season, when nutrient concentrations are high but light availability is low, bottom‐up
processes dominate. The light limitation term γL limits the photosynthetic rate Pj (Pj is the product of the light
saturated photosynthetic rate Psat

j and γL). This allows for growth of large phytoplankton at low light levels, but
only for inefficient growth of small phytoplankton, leading to the pre‐bloom peak in phytoplankton size seen in
Figure 8. By the beginning of May, when surface irradiance ( Isurf) exceeds 5 ⋅106μ Ein d− 1 m− 2 in the summer
setup, the photosynthetic rate reaches 40% (Arctic) to 60% (Atlantic) of Psat

j in larger phytoplankton, but only
below 10% in the smallest size class. As the light availability increases, the effects of light limitation decrease.
Since the maximum photosynthetic rate Pmax

j decreases exponentially with cell size, this gradually cancels out the
effect of fading size dependent light limitation, allowing rapid growth of small phytoplankton and causing a
relative shift of biomass to smaller sizes until the peak of the bloom is reached.

The light saturated photosynthetic rate Psat
j is controlled by a nutrient limitation term γN,j, which affects larger

cells stronger than smaller cells. However, γN,j never decreases below 0.9, meaning Psat
j is never down‐regulated

to less than 90% of the maximum photosynthetic rate Pmax
j due to lack of nutrients. This fits to DIN concentrations

in our simulations not falling below 2 mmol m− 3 in the summer setup, never fully exhausting nutrient supply.

Once sufficient zooplankton stocks form, the plankton size structure becomes subject to increasing top‐down
control through zooplankton grazing. During the bloom, phytoplankton growth occurs in all size classes, but is
initially most rapid in the smallest and fastest growing cells. These increasing phytoplankton stocks allow the
growth of zooplankton grazers. The grazing pressure is felt most strongly by the smallest phytoplankton, which
are preferentially grazed by smaller zooplankton with relatively faster grazing rates (the optimum predator:prey
size ratio δopt is 1:10). The faster response by smaller zooplankton rapidly terminates the growth of smaller
phytoplankton populations, causing a relative shift towards larger size classes. As the bloom progresses, the
relative size structure shifts towards larger sizes, and zooplankton size follows due to the size‐based coupling
between predators and prey.

The size structure of the protist planktonic community is an important indicator whether retention or export of
accumulated OM is dominant in a system. Communities dominated by large diatoms with silica frustules tend to
have high export rates as upon being grazed, they form larger fecal pellets that sink faster (Cael et al., 2021) and
are relatively dense and less accessible to microbial degradation (B. Hansen et al., 1996). More recycling as
opposed to export is observed in systems that are dominated by picoplankton (Azam et al., 1983). Therefore,
unraveling dynamics in the microbial food web is essential to understand mass transfer of OM to higher trophic
levels and subsequent recycling or export in the FS.

4.3. Variability in OM Pools

We can link the spatial variability in observed OM pools in the HAUSGARTEN region during summer and
autumn to the different Lagrangian pathways (histories) in physical conditions (predominantly light) and
ecological dynamics (plankton interaction) each of the simulated trajectories experienced during their voyage.
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In our model, the partitioning of organic carbon (Corg) into living biomass, detritus and DOC is largely controlled
by the size structure of the plankton community. Total POC increases in spring until the peak of the bloom, and is
mainly made up from phytoplankton biomass. In the following weeks, this leads to an increase in both, detritus
and DOCSL. Since the partitioning of Corg (generated through background mortality and sloppy feeding) into the
dissolved or particulate phase is size dependent (see Equations S25 and S26 in Supporting Information S1), small
cells are partitioned roughly 80:20 into DOC:detritus, while the largest 20:80. As the plankton biomass is
dominated by smaller size classes during the spring bloom, the DOC to detritus production is at similar levels at
this time. With the increase in phytoplankton biomass, zooplankton stocks increase, and their grazing controls
phytoplankton stocks. Grazing leads to further increase in detritus (in addition to background mortality), again
with a size‐dependent partitioning of DOC and detritus. Furthermore, grazing changes the size structure of the
plankton, as the smaller plankton are preferentially grazed (the optimal size ratio between predator and prey δopt is

Figure 11. Factors controlling the size composition of phytoplankton stocks in the summer model setup. The photosynthetic
rate is limited with a light limitation term γL (Equations S8 and S11 in Supporting Information S1). The nutrient limitation
term γN limits the light saturated photosynthesis rate Psat

j (Equation S7 in Supporting Information S1). Grazing pressure
describes the combined grazing of all zooplankton on each phytoplankton size class.
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10:1), which increases carbon allocation into detritus. As a consequence, export of OM increases, since only
detritus can be exported via sinking. Compared to the model results, observations in the HAUSGARTEN area for
summer and autumn 2018 showed roughly two times higher concentrations for POC but similar ones for DOCSL
(Table 2). One process not resolved in the model is the partitioning of DOC into POC due to bacterial uptake and
the formation of gel‐like particles by aggregation processes, for example, transparent exopolymere particles. TEP
contributed on average 1.78 mmol C m− 3 in summer (von Jackowski et al., 2020a), which would constitute an
25% increase of modeled POC. In autumn TEP‐C contributions were lower, that is, 0.59 mmol C m− 3, equivalent
to 30% of modeled POC. Bacterial production drives the microbial food web and is an important sink for DOC
(5.47–27.4 g L− 1 yr− 1).

DOC concentration in the upper 100 m of the water column varies over the productive season in FS and ranged
between ca. 40 and 170 μmol L− 1 during the period 2009–2017 (Engel et al., 2019). Thereby, the highest con-
centrations were observed in the upper 20 m, decreasing slightly to 30 m. Considerable variability was still
observed at 100 m, ranging between 40 and 95 μmol L− 1. Below 250 m, DOC concentration is relatively stable,
indicating a refractory pool of 52± 2 μmol L− 1. Estimates for the production of fresh DOC by Arctic phyto-
plankton vary around 15% of NPP (Codispoti et al., 2013; Engel et al., 2013). However, variations in the per-
centage of extracellular release (PER) of photosynthetic carbon may be high, as observed during a study in the
Kongsfjord (Svalbard) where PER ranged between 2% and 53% (Engel et al., 2013), or in the Barents Sea where
PERwas found to vary between 6% and 60% (Vernet et al., 1998). For the Arctic, fewmeasurements of NPP exist;
most PP estimates are based on satellite data, where subsurface, marginal or under‐ice blooms are not well
represented. Primary productivity in June and July 1984, with an average daily integrated productivity of
35 mmol C m− 2 d− 1, was also highest at the ice margin in FS during a study by Smith et al. (1987). However, an
increase in primary production has been estimated for the pan‐Arctic region over the last decades as a conse-
quence of climate change (Ardyna & Arrigo, 2020). Due to the loss of sea ice, the duration of the phytoplankton
growing season and the total extent of open water have increased significantly and could explain an estimated
30% increase in NPP between 1998 and 2012, yet largest changes are attributed with ice melting on the shelves
(Laptev, Kara, and East Siberian).

4.4. Limitations and Perspectives

The Lagrangian approach allows us to take a different look at the biogeochemical state of a particular region as it
is found within a limited period of observations. Even in analyses using three‐dimensional coupled physical‐
biogeochemical ocean models, where the state changes in an area can be resolved in time, supplementary ana-
lyses are needed to relate local results to the processes that took place before and outside the region. This is
achieved in our study, but is also accompanied by certain disadvantages and limitations.

By using ensembles of trajectories, where a one‐dimensional model can be solved in a computationally efficient
way, the individual trajectory solutions of the plankton model are independent of each other, even if they are
spatially in close proximity to each other. Apart from the identical dynamical equations, the only other connection
between some (spatially adjacent) trajectories of an ensemble is the similarity of the physical conditions, since
they are based on the same results of a particular circulation model. Horizontal gradients transverse to the tra-
jectories, for example, of Chl‐a, are not taken into account, while the horizontal mixing and shear remain un-
resolved, with lateral diffusivities being typically in the order of 102–103 m2 s− 1 (10–102 km2 d− 1) (e.g., Zhurbas
et al., 2014). Lateral mixing may dilute and thus dampen peak concentrations seen in our results, and it likely
reduces the variability explained by our approach. In the study of Ser‐Giacomi et al. (2023) a Lagrangian
approach is proposed where a water patch is subject to strain (changing its shape and size) and diffusion (changing
its concentration due to dilution or entrainment of surrounding waters). These explicit considerations provide a
more elaborate representation of spatial variability. In principle, such patch dynamics may also be applicable to
approaches similar to ours, but it would require additional assumptions with respect to the connectivity, distances
and concentration differences, between the individual trajectories.

A distinctive feature of our solutions is that they are all based on an identical set of model parameter values and
therefore all differences in the initialization of the bloomare exclusively determined by differences inmixing, light,
and temperature conditions imposed as physical forcing. In the case of the Arctic trajectories coming from the
north, the model provides a delayed onset of bloom (late May‐early June) compared to the remote sensing Chl‐a
data (late April) (Figure 4), while our results are in agreement with the times of bloom initiation in SINMOD
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simulations analyzed by Vernet et al. (2021); therein the western FS is referred to as NorthEast (NE) region of
Greenland. We note that the bloom detection derived from satellite data is associated with large uncertainties.
Although uncertainties in remote sensing in April can be attributed to the low sun angle and the smaller number of
pixels that are free of clouds, we think that the delayed onset in our solutions is more likely associated with some
dynamics unresolved by the model. Interestingly, the potentially missing mechanisms are also accompanied by a
limitation in the visibility of the initial bloom development in the remote sensing data. Ardyna and Arrigo (2020)
refer to observations of under‐ice phytoplankton blooms (UIBs) that are invisible to remote sensing sensors. Such
UIBs, extending from areas fully covered by ice into regions of pack ice, are not accounted for in ourmodel, as well
as short‐term (diurnal) stratification between the pack ice, which may keep some of the phytoplankton in the upper
layers while exposure to light is increased. Another possible, more ecological mechanism that favors earlier bloom
development is a reduced grazing pressure on phytoplankton due to increased predation on microzooplankton
caused by the seasonal vertical migration of copepods. A model sensitivity analysis of seasonal vertical migration
in the southern Labrador Sea (Grossowicz& Pahlow, 2024) revealed that an early ascent of copepods in spring can
cause phytoplankton blooms to occur earlier. Such top‐down effects can act in combination with the formation of
UIBs and the enhancement of algal growth in stratified patches within ice‐covered areas, causing bloom devel-
opment to precede that in the open areas. Themechanisms responsible for the emergence and spread of such blooms
appears to be essential, in particular if model applications aim at explaining trends in bloom phenology and NPP in
theArctic, as documented in Lewis et al. (2020) and discussed byArdyna andArrigo (2020), in associationwith the
borealisation of Arctic waters, for example, as described by Polyakov et al. (2020).

We would like to emphasize that the mechanisms discussed here, which are not represented by the model, may not
be overcome simply by choosing a different set of parameter values for the Arctic trajectories along the marginal
ice zone. Although it is possible to improve the match with remote sensing data in the Arctic trajectories, in terms
of bloom timing, by adjusting the photosynthetic efficiency (aP, initial slope of P‐I curve), this leads to a misfit in
the Chl‐a depth profile with Chl‐a maxima now occurring deeper than in observations (Figure S7 in Supporting
Information S1).

Considerable improvements might be achieved if the model is further revised with regard to specific size ranges of
the grazing, as well as a division of the detritus into fast and slow sinking particles. In this model version of protist
plankton, we have only introduced a closure that crudely resolves an impact of higher trophic levels. This is
simplistic and if higher trophic levels were explicitly considered, the model solutions would likely change,
particularly with respect to the onset of blooms, as discussed above. An implementation of the complex life cycles
of copepods, as for example, simulated in Banas, Møller, et al. (2016), goes beyond the scope of our study and
would require temporally extended sets of trajectories. To what extent variations in the time of ascent of some
vertically migrating copepods can contribute to differences in the overall course of bloom development cannot be
evaluated with our model version. In order to elaborate estimates of the ecological effects on primary production
and OM export, it could be useful extending the size range of the model accordingly. Finally, apart from the
purely ecological effects, we would like to stress that trajectories generated by a model with higher spatial res-
olution may also serve to increase the simulated variability in the target area.

5. Conclusions
In this study, our primary objective was to unravel the extent to which the spatial variability observed in local
measurements of dissolved and particulate OM concentrations, productivity, and export rates in the HAUS-
GARTEN LTER site could be explained by divergent environmental conditions encountered by water parcels
during their transit through the FS. To achieve this, we employed a 1D size‐based NPZD plankton ecosystem
model with variable stoichiometry, forced by four ensembles of Lagrangian trajectories passing the LTER at
different times (summer or autumn) and from distinct directions (originating in the North Atlantic or Arctic
Ocean). These trajectories presented diverse sets of physical conditions that plankton within a water parcel may
experience along their journey.

Overall, our model has shown that it can generate solutions that are broadly in agreement with data from very
different types of observations, comprising tracer concentration measurements, protist plankton spectra derived
from microscopy, remote sensing products and climatological data.

Temporal developments in plankton growth, size composition, and OM export varied among trajectory ensem-
bles, despite using identical model parameter values. Light availability discrepancies influenced the timing of
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plankton blooms and the size composition of primary producers and thus their grazers, subsequently impacting
OM export. During local in situ observations in the FS, maxima in productivity and export had already occurred.

While our model solutions can explain between 10% and 72% of the observed variability, due to the diverse
physical conditions of the individual trajectories, a substantial portion of variability remains unexplained.
Whether models of higher spatial resolution can overcome such disparities remains unclear, but it certainly
underscores the necessity for future research to advance our knowledge of the spatio‐temporal variations in
plankton dynamics.

Data Availability Statement
The code to generate model simulations and figures can be found on Zenodo (Lampe &Hunter, 2024). In situ data
for model calibration are accessible on Pangaea (von Jackowski et al., 2020b; Torres‐Valdés et al., 2019). The
remote sensing Chl‐a data were provided through the Ocean Color CCI data product (Sathyendranath
et al., 2021). Nutrient concentration data used for model evaluation are available through the World Ocean Atlas
(Boyer et al., 2018).
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Erratum
The originally published version of this article contained typographical errors in Equations 7 and 8. In Equation 7,
the minus sign should precede “WOA.” In equation 8, the minus sign should precede the “(s)” in both places in the
equation. In addition, in the eleventh sentence of the second paragraph of Section 4.3, “mmol C L− 3” should be
changed to “mmol Cm− 3.” In Table 1, mathematical expressions in the following rows of the column labeled “(#)
Notation” were incorrectly formatted: row 10, row 14, and row 17. Mathematical expressions in rows 18–24 of
the column labeled “Values” were incorrectly formatted. In Table 2, mathematical expressions were incorrectly
formatted in the seventh and eight column headings and the first and second sentences of the table note. The
mathematical expression in the second sentence of the caption for Figure 2 was incorrectly formatted. Mathe-
matical expressions were incorrectly formatted in the following locations of the main text: the tenth, eleventh and
twelveth sentences of the first paragraph of Section 2.2.1, the first sentence of the fourth paragraph of Section
2.2.2, the fifth sentence of the second paragraph of Section 2.4, the third sentence of the first paragraph of Section
3.2.2, the fourth and fifth sentences of the second paragraph of Section 3.2.2, the first sentence of the third
paragraph of Section 3.2.2, the first and third sentences of the fourth paragraph of Section 3.2.2, the second
sentence of the third paragraph of Section 4.2, and the first, third, fourth, and tenth sentences of the second
paragraph of Section 4.3. The errors have been corrected, and this may be considered the authoritative version of
record.
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