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Figure 5.8: a) Observed and simulated vertically integrated NO3 and PO4 between 0 – 

100 m and between 100 – 600 m using model versions H0 (no nitrogen fixers), 

H0’ (no sediment denitrification – no fixers), H1 (generic autotrophic fixer), H2 

(unicellular and colonial autotrophic fixers), H3 (heterotrophic, and unicellular 

and colonial autotrophic fixers). b) Contributions of different processes to changes 

in the simulated dissolved inorganic nitrogen (NO3 + NH4): uptake by autotrophic 

non-fixing phytoplankton, vertical mixing, zooplankton base metabolism and 

excretion, small and large detritus remineralization, and excretion by diazotrophs. 

 

The PO4 versus NO3 plots of Figure 5.9 visualize these results in terms of N* 

values. For reference, observed N* values above 200 m depth tend to remain close to 

zero, with positive deviations at intermediate NO3 and PO4 concentrations, and negative 
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deviations at low concentrations (Figure 5.9a). In waters below 200 m depth, maximum 

PO4 and NO3 concentrations reach 0.45 and 7 mmol m
-3

, respectively. Observed N* 

values in deep waters are overall positive. This observed pattern in the distribution of 

nutrients and N* values is not replicated by models H0 to H2, where maximum DIP and 

DIN concentrations only reach to 0.25 and 3.87 mmol m
-3

, respectively. In model H0, 

simulated N* values are skewed towards negative deviations from zero. In model H1, 

negative N* deviations are found at the surface, and both positive and negative N* 

deviations occur in waters below 200 m. N* results from model H2 are mostly centered at 

zero, with few deviations towards negative values. Model H3, where heterotrophic 

diazotrophs co-exist with colonial and unicellular autotrophic diazotrophs, is the model 

version best able to replicate the range of NO3 and PO4 concentrations. Simulated N* in 

this model presents excess nitrogen in waters below 200 m, as in the observations; 

however, deviations are lower than observed at high nutrient concentrations. 

Figure 5.9f-h shows results from the three of the four additional model versions 

based on H3 (H3a, H3c and H3d), in which autotrophic diazotrophs were sequentially 

removed from the model. In addition to heterotrophic diazotrophs, model H3a includes 

only the colonial autotrophic diazotrophs group and its results are closest to model H3, 

but show lower maximum nutrient concentrations. Inorganic nutrient results from the 

model with heterotrophic and generic autotrophic diazotrophs (H3c) are remarkably 

similar to those of model H2, while results in total absence of autotrophic diazotrophs 

(H3d) exhibit the narrowest nutrient concentrations range and become skewed towards 

positive N* deviations.  Results from H3b are similar to H3d due to low total nitrogen 

fixation rates, and are not shown in the plot.  
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Figure 5.9: Observed and simulated N* range in biogeochemical model versions tested. 

H3b (unicellular autotrophic and heterotrophic) behaves similarly to H3d, and is 

excluded from the figure for visual purposes. The dashed black diagonal line 

marks the N* = 0, or N:P = 16 line. 

 

5.4.2.4 Effects of N2 Fixation on Chlorophyll and O2 

Figure 5.10 shows simulated and observed chlorophyll and dissolved oxygen 

values in the Gulf of Aqaba. The seasonal variability of total chlorophyll concentrations is 

reproduced well by all model variations, with increased chlorophyll values occurring 

between November and April. During these months, simulated chlorophyll concentrations 

are homogeneous up to 200 m.  In 2007 and 2008, chlorophyll concentrations of ~0.13 

mg m
-3

 are observed in the measurements reaching as deep as 500 m.  This feature is also 

captured well by my models, as is the location of the deep chlorophyll maximum (DCM) 

at ~80 m between March and October. However, some discrepancies between model 

results and observations can be highlighted. The models overestimate spring bloom peak 
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concentrations in 2007 and peak timing is offset by two months in 2008.  Model H0 tends 

to underestimate chlorophyll concentrations from the surface to the DCM during summer 

months. As chlorophyll concentrations are extremely low during this time of the year, 

these model-data differences are on the order of 0.05 to 0.1 mg m
-3

. Nonetheless, the 

discrepancies during summer months are corrected in the models with N2 fixation. 

 
Figure 5.10: Observed (coloured circles) and simulated  (background) Chl-a and O2 using model 

versions H0 (no nitrogen fixers), H1 (generic autotrophic fixer), H2 (unicellular and 

colonial autotrophic fixers), H3 (heterotrophic, and unicellular and colonial autotrophic 

fixers). Vertical scale in the Chl-a subplots is logarithmic to exaggerate the surface. 

Horizontal axes start after spin-up period.  
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Simulated oxygen concentrations exhibit larger differences between models and 

observations, in particular at mid- and deep waters, where air-sea fluxes do not directly 

affect oxygen concentrations.  

 

Figure 5.11: Observed (circles) and simulated (lines) total nitrate in the surface and deep-

waters during the model validation period from 2010 to 2014.  

 

5.4.2.5 Long-term validation 

Observational data from 2010 to 2014 was used to validate the models 

independently from the information assimilated during the optimization. Table 5.4 shows 

that, in terms of chlorophyll, PO4 and surface O2, all model versions behave similarly and 

achieve similar RMSE values against both assimilated and independent observations.  As 

demonstrated in the previous sections, the model versions mainly diverge in their 

behaviour with respect to NO3. Between 0 and 200 m, model version H3 has the largest 
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RMSE values against NO3 observations. Nevertheless, below 200 m, model version H3 

has the lowest RMSE values, particularly against unassimilated NO3. This model 

behaviour is exemplified in Figure 5.10, which shows observed and simulated total NO3 

at 0 – 200 m and below 200 m for the unassimilated data period. Figure 5.11 shows that, 

in comparison with the rest of model versions, model version H3 increasingly 

overestimates surface NO3 over time. High deep total NO3 is represented the best by H3, 

but the minimum annual winter values are not well captured. By the end of the 

observational series, between 2013 and 2014, H3 starts to also overestimate deep NO3.   

Table 5.4: Root-mean-square-errors between observations and corresponding simulated 

variables. Observations between 2005 and 2010 were used during model 

calibrations (i.e., assimilated). Observations between 2011 and 2014 are used for 

independent model validations (non-assimilated)  

Surface   

 2005 – 2010 (assimilated) 2011 – 2014 (non-assimilated) 

 NO3 PO4 CHL O2 NO3 PO4 CHL O2 

H0 0.71 0.04 0.15 7.57 0.60 0.04 0.16 6.39 

H1 0.77 0.04 0.14 6.99 0.66 0.04 0.15 7.08 

H2 0.78 0.04 0.14 6.96 0.75 0.04 0.14 6.66 

H3 1.04 0.05 0.14 7.35 1.50 0.05 0.13 6.22 

H3a 1.04 0.06 0.12 7.10 1.41 0.09 0.14 6.47 

H3b 1.91 0.05 0.14 7.94 2.15 0.05 0.16 8.13 

H3c 1.01 0.06 0.12 7.05 1.06 0.08 0.14 6.55 

H3d 1.60 0.05 0.19 7.91 1.78 0.05 0.19 8.21 

Deep         

 NO3 PO4 CHL O2 NO3 PO4 CHL O2 

H0 1.53 0.05 0.08 15.54 2.26 0.06 0.06 17.34 

H1 1.43 0.05 0.07 15.09 2.02 0.05 0.06 21.70 

H2 1.29 0.05 0.07 14.17 1.56 0.04 0.06 17.57 

H3 1.05 0.05 0.07 13.28 0.89 0.05 0.06 10.03 

H3a 1.12 0.05 0.07 13.42 0.93 0.07 0.06 11.98 

H3b 1.26 0.10 0.07 18.29 1.51 0.14 0.06 29.99 

H3c 1.14 0.05 0.07 14.37 1.18 0.05 0.06 16.16 

H3d 1.41 0.11 0.14 18.39 1.85 0.14 0.13 30.38 
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5.4.2.6 Primary Production and N2 Fixation Rates 

In order to compare my estimates of primary production with those reported for 

the Gulf of Aqaba by Rahav et al. (2015), Figure 5.11 shows the average simulated 

primary production at the same three depth levels used in that study: the DCM, and 

averages above and below DCM. The depth-resolved discrete in situ primary production 

rates reported by Iluz et al. (2009) were also averaged at these three levels for 

comparison.  

Simulated primary production above the DCM ranges from 0.02 to 0.85 mmol N 

m
-3

 d
-1

, and exhibits an annual cycle with peaks of productivity in October and April. A 

prolonged period of low primary production extends from April to September. Model 

versions H3 and H3a produce higher primary production rates than other versions, while 

maintaining the same temporal variability.   The exceptions to this model behaviour are 

model versions H3b and H3d, which maintain rates twice as large as the rest of the 

models during the summer/fall period.   

At the DCM and below, simulated primary production rates range from 0 to 0.5 

mmol N m
-3

 d
-1

.  The lowest simulated primary production rates are the ones obtained by 

version H2, while the base model H0 presents the highest rates during certain periods. 

Differences between all other models are negligible, and my model rates agree with those 

measured by Iluz et al. (2009) and Rahav et al. (2015). 
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Figure 5.12: Comparison of previously reported in situ measurements and model results 

of primary production (a) and N2 fixation rates (b), averaged at three depth levels. 

Depth levels are from the surface to the Deep Chlorophyll Maximum, at the DCM 

and below it. (c) DCM estimated from observed Chl-a profiles at station A. I09, 

F09 and R15 refer to Iluz et al., (2009), Foster et al., (2009), and Rahav et al., 

(2015), respectively. 

 

I report simulated N2 fixation rates in a similar fashion as the primary production 

rates (Figure 5.11b). Above the DCM, models H1, H2, H3 and H3a show a well-defined 

N2 fixation peak during summer months (i.e., after the peak in primary production). 

Maximum rates in these models range between 0.001 to 0.1 mmol N m-3 d-1. The lowest 

maximum values are obtained with model H2, whereas the highest values are from 

models H3 and H3a.  Model version H3c only presents peaks in 2007 and 2008, being 

earlier and of smaller magnitude than the rest of the models. Simulated N2 fixation rates 

are low during winter and spring months.  The lowest minimum is obtained with model 

H1 followed by models H3a, H2 and H3. Model versions where autotrophic diazotrophs 

contribution was minimal or neglected (i.e., H3b and H3d) have nearly constant rates in 

time. The winter minimum N2 fixation rates of H3 and H3b have the same magnitude as 
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the nearly constant rates obtained by model H3b.   Similar temporal patterns and 

differences between model versions occur at the DCM and below it. Peaks in N2 fixation 

at these depth levels are delayed from the surface peak, and have a shorter duration and 

smaller amplitude.  

 
Figure 5.13: Simulated new, regenerated, and total primary production (a) and N2 fixation 

rates (b). A summary of previous estimates of N2 rates in observational and model 

studies is included in (b). 

 

5.5 DISCUSSION 

5.5.1 IS N2 FIXATION RELEVANT IN THE GULF OF AQABA? 

In this study I tested models with different assumptions about N2 fixation in the 

Gulf of Aqaba, ranging from neglecting the process to assuming that heterotrophic N2 
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fixation can occur in the entire water column (i.e., independent of light availability). 

Despite the fact that the models I tested had very similar abilities to replicate chlorophyll-

a, phosphate and oxygen observations, I found significant differences in their success to 

reproduce the observed pattern of deep-nitrate accumulation. The models’ level of 

performance at replicating vertical nitrate distributions also affected their performance 

measured against the N* metric. When I neglect N2 fixation, excess phosphate tends to 

dominate the whole water column because nitrate is underestimated. Explicitly 

accounting for N2 fixation (H1, H2, H3) improves the model’s ability to replicate N* 

variability and vertical structure. The best model performance was obtained with two 

groups of autotrophic organisms and a group of heterotrophic organisms (H3). A model 

without explicit N2 fixation, but in the absence of bottom denitrification, also increases 

the accumulation of deep NO3 in a similar fashion as version H2. This suggests that N2 

fixation rates at least as high as in H2 are necessary to compensate the effects of bottom 

denitrification. In my results, the average realized denitrification flux at the bottom is 0.25 

± 0.46 mmol N m
-2 

d
-1

, with a maximum value of 3.01 mmol N m
-2 

d
-1

. These values at 

are the lower end of sediment denitrification rates in the literature, which have a mean of 

2.2 mmol N m
-2 

d
-1

 and maximum values exceeding 10 mmol N m
-2 

d
-1

 (Fennel et al., 

2009). 

The excess nitrogen observed in the Gulf of Aqaba appears to contrast exterior 

waters from the Arabian Sea and Indian Ocean, which are considered low oxygen, net 

nitrogen sink regions (Gruber and Sarmiento, 1997). It has been hypothesized that limited 

deep-water exchange at Bab-el-Mandeb allows waters of the Red Sea outside of the Gulf 

of Aqaba to acquire characteristics different from the Arabian Sea inflowing waters 



191 

 

(Naqvi et al 1986). My model results support this hypothesis and suggest that N2 fixation 

is key for the formation of the distinct chemical characteristics of Gulf of Aqaba waters, 

which retain only a negligible resemblance to the reported patterns of the exterior waters.  

There are only few reported dissolved inorganic nitrogen-to-phosphorus ratios for 

the Red Sea region from Bab-el-Mandeb to the Strait of Tiran to provide a complete idea 

of the spatial distribution of N*; however the available information supports my 

conclusions. Naqvi et al. (1986) data shows excess nitrogen in the order of N* = +2.5 

mmol m
-3

 in sub-surface waters outflowing at the Bab-el-Mandeb towards the Arabian 

Sea (reported as N:P ratios of ~20). These studies posited that N2 fixation is a process 

required to account for the anomalies in the nitrogen budget between incoming and 

outgoing waters at Bab-el-Mandeb. The Red Sea N* values are significantly higher than 

those of the Arabian Sea and Indian Ocean, where a strong deficit of nitrogen develops as 

losses due to denitrification exceed the input of newly fixed nitrogen (Gruber and 

Sarmiento, 1997; Morrison et al 1998, 1999; Naqvi, 1994; Burkill et al., 1993). Close to 

the entrance of the Persian Gulf, N* values are below -5 mmol m
-3

 at all depths and 

seasons reported, with minimum excess phosphate values in the order of N* = -8 mmol 

m
-3

 (Gruber and Sarmiento, 1997).  

The lowest negative N* values observed in surface waters in the Gulf of Aqaba 

during summer are not fully captured by any of my model versions; however this is not a 

source of large data-model discrepancies. In the context of a one-dimensional framework, 

I cannot reject the possibility that these minimum N* values are a remnant signal of 

denitrification in the distant Arabian Sea. During their passage through the Red Sea, N2 

fixation may be responsible of transforming waters with significant excess phosphorus 
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into these summer surface waters with small negative N* deviations. If we consider the 

global average correction to N* values of +2.89 µmol kg
-1

 used by Gruber and Sarmiento 

(1997), N* values in the Gulf of Aqaba hold a permanent excess of nitrate with respect to 

other geographical regions. Similarly, the overestimation of surface NO3 obtained with 

the model that performs the best for deep NO3 suggests that the Gulf has potential to 

export newly fixed nitrogen to the outside waters through horizontal advection in the 

surface to mid-water layers. This was not tested within our one-dimensional model.  

Based on my model results in the context of the regional characteristics, I consider that N2 

fixation is a necessary input of new nitrogen to explain positive N* values in the Gulf of 

Aqaba, and the interannual accumulation of deep nitrate during years with weak 

convection. 

5.5.2 HOW DOES N2 FIXATION CONTRIBUTE TO PRIMARY PRODUCTION? 

In this section I discuss the contribution of N2 fixation to primary production in 

the Gulf of Aqaba, and my quantitative estimates of N2 fixation with respect to previously 

published global rates (Figures 5.12 and 5.13). My estimates of surface primary 

productivity agree with those reported by Iluz et al. (2009) for March-April of 2008. 

However, my models overestimate surface primary productivity values in 2010, 

compared to those reported by Rahav et al. (2015). On average, model versions that 

perform the best in terms of nutrient distributions estimated annual primary production 

rates of 304±56.9 g C m
-2

 yr
-1

 (H3) and 277±82.5 g C m
-2

 yr
-1

 (H3a). These rates are 

higher than previously published observational annual averages, which range from 80 g C 

m
-2

 y
-1

 (Levanon-Spanier et al. 1979; Iluz 1991) to 170 g C m
-2

 y
-1

 (Lazar et al. 2008). 
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The proportion of new production to total primary production (i.e., the f-ratio) in my 

experiments suggests that new production contributes from 15% to 80% of total 

production.  Maximum f-ratios are estimated for winter months of January and February 

due to significant contributions from deep NO3, whereas minimum f-ratios occurred 

during stratified conditions (June – August). My best performing model version, H3, 

estimates a summer minimum f-ratio 0.22. That is, about 22% of the primary production 

during summer is sustained by external sources of nitrogen. On average for all scenarios, 

I estimate that new production represents about 47% of the total annual production in the 

Gulf of Aqaba. This agrees with published estimates for the Gulf, which report that 

during the stratified period new production contributes about 50% of total production, as 

determined from a nitrate-diffusion model yielding an f-ratio of 0.5 (Badran et al. 2005).  

Annual N2 fixation rate estimates from my best performing model versions (H3 

and H3a) are skewed towards the highest estimates reported in the literature (Capone and 

Carpenter, 1982; Michaels et al., 1996; Lee et al., 2002), while those obtained by the rest 

of experiments agree with the complete range of values reported.  Based on the best 

performing model version (H3) I estimate that 10% to 14% of the total primary 

production is related to N2 fixation.  

5.5.3 ARE DIFFERENT DIAZOTROPHIC GROUPS IMPORTANT? 

Colonial diazotroph blooms are responsible for the highest N2 fixation rates in my 

models, and thus are an important aspect of the model behaviour necessary to achieve 

resemblance with the observed N* patterns. This result agrees with the conclusion that 

extensive blooms of Trichodesmium spp. are dominantly responsible for the high N2 
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fixation rates observed in the Arabian Sea and Red Sea (Capone et al., 1998; Post et al., 

2002; Foster et al., 2009). Blooms of T. erythraeum and T. thiebautii have also been 

documented specifically in the Gulf of Aqaba, near the coast of Eilat (Kimor and 

Golandsky, 1977; Gordon et al., 1994; Post et al., 2002). At a global scale, it has been 

estimated that the latitudinal pattern of N2 fixation overall coincides with the observed 

biogeography of Trichodesmium spp. (Deutsch et al., 2007).   

My results, thus, agree with previous conclusions that Trichodesmium is one of 

the main contributors to global marine N2 fixation. Surface N2 fixation rates during the 

simulated colonial diazotrophs blooms are as high as 0.1 mmol N m
-3

 d
-1

, which exceeds 

the maximum documented rates in the Gulf of Aqaba. Within my study period, studies 

using the 
15

N2 assimilation technique reported rates ranging from undetectable to a 

maximum of 1.9 nmol N L
-1

 d
-1

 (1.9 x 10
-3

 mmol N m
-3

 d
-1

; Foster et al., 2009; Rahav et 

al., 2013b). My models also estimate transient N2 fixation rates higher than 1x10
-3

 mmol 

N m
-3

 d
-1

 at 100 m, associated with the surface blooms. This agrees with reports of 

abundance of puff-shaped colonies and free trichomes up to 100 m (Post et al., 2002).   

Here, the generic diazotroph group (introduced in H2) also exhibits blooming 

behaviour; however, N2 fixation increases earlier in the year, and the maximum 

magnitudes are lower than those of the colonial group. Differences between H2 and H3 

are related to resource competition of colonial and unicellular diazotrophs in the latter as 

well as to different assumptions about mortality pathways (see Appendix II). Minimum 

N2 fixation rates are also the lowest among all models when only a generic diazotroph 

group is considered. In model version H2, unicellular diazotrophs set the minimum N2 

fixation rates. Grazers rapidly match unicellular growth, causing the low biomass of this 
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group; consequently, this group does not account for large contributions to the total N2 

fixation rates in my simulations.  

In my approach, I assigned the same growth parameters to both the colonial and 

unicellular autotrophic diazotroph groups. This was decided to test mechanistic 

assumptions, rather than obtaining differences between groups due to parameter selection. 

It is possible that changes in the parameters of unicellular organisms may render a higher 

contribution of this group to total fixed nitrogen. In situ measurements of N2 fixation by 

the small planktonic size fraction (<10 µm) in the Pacific Ocean range from measurable 

but low (Dore et al., 2002; Falcón et al., 2004) to high rates comparable to those of 

Trichodesmium spp. (Montoya et al., 2004). Unicellular diazotrophic organisms have 

different thermal ranges than those of Trichodesmium spp. (Moisander et al., 2010), and 

thus including both of these autotrophic groups or calibrating the generic autotrophic 

group in such a way that represents unicellular and colonial cyanobacteria simultaneously 

should be considered at global scale.  

My model version H3 relaxes the assumption of light dependency for diazotrophy, 

through the inclusion of heterotrophic diazotrophs in addition to two groups of 

autotrophic diazotrophs. This model simulates the closest estimates of dissolved inorganic 

nutrients and oxygen compared to the observations. A good estimate can also be obtained 

in the absence of unicellular organisms (H3a). All model versions with heterotrophic 

organisms (H3a – H3d) are also able to match the order of magnitude of observational 

estimates of N2 fixation in deep waters of the Gulf of Aqaba. Without heterotrophic N2 

fixation, N2 fixation rates below the DCM are underestimated. Light independence 

contrasts with assumptions previously followed by models including diazotrophic 
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organisms (e.g., Hood et al., 2001; Fennel et al., 2002; Monteiro et al., 2010; Moore et al., 

2004). This has been generally based on culture experiments showing that marine 

diazotrophs have high light requirements, and inhibited activity at low light level, 

therefore suggesting an adaptation to high light environments (Carpenter and Roenneberg 

1995, Masotti et al 2007; Goebel et al 2008). Heterotrophic N2 fixation previously 

remained elusive because measurements of N2 fixation activity in the small plankton 

fraction cannot differentiate the contributions of unicellular autotrophs and 

bacterioplankton (Zehr et al. 2001; Montoya et al. 2004). Nevertheless, nocturnal 

N2 fixation has been reported for this small plankton fraction (Montoya, 2004). 

Diazotrophy independence from light has also been suggested to explain the similarity of 

15
N2 fixation rates measured in parallel light and dark in situ incubations, as well as N2 

fixation rates in the absence of detectable chlorophyll in the South Pacific Gyre (Halm et 

al 2011). My results also agree with genetic evidence from the Gulf of Aqaba reporting 

the existence of heterotrophic proteobacteria α and γ (Rahav et al., 2013; 2015), and the 

correlation of bacterial productivity rates with N2 fixation rates (Rahav et al., 2013).  

My different model versions provide insights in the effect of competition among 

diazotrophic organisms, although results are not completely intuitive. For instance, when 

there are fewer competitors for the phosphorus resources, N* becomes skewed towards 

excess of nitrogen, but neither NO3 nor PO4 reach their maximum concentrations (Figure 

5.9). This is a result of abundant nitrate and ammonium in mid-waters, and depleted 

phosphate throughout the whole water column.  In general, my results suggest that 

including at least one autotrophic and one heterotrophic diazotroph group is necessary to 
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allow for sufficient model flexibility to capture surface and deep-water biochemical 

variations. 

5.5.4 LIMITATIONS AND UNCERTAINTIES 

The one-dimensional nature of my physical setting, which neglects horizontal 

advection contributions to the vertical structure of simulated tracers, can be considered a 

limitation of this study. This simplification is, however, necessary to perform model 

calibration and testing multiple model structures at low computational expense. One-

dimensional models are frequently used for plankton models, as it is assumed that the 

temporal scale of biological processes is faster than that of horizontal advection. As I 

applied temperature and salinity nudging to improve the representation of the density 

structure, I support my results by analyzing such structure with and without nudging. 

Results of this experiment show that correcting the temperature and salinity fields has 

negligible effect on deep waters, where the effect of N2 is the most relevant. This result 

agrees with the literature about circulation of the Gulf of Aqaba. As mentioned in the 

description of the study region, geomorphology and bathymetry limit water flux exchange 

between the Gulf of Aqaba and the Red Sea to the upper 300 m. Wolf-Vect et al., (1992) 

explains that the inflow at the Strait of Tiran has minimal effect on the thermal structure, 

possibly warming the upper layer a few weeks earlier in the summer. It this, therefore, 

unlikely that horizontal transport could explain the observed accumulation in deep NO3. 

Nitrogen inputs from run-off are also unlikely, as evaporation rates are high (Ben-Sasson 

et al 2009). 
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In terms of the biological models themselves, an intrinsic limitation of all 

functional type numerical models is the uncertainty associated with parameter values 

(Denman et al., 2003). In my approach, I reduced this uncertainty with the use of 

parameter optimization. My methodology allowed for a more systematic selection of 

model parameter values and more objective comparison of different model structures, 

thus being preferable to subjective tuning. Nonetheless, parameters related to diazotrophic 

organisms are unconstrained by the observations. I followed observational and laboratory 

literature to assign these parameter values. It has to be highlighted that specific growth 

rates and other parameters estimated for individual species in isolation, or at selected 

locations and/or seasons, will not necessarily apply to in situ communities or to the 

aggregated functional groups that model simulate. Model assumptions about diazotrophs 

limitations and their parameter values likely influence the resulting behaviour of each 

group. Given these uncertainties, I opted for teasing apart the effects of mechanistic 

assumptions rather than modifying diazotrophs behaviour through the parameter values. 

The latter can certainly affect the contribution of each group to total N2 fixation rates; 

however it does not affect my conclusions with respect to the amount of N2 fixation 

necessary to better replicate chemical characteristics of deep waters at Station A.  For 

example, as Trichodesmium spp. dominated N2 fixation in the euphotic zone, its 

parameters could be changed to decrease maximum surface values closer to the 

observational estimates. After this modification, an increase in the model N2 fixation rates 

by heterotrophic organisms may be required in order to match the deep dissolved 

inorganic nutrients. Depth-resolved, high temporal resolution in situ N2 fixation and 

primary production rates are necessary to better validate the behaviour of these different 

diazotrophic groups, by providing information to differentiate patterns of photic and 
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aphotic N2 fixation. Contributions of other complex symbiosis to N2 fixation remain 

uncertain, including diatom-diazotrophs associations, and aphotic N2 fixation by bacteria 

living on and inside of organisms such as copepods and benthic invertebrates (Braun et 

al., 1999; Harris, 1993; Zehr et al., 2000, 1998; Zehr and Capone, 1996). Pico- and 

nanophytoplankton dominate the Gulf of Aqaba primary producers throughout the year 

(Post et al., 2002; Foster et al., 2009), thus I did not test diatom-diazotrophs associations.  

5.6 CONCLUSIONS 

My model results demonstrate the importance of N2 fixation in determining deep 

NO3 inventories. In the Gulf of Aqaba, N2 fixation allows its waters to develop a 

signature deep excess of nitrate. A model without a N2 fixation flux is challenged to 

replicate the observed vertical structure of inorganic nitrogen and phosphorus. Models 

that include diazotrophic organisms have the ability to significantly modify these 

variables. New nitrogen inputs from N2 fixation increase the fraction of remineralized 

nitrogen from organic matter decomposition, and are thus a plausible mechanism to 

explain biochemical characteristics at this location, and their contrast with exterior waters 

that show excess phosphate.   

The simulated amount of N2 fixation required to replicate the observations in the 

Gulf of Aqaba is in line with the highest observational estimates of this flux. While 

aphotic N2 fixation rates are low, considering heterotrophic organisms allows more 

flexibility in replicating rates observed at depth, without an unrealistic increase in light-

dependent N2 fixation. Overall, my results add to the body of evidence suggesting that the 

importance of N2 fixation may be globally underestimated (Karl et al., 2002). 
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The scarcity of measurements hinders model validation abilities, in particular to 

differentiate the contributions of autotrophic and heterotrophic diazotrophs. It is possible 

that observations have overlooked many diazotrophs as a result of the methodological and 

technical limitations of detecting low-abundance organisms and complex symbioses in 

oligotrophic waters (Zehr et al., 2000). Given the present observational and modelling 

limitations, the interpretation of these models results should be refined as new 

observational information becomes available. 
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CHAPTER 6: 

CONCLUSIONS 

My thesis was motivated by the need to revise key ecological paradigms that impact the 

estimates of marine primary production, taking into account the uncertainties related to 

observational and modelling data. Primary production estimates have important implications for 

short- and long-term predictions of higher trophic level production affecting commercial fisheries, 

as well as species of ecological and conservational interest. Moreover, the effects of marine 

primary production on long-term climate feedbacks are still under scrutiny. I carried out three 

case studies aimed at gaining insights about ecosystem processes that remain uncertain, mainly 

due to paucity of observational data. In particular, I investigated drivers of phytoplankton 

phenology in the North Atlantic Ocean, the effect of model complexity on regional estimates of 

primary production in northwest North Atlantic shelf seas, and the importance of different 

planktonic diazotroph traits in determining seawater chemical characteristics and sustaining 

primary production in the Gulf of Aqaba. In the context of these research topics, I outlined 

different approaches to use optimized biogeochemical models as hypothesis-testing tools aimed at 

improving our understanding of ecosystem functioning. My work included the development, 

calibration, and analysis of multiple marine biogeochemical models of low and intermediate 

complexity, in 1D and 3D ocean applications. I performed systematic model calibrations using an 

evolutionary algorithm with cost functions tailored to data availability and scientific objectives of 

each research topic. I also designed and tested idealized model experiments, model geographical 

portability experiments, and parameter sensitivity analyses. In the analysis of observations, 

optimized parameters and optimized model results, I used statistical techniques including 

correlation analysis, principal component analysis, Taylor series expansions, hierarchical 

clustering, and common statistical error metrics.  
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The outcomes of this work fall in three categories: i) model development, ii) insights into 

ecosystem modelling philosophy, and iii) insights into marine ecology. The model development 

category refers to the most basic outcome, which is the refinement of biogeochemical models to 

better fit available observations from the Subpolar North Atlantic Ocean, the coastal northwest 

North Atlantic, and the Gulf of Aqaba. The other two outcomes categories directly concern the 

results presented in chapters 2 to 5. I expand on the conclusions from these studies in the 

followings sub-sections.  

6.1 INSIGHTS INTO ECOSYSTEM MODELLING PHILOSOPHY  

Throughout this thesis, I illustrated how parameter optimization methods offer a 

systematic approach for reducing subjective model tuning. This approach allows for testing of 

hypotheses about ecosystem functioning by quantitatively comparing ecosystem models under 

different assumptions (i.e., idealized experiments and/or additional levels of complexity). My 

results highlight that subjectivity is involved in parameter optimization, and demonstrate that the 

design of the optimization cost function, the selection of parameters to be optimized, the degree of 

preliminary calibration of a model, and the forcing environmental conditions all affect the 

conclusions about a model’s accuracy and geographical portability. 

I followed two main approaches in using parameter optimization for ecological 

hypothesis testing. The first approach is the comparison of an optimized model against un-

optimized experimental tests. This type of approach implicitly assumes that the optimized model 

is an accurate representation of the natural environment, and behaves like it under perturbed 

conditions. This is the approach used when performing post-optimization sensitivity analyses, 

idealized experiments and geographical portability experiments (Chapter 2, Chapter 3 and 

Chapter 5). This approach is useful for determining whether or not the simulated system is 
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sensitive to certain parameters, variables and/or additional processes introducing changes to the 

model dynamics. However, it does not provide information about whether a different and/or 

improved model solution, with respect to the observations, could be reached under such perturbed 

conditions or new model dynamics. 

The second approach attempts to perform objective comparisons between models with 

different structures, by applying the same optimization procedures to reduce model-observation 

misfits (Chapter 3 and Chapter 4). This approach is useful for identifying processes that are 

strongly influenced by differences in model structures, or model aspects that are unconstrained 

during the optimization. Finally, I used a combination of both of these approaches in Chapter 5, 

by optimizing a large number of parameters in the simplest of the model structures tested, and re-

calibrating only a few highly sensitive and well-constrained parameters after adding additional 

processes to the model. This combined approach provides insight into how well a simple model 

can replicate observations, and tests how far model performance can be improved when adding 

complexity.  

My results highlight that a guided selection of the parameters to be optimized is essential, 

especially when little or no prior model tuning has been performed. This is particularly important 

for models with a high number of variables and with parameters that are unconstrained by the 

observations, as demonstrated in Chapters 3 and 4. Attempting to optimize an unfortunate 

selection of parameters can result in the extinction of certain plankton groups, thus generating 

unintended prey-predator relationships in models with high trophic complexity. The novel use of 

satellite-derived estimates of size-fractionated surface chlorophyll, as observational counterparts 

of the simulated chlorophyll concentrations in a model with multiple phytoplankton groups, was 

not sufficient to obtain traditionally known patterns of phytoplankton community seasonal 

succession. In fact, the optimization estimated similar phytoplankton growth parameter values for 
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the two autotrophic planktonic groups in this model, and differences among groups were mostly 

determined by their predefined interactions with grazers.  

My use of satellite-derived models of size-fractionated surface chlorophyll for the 

optimization also impacted conclusions about the multiple preys and predators model’s 

geographical portability.  When calibrated for multiple geographical locations, this model was the 

best performing model when compared against assimilated and unassimilated observations, but it 

was prone to becoming overspecialized when calibrated for specific locations. This occurred 

because the parameters optimized at some locations tended to favor either small or large 

phytoplankton. This result is consistent with early theoretical notions about the expected behavior 

of complex models, however opposed to portability experiments previously performed in other 

ocean regions. Therefore, my results suggest that in order to benefit from the improved ecosystem 

representation that an optimized complex model provides, such model needs to be trained with 

observations from diverse geographical locations, and include theoretical a priori considerations 

to scale the parameters of multiple plankton groups. My results also show that the spatial 

representations of surface chlorophyll in regional models can benefit from simple additional 

mechanistic relationships, such as configuring all biological fluxes to depend on temperature. 

Based on this result, and taking into account parsimony principles, I suggest that improving the 

mechanistic relationships, rather than adding unconstrained diversity, can lead to more robust 

globally applicable models. These mechanistic relationships may include relationships between 

environmental variables and plankton growth, dynamic parameterizations of grazing, as well as 

allometric relationships. Nevertheless, in the absence of such improved relationships, certain 

regional models require additional processes in order to fully capture the observed 

biogeochemical variability. This was illustrated in Chapters 3 and 4, where a model with multiple 

planktonic prey and predator groups provided the best chlorophyll concentrations and annual 

primary production estimates in the oceanographically complex northwest North Atlantic. It was 
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also the case in Chapter 5, where specialized planktonic groups where needed to replicate deep 

inorganic nitrogen in the Gulf of Aqaba. 

I also documented that there are common characteristics of model behavior that are 

independent from the model’s ecological complexity and physical dimensionality. For example, 

phytoplankton growth parameters are involved in determining the timing of the spring bloom 

peak. This was reiterated in the results from the simple NPZD model used in the Subpolar North 

Atlantic case study, as well as in the intermediate complexity models used in the coastal 

northwest North Atlantic case study. In the latter, this behavior was evidenced in both the 1D and 

3D model applications. Principal component analyzes of the parameters optimized at specific 

geographical locations for these two North Atlantic case studies also revealed multi-dimensional 

correlations between the parameters selected for certain locations. In the Subpolar North Atlantic 

case, the spatial patterns show a clear differentiation between northern and southern areas. Spatial 

patterns in optimized parameters are not as clear in the coastal northwest North Atlantic, but a 

number of locations tended to select either high or low grazing values consistently, and 

independently of model complexity. 

6.2 INSIGHTS INTO MARINE ECOLOGY  

My optimized and experimental results demonstrate that phytoplankton phenology in 

mid-latitude regions, such as the North Atlantic Ocean, is a continuum of bottom-up and top-

down process dominating during different periods of the annual cycle. When contrasting a 

bottom-up and a top-down hypothesis for the spring bloom initiation (i.e., the critical-depth and 

the dilution-recoupling hypotheses, respectively), my results demonstrated that the conceptual 

basis of each is an ecological truism that cannot be considered in absolute isolation under realistic 

simulations. Idealized experiments with a simple model, and the comparison of models with 
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different trophic complexity show that the development, peak and early stages of the termination 

of the phytoplankton spring bloom are dominantly driven by bottom-up factors.  

My results also show that a model’s trophic complexity can strongly affect simulated 

biogeochemical fluxes during summer and fall. In a model with multiple prey and predator 

groups, the flexibility of the phytoplankton natural mortality and predation rates plays a role in 

modifying the velocity and time phase of nitrogen return from the organic to the inorganic pool. 

My results suggest that the pathways of zooplankton losses act as an important dynamic driver 

during low phytoplankton biomass periods. These periods coincide with elevated sea temperatures 

in summer; therefore the effect of thermal dependency on phytoplankton losses becomes 

important in defining chlorophyll spatial patterns. Nevertheless, temperature-dependent 

phytoplankton losses have only a limited effect on plankton standing stocks and primary 

production estimates.  

Therefore, bottom-up and top-down ecological drivers control the imbalances between 

phytoplankton growth and its loss rates, which lead to the phenological characteristics observed in 

a given geographical region. My experimental results highlight that the variability in what triggers 

the spring bloom initiation depends on the system’s baseline conditions at the end of the 

preceding year. In different regions or years, bloom development may closely track the last of any 

necessary conditions for bloom initiation that remains unsatisfied, including appropriate levels of 

nutrient or light availability and of grazing pressure. In the case of the North Atlantic, nutrients 

are abundant and predators’ biomass is low at the end of winter. Hence, seasonal changes in the 

light environment are the main driver of the spring bloom initiation in this area. Spatial 

differences in winter vertical stratification can be associated with differences in spring bloom 

timing, as demonstrated by the areas of early spring blooms and shallow mixed layer depths in the 

northwest North Atlantic. This spatial pattern agrees with the canonical bottom-up effect of a 
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shallowing mixed layer on light conditions that phytoplankton experience, by concentrating them 

in well-lighted zones of the ocean.  

Adequate representations of temperature, vertical stratification and deep-water nutrient 

concentrations are essential to avoid using the optimization to compensate for physical 

deficiencies in the model. In the North Atlantic case studies, deep nutrient concentrations were 

configured based on global climatologies. Due to the geomorphological and bathymetric 

characteristics of the Gulf of Aqaba, which limit deep-water exchange with the exterior, this 

location offered unique conditions for evaluating the importance of microbially mediated nitrogen 

fixation in the determination of deep-water nutrients.  

My results suggest that nitrogen fixation allows waters of this northern extension of the 

Red Sea to develop a signature of nitrogen excess at depth, which contrasts with the exterior 

excess phosphate waters. Models that include diazotrophic organisms have the ability to 

significantly modify the vertical distribution of inorganic nitrogen, but it is important to highlight 

that a model without nitrogen fixation still can replicate chlorophyll variability with similar 

accuracy as the models with nitrogen fixation. 

 Nitrogen fixation activity increases the fraction of remineralized nitrogen from organic 

matter decomposition, and is thus a plausible mechanism to explain biochemical characteristics in 

the Gulf of Aqaba. I estimated that nitrogen fixation rates required to replicate the deep-water 

nitrate observations at this location are relatively high compared to previous observational 

estimates. My results agree with studies suggesting that the importance of N2 fixation may be 

globally underestimated. I also estimated that considering aphotic nitrogen fixation was important 

to increase the flexibility of a model, and allow it to replicate nitrogen fixation rates observed at 

depth, without unrealistically increasing light-dependent surface nitrogen fixation.  
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6.3 SUMMARY 

The main findings of this thesis can be summarized as follows: 

 The selection of an appropriate level of ecosystem model complexity and 

design of the model calibration is tied to the research questions to be addressed.  

 Components of the ecosystem dynamics that are well constrained by the 

observations during model calibration can be similarly replicated by models with 

different complexities.  

 Simplified trophic dynamics can be as suitable as more complex models 

for diagnosing some biogeochemical cycles at single locations, at seasonal scales or 

in areas with homogenous environmental conditions.  

 Bottom-up drivers, such as light and nutrient availability, control the 

onset, peak and early stages of the phytoplankton spring bloom. The variability of 

vertical stratification is important to set light and nutrient conditions both at temporal 

and spatial scales. Top-down drivers control summer and fall phytoplankton 

concentrations, and impact nutrient cycling and export production. 

 The inclusion of planktonic diversity and/or specific planktonic traits is 

necessary to explain biogeochemical characteristics at certain geographical locations. 

This is the case in the oceanographically complex northwest North Atlantic, where 

observed summer to fall chlorophyll concentrations and annual primary production is 

replicated the best by a model with multiple phytoplankton and zooplankton groups.  

It is also the case in the Gulf of Aqaba, where nitrogen fixation throughout the entire 

water column is important in determining deep-water nitrate concentrations. 

 There is a significant gap of knowledge with respect to phytoplankton 

metabolism, natural mortality and predation. This hinders the understanding of 
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feedback effects from predator-prey relationships over biogeochemical interannual 

variability and regime changes, as well as definitive conclusions about the 

importance of complexity in ecosystem models. 

 There is also a significant gap of knowledge about the contributions of 

autotrophic and heterotrophic diazotrophs to total rates of nitrogen fixation, both 

locally and globally.  

 Due to data limitations, un-guided parameter optimization is not an 

infallible method for identifying the best parameters in the high-dimensional 

parameter space of complex models. 

Despite the regional scope of the case studies I carried out, my conclusions provide 

insights that can be extrapolated to large-scale applications. My work also suggests potential 

future research directions, including the assessment of efficient sampling methodologies for 

calibrating global model surrogates, the evaluation of twin experiments assimilating all state 

variables using synthetic model data, and the use of optimization experiments to replicate 

controlled laboratory and mesocosm experiments. Finding common patterns of behavior in simple 

and complex models, which can reach similar conclusions about the ecosystem dynamics, is 

fundamental to reduce the uncertainties of future predictions. 
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APPENDIX A 

OPTIMIZED NPZD MODEL RESULTS FOR ALL SPATIALLY AVERAGED BINS IN THE 

SUBPOLAR NORTH ATLANTIC CASE STUDY1 

 

 

 

                                                           

1 Bin NA5 is omitted, see Figure 2.1. 
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APPENDIX B 

PRINCIPAL COMPONENT ANALYSIS OF THE MODEL INPUT VARIABLES IN THE 

SUBPOLAR NORTH ATLANTIC CASE STUDY 

 

The analysis was performed using normalized forcing variables for all bins, which 

include: annual mean mixed layer depth, from the SODA & FNMOC mixed layer depth 

climatology, annual mean satellite-based phytoplankton biomass, annual mean WOA 

nitrate surface concentrations, WOA annual mean surface temperature, and annual mean 

surface photosynthetic radiation (PAR). Results of the principal component analysis of 

optimized parameters, showing the scaled arrangement of optimized parameter sets 

projected onto the first and second principal component (PC1, PC2). Solid black symbols 

represent the southern bins (NA1 to NA3), and the empty symbols are for the northern 

bins (NA4 to NA6).  The distance between their symbols is representative of how 

different the bins are with respect to their averaged properties. The location of the 

variables symbols 𝑯𝑴𝑳𝑫 , 𝑷𝒐𝒃𝒔, 𝑵𝑾𝑶𝑨, 𝑻, PAR represents the scaled contribution of these 

variables to the variance among bins explained by PC1 and PC2.  

 

 



 

APPENDIX C  

 

NORTHWEST NORTH ATLANTIC MODELS (M1, M2 AND M3) EQUATIONS 
 
 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Phytoplankton 

P = growth – grazing – mortality – coagulation – sinking  Small P = growth – grazing (by small Z & 

large Z) – mortality – sinking  

Large P = growth – grazing (by large Z & 

predatory Z) – mortality – coagulation – 

sinking  

𝜕𝑃

𝜕𝑡
= 𝜇𝑃 − 𝑔𝑍 − 𝑚𝑃𝑃 − 𝜏(𝐷𝑆 + 𝑃)𝑃

− 𝑤𝑃

𝜕𝑃

𝜕𝑧
 

𝜕𝑃

𝜕𝑡
= 𝜇𝑃 − 𝑔𝑍 − 𝑚𝑃𝑃 − 𝜏(𝐷𝑆 + 𝑃)𝑃

− 𝑤𝑃

𝜕𝑃

𝜕𝑧
 

𝜕𝑃𝑆

𝜕𝑡
= 𝜇𝑃𝑆

𝑃𝑆 − 𝑔𝑍𝑆𝑃𝑆
𝑍𝑆 −  𝑔𝑍𝐿𝑃𝑆

𝑍𝐿 − 𝑚𝑃𝑆
𝑃𝑆  

− 𝑤𝑃𝑆

𝜕𝑃𝑆

𝜕𝑧
 

 

𝜕𝑃𝐿

𝜕𝑡
= 𝜇𝑃𝐿

𝑃𝐿 − 𝑔𝑍𝐿𝑃𝐿
𝑍𝐿 −  𝑔𝑍𝑃𝑃𝐿

𝑍𝑃 − 𝑚𝑃𝐿
𝑃𝐿

− 𝜏(𝐷𝑆 + 𝑃𝐿)𝑃𝐿 − 𝑤𝑃𝐿

𝜕𝑃𝐿

𝜕𝑧
 

2
3

5
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Phytoplankton growth rate 

𝜇 =  𝜇𝑚𝑎𝑥  𝐿𝐼(𝐿𝑁𝑂3 + 𝐿𝑁𝐻4) 𝜇 =  𝜇𝑚𝑎𝑥  𝐿𝐼(𝐿𝑁𝑂3 + 𝐿𝑁𝐻4) 𝜇𝑃𝑆
=  𝜇𝑚𝑎𝑥

𝑃𝑆  𝐿𝐼𝑃𝑆
(𝐿𝑁𝑂3𝑃𝑆

+ 𝐿𝑁𝐻4𝑃𝑆
) 

𝜇𝑃𝐿
=  𝜇𝑚𝑎𝑥

𝑃𝐿  𝐿𝐼𝑃𝐿
(𝐿𝑁𝑂3𝑃𝐿

+ 𝐿𝑁𝐻4𝑃𝐿
) 

Temperature dependent phytoplankton maximum growth rate 

𝜇𝑚𝑎𝑥 =  𝜇0𝜙𝑇  𝜇𝑚𝑎𝑥 =  𝜇0𝜙𝑇 𝜇𝑚𝑎𝑥
𝑃𝑆 =  𝜇0𝑃𝑆

𝜙𝑇 

𝜇𝑚𝑎𝑥
𝑃𝐿 = 𝜇0𝑃𝐿

𝜙𝑇 

Light limitation for phytoplankton growth 

𝐿𝐼 =   
𝛼𝐼 

√𝜇max
2 + 𝛼2𝐼2

 𝐿𝐼 =   
𝛼𝐼 

√𝜇max
2 + 𝛼2𝐼2

 𝐿𝐼𝑃𝑆
=   

𝛼𝑃𝑆
𝐼 

√(𝜇𝑚𝑎𝑥
𝑃𝑆 )

2
+ (𝛼𝑃𝑆

𝐼)
2

 

𝐿𝐼𝑃𝐿
=   

𝛼𝑃𝐿
𝐼 

√(𝜇𝑚𝑎𝑥
𝑃𝐿 )

2
+ (𝛼𝑃𝐿

𝐼)
2
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3

6
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Light attenuation with depth  

𝐼 = 𝐼(𝑧) =  𝐼0𝑃𝐴𝑅𝑓𝑟𝑎𝑐 exp {−𝑧 [𝐾𝑤

+ 𝐾𝑐ℎ𝑙 ∫ 𝐶ℎ𝑙(𝜁)𝑑𝜁
0

𝑧

]} 

𝐼 = 𝐼(𝑧)

=  𝐼0𝑃𝐴𝑅𝑓𝑟𝑎𝑐 exp {−𝑧 [𝐾𝑤

+ 𝐾𝑐ℎ𝑙 ∫ 𝐶ℎ𝑙(𝜁)𝑑𝜁
0

𝑧

]} 

𝐼 = 𝐼(𝑧) =  𝐼0𝑃𝐴𝑅𝑓𝑟𝑎𝑐 exp {−𝑧 [𝐾𝑤

+ 𝑘𝑐ℎ𝑙 ∫ (𝐶ℎ𝑙𝑃𝑆
(𝜁)

0

𝑧

+ 𝐶ℎ𝑙𝑃𝐿
(𝜁))𝑑𝜁]} 

Nutrient limitation for phytoplankton growth 

𝐿𝑁𝑂3 =  
𝑁𝑂3

𝑘𝑁𝑂3 + 𝑁𝑂3

1

1 +  𝑁𝐻4
𝑘_𝑁𝐻4⁄

 
𝐿𝑁𝑂3

=  
𝑁𝑂3

𝑘𝑁𝑂3 + 𝑁𝑂3

1

1 + 𝑁𝐻4
𝑘_𝑁𝐻4⁄

 
𝐿𝑁𝑂3𝑃𝑆

=  
𝑁𝑂3

𝑘𝑁𝑂3𝑃𝑆
+ 𝑁𝑂3

[
1

1 +  𝑁𝐻4
𝑘𝑁𝐻4𝑃𝑆

⁄
] 

𝐿𝑁𝑂3𝑃𝐿
=  

𝑁𝑂3

𝑘𝑃𝐿
+ 𝑁𝑂3

[
1

1 +  𝑁𝐻4
𝑘𝑁𝐻4𝑃𝐿

⁄
] 

𝐿𝑁𝐻4 =  
𝑁𝐻4

𝑘𝑁𝐻4 + 𝑁𝐻4
 𝐿𝑁𝐻4 =  

𝑁𝐻4

𝑘𝑁𝐻4 + 𝑁𝐻4
 𝐿𝑁𝐻4𝑃𝑆

=  
𝑁𝐻4

𝑘𝑁𝐻4𝑃𝑆
+ 𝑁𝐻4

 

𝐿𝑁𝐻4𝑃𝐿
=  

𝑁𝐻4

𝑘𝑁𝐻4𝑃𝐿
+ 𝑁𝐻4

 

 

2
3

7
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Zooplankton grazing rates 

𝑔 =  𝑔𝑚𝑎𝑥
𝑃2

𝑘𝑃+𝑃2 𝑔 =  𝑔𝑚𝑎𝑥

𝑃2

𝑘𝑃 + 𝑃2
 𝑔𝑍𝑆𝑃𝑆

=  𝑔𝑚𝑎𝑥
𝑍𝑆𝑃𝑆

𝑃𝑆
2

𝑘𝑍𝑆𝑃𝑆
+ 𝑃𝑆

2 

𝑔𝑍𝐿𝑃𝑆
=  𝑔𝑚𝑎𝑥

𝑍𝐿𝑃𝑆
𝑃𝑆

2

𝑘𝑍𝐿𝑃𝑆
+ 𝑃𝑆

2 

𝑔𝑍𝐿𝑃𝐿
=  𝑔𝑚𝑎𝑥

𝑍𝐿𝑃𝐿
𝑃𝐿

2

𝑘𝑍𝐿𝑃𝐿
+ 𝑃𝐿

2 

𝑔𝑍𝐿𝑍𝑆
=  𝑔𝑚𝑎𝑥

𝑍𝐿𝑍𝑆
𝑍𝑆

2

𝑘𝑍𝐿𝑍𝑆
+ 𝑍𝑆

2 

𝑔𝑍𝑃𝑃𝐿
=  𝑔𝑚𝑎𝑥

𝑍𝑃𝑃𝐿
𝑃𝐿

2

𝑘𝑍𝑃𝑃𝐿
+ 𝑃𝐿

2 𝑒−𝜓𝑃𝐿
(𝑍𝑆+𝑍𝐿) 

𝑔𝑍𝑃𝑍𝑆
=  𝑔𝑚𝑎𝑥

𝑍𝑃𝑍𝑆
𝑍𝑆

2

𝑘𝑍𝑃𝑍𝑆
+ 𝑍𝑆

2 𝑒−𝜓𝑍𝑆
(𝑍𝐿) 

𝑔𝑍𝑃𝑍𝐿
=  𝑔𝑚𝑎𝑥

𝑍𝑃𝑍𝐿
𝑍𝐿

2

𝑘𝑍𝑃𝑍𝐿
+ 𝑍𝐿

2 

 

 

2
3

8
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Temperature dependent maximum grazing rates 

- 𝑔𝑚𝑎𝑥 = 𝑔0𝜙𝑇 𝑔𝑚𝑎𝑥
𝑍𝑆𝑃𝑆 =  𝑔0𝑍𝑆𝑃𝑆

𝜙𝑇 

𝑔𝑚𝑎𝑥
𝑍𝐿𝑃𝑆 =  𝑔0𝑍𝐿𝑃𝑆

𝜙𝑇 

𝑔𝑚𝑎𝑥
𝑍𝐿𝑃𝐿 =  𝑔0𝑍𝐿𝑃𝐿

𝜙𝑇 

𝑔𝑚𝑎𝑥
𝑍𝐿𝑍𝑆 =  𝑔0𝑍𝐿𝑍𝑆

𝜙𝑇 

𝑔𝑚𝑎𝑥
𝑍𝑃𝑃𝐿 =  𝑔0𝑍𝑃𝑃𝐿

𝜙𝑇 

𝑔𝑚𝑎𝑥
𝑍𝑃𝑍𝑆 =  𝑔0𝑍𝑃𝑍𝑆

𝜙𝑇 

𝑔𝑚𝑎𝑥
𝑍𝑃𝑍𝐿 =  𝑔0𝑍𝑃𝑍𝐿

𝜙𝑇 

Temperature dependent phytoplankton mortality rates 

- 𝑚𝑃 =  𝑚0𝑃𝜙𝑇 𝑚𝑃𝑆
=  𝑚0𝑃𝑠

𝜙𝑇 

𝑚𝑃𝐿
=  𝑚0𝑃𝐿

𝜙𝑇 

 

 

 

2
3
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M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Zooplankton 

Z = assimilated grazing – base metabolism – excretion – mortality  Small Z = assimilated grazing (on small P) – 

grazing (by large Z  & predatory Z) – base 

metabolism – excretion – mortality  

Large Z = assimilated grazing (on small P, 

large P & small Z) – grazing (by predatory Z) 

– base metabolism – excretion – mortality  

Predatory Z = assimilated grazing  (on large 

P, small Z & large Z) – base metabolism – 

excretion – mortality  

Zooplankton growth 

𝜕𝑍

𝜕𝑡
= 𝑔𝛽𝑍 − 𝑙𝐵𝑀𝑍 − 𝑙𝐸

𝑃2

𝑘𝑃 + 𝑃2
𝛽𝑍

− 𝑚𝑍𝑍2 

𝜕𝑍

𝜕𝑡
= 𝑔𝛽𝑍 − 𝑙𝐵𝑀𝑍 − 𝑙𝐸

𝑃2

𝑘𝑃 + 𝑃2
𝛽𝑍

− 𝑚𝑍𝑍2 

𝜕𝑍𝑆

𝜕𝑡
= 𝑔𝑍𝑆𝑃𝑆

𝛽𝑍𝑆
𝑍𝑆 −  𝑔𝑍𝐿𝑍𝑆

𝑍𝐿

− 𝑔𝑍𝑃𝑍𝑆
𝑍𝑃 – 𝑙𝐵𝑀𝑍𝑆

𝑍𝑆

− 𝑙𝐸𝑍𝑆

𝑔𝑍𝑆𝑃𝑆

𝑔𝑚𝑎𝑥
𝑍𝑆𝑃𝑆

𝛽𝑍𝑆
𝑍𝑆 − 𝑚𝑍𝑆

𝑍𝑆
2 

2
4

0
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

𝜕𝑍𝐿

𝜕𝑡
= (𝑔𝑍𝐿𝑃𝑆

+ 𝑔𝑍𝐿𝑃𝐿
+ 𝑔𝑍𝐿𝑍𝑆

)𝛽𝑍𝐿
𝑍𝐿

−  𝑔𝑍𝑃𝑍𝐿
𝑍𝑃 – 𝑙𝐵𝑀𝑍𝐿

𝑍𝐿

− 𝑙𝐸𝑍𝐿
(

𝑔𝑍𝐿𝑃𝑆

𝑔𝑚𝑎𝑥
𝑍𝐿𝑃𝑆

+
𝑔𝑍𝐿𝑃𝐿

𝑔𝑚𝑎𝑥
𝑍𝐿𝑃𝐿

+  
𝑔𝑍𝐿𝑍𝑆

𝑔𝑚𝑎𝑥
𝑍𝐿𝑍𝑆

) 𝛽𝑍𝐿
𝑍𝐿 − 𝑚𝑍𝐿

𝑍𝐿
2   

𝜕𝑍𝑃

𝜕𝑡
= (𝑔𝑍𝑃𝑃𝐿

+ 𝑔𝑍𝑃𝑍𝑆
+ 𝑔𝑍𝑃𝑍𝐿

)𝛽𝑍𝑃
𝑍𝑃 −

𝑙𝐵𝑀𝑍𝑃
𝑍𝑃 − 𝑙𝐸𝑍𝑃

(
𝑔𝑍𝑃𝑃𝐿

𝑔𝑚𝑎𝑥
𝑍𝑃𝑃𝐿

+  
𝑔𝑍𝑃𝑍𝑆

𝑔𝑚𝑎𝑥
𝑍𝑃𝑍𝑆

+  
𝑔𝑍𝑃𝑍𝐿

𝑔𝑚𝑎𝑥
𝑍𝑃𝑍𝐿

) 𝛽𝑍𝑃
𝑍𝑃 −

𝑚𝑍𝑃
𝑍𝑃

2 

Temperature dependent zooplankton base metabolic rates 

- 𝑙𝐵𝑀 =  𝑙𝐵𝑀0𝜙𝑇 

 

 

 

 

𝑙𝐵𝑀𝑍𝑆
=  𝑙𝐵𝑀0𝑍𝑆

𝜙𝑇 

𝑙𝐵𝑀𝑍𝐿
=  𝑙𝐵𝑀0𝑍𝐿

𝜙𝑇 

𝑙𝐵𝑀𝑍𝑃
=  𝑙𝐵𝑀0𝑍𝑃

𝜙𝑇 

2
4

1
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

Temperature dependent zooplankton base metabolic rates 

- 𝑙𝐸 =  𝑙𝐸0𝜙𝑇 𝑙𝐸𝑍𝑆
=  𝑙𝐸0𝑍𝑆

𝜙𝑇 

𝑙𝐸𝑍𝐿
=  𝑙𝐸0𝑍𝐿

𝜙𝑇 

𝑙𝐸𝑍𝑃
=  𝑙𝐸0𝑍𝑃

𝜙𝑇 

Temperature dependent zooplankton mortality rates 

- 𝑚𝑍 =  𝑚0𝑍𝜙𝑇 𝑚𝑍𝑆
=  𝑚0𝑍𝑆

𝜙𝑇 

𝑚𝑍𝐿
=  𝑚0𝑍𝐿

𝜙𝑇 

𝑚𝑍𝑃
=  𝑚0𝑍𝑃

𝜙𝑇 

Nutrient 

NO3 = - NO3 uptake + nitrification NO3 = - NO3 uptake (by small P & large P) + 

nitrification 

NH4 = - NH4 uptake – nitrification + Z base metabolism + Z excretion + 

decomposition (of small D & large D) 

NH4 = - NH4 uptake (by small P & large P) – 

nitrification + base metabolism (of small Z, 

large  & predatory Z) + excretion (of small Z, 

large Z and predatory Z) + decomposition (of 

small D & large D)  

2
4

2
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

𝜕𝑁𝑂3

𝜕𝑡
= −𝜇𝑚𝑎𝑥 𝑓(𝐼)𝐿𝑁𝑂3𝑃 + 𝑛𝑁𝐻4 𝜕𝑁𝑂3

𝜕𝑡
= −𝜇𝑚𝑎𝑥 𝑓(𝐼)𝐿𝑁𝑂3𝑃 + 𝑛𝑁𝐻4 

𝜕𝑁𝑂3

𝜕𝑡
= −𝜇𝑚𝑎𝑥

𝑃𝑆  𝐿𝐼𝑃𝑆
𝐿𝑁𝑂3𝑃𝑆

− 𝜇𝑚𝑎𝑥
𝑃𝐿  𝐿𝐼𝑃𝐿

𝐿𝑁𝑂3𝑃𝐿

+ 𝑛𝑁𝐻4 

2
4

3
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

𝜕𝑁𝐻4

𝜕𝑡
= −𝜇𝑚𝑎𝑥 𝑓(𝐼)𝐿𝑁𝐻4𝑃 − 𝑛𝑁𝐻4 +

𝑙𝐵𝑀𝑍 + 𝑙𝐸
𝑃2

𝑘𝑃+𝑃2 𝛽𝑍 + 𝑟𝐷𝑆
𝐷𝑆 + 𝑟𝐷𝐿

𝐷𝐿 

𝜕𝑁𝐻4

𝜕𝑡
= −𝜇𝑚𝑎𝑥 𝑓(𝐼)𝐿𝑁𝐻4𝑃 − 𝑛𝑁𝐻4

+ 𝑙𝐵𝑀𝑍

+ 𝑙𝐸

𝑃2

𝑘𝑃 + 𝑃2
𝛽𝑍

+ 𝑟𝐷𝑆
𝐷𝑆 + 𝑟𝐷𝐿

𝐷𝐿 

𝜕𝑁𝐻4

𝜕𝑡
= −𝜇𝑚𝑎𝑥

𝑃𝑆  𝐿𝐼𝑃𝑆
𝐿𝑁𝐻4𝑃𝑆

− 𝜇𝑚𝑎𝑥
𝑃𝐿  𝐿𝐼𝑃𝐿

𝐿𝑁𝐻4𝑃𝐿
 – 𝑛𝑁𝐻4

+ 𝑟𝑃𝑆
𝑃𝑆 + 𝑟𝑃𝐿

𝑃𝐿

+ [𝑙𝐵𝑀𝑍𝑆
+  𝑙𝐸𝑍𝑆

𝑔𝑍𝑆𝑃𝑆

𝑔𝑚𝑎𝑥
𝑍𝑆𝑃𝑆

𝛽𝑍𝑆
] 𝑍𝑆

+ [𝑙𝐵𝑀𝑍𝐿

+  𝑙𝐸𝑍𝐿
(

𝑔𝑍𝐿𝑃𝑆

𝑔𝑚𝑎𝑥
𝑍𝐿𝑃𝑆

+
𝑔𝑍𝐿𝑃𝐿

𝑔𝑚𝑎𝑥
𝑍𝐿𝑃𝐿

+  
𝑔𝑍𝐿𝑍𝑆

𝑔𝑚𝑎𝑥
𝑍𝐿𝑍𝑆

) 𝛽𝑍𝐿
] 𝑍𝐿

+ [𝑙𝐵𝑀𝑍𝑃

+ 𝑙𝐸𝑍𝑃
(

𝑔𝑍𝑃𝑃𝐿

𝑔𝑚𝑎𝑥
𝑍𝑃𝑃𝐿

+ 
𝑔𝑍𝑃𝑍𝑆

𝑔𝑚𝑎𝑥
𝑍𝑃𝑍𝑆

+  
𝑔𝑍𝑃𝑍𝐿

𝑔𝑚𝑎𝑥
𝑍𝑃𝑍𝐿

) 𝛽𝑍𝑃
] 𝑍𝑃 + 𝑟𝐷𝑆

𝐷𝑆

+ 𝑟𝐷𝐿
𝐷𝐿 

2
4

4
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

0Light inhibited nitrification rate 

𝑛 = 𝑛𝑚𝑎𝑥 (1 − max [0,
𝐼 − 𝐼0

𝑘𝐼 + 𝐼 − 𝐼0
]) 𝑛 = 𝑛𝑚𝑎𝑥 (1 − max [0,

𝐼 − 𝐼0

𝑘𝐼 + 𝐼 − 𝐼0
]) 𝑛 = 𝑛𝑚𝑎𝑥 (1 − max [0,

𝐼 − 𝐼0

𝑘𝐼 + 𝐼 − 𝐼0
]) 

Detritus 

Small D= Z egestion + Z mortality+ P mortality – Coagulation (Small D + P) 

– decomposition - sinking 

Large D= Coagulation  - decomposition - sinking 

Small D= mortality (of small P, large P, small 

Z,  and large Z) + egestion (by small Z, and 

large Z) – coagulation (of small D and small 

P) – decomposition – sinking  

Large D= mortality (of predatory Z) + 

egestion (by predatory Z)+ coagulation – 

decomposition – sinking  

𝜕𝐷𝑆

𝜕𝑡
= 𝑔(1 − 𝛽)𝑍 + 𝑚𝑍𝑍2 +  𝑚𝑃𝑃

− 𝜏(𝐷𝑆 + 𝑃)𝐷𝑆  

− 𝑟𝐷𝑆
𝐷𝑆− 𝑤𝐷𝑆

𝜕𝐷𝑆

𝜕𝑧
 

𝜕𝐷𝑆

𝜕𝑡
= 𝑔(1 − 𝛽)𝑍 + 𝑚𝑍𝑍2 +  𝑚𝑃𝑃2

− 𝜏(𝐷𝑆 + 𝑃)𝐷𝑆  

− 𝑟𝐷𝑆
𝐷𝑆− 𝑤𝐷𝑆

𝜕𝐷𝑆

𝜕𝑧
 

𝜕𝐷𝑆

𝜕𝑡
= 𝜀𝑍𝑆

𝑍𝑆 + 𝜀𝑍𝐿
𝑍𝐿 + 𝑚𝑃𝑆

𝑃𝑆
2 +  𝑚𝑃𝐿

𝑃𝐿
2

+ 𝑚𝑍𝑆
𝑍𝑆

2 +  𝑚𝑍𝐿
𝑍𝐿

2

− 𝜏(𝐷𝑆 + 𝑃𝐿)𝐷𝑆  

− 𝑟𝐷𝑆
𝐷𝑆− 𝑤𝐷𝑆

𝜕𝐷𝑆

𝜕𝑧
 

2
4

5
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

𝜕𝐷𝐿

𝜕𝑡
= 𝜏(𝐷𝑆 + 𝑃)2  − 𝑟𝐷𝐿

𝐷𝐿− 𝑤𝐷𝐿

𝜕𝐷𝐿

𝜕𝑧
 

𝜕𝐷𝐿

𝜕𝑡
= 𝜏(𝐷𝑆 + 𝑃)2  

− 𝑟𝐷𝐿
𝐷𝐿− 𝑤𝐷𝐿

𝜕𝐷𝐿

𝜕𝑧
 

𝜕𝐷𝐿

𝜕𝑡
= 𝜀𝑍𝑃

𝑍𝑃  + 𝑚𝑃𝑍𝑃
2 + 𝜏(𝐷𝑆 + 𝑃𝐿)2  

− 𝑟𝐷𝐿
𝐷𝐿− 𝑤𝐷𝐿

𝜕𝐷𝐿

𝜕𝑧
 

Chlorophyll 

𝜕𝐶ℎ𝑙

𝜕𝑡
= 𝜌𝐶ℎ𝑙𝜇𝑃 − 𝑔𝑍

𝐶ℎ𝑙

𝑃
− 𝑚𝑃𝐶ℎ𝑙 −

𝜏(𝐷𝑆 + 𝑃)𝐶ℎ𝑙 

𝜕𝐶ℎ𝑙

𝜕𝑡
= 𝜌𝐶ℎ𝑙𝜇𝑃 − 𝑔𝑍

𝐶ℎ𝑙

𝑃
− 𝑚𝑃𝐶ℎ𝑙

− 𝜏(𝐷𝑆 + 𝑃)𝐶ℎ𝑙 

𝜕𝐶ℎ𝑙𝑆

𝜕𝑡
= 𝜌𝐶ℎ𝑙𝑆

𝜇𝑃𝑆
𝑃𝑆 − 𝑔𝑍𝑆𝑃𝑆

𝐶ℎ𝑙𝑆

𝑃𝑆
𝑍𝑆

−  𝑔𝑍𝐿𝑃𝑆

𝐶ℎ𝑙𝑆

𝑃𝑆
𝑍𝐿

−  𝑟𝑃𝑆
𝐶ℎ𝑙𝑆 − 𝑚𝑃𝑆

𝐶ℎ𝑙𝑆
2 

𝜕𝐶ℎ𝑙𝐿

𝜕𝑡
= 𝜌𝐶ℎ𝑙𝐿

𝜇𝑃𝐿
𝑃𝐿 − 𝑔𝑍𝐿𝑃𝐿

𝐶ℎ𝑙𝐿

𝑃𝐿
𝑍𝐿

−  𝑔𝑍𝑃𝑃𝐿

𝐶ℎ𝑙𝐿

𝑃𝐿
𝑍𝑃

− 𝑟𝑃𝐿
𝐶ℎ𝑙𝐿 − 𝑚𝑃𝐿

𝐶ℎ𝑙𝐿
2

−  𝜏(𝐷𝑆 + 𝑃𝐿)𝐶ℎ𝑙𝐿 

Chlorophyll to phytoplankton ratio 

2
4

6
 



 

M1 (base model, Fennel et al. 2006) M2 (base model with 

temperature dependent 

biological rates) 

M3 (model with increased trophic 

complexity based on Kishi et al. 2007) 

𝜌𝐶ℎ𝑙 =  
𝜃𝑚𝑎𝑥𝜇𝑃

𝛼𝐼𝐶ℎ𝑙
 𝜌𝐶ℎ𝑙 =  

𝜃𝑚𝑎𝑥𝜇𝑃

𝛼𝐼𝐶ℎ𝑙
 𝜌𝐶ℎ𝑙𝑆

=  
𝜃𝑚𝑎𝑥𝑃𝑆

𝜇𝑃𝑆
𝑃𝑆

𝛼𝑃𝑆
𝐼𝐶ℎ𝑙𝑆

 

𝜌𝐶ℎ𝑙𝐿
=  

𝜃𝑚𝑎𝑥𝑃𝐿
𝜇𝑃𝐿

𝑃𝐿

𝛼𝑃𝐿
𝐼𝐶ℎ𝑙𝐿

 

 

2
4

7
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APPENDIX D 

NORTHWEST NORTH ATLANTIC IN SITU VERSUS SATELLITE SURFACE CHLOROPHYLL 

REGRESIONS  

 

 Standard AZMP refers to Turner fluorometry chlorophyll measurements available on-

line at http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/hydro/index-

eng.html  

 High Performance Liquid Chromatography (HPLC) measurements come from 

additional field studies, and ships of opportunity (C. Johnson & A. Cogswell, pers. 

comm.). The dataset does not include measurements inside the Gulf of St. Lawrence. 

 SeaWiFS: Chl-a from Sea-Viewing Wide Field-of-View Sensor 1997-2010.  

 GlobCol GSM: Chl-a from GlobColour merged with GSM model based on Maritorena 

and Siegel (2005, Remote Sensing of Environment). 

 GlobCol AVW: Chl-a from GlobColour merged using weighted averaging method 

(AVW), with weightings based on the sensor/product characterisation 

 

 

Figure C1: Standard AZMP chl-a vs. SeaWiFs, top 1 m in situ observations and daily (+- 1 day) 

satellite observations (0.1 x 0.1 degrees around in situ measurement). Left: Measurements inside 

the Gulf of St. Lawrence. Right: Measurements outside the Gulf of St. Lawrence. 

http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/hydro/index-eng.html
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/hydro/index-eng.html
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Figure C2: Standard AZMP chl-a vs. GlobCol GSM, details as in Figure C1. 

 

 

Figure C3: Standard AZMP chl-a vs. GlobCol AVW, details as in Figure C2. 

 

 

Figure C4: HPLC chl-a vs. SeaWiFs and GlobColour satellite chlorophyll 1999 – 2010. Notice 

similitude with results from Standard AZMP outside the Gulf of St. Lawrence, as the HPLC 

dataset does not include measurements inside the gulf. 
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APPENDIX E 

CONTRIBUTION OF VARIABLES AND SURROGATE LOCATIONS TO THE TOTAL MODEL 

COST VALUES PRIOR TO OPTIMIZATION 

 

 

M1 M2 M3 

L
o

ca
ti

o
n

 

Sat. 

chl-a 

in situ 

chl-a 

in situ 

NO3 

Sat. 

chl-a 

in situ 

chl-a 

in 

situ 

NO3 

Sat.  

chl-a 

Pico-

Nano 

Sat.  

chl-a 

Micro 

in 

situ 

chl-a 

in situ 

NO3 

1 72.37 9.74 5.85 68.92 10.93 7.30 41.94 30.32 4.70 4.87 

2 255.35 5.59 23.07 607.53 4.32 28.98 380.61 997.97 43.41 4.33 

3 88.97 7.54 10.51 66.56 7.51 8.87 187.58 17.62 1.68 1.98 

4 69.90 6.34 8.43 59.74 6.52 7.03 194.57 24.12 2.46 2.35 

5 54.64 5.91 8.12 37.39 6.00 8.11 228.32 13.21 5.55 1.72 

6 94.17 9.11 10.03 88.15 7.53 8.19 92.15 10.76 0.79 0.72 

7 165.82 2.96 5.49 290.80 3.16 4.90 180.62 150.69 1.51 1.14 

8 115.73 7.87 13.51 111.47 8.32 11.22 209.70 23.27 2.08 1.82 

9 88.90 3.46 6.28 152.46 3.73 4.66 148.31 81.14 1.83 1.54 

10 52.72 4.15 21.34 54.70 4.38 25.83 115.81 30.36 29.32 0.87 

11 114.39 5.24 22.15 154.98 4.86 24.23 118.82 69.10 26.04 1.79 

12 73.76 2.33 13.30 77.69 2.06 15.06 66.97 19.51 8.00 0.47 

13 62.04 0.92 6.58 75.08 0.91 6.64 88.53 26.89 1.98 0.82 

14 137.88 7.25 6.43 197.06 6.26 6.16 148.91 54.33 1.46 2.34 

15 84.79 8.89 6.18 98.21 7.27 5.92 81.95 21.71 1.23 2.06 

16 89.10 6.97 6.96 77.01 5.13 6.46 64.22 7.18 0.65 0.85 

17 47.17 2.82 9.03 70.82 2.39 11.97 72.88 34.55 10.34 0.84 

18 55.43 4.04 10.59 67.66 3.42 13.22 58.88 10.90 6.98 0.72 

19 56.67 3.72 6.60 66.01 3.06 8.94 62.06 10.52 4.97 0.47 

20 69.58 21.25 8.15 69.76 19.88 8.50 90.79 20.27 2.57 7.20 

21 96.97 14.72 10.66 89.51 11.71 9.95 108.95 22.03 1.95 4.19 

22 109.21 17.68 8.52 139.84 14.47 7.19 161.94 33.14 1.69 4.62 

 

685.19 52.84 75.92 907.12 47.94 79.78 968.17 569.86 53.73 15.90 

F
(p

) 

813.95 1034.83 1607.67 
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APPENDIX F 

ANALYSIS OF VARIANCE AMONG SATELLITE AND SIMULATED SURFACE 

CHLOROPHYLL ANNUAL CYCLES IN THE NORTHWEST NORTH ATLANTIC 

 

Boxplots for each sub-region show the medians (red lines inside the boxes) of the 

observed and simulated chlorophyll annual cycles. Overlap between the median notches of each 

box shows the similitude/difference among medians at 95% confidence. The lower and upper 

edges of the boxes are the 25th and 75th percentiles. The whiskers extend to the most extreme 

data points that are not considered outliers. The outliers are plotted individually as red dots. 

Additionally, the grey shadow shows similitude/difference between the observed mean and the 

simulated values at a 99% confidence. Asterisks (*) at the bottom of each box represent model 

means that are significantly similar to the observational mean. Letters at the top of each box 

represent the significance of similitudes among models. Models sharing equal letters are 

significantly similar to each other.     
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APPENDIX G 

NORTHWEST NORTH ATLANTIC SEASONAL SURFACE PHYTOPLANKTON BIOMASS 
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APPENDIX I 

GULF OF AQABA MODEL EQUATIONS 

i. Hypothesis 0: Neglecting N2 fixation 

As a starting hypothesis, we test whether a model without nitrogen fixing can reproduce the 

observed distribution of inorganic nutrients. We test this model with and without allowing a 

sediment denitrification flux, denoted as H0 and H0’, respectively.  Therefore, H0 fully neglects 

N2 fixation, while H0’ implicitly assumes that N2 fixation inputs and N2 denitrification are 

balanced.  

This model (H0) tracks the changes of 8 state-variables: nitrate (NO3), ammonium (NH4), 

dissolved inorganic phosphorus (DIP), non-fixing phytoplankton (Phy), zooplankton (Zoo), 

“small” detritus (DS), “large” detritus (DL), and oxygen (O2). Model equations correspond to those 

described in Fennel et al., 2006 and 2013. Changes in phytoplankton and zooplankton biomass are 

measured in nitrogen units only, which implies a constant N:P ratio for these functional groups. 

The stoichiometry of non-fixing phytoplankton and zooplankton is set to the Redfield ratio 

(𝑅𝑁:𝑃
𝑛𝑓

=16), and their biomass changes according to: 

𝜕𝑃ℎ𝑦

𝜕𝑡
= 𝜇𝑃ℎ𝑦𝑃ℎ𝑦 − 𝑔𝑍𝑜𝑜 − 𝑚𝑃ℎ𝑦𝑃ℎ𝑦 − 𝑤𝑃ℎ𝑦

𝜕𝑃ℎ𝑦

𝜕𝑧
 

(1) 

𝜕𝑍𝑜𝑜

𝜕𝑡
= 𝑔𝛽𝑍𝑜𝑜 − 𝑙𝐵𝑀𝑍𝑜𝑜 − 𝑙𝐸

𝑃ℎ𝑦2

𝑘𝑃ℎ𝑦 + 𝑃ℎ𝑦2
𝛽𝑍𝑜𝑜 − 𝑚𝑍𝑜𝑜𝑍𝑜𝑜2 

(2) 

Phytoplankton growth (equ. 1) depends on light and nutrient supply according to: 𝜇𝑃ℎ𝑦 =

𝜇𝑃ℎ𝑦
𝑚𝑎𝑥  𝑓(𝐼)min (𝐿𝑁𝑂3

+ 𝐿𝑁𝐻4
, 𝐿𝐷𝐼𝑃). This formulation assumes that growth is limited by light and 

nutrient availability using a multiplicative effect. In terms of nutrient limitation, it follows 

Liebig’s Law of the minimum, as growth is limited by the scarcest nutrient resource of either 

nitrogen or phosphorus. The maximum non-fixing phytoplankton growth rate, 𝜇𝑃ℎ𝑦
𝑚𝑎𝑥, varies with 

temperature using a Q10 formulation according to 𝜇𝑃ℎ𝑦
𝑚𝑎𝑥  (𝑇) =  𝜇𝑃ℎ𝑦

0 1.88
𝑇

10𝑜𝐶⁄  (Eppley, 1972), 

where 𝜇𝑃ℎ𝑦
0   is the assumed maximum growth rate at T = 0℃. The light limitation function is 

equal to 𝑓(𝐼) =  
𝛼𝑃ℎ𝑦𝐼 

√(𝜇𝑃ℎ𝑦
𝑚𝑎𝑥)

2
+𝛼𝑃ℎ𝑦

2 𝐼2

 (Smith, 1936), where 𝐼 is the depth varying photosynthetically 

active radiation, and 𝛼𝑃ℎ𝑦 is the initial slope of the photosynthetic reaction. The value of 𝐼 
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decreases exponentially with depth (z) according to 𝐼(𝑧) =  𝐼0(1 −  𝜙)𝑒−𝑧 𝑘𝑤−∫ 𝑘𝑐ℎ𝑙𝐶ℎ𝑙𝑃ℎ𝑦𝑑𝑧
𝑧

0 , 

where the coefficients 𝜙=0.62 and 𝑘𝑤 = 0.05 m−1 are set for oceanic clear waters according to 

Jerlov’s type IA (Paulson and Simpson, 1977), and the coefficient 𝑘𝑐ℎ𝑙 = 0.04 𝑚−1 represents 

light attenuation due to chlorophyll concentrations (Chl).  𝐼0 is the surface solar radiation recorded 

at the IUI station.  

Non-fixing phytoplankton is grazed by zooplankton at a density dependent rate 

𝑔 = 𝑔𝑃ℎ𝑦
𝑚𝑎𝑥 𝑃ℎ𝑦2

𝑘𝑍𝑜𝑜
𝑃ℎ𝑦

+𝑃ℎ𝑦2
, with only a fraction 𝛽 being assimilated into zooplankton growth. The last 

two terms in equation 1 represent non-fixing phytoplankton mortality and sinking, which occur at 

a rate of 𝑚𝑃ℎ𝑦 and a speed of 𝑤𝑃ℎ𝑦, respectively. In equation 2, 𝑙𝐵𝑀, 𝑙𝐸, and 𝑚𝑍 represent the 

zooplankton base metabolic, excretion and mortality rates.  

Changes in nutrient concentrations are defined by the following set of equations: 

𝜕𝑁𝑂3

𝜕𝑡
= −𝜇𝑃ℎ𝑦

𝑚𝑎𝑥 𝑓(𝐼)𝐿𝑁𝑂3
𝑃ℎ𝑦 + 𝑛𝑁𝐻4 

(3) 

𝜕𝑁𝐻4

𝜕𝑡
= −𝜇𝑃ℎ𝑦

𝑚𝑎𝑥 𝑓(𝐼)𝐿𝑁𝐻4
𝑃ℎ𝑦 + 𝑙𝐵𝑀𝑍𝑜𝑜 + 𝑙𝐸

𝑃ℎ𝑦2

𝑘𝑃 + 𝑃ℎ𝑦2
𝛽𝑍𝑜𝑜 + 𝑟𝐷𝑆

𝐷𝑆(𝑁) + 𝑟𝐷𝐿
𝐷𝐿(𝑁)

− 𝑛𝑁𝐻4 

(4) 

𝜕𝐷𝐼𝑃

𝜕𝑡
=

1

𝑅𝑁:𝑃
𝑛𝑓

 (−𝜇𝑃ℎ𝑦
𝑚𝑎𝑥 𝑓(𝐼)𝐿𝐷𝐼𝑃𝑃ℎ𝑦 +  𝑙𝐵𝑀𝑍𝑜𝑜 + 𝑙𝐸

𝑃ℎ𝑦2

𝑘𝑃 + 𝑃ℎ𝑦2
𝛽𝑍𝑜𝑜) + 𝑟𝐷𝑆(𝑃)

𝐷𝑆(𝑃)

+ 𝑟𝐷𝐿
𝐷𝐿(𝑃) 

(5) 

Equations 3, 4, and 5 represent the changes in nitrate, ammonium, and dissolved inorganic 

phosphorus, respectively. In these equations, nutrient uptake by non-fixing phytoplankton is 

modulated by the maximum non-fixing phytoplankton growth rate 𝜇𝑃ℎ𝑦
𝑚𝑎𝑥, the light limitation 

function 𝑓(𝐼), and the corresponding nutrient limitation factor (𝐿𝑁𝑂3
, 𝐿𝑁𝐻4

, or 𝐿𝐷𝐼𝑃). The nutrient 

limitation factors for ammonium and dissolved inorganic phosphorus in the form of phosphate are 

Michaelis-Menten (1913) functions: 

𝐿𝑁𝐻4
=

𝑁𝐻4

𝑘𝑃ℎ𝑦
𝑁𝐻4 + 𝑁𝐻4

 

 

(6) 
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𝐿𝐷𝐼𝑃 =
𝐷𝐼𝑃

𝑘𝑃ℎ𝑦
𝐷𝐼𝑃 + 𝐷𝐼𝑃

 
(7) 

The nitrate limitation factor is also a Michaelis – Menten (1913) function, but is modified by the 

availability of NH4, which inhibits NO3 uptake: 

𝐿𝑁𝑂3
=

𝑁𝑂3

𝑘𝑃ℎ𝑦
𝑁𝑂3 + 𝑁𝑂3

 
1

(1 + 𝑁𝐻4/𝑘𝑃ℎ𝑦
𝑁𝐻4)

 (8) 

Both NH4 and DIP receive contributions from zooplankton metabolic and excretion losses, and 

from the degradation of small and large detritus. The parameters 𝑙𝐵𝑀, 𝑙𝐸  are the metabolic loss 

and mortality rates of zooplankton. Degradation rates for small and large detritus are represented 

by 𝑟𝐷𝑆
 and 𝑟𝐷𝐿

, respectively. Both the nitrogen and phosphorus fractions of the two detritus 

groups are tracked, for which we use the subscripts “(N)” and “(P)” correspondingly. The last 

terms in equations 3 and 4 represent the transformation of NH4 into NO3 via nitrification at rate 𝑛.  

The model also estimates non-fixing phytoplankton chlorophyll content (ChlPhy): 

𝜕𝐶ℎ𝑙𝑃ℎ𝑦

𝜕𝑡
= 𝜌𝐶ℎ𝑙𝑃ℎ𝑦

𝜇𝑃ℎ𝑦𝑃ℎ𝑦 −  𝑔𝑍𝑜𝑜
𝐶ℎ𝑙𝑃ℎ𝑦

𝑃ℎ𝑦
− 𝑚𝑃ℎ𝑦𝐶ℎ𝑙𝑃ℎ𝑦 − 𝑤𝑃ℎ𝑦

𝜕𝐶ℎ𝑙𝑃ℎ𝑦

𝜕𝑧
                                                                                                                        (9) 

where the factor ρChlPhy
 represents a variable chlorophyll-to-biomass ratio. This factor accounts 

for the photoacclimation effect of increased chlorophyll production under low light conditions and 

is determined following Geider et al., (1997): 

ρChlPhy
=  

𝜃𝑃ℎ𝑦
𝑚𝑎𝑥𝜇𝑃ℎ𝑦𝑃ℎ𝑦

𝛼𝑃ℎ𝑦𝐼𝐶ℎ𝑙𝑃ℎ𝑦
 

(10) 

The two fractions of detritus aim to represent small-suspended particles of non-living organic 

matter (𝐷𝑆) that can aggregate to form larger sinking particles (𝐷𝐿). “Small” detritus (eq. 11) is 

formed from the unassimilated fraction of zooplankton grazing (i.e., sloppy feeding), and from 

dead phytoplankton and zooplankton. The small detritus pool suffers losses from coagulation and 

degradation. “Large” detritus (eq. 12) is produced trough the coagulation DS, and is removed by 

degradation and sinking at a 𝑤𝐷𝐿
 speed. The sinking speed of large detritus is assumed to be faster 

than for non-fixing phytoplankton (𝑤𝑃ℎ𝑦).  
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𝜕𝐷𝑆

𝜕𝑡
= 𝑔(1 − 𝛽)𝑍𝑜𝑜 + 𝑚𝑍𝑍𝑜𝑜2 +  𝑚𝑃ℎ𝑦𝑃ℎ𝑦 − 𝑟𝐷𝑆

𝐷𝑆 
(11) 

𝜕𝐷𝐿

𝜕𝑡
= 𝜏𝐷𝑆

2  − 𝑟𝐷𝐿
𝐷𝐿− 𝑤𝐷𝐿

𝜕𝐷𝐿

𝜕𝑧
 

(12) 

Oxygen (eq. 13) is produced during photosynthesis and consumed by zooplankton metabolism, 

and the degradation of dissolved organic matter and detritus, as in Fennel et al. (2013): 

𝜕𝑂2

𝜕𝑡
= 𝜇𝑃ℎ𝑦

𝑚𝑎𝑥𝑓(𝐼)(𝐿𝑁𝑂3
𝑅𝑂2:𝑁𝑂3

+ 𝐿𝑁𝐻4
𝑅𝑂2:𝑁𝐻4

)𝑃ℎ𝑦 − 2 𝑛𝑁𝐻4

−  𝑅𝑂2:𝑁𝐻4
(𝑙𝐵𝑀𝑍𝑜𝑜 + 𝑟𝐷𝑆

𝐷𝑆 − 𝑟𝐷𝐿
𝐷𝐿) 

 

(13) 

where 𝑅𝑂2:𝑁𝑂3 =
138

16

𝑚𝑜𝑙 𝑂2

𝑚𝑜𝑙 𝑁𝑂3
 and 𝑅𝑂2:𝑁𝐻3 =

106

16

𝑚𝑜𝑙 𝑂2

𝑚𝑜𝑙 𝑁𝐻3
  represent stoichiometric ratios 

corresponding to the oxygen produced during photosynthesis per mole of nitrate and ammonium 

consumed.  

At the ocean surface, oxygen concentrations are modified by the air-sea gas exchange Fair-sea: 

𝐹𝑎𝑖𝑟−𝑠𝑒𝑎 =
𝑣𝑘𝑂2

∆𝑧
(𝑂𝑠𝑎𝑡 − 𝑂2) 

(14) 

such that a flux of oxygen into the top layer of thickness ∆z occurs when its oxygen concentration 

is lower than the oxygen saturation value (Osat), and a flux into the atmosphere occurs if it is 

higher. The formulation of Osat is based on García and Gordon (1992), and the gas exchange 

coefficient for oxygen, vkO2
, is parameterized following Wanninkhof et al., (2011) as: 

vkO2
= 0.28 u10

2
√

660

SCO2

, 
(15) 

where u10 is the wind speed 10 m above the sea surface, and SCO2
 is the Schmidt number. 

We assume that organic matter reaching the bottom is instantaneously remineralized into 

ammonium. Sediment oxygen consumption is represented as in Fennel et al. (2013). This model 

was tested with and without allowing a denitrification flux (H0 and H0’, respectively). When 

present, the denitrification flux follows Fennel et al. (2013) with a loss fraction 6 mol N2 per mol 

of organic matter remineralized. 
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ii. Hypothesis 1: Generic autotrophic N2 fixers 

In model version H1, we introduce the state variable GF, which represents a group of generic 

autotrophic N2 fixers: 

𝜕𝐺𝐹

𝜕𝑡
= 𝜇𝐹𝐺𝐹 − 𝑚𝐹𝐺𝐹 − 𝑙𝐹𝐺𝐹 − 𝜏(𝐷𝑆 + 𝐺𝐹)𝐺𝐹 

(16) 

The growth of the fixing organisms is limited by light and DIP only (i.e., an obligate autotrophic 

diazotroph). The parameters 𝑚𝐹, 𝑙𝐹, 𝜏 represent a mortality rate, an excretion rate, and the 

coagulation rate, respectively. An accompanying chlorophyll equation is also introduced, and total 

chlorophyll becomes the sum of the non-fixing and fixing autotrophic organisms: 𝐶ℎ𝑙 =

𝐶ℎ𝑙𝑃ℎ𝑦 + 𝐶ℎ𝑙𝐺𝐹
. All other state variable equations are modified accordingly. That is, uptake of 

DIP by GF is included as a sink in the DIP equation (Eq. 5), GF
 
excretion becomes an additional 

source of ammonium in Eq. 4, GF mortality becomes a source of DS in Eq. 11, and GF coagulated 

aggregates become a source of DL in Eq. 12. The stoichiometry of diazotrophs is set to 𝑅𝑁:𝑃
𝑓

=

45(Fennel et al., 2002; Letelier and Karl, 1996).  

iii. Hypothesis 2: Unicellular and colonial N2 fixers 

In model version H2, we replace the generic autotrophic diazotroph group with two different 

groups that represent colonial and unicellular cyanobacteria: 

𝜕𝑈𝐹

𝜕𝑡
= 𝜇𝑈𝐹

𝑈𝐹 − 𝑚𝑈𝐹
𝑈𝐹 −  𝑙𝑈𝐹

𝑈𝐹 − 𝑔𝑈𝐹
𝑍𝑜𝑜 

(17) 

𝜕𝐶𝐹

𝜕𝑡
= 𝜇𝐶𝐹

𝐶𝐹 − 𝑚𝐶𝐹
𝐶𝐹 − 𝑙𝐶𝐹

𝐶𝐹 − 𝜏(𝐷𝑆 + 𝐶𝐹)𝐶𝐹 
(18) 

The group of colonial N2 fixers, 𝐶𝐹, represents Trichodesmium spp. A minimum temperature limit 

for the growth of Trichodesmium spp. is imposed by setting the maximum growth rate to 0 when 

temperature is below 20
o
C, based on the inability to culture this type of organism below this 

temperature (Breitbarth et al., 2007). The unicellular cyanobacteria group, UF, overall follows the 

same formulation as the generic diazotroph, except that no coagulation term is included in this 

equation as they represent picoplanktonic free-living cells that do not form large colonies. Instead, 

this group is grazed by zooplankton similar to grazing on non-fixing phytoplankton. This is based 

on evidence that Trichodesmium spp. colonies may be less palatable and harder to digest due to 

toxins and that grazing is not a major fate of this group (O’Neil and Roman, 1994). Moreover, it 
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has been suggested that colonies represent an evolutionary adaptation that allows a decreased 

grazing pressure (Nielsen 2006). As in the previous model version, other equations are modified 

where necessary. 

iv. Hypothesis 3: Heterotrophic N2 fixers 

In model version H3 we introduce an additional heterotrophic diazotroph group 𝐻𝐹, so that this 

ecosystem model includes three types of N2 fixers. The formulation of 𝐻𝐹 follows: 

𝜕𝐻𝐹

𝜕𝑡
= 𝜇𝐻𝐹

𝐻𝐹 − 𝑚𝐻𝐹
𝐻𝐹 −  𝑙𝐻𝐹

𝐻𝐹 
(18) 

These organisms are not limited by light availability and grow by consuming both dissolved 

inorganic and organic phosphorus from DS, following 𝜇𝐻𝐹
= 𝜓𝐷𝐼𝑃

𝐷𝐼𝑃

𝑘𝐻𝐹
𝐷𝐼𝑃+𝐷𝐼𝑃

+ 𝜓𝐷𝑆

𝐷𝑆(𝑃)

𝑘𝐻𝐹

𝐷𝑆 +𝐷𝑆(𝑃)

. The 

coefficients 𝜓𝐷𝐼𝑃 and 𝜓𝐷𝑆
 represent preferences, which are set as equal (𝜓𝐷𝐼𝑃 =  𝜓𝐷𝑆

= 0.5). 
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APPENDIX J 

COPYRIGHT 

An edited version of Chapter 2 was published by Elsevier Ltd. Copyright © 2015 Elsevier Ltd. It 

is reproduced here by permission of Elsevier Ltd: 
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