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Abstract

Biogeochemical marine models aim to replicate the chemical and low-trophic levels
conditions of marine ecosystems. There are many types of such models, depending on
complexity, specific aims and formulations. All of them are but rough approximation of
the real ecosystems with many shortcomings and drawbacks so improvements and new
formulations are always needed in order to increase their capability to reproduce real-life
conditions.

Here we present a modification of the biogeochemical model developed at JRC for
representing marine conditions in the Mediterranean Sea, the MedERGOM model. This
model has been demonstrated to properly represent biological production patterns in the
basin but had some difficulties in simulating correctly concentrations of free nutrients in
the seawater.

In the present report we modify the internal ratio of the two main nutrients in the sea
(nitrate and phosphate) by taking into account the physiological flexibility plankton
communities show in the real environment. By making this simple modification we show
how nutrients levels in seawater simulated by MedERGOM become much closer to
observations, enhancing the capability of the marine modelling framework to simulate
chemical conditions in nutrient-starved basins such as the Mediterranean Sea.



1 Introduction

Nutrients are the necessary building blocks for primary producers to create organic
matter (OM) through photosynthesis. These are essential chemical elements that are
fundamental parts of key molecules within the cells such as the nucleic acid (e.g.,
phosphorus) or aminoacids and proteins (the case of nitrogen).

In the ocean, the molar ratio of nitrogen to phosphorus (N:P) has been used to
determine which of these two ‘macro-nutrients’ limits phytoplankton production. In the
seminal work by A. Redfield (Redfield, 1934) a quasi-constant molar N:P ratio of 16:1
was described for both the seawater (N:Pyaer) and for the phytoplankton biomass
(N:Pow)- In Redfield’s original work the reasons behind this ‘fixed’ ration were proposed
to be related with ‘the characteristic of protoplasm in general’. Later works have
proposed that the N:Pgy value is determined by the interdependence of two universal life
processes: the syntheses of rRNA and proteins (e.g., Falkowski, 2000; Geider & La
Roche, 2002; Sterner & Elser, 2002; Elser et al., 2003; Klausmeier et al., 2004).
Loaladze & Elser (2011) described that ‘under optimal conditions and based on the best
available data for key model parameters, this ratio also quantitatively corresponds to the
canonical N:P value of 16°.

Henceforth, for determining which nutrient is limiting production typically the actual
concentration in the seawater is compared with the Redfield ratio (RfR); if the N:Pyater IS
above RfR phosphate is considered to be limiting production. If, on the contrary, N:Pyater
is below RfR, nitrate is limiting. This simple approach based on a unique, unspecific
threshold value is typically used in biogeochemical models with low complexity (such as
those used in global-scale applications) as it saves computational time by not needing to
simulate the metabolic routes of each nutrient separately.

However, there is no compelling reason for the specific value of the RfR (Geider & La
Roche, 2002; Klausmeier et al., 2004) and there is growing evidence that both N:P,ater
and N:Pgy vary regionally throughout the world’s ocean (Karpinets et al. 2006; Fransner
et al., 2018). Physiological plasticity of cells and assemblages composition changes
(Geider & La Roche, 2002) could help to explain the diversity of ratios found in natural
waters.

Thus, using a fixed N:Pgy ratio in biogeochemical model is not a fully justifiable
assumption (e.g., Flynn et al., 2010) specially in marginal seas where nutrients scarcity
and/or unbalanced supply from external sources creates very particular chemical
environments (Fransner et al., 2018). In these areas, models needs to be able to deal
with shifts between phosphorous and nitrogen limitations, changing nutrients loads (from
ultra-oligotrophic to eutrophic waters) and physico-chemical gradients such as in the
vicinity of rivers’ plumes (Baretta-Bekker et al., 1995; Bauer et al., 2013; Blackford et
al., 2004).

The variability on internal nutrient ratios could be considered in biogeochemical models
by adding separate metabolic routes for each individual nutrient and simulating each
pathway independently. This is the method followed by high-complex, plankton-
functional-types (PFT) models such as ERSEM (Baretta et al., 1995) and BFM (Vichi et
al., 2007). However, this approach increases largely the number of free parameters of
the model (which are typically difficult to estimate) and the computational time for model
integration. These drawbacks led to PFTs model not being much used in large-areas, 3D
ocean circulation applications with some notable exceptions (e.g., Baretta-Bekker et al.,
1995; Tagliabue & Arrigo, 2005; Vichi et al., 2007; Ayata et al., 2014).

A recent paper (Galbraith & Martiny, 2015) (G-M15 from now onwards), presented an
analysis of the global relationships between chemical conditions in water (nutrients
concentrations) and the value of the N:Pgy in such environments. Briefly, they found out
that the N:C and the P:C relative ratios of the marine organic matter were dependent on
the individual nutrient concentration (N or P) in the water. The N:C vs N relationship is
quite stable, with the ratio value only changing slightly at very low N concentrations. The



P:C vs P function is, however, very dynamic in the entire range of typical P
concentrations. The higher the P, the larger amount of P per C unit is found in the marine
OM, this relationship being called Line of Frugality (LoF) by the authors. So, according to
G-M15 results, the plankton plasticity for N is much lower than for P (DeVries & Deutsch,
2014) the reason being the different organic compounds both nutrients are involved with
(Geider & LaRoche, 2002).

Combining the N:C vs N and the P:C vs P values, G-M15 created a global map of N:Pgy
based on reported values of N and P concentration in surface waters. This map shows
that large deviations from 16:1 (i.e. RfR) are expected in many oceanic regions such as
the central anticlyconic gyres and marginal seas (where the ratio is >16) and around
polar areas (both Arctic and Antarctic where the ratio is <16). In this same map an
already well known characteristic of the Mediterranean Sea could be seen, that is its
N:Poy ratio is well above the RfR value (e.g., Tanaka et al., 2011) as also happens on
other oligotrophic regions where plankton has to relay on N-rich proteins for gathering
scarce resources (Sterner & Elser, 2002).

High N:Pgy ratio in the Mediterranean Sea is concomitant to unusually high N:P.r in the
basin (e.g., Krom et al., 1991). The reasons for this large N:P,a.er in the Mediterranean
Sea are not well identified yet as there are two contrasting hypothesis. The first one
refers to relatively high nitrogen fixation rates in the basin due to seagrasses and to the
activity of N-fixing phytoplankton (e.g., Béthoux et al., 1992, 1998, 2002; Sarmiento et
al., 1988; Gruber & Sarmiento, 1997; Pantoja et al., 2002; Ribera d’Alcala et al., 2003).
The second hypothesis makes reference to the unbalanced nutrient ratios (N:P higher
than normal) in all external nutrient sources to the Mediterranean (Krom et al., 2004 &
2010).

Independently of the reasons, it is clear that assuming RfR in biogeochemical models
applied to the Mediterranean basin seems not to be the optimal approach (e.g., Richon et
al., 2018). The recently reported LoF relationship (G-M15) opens up a new possibility to
use a simpler, low complexity biogeochemical model but still considering the observed
existing plasticity in marine ecosystems regarding nutrients dynamics and internal ratios.

Thus, in the present contribution we modify one of the already existing, low-complexity
biogeochemical models specifically developed to represent the Mediterranean Sea
ecosystem, the MedERGOM model (Macias et al., 2014a) to consider the variable N:Pgy
ratio following the LoF concept presented by G-M15. We will compare the results of
MedERGOM simulations with a constant RfR ratio and the variable LoF version for a
common 7 years period (2001 to 2007) exploring changes in nutrients concentrations
and ratios both in the horizontal and in the vertical dimensions.



2 Material and methods

Here we use an integrated modelling framework (MMF) developed at the JRC - Ispra of
the European Commission to specifically assess the consequences of different scenarios
on the ecosystem status of regional European Seas (Stips et al. 2015). This MMF includes
the main elements of a Regional Earth System Model (RESM), i.e., the atmosphere, the
hydrological basins and the oceans (Fig. 1). The oceanic component of the MMF is
composed by two coupled models, a hydrodynamic model based on GETM (Burchard &
Bolding, 2002) and a biogeochemical model based on ERGOM (Neumann, 2000).

Figure 1. Simplified diagram of the Marine Modelling Framework (MMF)
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A detailed description of the GETM equations could be found in Stips et al. (2004) and at
http://www.getm.eu. Our implementation for the Mediterranean Sea (Fig. 2) has a
horizontal resolution of 5° x 5 (—9x9km) and includes 25 vertical sigma-layers. Model
bathymetry was built using ETOPO1 (http://www.ngdc.noaa.gov/mgg/global/) database
while initial thermohaline conditions were created by using the Mediterranean Data
Archeology and Rescue-MEDAR/MEDATLAS database (http://www.ifremer.fr/medar/).
The same MEDAR/MEDATLAS data was used to create the boundary conditions for the
model at the Strait of Gibraltar where monthly climatological vertically-explicit values of
salinity and temperature are imposed. No horizontal currents are explicitly prescribed at
the open boundary.



Figure 2. Model domain with bathymetric lines (background colour) and the position of the 53
rivers along the coast (red stars)

GETM is forced at the surface every 6 hours by the following atmospheric variables: wind
velocity at 10 meters, air temperature at 2 m, dewpoint temperature at 2 m, cloud cover
and atmospheric pressure at sea level. Atmospheric data comes from the European
Centre for Medium-Range Weather Forecasts (ECMWF ERAIn database). Bulk formulae
are used to calculate the corresponding relevant heat, mass and momentum fluxes
between atmosphere and ocean (Macias et al., 2013).

The present configuration of the ocean model includes 53 rivers discharging along the
Mediterranean coast (red stars in Fig 2). River inflow is treated as a boundary condition
regarding water flow, temperature, salinity and nutrients (computed from the databases
mentioned below) with respect to the grid cells where the river is entering. Once in the
oceanic domain, the freshwater plume is subjected to the general hydrodynamic
processes governing the water movements. Values for river discharges were derived
from the Global River Data Centre (GRDC, Germany) database while inorganic nutrient
loads (nitrate and phosphate) of freshwater runoff were obtained from Ludwig et al.
(2009) who combined literature reports with the Waterbase database at the European
Environmental Agency (EAA) to get the most comprehensive, monthly-varying dataset on
freshwater quality throughout Europe.

GETM is coupled online to the MedERGOM biogeochemical model (Macias et al., 2014a
and 2014b) by using the Framework for Aquatic Biogeochemical Models (FABM,
https://sourceforge.net/projects/fabm/, Brueggeman & Bolding, 2014). MedERGOM is a
modified version of the ERGOM model (Neumann, 2000) specifically adapted to represent
the conditions of the pelagic ecosystem of the Mediterranean Sea. Briefly, MedERGOM
incorporates three phytoplankton functional types (‘diatom-like’, ’flagellates-like’ and
‘cyanobacteria-like”), two major nutrients (nitrate and phosphate), one zooplankton
compartment and detritus. To get a more comprehensive description of this model the
reader is referred to Macias et al. (2014a) and Macias et al. (2017). Biogeochemical
initial and boundary conditions are computed from the World Ocean Atlas database
(www.nodc.noaa.gov/0OC5/indprod.html).

2.1 Nutrients’ incorporation dynamics

The main objective of the present contribution is to compare two different formulations
for the nutrient incorporation dynamics in MedERGOM. The equations for nutrients
limitation in the model are:



(NHg4+ NO3)?
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Being NH,; the concentration of ammonia in water; NOz; the concentration of nitrate in
water; POs; the concentration of phosphate in water; o the half saturation constant
(specific for each phytoplankton type) and rfr the P:N ratio in the organic matter. nlim
stands for ‘nitrate limitation’ while plim stands for ‘phosphate limitation’. In MedERGOM
(as in ERGOM) the values of nlim and plim are computed for each position/time-step
(ranging O -1) and the lowest one is selected as the nutrient-limiting factor.

In the original MedERGOM implementation rfr is set constant at a value of 1:16 (i.e. the
Redfield ratio). This value implies that the molar composition of the organic matter (OM)
in the original formulation is always 16N to 1P and that the limiting nutrient is defined by
the same ratio; if the water concentration is above 16N:1P, phosphate will limit
production; if the water concentration is below 16N:1P, nitrogen will be limiting. This is
common approach to simulate the co-limitation by different nutrients in low-complexity
biogeochemical models that circumvent the need to fully consider the elementary
composition of the OM and the different metabolic routes involved. It has, however, the
disadvantage of being totally inflexible, not allowing for any physiological and/or
community composition changes as response of a change in the chemical conditions of
the environmental waters.

In the LoF version of the model we assume that the rfr parameter is variable depending
on the concentration of PO3 in the water. The exact formulation (Eq. 3 below) has been
derived from the N:C and P:C relationships provided by G-M15 and assuming a constant
N:C ratio of 144 for the range of nitrate concentrations typically found in the
Mediterranean Sea (e.g., Siokou-Frangou et al., 2010).

_ 6.9+P03+6

‘reroF =, Eq. 3

144

With these variable ratio the molar composition of the OM changes depending on the
chemical composition of the environment (i.e, the phosphate concentration) as shown in
Fig. 3 below. With low phosphate concentration in the water the produced OM has
higher-than-Redfield N:P molar ratio (up to a maximum ~ 24) while with high phosphate
concentration the N:Pgy can go below Redfield. Of course, this has an implication also on
the determination of the limiting nutrient, as for each PO3; concentration in the water the
threshold for nitrate or phosphate limitation changes.



Figure 3. Dependence of the N:Pgy with the waters’ PO3 concentration following Eq. 3
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The simple implementation shown in Eq. 3 allows, thus, to consider the known flexibility
phytoplankton shows for different chemical conditions regarding nutrients. The changes
shown in Fig. 3 could come from intra-specific flexibility of the phytoplankton cells or
from changes in the community composition as a response to variable nutrients
conditions.

We perform two twin-simulations covering the period 2000 — 2007 (only data from 2001
onwards were considered). The first one assumes the Redfield ratio in the nutrients’
assimilation rate (RfR simulation) while the second uses the LoF relationship shown in Eq.
3 (LoF simulation). All other conditions (initial values, boundaries, external forcings,
etc..) are exactly the same in the two simulations.



3 Results

3.1 Surface chemical conditions

We can now look at how the use of a fixed or variable N:P ratio in phytoplankton uptake
affects the surface chemical conditions in the basin. Figure 4 shows the mean
climatological surface concentrations of the two major nutrients in the water, nitrate and
phosphate. If we start looking at the nitrate concentrations (Fig. 4A and 4B), it is clear
that in the LoF run, mean surface values are much lower than in the RfR (0.56 mmol/m?
vs 1.13 mmol/m?®). Regarding spatial distributions, for the RfR a north-south gradient is
quite evident with not very large differences between western and eastern basin
(maximum mean surface concentrations of ~2 mmol/m? being found in both regions). On
the opposite, in the LoF run surface nitrate is more scarce in the eastern basin
(maximum concentration ~ 0.5 mmol/m®) than in the western one (maximum ~ 1.8
mmol/m?3) while still a certain north-south gradient is present. Both, spatial distribution
and absolute values are much more similar to reported values in the LoF run than in the
RfR run (see section 3.3 below).

Figure 4. Mean climatological surface (10m) nutrients concentrations in water (mmol/m3). Upper
row, nitrate. Middle row, phosphate. Lower row, N:P molar ratio. Left column RfR simulation. Right
column, LoF simulation.
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For phosphate the situation is quite the opposite (Fig. 4C and 4D) as mean concentration
is higher in LoF (~ 0.036 mmol/m?®) than in the RfR run (~0.014 mmol/m3). A similar
north-west to south-east gradient could be seen in both distribution maps with some
large differences in marginal basins such as the Adriatic, the Aegean and the Gulf of
Gabes region where phosphate is quite higher in the LoF run (Fig. 4D).

As a consequence of the patterns described above, the N:P ratios in the water for each
simulation are quite different. Mean N:P,.r is — 250 for the RfR run and — 30 for the



LoF. In both cases, though, a gradient towards the south-east is quite evident (see Fig.
4E and 4F) with the N:P,..r reaching very large values in the easternmost region of the
basin. As commented before, the mean values of the ratio and its spatial distribution
agrees better with previous reports for the LoF run than for the RfR (see section 3.3) as
in this later case a combination of very high nitrate in the water with very low phosphate
makes this ratio to reach unrealistically high values (see Fig. 4E).

The side by side comparison of N:P.er in both model runs (Fig. 5) shows clearly that LoF
simulates a lower value than RfR in the entire Mediterranean (map in Fig. 5) but with a
clear longitudinal gradient (lower panel Fig. 5), being the difference much larger in the
eastern part of the basin.

Figure 5. Upper panel, N:P in water anomalies (LoF — RfR runs). Lower panel, longitudinal means
of the N:P in water anomalies.
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We can have a look at how the N:P ratio in the organic matter is distributed in the LoF
(remember that for RfR this is fixed to 16). The mean map of N:Pgy is shown in Fig. 6A
where a north-west to south-east ratio is clearly seen as also shown in the longitudinal
mean in Fig. 6B. Mean value of this ratio for the entire basin is ~22.4, i.e. higher than

Redfield.

10



Figure 6. A) Mean climatological molar N:P ratio in organic matter (OM) for the LoF simulation (for
the RfR it is set to 16). B) longitudinal mean of the N:P mean ratio shown in the map.
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The correlation between the N:P,4er (i.€., the map in Fig. 4F) and the N:Pgy (i.e., the
map in Fig. 6A) for the LoF run is shown in Fig. 7. A positive relationship is evident, with
higher N:Poy happening in regions with high N:Pyae- This relationship is an obvious
consequence of the LoF implementation as shown by Eq. 3.

There is, however, a deviation of this general pattern happening at N:Pyaer —16 (i.e., the
Redfield ratio) where a small cloud of points showing the opposite trend are located (red
dots in the intermediate plot in Fig. 7). The location of these data is shown in the small
map of the figure (red areas) corresponding to highly productive regions where new
nutrients inputs typically happen; by the entrance of Atlantic waters through the Strait of
Gibraltar or by the intense vertical mixing caused by the mesoscale activity and by the
winter deep convection in the NW Mediterranean. In both regions, waters with a much
lower N:P signature (—16 for the Atlantic and —17 for the Gulf of Lion region) are
supplied to the euphotic layer which seems to have a large effect on the N:P of the
organic matter produced as result.
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Figure 7. Scatter plot of N:P in OM versus N:P in water for the LoF run. The map in the inlet shows
the region from where the red dots come from.
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3.2 Vertical patterns

From previous modelling works (e.g., Macias et al., 2014a) it has become clear that the
vertical distribution of biogeochemical variables is an important factor for the ecological
status of the pelagic ecosystem in the Mediterranean Sea, especially during the
stratification period when extreme oligotrophic conditions are stablished in the uppermost
layers.

Thus, it is relevant to test if the inclusion of the variable N:P ratio in phytoplankton
uptake has any effect on the vertical distribution of biogeochemical variables. For doing
this we have extracted the vertical profiles from the two model runs in the two open-
water regions detailed in Macias et al. (2014a), one in the western basin and another in
the eastern basin. Climatological vertical profiles of the different variables are then
computed and plotted in Figs. 8 and 9.

Starting with the western basin (Fig. 8), the effects on nutrients’ vertical distributions of
the variable N:P ratio is quite significant. For nitrate, surface values are largely reduced
in the LoF (Fig. 8B) with larger intermediate values (—120m) increasing, thus, the
vertical gradient. For phosphate, surface values increase during winter and spring and
deeper values (=100 — 150 m) increase during the whole year (Fig. 8D). As a result, the
N:Puater ratio decreases largely in the LoF run (Fig. 8F) with the strong limitation by
phosphate only happening during the central months of the summer in the uppermost
layers of the water column (<50m).
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Figure 8. Vertical climatological distributions of biogeochemical variables at the open-sea western
area for the RfR run (left column) and for the LoF run (right column).
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For the eastern Mediterranean (Fig. 9), the effect of LoF in the nitrate concentration is
quite large (Fig. 9A and 9B). While in the RfR upper-water (up to ~100m) nitrate levels
are quite high (~1.5 mmol/m?®) and seems to come from a surface source during winter
(see Fig. 9A), for the LoF surface levels are greatly reduced (to an average of — 0.5
mmol/m?®) and the spatio-temporal pattern seems to be more linked with a deep source
of fertilization during winter months. Phosphate concentration in surface waters is not
much changed up to —120m although at deeper levels LoF simulates higher average
values (Figs. 9C and 9D). N:P,..r ratio is always extremely high in the RfR simulation
(Fig. 9E) while it presents a clear seasonality in the LoF run (Fig. 9F) with maximum
values during the stratification season in surface (<75m) waters.
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Figure 9. Vertical climatological distributions of biogeochemical variables at the open-sea eastern
area for the RfR run (left column) and for the LoF run (right column).
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3.3 Model validation

In this section model results will be compared with available data on nutrients
distribution in the Mediterranean Sea. Both, horizontal patterns, seasonal cycles and
different depth horizons will be analysed.

We will start with the general comparison of mean nutrients values in the two analysed
‘boxes’ (NW Med & Eastern Med) for the two model runs with the results by Powley et al.
(2017). From the numbers in Table 1, it could be seen that in general both RfR and LoF
provides mean values that are within the range of reported values (bracketed figures in
table 1). However, it is quite clear that surface values of nitrate in the RfR are
substantially larger than in the LoF, especially for the Eastern Mediterranean. Such
values are still within the range of observations provided by Powley et al. (2017) but they
are almost three times larger than the ‘stable’ value found in their modelling exercise.

Phosphate values in both model runs are in general comparable to values reported
elsewhere, including observational data and model simulations.

14



Table 1. Comparison of mean integrated values of nitrate and phosphate in different ‘boxes’ and

water depth horizons as defined in Powley et al., 2017.

Sub-basin Depth NO3 PO,
RfR RfR
LoF LoF
(min — max) (min — max)
Powley et al (2017) Powley et al (2017)
WM SW 1.74 0.045
(surface) 1.3 0.11
0-7.3) (0-0.35)
0.8 0.05
w 6.4 0.36
(interm) 7.2 0.47
(1.4 -9.9) (0.04 — 0.47)
6.6 0.26
DW 8.0 0.44
(deep) 8.3 0.48
(1.6 — 9.5) (0.14 — 0.48)
7.7 0.37
EM SW 1.85 0.018
(surface) 0.8 0.007
(0.01 — 3) (0-0.1)
0.6 0.02
w 3.76 0.14
(interm) 3.9 0.16
(0.5 - 6) (0.03-0.2)
2.6 0.102
DW 4.65 0.16
(deep) 4.7 0.17
(3-6) (0.13 -0.23)
4.8 0.17

It is a challenge to obtain meaningful, comprehensive distribution maps of nutrients in
the Mediterranean Sea due to the scarcity of observational data. However, we will use
here the data contained in the World Ocean Atlas (WOA13) for a spatially-explicit
comparison with both model runs (Fig. 10).
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Figure 10. Horizontal comparison of surface nitrate in the WOA13 and in the two model runs. A)
Mean climatological surface nitrate concentration in WOA13. B) Mean climatological surface nitrate
anomaly (RfR — WOA13). C) Mean climatological surface nitrate anomaly (LoF — WOA13). C)
Longitudinal mean surface nitrate concentration in the WOA13 and in the two model runs.
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The mean surface nitrate concentration from WOA13 (Fig. 10A) does resemble the
pattern shown in Fig. 4 from the two model runs with a general west to east gradient and
localized maximum in the NW region. The RfR mean surface values (Fig. 4A) are
generally larger than those in WOA13 as confirmed by the anomalies map in Fig. 10B
(mean anomaly RfR — WOA13 ~ 0.78 mmol N/m?®) and by the longitudinal means shown
in Fig. 10D. Indeed, the RfR surface nitrate tends to increase within the Eastern basin, a
pattern not expected and not reported elsewhere. Also, RfR values (blue line in Fig. 10D)
are outside reported values in other experimental works (coloured crosses in Fig. 10D).
The comparison between WOA13 and LoF simulation is much better (Fig. 10C) with a
mean anomaly of just -0.004 mmoIN/m?®. Also the longitudinal distribution of surface
nitrate for the LoF (red line in Fig. 10D) is much closer to the WOA13 data (black circles

in Fig. 10D) and within the limits of the other observational data (coloured crosses in Fig.
10D).

Figure 11. Horizontal comparison of surface phosphate in the WOA13 and in the two model runs.
A) Mean climatological surface phosphate concentration in WOA13. B) Mean climatological surface
phosphate anomaly (RfR — WOA13). C) Mean climatological surface phosphate anomaly (LoF —
WOAL13). C) Longitudinal mean surface phosphate concentration in the WOA13 and in the two
model runs.
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Surface phosphate concentration values from WOA13 (Fig. 11A) are larger than those
obtained from the two model runs (Fig. 4C and 4D). This is corroborated by the anomaly
maps shown in fig. 11B and 11C with mean anomalies of -0.09 mmol P/m? for RfR and of
-0.075 mmol P/m® for LoF. The same type of anomalies could be observed in the
longitudinal means shown in Fig. 11D, where WOA13 values (black circles) are always
larger than model simulations (coloured lines). However, WOA13 phosphate values are
also outside the range of observed values from other works (coloured crosses in Fig.
11D) and, indeed, if the N:P,.er ratio is computed from the WOA13 surface values a
mean value of 5.98 is obtained for the whole Mediterranean. This value of the N:Pyater
ratio is much lower than the general oceanic RfR and very small compared with typical
values for the Mediterranean (e.g., Krom et al., 1991; Marty et al., 2002; Tanaka et al.,
2010; Powley et al., 2017). All these facts made the surface phosphate values contained
in the WOA13 database to be considered with caution in the comparison with model data.

Figure 12. Climatological vertical profiles of A) Nitrates, B) Phosphate and C) N:Pater for the
different model runs (RfR, blue lines & LoF, red lines) and diverse databases (WOA, black symbols;
Krom et al., 1991; green symbols; Powley et al., 2017, red symbols) in the two analyzed regions of

the Mediterranean (NW & Eastern).
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Vertical climatological profiles of the two nutrients are shown in Fig. 12. If we start with
the deepest part of the basin, a west to east gradient could be clearly seen in both
nitrate and phosphate, all data and model runs show higher nutrients concentrations in
the west than in the east. The agreement between model simulations and data is high for
both RfR and LoF although in the west model figures for phosphate are slightly larger
than observations (—+0.1 mmol P/m?®). The deep concentration is quite invariable up to a
depth of ~500m in both model and data and for the two studied regions. From that point
to the surface nutrients concentrations sharply decrease to a surface minimum. At
surface the same west-east gradient is observed, with larger values in the NW Med and
lower in the East. For nitrate it is evident that the LoF surface values are closer to
observations than those of the RfR run (Fig. 12A) especially for the Eastern
Mediterranean. The comparison with surface values for phosphate is more tricky (Fig.
12B) because of the already mentioned possible overestimation of the WOA13 values.
However, both model runs show surface values within the range of observations for both
regions.

If we now look at the N:Pwater ratio (Fig. 12C), both model runs show very similar
values in the deep part of the basin, being at ~18 in the NW Med and — 29 in the Eastern
Med, in line with databases and previous observations. These values are quite constant
up to a depth of — 300m in the Eastern Med and — 200m in the NW Med (Fig. 12C)
where significant differences between the two model runs start to appear. For the RfR in
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the NW Med (continuous blue line in Fig. 12C) the N:P,,r at surface increases from 18 to
~50 while for the LoF run (continuous red line in Fig. 12C) the ratio value slightly
decrease to —12. Available data (with the cautious remark given to WOA13) seems to
indicate the value of the LoF as the most likely one. For the Eastern Med both model
simulations (discontinuous lines in Fig. 12C) increase up to —80 in LoF and over 200 in
RfR. Again, model-data comparison seem to be better when the LoF results are
considered.

The basic same conclusion could be drawn from the comparison of climatological surface
(0-30m) and deep (900-1100m) nitrate values at the two studied sites shown in Fig. 13.
Deep values (Fig. 13B) are fairly well represented in both model runs and for the two
sites, at ~ 4.9 mmol N/m? in the Eastern Med and at ~ 8 mmol N/m?® in the NW Med.
Surface values show, again, that RfR values are too high in both places, especially in the
Eastern Med and during the stratification period. On the contrary, LoF nitrate
concentrations closely follow the seasonal cycle in both areas with minimum deviation
with respect historical values.

Figure 13. Climatological nitrate values in surface (0-30 m) and deep (900 -1100 m) layers of the
NW and Eastern Mediterranean Sea from both model runs (coloured lines) and from the historical
data reported in Fommervault et al. (2018).
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4 Discussion

4.1 Effects on dissolved nutrients concentrations

As shown in the extensive results exposition above, the main effect of using a variable
N:Poy ratio with respect to the more classical, fixed RfR value in the Mediterranean Sea is
to reduce the levels of free nitrogen in the surface waters and slightly increase the
surface phosphate concentrations. The comparison with available data done in the
previous section (section 3.3) indicates that the surface nitrate levels in the RfR
simulations are far too high, especially on the Eastern Med as typically reported values
there range between 0.3 — 0.7 mmol /m? (e.g., Krom et al., 1991; Powley et al., 2017)
while RfR simulated values are ~1.8 mmol/m?®. Indeed, Pasqueron de Fommervault et al.
(2015) shows from historical nitrate measurements covering the period 1961 — 2010 that
surface values in the Levantine basin never arrives over 0.5 mmol N/m?, so RfR values
for this region are clearly overestimated.

The longitudinal comparisons between observed and simulated nutrients values done in
panel C of Figs. 10 & 11 confirm that the RfR surface nitrate is too large while in the LoF
run simulated concentrations are within the observational range for the entire basin. The
effects on phosphate are much smaller and, in both cases (RfR and LoF), simulated
surface concentrations remain within reported values.

The reduction in free-nitrate in water when a variable internal N:P ratio is adopted in the
model agrees with the results Fransner et al. (2018) obtained for the Gulf of Bothnia. In
their ‘FIX’ simulation (corresponding to our RfR) the consumption of dissolved inorganic
nitrogen was not high enough to bring simulated values close to observations (see their
Fig. 5 and also Edman and Anderson, 2014) while when a variable ratio was introduced
to the model, free nitrogen levels decreased. They also found out that in the variable
internal ratio run, the amount of free phosphate in the surface waters increased with
respect to the fixed ratio, in agreement with our own results.

Simulated deep water values are not very much affected by the selected approach in the
internal nutrient ratios (see Figs. 12 & 13) and correspond to the reported values
elsewhere. Both deep nitrate and phosphate concentrations are approximately twice in
the western basin (nitrate — 8.0; phosphate ~— 0.4) than in the eastern (nitrate — 4.4;
phosphate — 0.16) Mediterranean as previously reported (Moutin & Raimbault, 2002;
Pujo-Pay et al., 2011).

N:Pyater is lower in the NW Med in both simulations at a value — 18 (Bethoux et al., 1992;
Marty et al., 2002; Pujo-Pay et al., 2010 ) while N:P,.r is larger in the eastern region
with a value — 30 in both simulations (Krom et al., 1991; Kress & Herut, 2001; Pujo-Pay
et al., 2010). What does change from RfR to LoF is the slope of the nitracline, much
sharper in the later simulation due to the decrease in surface values (see Fig. 12A).

4.2 Effects on organic matter composition

Fig. 6 shows clearly how the N:Poy ratio increases from west to east following the
phosphate gradient (inversely). This increase of the ratio with decreasing phosphate
levels is a direct consequence of the implementation of the LoF approach (Eq. 3) and
agrees with the reported fact that phytoplankton can be economical with their
phosphorous requirements when supply is limited (e.g., DeVries & Deutsch, 2014). It
also agrees with the findings of Tanaka et al. (2011) and Krom et al. (2014) based on
field data measurements and with the theoretical map shown by G-M15 (their figure 2,
lower panel).
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Our maximum values of N:Pgy are —24, much lower than those obtained by Fransner et
al. (2018) for the northern Baltic Sea. However, we have to stress here that our LoF
implementation (Eq. 3) only allows N:Pgy to reach a maximum of 24 (corresponding to O
phosphate concentration, see Fig. 3) and also that Fransner et al. (2018) maximum ratio
could be overestimating the real value as they do recognize themselves (max observed
values in the Gulf of Bothnia ~ 21, Pertola et al., 2002).

The largest differences in the N:P,4.- between both runs (Fig. 5) are simulated in the
region where N:Pgy is larger in the LoF run (Fig. 6) with a clear significant correlation
between both variables (Fig. 7). Again, this pattern indicate that the highest impact of
the LoF approach on dissolved nutrients happens in phosphate depleted regions due to
the added plasticity in the internal cell dynamics that this formulation allows. This agrees
with the proposed hypothesis that under phosphorous limitation a core biogeochemistry
with high N:P ratios is more advantageous for the cells (Loladze & Elser, 2011).

4.3 Concluding remarks

The relatively simple modification to a low-complexity biogeochemical model allows to
account for the internal planktonic plasticity in nutrients dynamics that is typically only
considered by highly complex, multi-compartment models (e.g., Vichi et al., 2007). Our
simpler approach is much more cost-effective in terms of computational running time
(the LoF modification does not add any computing time) and it seems to be appropriate
for the description of the Mediterranean Sea chemical environment (with respect to
dissolved nutrients).

Getting an adequate description of the amount of free inorganic nutrients in marine
waters from model simulations is a requisite, for example, to use eutrophication indexes
that incorporate such variable (e.g., Stips et al., 2016). The inclusion of the LoF in
MedERGOM is shown to make model predictions of surface inorganic nutrients in water
closer to observed values constitutes, thus, a beneficial modification when planning to
use this model to assess ecosystem status in the basin (Cardoso et al., 2010).
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