Figure 5.8: a) Observed and simulated vertically integrated NO3 and PO4 between 0 —
100 m and between 100 — 600 m using model versions HO (no nitrogen fixers),
HO’ (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 (NOs+ NHy): 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 NO; 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
PO, and NO; concentrations reach 0.45 and 7 mmol m™, 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 HO to H2, where maximum DIP and
DIN concentrations only reach to 0.25 and 3.87 mmol m™, respectively. In model HO,
simulated N* values are skewed towards negative deviations from zero. In model HI,
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 PO, 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.
H3Db (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 Agaba. 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™ 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 HO 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™. Nonetheless, the

discrepancies during summer months are corrected in the models with N, fixation.
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Figure 5.10: Observed (coloured circles) and simulated (background) Chl-a and O, using model
versions HO (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.
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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 O,, 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 NO;. 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 NOj;. 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 NO; over time. High deep total NOs 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 NOs.
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)

NO; PO, CHL O, NO; PO, CHL 0,
HO 0.71 0.04 0.15 7.57 0.60 0.04 0.16 6.39
HI 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

NO; PO, CHL O, NO; PO, CHL 0,
HO 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™ d”', 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~ d”'. The lowest simulated primary production rates are the ones obtained by
version H2, while the base model HO 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 N, 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. 109,
F09 and R15 refer to Iluz et al., (2009), Foster et al., (2009), and Rahav et al.,
(2015), respectively.

I report simulated N, 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
N, 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 N, 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 N, 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 N> fixation
at these depth levels are delayed from the surface peak, and have a shorter duration and

smaller amplitude.
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Figure 5.13: Simulated new, regenerated, and total primary production (a) and N, fixation
rates (b). A summary of previous estimates of N, rates in observational and model
studies is included in (b).

5.5 DISCUSSION

5.5.1 IS N2 FIXATION RELEVANT IN THE GULF OF AQABA2

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

Gulf of Agaba, ranging from neglecting the process to assuming that heterotrophic N,
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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 N, fixation, excess phosphate tends to
dominate the whole water column because nitrate is underestimated. Explicitly
accounting for N, fixation (HI, 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 N, fixation, but in the absence of bottom denitrification, also increases
the accumulation of deep NOs in a similar fashion as version H2. This suggests that N,
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™ d'l, with a maximum value of 3.01 mmol N m™~d™". These values at
are the lower end of sediment denitrification rates in the literature, which have a mean of
2.2 mmol N m™d" and maximum values exceeding 10 mmol N m>d" (Fennel et al.,

2009).

The excess nitrogen observed in the Gulf of Agaba 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 Agaba to acquire characteristics different from the Arabian Sea inflowing waters

190



(Naqvi et al 1986). My model results support this hypothesis and suggest that N, fixation
is key for the formation of the distinct chemical characteristics of Gulf of Agaba 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~ 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 N, 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™ at all depths and
seasons reported, with minimum excess phosphate values in the order of N* = -8 mmol

m”™ (Gruber and Sarmiento, 1997).

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

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 umol kg™ 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 NO; obtained with
the model that performs the best for deep NOj 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 N,
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?S

In this section I discuss the contribution of N fixation to primary production in
the Gulf of Aqgaba, and my quantitative estimates of N, 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 ¢ C m™? yr' (H3) and 277+82.5 g C m™ yr' (H3a). These rates are
higher than previously published observational annual averages, which range from 80 g C

m™ y'1 (Levanon-Spanier et al. 1979; Iluz 1991) to 170 g C m™ y'1 (Lazar et al. 2008).

192



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 NOj;, 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 N, 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 N, fixation.

5.5.3 ARE DIFFERENT DIAZOTROPHIC GROUPS IMPORTANT2

Colonial diazotroph blooms are responsible for the highest N, 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 N;
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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 N, 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 N, fixation. Surface N, fixation rates during the
simulated colonial diazotrophs blooms are as high as 0.1 mmol N m™ d”', which exceeds
the maximum documented rates in the Gulf of Agaba. Within my study period, studies
using the °N, assimilation technique reported rates ranging from undetectable to a
maximum of 1.9 nmol N L™ 4! (1.9x 10 mmol N m™ d'; Foster et al., 2009; Rahav et
al., 2013b). My models also estimate transient N, fixation rates higher than 1x10~ mmol
N m” d"' 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, N, 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
N, 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 N,
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 N,

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 N, fixation by
the small planktonic size fraction (<10 pm) in the Pacific Ocean range from measurable
but low (Dore et al., 2002; Falcon 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 N, fixation in deep waters of the Gulf of Agaba. Without heterotrophic N,
fixation, N, 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 N, fixation previously
remained elusive because measurements of N, fixation activity in the small plankton
fraction cannot differentiate the contributions of wunicellular autotrophs and
bacterioplankton (Zehr et al. 2001; Montoya et al. 2004). Nevertheless, nocturnal
N, fixation has been reported for this small plankton fraction (Montoya, 2004).
Diazotrophy independence from light has also been suggested to explain the similarity of
15N2 fixation rates measured in parallel light and dark in situ incubations, as well as N;
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 Agaba reporting
the existence of heterotrophic proteobacteria a and y (Rahav et al., 2013; 2015), and the

correlation of bacterial productivity rates with N 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 NO; nor PO, 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 N, is the most relevant. This result
agrees with the literature about circulation of the Gulf of Agaba. 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 NOs.
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 N, fixation rates;
however it does not affect my conclusions with respect to the amount of N, fixation
necessary to better replicate chemical characteristics of deep waters at Station A. For
example, as Trichodesmium spp. dominated N, 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 N, fixation rates
by heterotrophic organisms may be required in order to match the deep dissolved
inorganic nutrients. Depth-resolved, high temporal resolution in situ N, 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 N, fixation. Contributions of other complex symbiosis to N, fixation remain
uncertain, including diatom-diazotrophs associations, and aphotic N, 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 N, fixation in determining deep
NOs inventories. In the Gulf of Agaba, N, fixation allows its waters to develop a
signature deep excess of nitrate. A model without a N, 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 N, 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 N, fixation required to replicate the observations in the
Gulf of Agaba is in line with the highest observational estimates of this flux. While
aphotic N, fixation rates are low, considering heterotrophic organisms allows more
flexibility in replicating rates observed at depth, without an unrealistic increase in light-
dependent N, fixation. Overall, my results add to the body of evidence suggesting that the

importance of N, 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 Aqgaba. 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 Agaba. The other two outcomes categories directly concern the
results presented in chapters 2 to 5. [ expand on the conclusions from these studies in the

followings sub-sections.

6.1 INSIGHTS INTO ECOSYSTEM MODELLING PHILOSOPHY

Throughout this thesis, 1 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 Aqgaba.

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 N, 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:

e 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.

e Components of the ecosystem dynamics that are well constrained by the
observations during model calibration can be similarly replicated by models with
different complexities.

e 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.

e 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.

e 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.

e 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.

e 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.

e 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 STUDY!
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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 Hyp , P°?5, Nywoa, T, PAR represents the scaled contribution of these
variables to the variance among bins explained by PC1 and PC2.
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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
apP apP JPs
T uP — gZ —mpP — (Ds + P)P T uP — gZ —mpP — t(Dg + P)P Fr bpsPs — 9zspsZs — Gz,psZ1L — MpgPs
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Pz BT ~WPsTaz
daP;
ot = Up,PL —9z,p,Z1 — 9zpp, Zp —Mp, P
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—1(Ds + PP, ~Wp, 5,
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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)

Phytoplankton growth rate

U= tmax Li(Lyoz + Lyna)

U= tmax Li(Lnos + Lyna)

Upg = .Umax LIp (LN03p + LNH4-p )

Up, = ok Lip, (Lnozp, + Lnap,)

Temperature dependent phytoplankton maximum growth rate

Hmax = MO¢T Hmax = MO(pT #r}:lsax = ,uops(,‘bT
P
.u'rnLax = MOPL¢T
Light limitation for phytoplankton growth
al al ap .l
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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)

Light attenuation with depth

I =1(z) = IgPARfqc €Xp {—Z [KW

0
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Nutrient limitation for phytoplankton growth
NO3 1
LNO3 = k +NO3 NH4 LN03 L _ NO3 1
NO3 1+ % Nna | _ _ NO3 1 "0%s ™ Tenoap, + NO3 |1+ NHA/
NH4 NH4P
kN03+N031+ /k_NH4- N
L B NO3 1
MO kp, + NO3|1 4 NH4/
KnHap,
L _ NH4 L _ NH4 L NH4
NH& ™ e + NH4 NH& ™ e + NH4 NI%s ™ Kypapg + NH4
L _ NH4
NFEPL ™ Knpap, + NH4




8€C

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

p2
9 = YImax Kp+P?

PZ
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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)

Temperature dependent maximum grazing rates

= 90¢T

gmax

ZsPs _ T
Imax = gOZSP5¢

ZLPs _ T
Imax = Goz,psP
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Temperature dependent phytoplankton mortality rates
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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
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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)

97,
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Temperature dependent zooplankton base

metabolic rates
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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)

Temperature dependent zooplankton base metabolic rates

- lg = lE0¢T
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lEZL = lEozL¢T

lEZp = lEozp ¢T

Temperature dependent zooplankton mortality rates
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_ T
Mmgzs = mozs(f’

Mgz, = Mg, (f’T
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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)




eve

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)

dNO3
ot~ Hmax f(DLyosP + nNH4
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Jat
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M1 (base model, Fennel et al. 2006)

M2 (base model with
temperature dependent
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APPENDIX D

NORTHWEST NORTH ATLANTIC IN SITU VERSUS SATELLITE SURFACE CHLOROPHYLL
REGRESIONS

o 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

e 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.

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

e GlobCol GSM: Chl-a from GlobColour merged with GSM model based on Maritorena
and Siegel (2005, Remote Sensing of Environment).

e GlobCol AVW: Chl-a from GlobColour merged using weighted averaging method
(AVW), with weightings based on the sensor/product characterisation
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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.
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Figure C3: Standard AZMP chl-a vs. GlobCol AVW, details as in Figure C2.
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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
Sat.

é in chl-a Sat. in
§ Sat. in situ | insitu | Sat. in situ | situ Pico- chl-a situ in situ
=~ | chl-a chl-a NO; chl-a chl-a NO; Nano Micro chl-a | NO;

1 72.37 9.74 5.85 68.92 10.93 7.30 41.94 3032 | 4.70 4.87

2| 25535 5.59 23.07 | 607.53 432 | 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 | 246 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 2.96 549 | 290.80 3.16 490 | 180.62 | 150.69 1.51 1.14

8| 11573 7.87 13.51 | 111.47 8.32 | 11.22 | 209.70 2327 | 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 54.70 438 | 25.83 | 115.81 30.36 | 29.32 0.87
11| 114.39 5.24 22.15 | 154.98 486 | 2423 | 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 70.82 239 | 11.97 72.88 3455 | 10.34 0.84
18 55.43 4.04 10.59 67.66 342 13.22 58.88 1090 | 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 4794 | 79.78 | 968.17 | 569.86 | 53.73 15.90

=
= 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

0.08 05 1
N e

Surface Phytoplankton (mmol m-3)
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APPENDIX |
GULF OF AQABA MODEL EQUATIONS

i. Hypothesis 0: Neglecting N, 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 HO and HO’, respectively. Therefore, HO fully neglects
N, fixation, while HO’ implicitly assumes that N, fixation inputs and N, denitrification are

balanced.

This model (HO) tracks the changes of 8 state-variables: nitrate (NO;), ammonium (NHy,),
dissolved inorganic phosphorus (DIP), non-fixing phytoplankton (Phy), zooplankton (Zoo),
“small” detritus (Dg), “large” detritus (D), and oxygen (O,). 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

(RZ{ p=16), and their biomass changes according to:

o0Phy 0Phy (1

—5p = HpnyPhy — 9200 —mpny Phy — wepy ——=

0Z00 Phy? 5 )
T = gﬂZOO - IBMZOO - lE WBZOO - mZOOZoo

Phytoplankton growth (equ. 1) depends on light and nutrient supply according to: pppy, =
tpny fDmin(Lyo, + Lyp,, Lpip). 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, uppy , varies with

temperature using a Qo formulation according to upyy" (T) = ,ughyl.88T/ 10°c (Eppley, 1972),

where yghy is the assumed maximum growth rate at T = 0°C. The light limitation function is

equal to f(I) = ST (Smith, 1936), where [ is the depth varying photosynthetically

2
max 2 2
(HPH) + byt

active radiation, and apy,, is the initial slope of the photosynthetic reaction. The value of I
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decreases exponentially with depth (z) according to I(2) = Iy(1— ¢p)e™? kw=ly KenChlpnydz

where the coefficients ¢=0.62 and k,, = 0.05 m™?! are set for oceanic clear waters according to
Jerlov’s type IA (Paulson and Simpson, 1977), and the coefficient k., = 0.04 m™! represents
light attenuation due to chlorophyll concentrations (Chl). I is the surface solar radiation recorded

at the IUI station.

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

Phy?
— ,max
9= gPhy kPhy

o with only a fraction 8 being assimilated into zooplankton growth. The last
Zoo y

two terms in equation 1 represent non-fixing phytoplankton mortality and sinking, which occur at
a rate of mppy, and a speed of wpy,,, respectively. In equation 2, lgy, lg, and my represent the

zooplankton base metabolic, excretion and mortality rates.

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

INO, 3
S = U f(DLyo, Phy + nNH, ®
ONH, Phy? @)
T = —'u;)nhayx f(I)LNH4Phy + lBMZOO + lE WBZOO + rDsDS(N) + TDLDL(N)
—nNH4
opIP 1 Phy? (5)
7 = ﬂ <—‘Lllr,ni,la;c f(I)LDIPPhy + IBMZOO + lE I{}J-I_—WBZOO) + TDS(P)DS(P)
+ rDLDL(P)

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 ppyy’, the light limitation
function f (1), and the corresponding nutrient limitation factor (Lyo,, Ly, , or Lp;p). The nutrient
limitation factors for ammonium and dissolved inorganic phosphorus in the form of phosphate are
Michaelis-Menten (1913) functions:

__ NH, (6)

L _
M s 1 N,
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L= PP ()
PIP T kBIP + DIP

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

availability of NH,, which inhibits NO; uptake:

i NOs 1
NO3 =
" kpny +NO; (14 NH, [kt ®

Both NH, and DIP receive contributions from zooplankton metabolic and excretion losses, and
from the degradation of small and large detritus. The parameters lgy,, [ are the metabolic loss
and mortality rates of zooplankton. Degradation rates for small and large detritus are represented
by rp, and rp,, 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 NH,4 into NOj; via nitrification at rate n.

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

aChippy Chlpny Chlpny
ot = PcnipnyHpryPhy = 9Z00 =52 = Mpny Chlpny = Wpny —5 9)

where the factor PChlpy, Tepresents 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):

Ophy HpnyPhy
aphyIChlphy (10)

Pchlpny =

The two fractions of detritus aim to represent small-suspended particles of non-living organic
matter (Dg) that can aggregate to form larger sinking particles (D;). “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 Dg, and is removed by

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

than for non-fixing phytoplankton (wpp,).
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dDs 5 (I
5 = 9(1 = B)Z00 +m;Z00% + mppyPhy — 1 Ds
T = D

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):

00, (13)
I tpny f () (LN03 Ro,.no, + LNH4R02:NH4)Phy —2nNH,
- ROZ:NH4(ZBMZOO + 1p Ds — rDLDL)
__ 138 mol 0, __ 106 mol 0, C g . .
where  Ro,.no, = 16 molNO. and Ro,.NH, = 16 mol NI 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 F;,.ceq-

Fair—sea = % (Osar — 02) (19
such that a flux of oxygen into the top layer of thickness Az occurs when its oxygen concentration
is lower than the oxygen saturation value (Og,¢), and a flux into the atmosphere occurs if it is
higher. The formulation of Og,; is based on Garcia and Gordon (1992), and the gas exchange

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

660 15
vko, = 0.28 uf, P (15)
CO,

where uyois the wind speed 10 m above the sea surface, and Scg, 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 (HO and HO’, respectively). When
present, the denitrification flux follows Fennel et al. (2013) with a loss fraction 6 mol N, per mol

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

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

autotrophic N, fixers:

G 16
Fr urGr —mpGp — lpGp — T(Ds + Gp)Gp (16)

The growth of the fixing organisms is limited by light and DIP only (i.e., an obligate autotrophic
diazotroph). The parameters mg, lp, T 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 =
Chlppy + Chlg,. All other state variable equations are modified accordingly. That is, uptake of
DIP by Gg is included as a sink in the DIP equation (Eq. 5), G excretion becomes an additional
source of ammonium in Eq. 4, Gg mortality becomes a source of Dg in Eq. 11, and Gg coagulated
aggregates become a source of Dy in Eq. 12. The stoichiometry of diazotrophs is set to R,{,: p=

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

iii. Hypothesis 2: Unicellular and colonial N, fixers

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

groups that represent colonial and unicellular cyanobacteria:

U (17)
ot typUp —my Up — ly,Up — gy,Zo0

ac 18
a_tF = nuCFCF - mCFCF - lCFCF - T(DS + CF)CF ( )

The group of colonial N, fixers, Cr, 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°C, based on the inability to culture this type of organism below this
temperature (Breitbarth et al., 2007). The unicellular cyanobacteria group, U, 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

257



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 N, fixers

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

ecosystem model includes three types of N, fixers. The formulation of Hg follows:

OHg (18)
ot = puHp — my Hp — ly Hp

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

. . . . _ DIP Dg(p)
inorganic and organic phosphorus from Ds, following uy,. = ¥pp W + Ypq PLEITIR

coefficients Y p;p and 1 represent preferences, which are set as equal (Yp;p = Pp, = 0.5).

258



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:

7282017 RightsLink Printable License

ELSEVIER LICENSE
TERMS AND CONDITIONS

Jul 25, 2017

This Agreement between Angela M Kuhn ("You") and Elsevier ("Elsevier') consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance

Center.

License MNumber

License date

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Yolume
Licensed Content Issue
Licensed Content Pages
Start Page

End Page

Type of Use

Paortion

Format

&re you the author of this
Elsewvier article?

wWill you be translating?

Title of your
thesis/dissertation

Expected completion date

Estimated size (number of
pages]

Requestor Location

Total

Terms and Conditions

4156081363460

Jul 25, 2017

Elsevier

Progress in Oceanography

Model investigations of the North atlantic spring bloom initiation
Angela M. Kuhn,Katja Fennel,Jann Paul Mattern
Nov 1, 2015

138

nfa

18

176

193

reuse in a thesis/dissertation

full article

both print and electronic

Mo

Mo

INTEGRATION OF OBSERVATIONS AND MODELS FOR AN IMPROVED
UMDERSTANDING OF MARINE ECOSYSTEM DYNAMICS

Sep 2017
260

Angela M. Kuhn

1355 Oxford Street
Department of Oceanography
Dalhousie University

Halifax, N5 B3H 4Rz

Carada

Attn: Angela M. Kuhn

0.00UsD

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://mvaccount.copyright.com).

https://s 100 copynght com/Customeradmin/PLE sp?ref=c7850864-07 18-4931-964 3145504250139

18

259



252017 RightsLink Printable License

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions(@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your fitture requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that vou have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warmranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity : You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment

https #5100 copyright com/CustomerAdmin/PLEjsp?ref=c7850e64-d7 18-45931-964 3-1455604a3d138 26

260



252017 RightsLink Printable License

terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between y our obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
toyou. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless yvour license was granted for translation rights. I you licensed translation rights you
may only translate this content into the languages y ou requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http/www.sciencedirect. com/science/journalsooost or the Elsevier homepage for books at
http:/fwww.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at hitp://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

https:/is 100 copyrnght com/CustomerAdmin/PLE]sp7ref=c7a20e64-d7 18-4931-964 5345504530138 36

261



282017 RightsLink Printable License

Authors can share their accepted author manuscript:

« immediately
o via their non-commercial person hamepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
o After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

¢ link to the formal publication via its DOL

e bear a CC-BY-NC-ND license - this is easy to do

o if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PTA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including p eer review co-ordination, copy -editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a sunmary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and inchude permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please

httpsciis 100 .copyright cormdCustom erAdmin/PLEjsperer=c 7890e64-07 158-4931-964 3-r4 55d4a3d139 46

262



7252017 RightsLink Printable License

reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly

2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author’s choice of Creative
Commons user license. See our ppen access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nar should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works firom the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The fiill details of the license are
available at http://creativecommons. org/licenses/bv/4.0.

CC BY NC SA: The CC BY-NC-8A license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http ://creativec ommons. org/licenses/by -nc-sa/’4. 0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http .//creativecommons. org/licenses/by -nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Comumercial reuse includes:

e Associating advertising with the full text of the Article
= Charging fees for document delivery or access

e Article aggregation

= Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1l.9
Questions? gustomercared@copytiaht.com or +1-855-239-3415 (toll free in the US) or
https:#/5100.copyright. com/Custameradmin/PLEjsp7ref=c 7890e64-07 1 8-4931-8643-1 55042301 39 56

263



252017 RightsLink Printable License
+1-978-646-2777.

https:/#5100.copyright com/CustomerAdmin/PLE jsp?ref=c7890e64-d7 18-4931-964 3145504230138

264

B/6



