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A B S T R A C T   

Diatoms are important microorganisms involved in global primary production, nutrient cycling, and carbon 
sequestration. A unique feature of diatoms is their silica frustules, which impact sinking speed, defense against 
predators and viruses, and growth cycling. Thus, frustules are inherently linked to their role in ecosystems and 
biogeochemical cycles. However, constraints on cellular silicon levels remain unclear and few existing models 
resolve diatom elemental stoichiometry to specifically include variable silicon levels. Here, we use a coarse- 
grained model of the diatom, Thalassiosira pseudonana, compared with laboratory results to illustrate the 
relationship of silicon uptake with elemental stoichiometry of other nutrients. The model-data comparison 
suggests the balance between growth rate and silicon uptake constrains the amount of cellular silicon. Addi-
tionally, it expresses relationships between silicon, nitrogen, phosphorus, and carbon to changing growth rates in 
nitrogen-limited and phosphorus-limited regimes. First, our model-data comparison suggests Si uptake hits a 
maximum cellular quota at low growth rates and below this maximum there is independent Si uptake. In each 
nutrient regime, Si:N, Si:P, and Si:C decrease exponentially with growth rate when Si is below the maximum 
limit. This is explained by independent Si uptake and increased loss of Si to new cells. These results provide 
predictions of diatom stoichiometry and allocation, which can be used in ecosystem models to differentiate 
phytoplankton types to better represent diatoms’ contribution to global biogeochemical cycles and ecosystems.   

1. Introduction 

Diatoms are a major group of eukaryotic phytoplankton whose cells 
are encompassed in a silica frustule (shell-like structure). These organ-
isms are essential in biogeochemical cycles ࣧdrawing carbon dioxide from 
their surroundings for photosynthesis, sequestering carbon by export to 
the deep oceans (Michaels and Silver, 1988; Legendre and Le Fevre, 
1995; Richardson and Jackson, 2007), and providing a large fraction of 
the world’s primary production (Field et al., 1998). Accurately model-
ling their important role in biogeochemical cycles and primary pro-
duction is thus inherently linked with resolving silica constraints. While 
diatoms are significant players in the carbon (C) and silicon (Si) cycles, 
they also have a large effect on other major nutrient cycles including 
nitrogen (N) and phosphorus (P) cycles (Broecker, 1982; Yvon-Dur-
ocher et al., 2015). Diatoms use N and P to perform essential cellular 
tasks, such as photosynthesis, biosynthesis and glycolysis, which provide 
the cell with energy and contribute to growth (Wheeler, 1983; Brown 
et al., 2004), while Si is used to build frustules to defend from predators 
(Hamm et al., 2003) and viruses (Kranzler et al., 2019) and to modulate 
their buoyancy (Smetacek, 1985; De Tommasi et al., 2017). Specifically, 

the amount of Si incorporated into the frustule affects their sinking ve-
locity (Anderson and Sweeney, 1978; Waite et al., 1997), which allows 
them to regulate their position in the water column. Diatoms adjust their 
buoyancy in response to irradiance (Bienfang et al., 1983) and nutrient 
concentration (Bienfang et al., 1982), suggesting regulation of their 
position in the water column is dependent on energy (Waite et al., 1992) 
and necessary for cell survival (Behrenfeld et al., 2021). Thicker layers 
of Si in the frustule enhance sinking, increasing the probability that the 
carbon will be sequestered in the deep (Finkel et al., 2005). Conversely, 
if a diatom frustule has lower concentrations of Si, there is a greater 
potential the carbon will be remineralized in the surface ocean and 
remain active in the carbon cycle (Tréguer et al., 2018). 

Elemental ratios (i.e. stoichiometry) of these nutrients describe the 
nutrient availability in the surface and deep ocean, point to the potential 
for sinking and export (Broecker, 1982), and indicate the nutritional 
value of diatoms for higher trophic organisms (Finkel et al., 2016; 
Makareviciute-Fichtner et al., 2021; Duncan et al., 2022). For these 
reasons, it is important to quantify cellular elemental stoichiometry of 
diatoms to understand their role in global biogeochemical cycles and 
marine ecosystems. Furthermore, it is necessary to quantify intracellular 
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nutrient interactions to determine how environmental conditions, spe-
cifically nutrient regimes, alter cellular elemental stoichiometry. 
Currently, there are outstanding questions about whether the uptake of 
Si is related to the uptake of other nutrients (N and P). The rate of 
Si-uptake is believed to be only a function of the bioavailable extracel-
lular Si (Thamatrakoln and Hildebrand, 2008) and the stage of cellular 
division (Brzezinski et al., 1990; Bowler et al., 2010). Generally, Si up-
take follows the Michaelis-Menten formulation of saturating nutrient 
uptake and is observed across taxa within diatoms (Paasche, 1973). 

Although laboratory studies observe uptake interactions between 
nutrients in diatoms (Tilman and Kilham, 1976; Lomas and Glibert, 
2000; Lynn et al., 2000; Claquin et al., 2002; Spilling et al., 2015), 
current models resolving the interaction between Si and other nutrients 
tend to lack explicit comparison between the model results and empir-
ical data (Flynn, 2001) or are on the genomic-scale, which is highly 
specific (Van Tol et al., 2021). Other existing models analyze a diatom’s 
intracellular reactions such as C allocation and C exchange in diatoms 
(Smith and Geider, 1985) or predict the diatom size and shape over the 
entirety of the cell cycle (Hicks et al., 2006). Additionally, there are 
models to resolve complex interactions in the Si frustule such as char-
acterizations of porous layers in the frustule (Lu et al., 2015), size effects 
of nanoporous Si (Sen et al., 2011), and mechanical properties of the 
frustule (Topal et al., 2020). However, these models do not couple the 
nutrients used intracellularly (N, P, and C) and the accumulation of Si in 
the frustule. Including this nutrient in diatom cell models before incor-
porating them into large biogeochemical models is an integral step in 
creating accurate global models especially due to that fact that diatoms 
have a significant impact on the global Si cycle accounting for 240 Tmol 
of biogenic Si precipitation annually (Falkowski and Raven, 2013). Not 
only this, but these interactions could differentiate diatoms from other 
groups of phytoplankton. Since nutrient constraint by various phyto-
plankton types is currently unresolved, many ecosystem models that 
include lower trophic organisms rely on a simple separation between 
phytoplankton types often based on their size class (Dunne et al., 2005; 
Zahariev et al., 2008; Watanabe et al., 2011). However, there is likely a 
discrepancy in nutrient uptake between diatoms and other groups of 
phytoplankton because many other taxa do not accumulate cellular Si 
nor have a Si frustule, which could affect nutrient accumulation due to 
decreased surface areas where active nutrient uptake can occur (Finkel 
and Kotrc, 2010). Previously, an experimentalist called for more 
mechanistic models of diatoms that can be used to evaluate the rela-
tionship between nutrients that could also be used to differentiate 
phytoplankton functional groups (Gilpin et al., 2004). Mechanistic 
models, specifically coarse-grained models, offer a unique opportunity 
to represent these interactions within a diatom as they often represent 
complex, cellular systems effectively by lowering resolution of the in-
teractions from the atomic level to macromolecules (Ingólfsson et al., 
2014; Kmiecik et al., 2016). 

Here, we present a simple, mechanistic model of nutrient uptake, 
elemental stoichiometry, and allocation which we compared to obser-
vational data (Claquin et al., 2002) from cultures of the marine diatom, 
Thalassiosira pseudonana, to address the following questions. [1] How 
does a diatom allocate nutrients to macromolecular pools with 
increasing growth rate? [2] How does the Si accumulation change with 
varying growth rate and nutrient regimes? [3] How is the intracellular 
level of Si constrained relative to other nutrients (C/N/P)? 

2. Methods 

Our cellular diatom model (Cell Flux Model of Si accumulation: CFM- 
Si) (Fig. 1) predicts steady-state uptake and allocation of nutrients (Si, N, 
P, C) as well as the resulting elemental stoichiometry with varying 
growth rates under two nutrient regimes, N-limited and P-limited. Here, 
the difference between N-limited and P-limited regimes is the addition 
of N storage in a P-limited environment due to the excess N availability, 
and similarly, P storage in a N-limited environment. We compared our 

model results to laboratory data (Claquin et al., 2002) from continuous 
cultures of the diatom species Thalassiosira pseudonana grown in artifi-
cial seawater F/2 medium in both N and P-limited laboratory conditions 
at a constant irradiance, cell density, and temperature (I =150 μmol 
photons m− 2 s− 1, T = 19 ⁰C). Thalassiosira pseudonana is considered an 
average-sized (Kipp et al., 2019), centric diatom known to both form 
chains of cells (Waite et al., 1997; Davis et al., 2005; Hildebrand et al., 
2007) or remain as a single-celled organism. Species of the genus Tha-
lassiosira are found in many regions of the ocean including coastal and 
open ocean regions, as well as in estuarine systems (Pratt, 1965; Aizawa 
et al., 2005; Hoppenrath et al., 2007; Yoshie et al., 2010; Leblanc et al., 
2012; Rynearson et al., 2020). Since the sequencing of its genome, 
Thalassiosira pseudonana has served as a model organism for the general 
group of diatoms (Armbrust et al., 2004; Parker et al., 2008). Along with 
these constraints from laboratory data, our model uses mathematical 
representations of cellular processes. 

2.1. Si accumulation 

To obtain the concentration of Si (pmol Si cell− 1) we divided Si 
accumulation rate (VSi) per cell (pmol Si cell− 1 d− 1) by the growth rate 
(μ) (d− 1). 

Si =
VSi

μ (1) 

Here, we assumed Si-replete conditions and that all Si in the cell is 
directly allocated to the cell wall, specifically the frustule. This equation 
represents the balance between uptake of Si and cost of Si to make new 
cells. For example, if the growth rate is large, the cell accumulates a 
smaller amount of Si because a majority of the Si goes towards building 
new cells. A large growth rate also creates a small time frame for the cell 
to accumulate Si since new cells are made quickly. We chose to 
parameterize our model using VSi = 0.14 (pmol Si cell− 1 d− 1) for both 
the N-limited and P-limited cases, which is within the observed range 
(Paasche, 1973) for the diatom Thalassiosira pseudonana. We chose this 
value when parameterizing our model to best represent the data. 

Fig. 1. Schematic of elemental uptake and allocation model with Si: CFM-Si. 
The cell uptakes C (VC: maroon circle), N (VN: blue circle), and P (VP: olive 
circle) and allocates (indicated by the maroon, blue, and olive arrows corre-
sponding to respective nutrient) them to different macromolecular pools 
(rounded, color-coded rectangles): storage (yellow), synthesis (pink), and 
essential (purple) macromolecules. Synthesis encompass all proteins associated 
with photosynthesis and biosynthesis as well as RNA. Within the synthesis pool 
there are essential proteins that remain constant through model runs. Essential 
macromolecules are assumed constant and include DNA, RNA, and structural 
components such as lipids in the cellular membrane. C storage includes car-
bohydrates and lipids. We assumed polyphosphate molecules comprise P stor-
age and N storage is made up of proteins. Storage only occurs when the 
respective nutrient is not limited. The cell also uptakes Si (VSi: teal circle), 
which is directly allocated (teal arrow) to the silica frustule/cell wall. 
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Additionally, we imposed a maximum Si quota, 0.96 pmol Si cell− 1 for 
both the N-limited and P-limited environments, to align with an 
observed maximum Si value (Claquin et al., 2002). Although we used 
one species of diatom within our model, the equation can be parame-
terized for numerous species using different values for VSi obtained 
through laboratory studies (Paasche, 1973; Martin-Jézéquel et al., 
2000). 

2.2. Si related elemental stoichiometry 

Due to the conservation of mass, the elemental stoichiometry in the 
cell is the result of the uptake of different elements. Therefore, the 
elemental ratios of Si:C, Si:N, and Si:P, are obtained by the following 
equations: 

Si : C = VSi : VC (2)  

Si : N = VSi : VN (3)  

Si : P = VSi : VP (4) 

Here, VC (pmol C cell− 1 d− 1), VN (pmol N cell− 1 d− 1), and VP (pmol P 
cell− 1 d− 1) denote the uptake rate of C, N and P per cell. We wish to point 
out, due to the lack of empirical observation, our results involving P are 
model predictions. Additionally, we used least-squares regression to 
compare our model results with the data provided by Claquin et al. 
(2002) and to evaluate the strength of our model’s predictions. 

2.3. Uptake of N, P and C 

As stated in the previous section, the key to obtaining Si:C, Si:N and 
Si:P are the uptake rates. First, to obtain the uptake rate of C (Vc) (pmol C 
cell− 1 d− 1), we use a relationship between the amount of C-based 
biomass (Qc) (pmol C cell− 1) and growth rate (μ) based on the mass 
conservation where uptake is balanced by the biomass synthesis: 

Vc = μQc (5) 

We estimated Qc based on the linear regression of Qc-μ relationship in 
Claquin et al. (2002). Similarly to Vc, VN and VP are related to the growth 
rate based on the mass balances: 

VN = μQc × N : C (6)  

VP = μQc × P : C (7)  

where N:C and P:C are the stoichiometric ratios of cellular N to C (mol N 
mol C− 1) and P to C (mol P mol C− 1). 

2.4. Macromolecular allocations 

To obtain N:C and P:C, the model considers macromolecular allo-
cation under different conditions. Our model allocates N, P, and C to 
three similar macromolecular pools: essential, photosynthetic and 
biosynthetic macromolecules grouped into a pool termed “Synthesis”, 
and storage for N, P and C (Fig. 1). The formulation of equations are 
adapted from a previously published macromolecular model of phyto-
plankton (Inomura et al., 2020). The storage pool varies among nutri-
ents; C storage is comprised of lipids and carbohydrates, while N storage 
is protein, and polyphosphates comprise P storage. Essential proteins 
remain constant throughout the simulations. C and P allocation have the 
additional macromolecular pool “essential”, which refers to the C-rich 
macromolecules as well as the minimum level of P-rich RNA molecules 
necessary for basic cell structure and cell survival. We quantified these 
macromolecular pools alone for simplicity, using the assumption that 
proteins often account for a large fraction of the amount of C and N in 
the cell (Anderson, 1995; Geider and La Roche, 2002). 

Our first macromolecular allocation representation Eq. (4) 

demonstrates the allocation of N to three pools, 

N : C = Proessential + μProsynth + Nsto (8)  

where Prosynth is the rate of protein synthesis for proteins associated with 
photosynthesis and biosynthesis (mol N mol C− 1 d) (Inomura et al., 
2019, 2020), and Nsto is the proportion of nutrients dedicated to N 
storage within the cell (mol N mol C− 1). This formula is based on the 
assumption that proteins and N storage account for a large percent of the 
N and C found within a cell (Anderson, 1995; Geider and La Roche, 
2002; Inomura et al., 2020). The linear relationship of synthetic protein 
to the growth rate is consistent with prior observations of linearly 
increasing investment to ribosomal proteins and protein-based N with 
growth rate (Rhee, 1978; Jahn et al., 2018; Zavřel et al., 2019). We set 
the value for Prosynth to be 0.1 mol N mol C− 1 d, which is in a reasonable 
range consistent with previous studies (Inomura et al., 2020; Armin and 
Inomura, 2021). N storage only occurs when N is in excess, therefore the 
N-limited simulation does not include N storage. We chose a constant 
value of 0.035 mol N mol C− 1 for N storage as it aligns with previous 
modeling work (Inomura et al., 2020). Proessential is the stoichiometric 
ratio of essential proteins (mol N mol C− 1), which remains constant 
through simulations, set at 0.03, seen in the data in which we compare 
our model results (Claquin et al., 2002). We assumed essential proteins 
to consist of those not directly involved in biosynthesis or photosyn-
thesis, for example transmembrane proteins. 

Next, we separated P into three macromolecular pools Eq. (9), 

P : C = P : Cmin + RNA + Psto (9)  

where P : C is the stoichiometric ratio of P to C (mol P mol C− 1), P : Cmin 

is the minimum value of P:C (7.2× 10− 4 mol P mol C− 1), largely rep-
resented by essential P within the cell such as phospholipids. RNA rep-
resents the varying amount of RNA in the cell (mol P mol C− 1), which is 
in charge of protein synthesis, and Psto is the amount of P dedicated to 
storage as polyphosphates (mol P mol C− 1). We calculated RNA Eq. (10) 
by multiplying the amount of protein proxied by N:C (mol N mol C− 1) by 
the growth rate, μ (d− 1), a constant xRNA (1.9 × 10− 2 mol P d mol N− 1) 
(Inomura et al., 2020). 

RNA = N : C × μ × xRNA (10) 

This formula is based on the observation of the linear relationship 
between RNA and protein and growth rate (Nicklisch and Steinberg, 
2009; Scott et al., 2010; Inomura et al., 2020). When P is not limited, the 
excess P can be accumulated, which is commonly observed behavior of 
diatoms (Raven, 1997; Tozzi et al., 2004). We quantified PSto by using 
the following relationship Eq. (11), 

Psto =
Qmax

P

Qc
− P : Cmin − RNA (11)  

where Qmax
P is the maximum amount of P in the cell (pmol P cell− 1) Eq. 

(12). To obtain Qmax
P , we used the total amount of C (pmol C cell− 1) 

divided by a commonly observed C:P = 65 (mol C mol P− 1) under P 
replete conditions (Quigg et al., 2003; King et al., 2015) in diatoms to 
obtain a maximum value of QP. 

Qmax
P =

QC

65
(12) 

We then used the ratios of P:C and N:C to predict the elemental 
stoichiometry of N:P using Eq. (13) and included these results in the 
supplemental material. 

N : P =
N : C
P : C

(13) 

Lastly, we separated C into four macromolecular pools, 

Callocation = Cessential + C : Npro
(
Proessential + μProsynth

)
+ Csto (14) 
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where Cessential is the fraction of C (mol C mol C− 1) allocated to essential 
macromolecules for cell survival (here we exclude proteins to avoid 
double counting), C : Npro is the molar ratio of C to N in proteins (mol C 
mol N− 1), and Csto is C storage within the cell (mol C mol N− 1). For C 
allocation, it is important to note Csto and Cessential are not represented by 
proteins, but other macromolecules including carbohydrates and lipids 
within storage and DNA and lipids within Cessential. We expressed C 
allocation as a percentage to get an overall picture of the cell’s dedica-
tion to varying cellular processes. This formulation assumes that the 
contribution from RNA is small, as predicted in a previous model (Ino-
mura et al., 2020). 

3. Results and discussion 

3.1. Uptake of Si 

In each modeled nutrient regime (Fig. 2), there is high cellular 
concentrations of Si at low growth rates. The uptake of Si into the 
frustule is a thermodynamically favorable process (Martin-Jézéquel 
et al., 2000; De Tommasi et al., 2017), meaning the cell uses little energy 
when accumulating Si into the frustule. There is maximum Si accumu-
lation at low growth rates when most of the energy is dedicated to the 
creation of the cell wall, suggesting the process of incorporating Si co-
incides with the cell cycle. Mathematically, given the uptake of Si is 
independent of other metabolisms (Thamatrakoln and Hildebrand, 
2008), as the growth rate increases the cell allocates more Si to build 
new cells, which accounts for the decreasing Si accumulation per cell. 
This trend is largely supported by the data (Fig. 2) and validates earlier 
experimental research suggesting mineralization is inversely correlated 
to growth rate (Martin-Jézéquel et al., 2000). In several species, 
mineralization occurs for the duration of cell wall synthesis to enhance 
the creation of new valves (Brzezinski et al., 1990; Martin-Jézéquel 
et al., 2000). Additionally, there is a limit to the amount of Si the cell can 
accumulate at low growth rates, therefore we imposed a maximum value 
(Fig. 2c). If this maximum were not imposed, the Si content would 
approach infinity when the growth rate is very low, which is not the case 
in nature and observations. As the growth rate starts to increase, the Si 
content per cell eventually starts to decline exponentially. 

3.2. Macromolecular allocation of N and C 

Under N-limitation, a higher proportion of N is allocated to proteins 
as the growth rate increases (Fig. 3A). The essential proteins stay at a 
constant ratio of 0.03 mol N mol C− 1, while the synthetic proteins in-
crease linearly from 0.03 to 0.13 mol N mol C− 1. In this nutrient regime, 
there is no allocation of N to N storage because N is limiting. However, 
there is allocation of P to P storage due to luxury uptake (Fig. 3B). P 

storage depletes with growth rate as the dedication to synthesis mole-
cules increases, specifically to RNA. Here, since there is excess P, the 
slowing of protein production, due to the lack of N, must cause the 
dedication of P to RNA to cease. In a similar manner, C storage (Fig. 3C), 
decreases with increasing growth rate from 45% of the intracellular C at 
a growth rate of 0 to approximately 0% of the intracellular C at a growth 
rate of 1.0 d− 1. At low growth rates, this fraction of C allocated to 
storage can be used as energy for cellular processes such as cellular 
respiration. The proportion of C dedicated to synthetic proteins acts 
inversely, increasing from 0 to 45% with growth rate. There is an 
additional dedication to the essential proteins that remains constant 
with growth rate comprising 13% of total C. At low growth rates, 
catalyzing important cellular reactions requires less protein due to the 
slower pace at which the new cells are produced. However, as cells grow 
faster, more synthetic proteins are needed to produce new cells at a 
higher rate. 

Generally, under P-limitation, the macromolecular pool of synthetic 
molecules is increasing with growth rate. The proportion of N (Fig. 3D) 
dedicated to synthetic proteins increases linearly by 0.09 mol N mol C− 1, 
while the fraction of P (Fig. 3E) increases exponentially from 7.2 × 10− 4 

to 3.82 × 10− 3 mol P mol C− 1. The major difference between the two 
nutrient regimes is the dedication of N to storage instead of P. When P is 
limited, RNA production is also limited, which will eventually limit 
protein synthesis. This explains why N storage remains constant with 
growth rate and N allocation to synthetic proteins only increases by a 
factor of 2.5 rather than a factor of 4.2 seen in N-limitation. The fraction 
of C allocated to various macromolecular pools (Fig. 3C, F) does not vary 
between nutrient regimes, and thus growth rate is the main factor that 
dictates macromolecular allocation of C. Eventually, we may consider 
multiple species of N and P in allocation for various nutrient regimes 
because this could impact not only the N or P concentrations directly, 
but also the C content in the cell. For example, it takes less energy for the 
cell to use ammonium in the cell compared to nitrate (Thauer et al., 
1977; Strohm et al., 2007) so the loss of C, used in energy production, is 
reduced, which may lead to an overall decrease in N:C. 

3.3. Elemental stoichiometry 

For both nutrient scenarios, N:C increases linearly with growth rate, 
represented strongly by the model under both N-limitation (Fig. 4A) 
(R2=0.999) and P-limitation (Fig. 4E) (R2=0.999). Additionally, the 
nutrient ratios for Si:N (Fig. 4B, F), Si:C (Fig. 4C, G), and Si:P (Fig. 4D, H) 
all exponentially decrease with growth rate for both nutrient regimes 
when Si per cell is below the maximum limit. The slope is milder when Si 
reaches the maximum amount (at lower growth rate), because of the 
constant Si per cell. On top of this, the other nutrients vary between the 
two nutrient regimes. Si:N and Si:P vary due to the existence of storage 

Fig. 2. Observations and modeled concentration (pmol Si cell− 1) of Si for N-limited regimes (A) and P-limited regimes (B). N-limited model lines are represented by 
teal lines, while the olive lines represent the P-limited model. We compare the modeled (solid lines) Si concentration for increasing growth rate (A, B) to Claquin 
et al. (2002) culture data (circles). Schematic (C) demonstrating the model without an imposed maximum (teal, dashed line), the value of the maximum Si content, 
and the model with a maximum Si content per cell (teal, solid line) for increasing growth rate. 
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when the respective nutrients are not limited. Additionally, the lower Si: 
C values at lower growth rates when P is limited correspond to previous 
laboratory studies that observed increasing absolute C under P limita-
tion (Obata et al., 2013; Brembu et al., 2017; Panagiotopoulos et al., 
2020). Lastly, there is large variation between the two modeled nutrient 
regimes in N:P (Fig. S1). Under N-limitation, N:P increases linearly with 
increasing growth rate because of the linear increase in N:C and a con-
stant P:C value due to P storage. Conversely, N:P decreases in a P-limited 
regime because N still increases linearly while P increases exponentially. 

Note the difference in magnitude between the two nutrient scenarios 
due to the excess of P with N-limitation and lack of P under P-limitation. 
The variation in nutrient ratios with growth rate is largely explained by 
macromolecular allocation. As growth rate increases, the demand for 
N-rich proteins increases, thus the focus of cellular tasks shifts from 
constructing the Si frustule to growing faster or larger. Before cell di-
vision, the amount of intracellular N, P and C is high, but Si is low in 
order to facilitate separation into daughter cells. 

These elemental ratios may hint to larger processes that govern 

Fig. 3. N:C allocation (mol N mol C− 1), P:C allocation (mol P mol C− 1), and C allocation to macromolecular pools including essential molecules (purple), biosynthesis 
(pink), minimum protein (blue) and storage (yellow) for increasing growth rate in an N-limited nutrient scenario (A, B, C) and a P-limited nutrient scenario (D, E, F). 

Fig. 4. Modeled elemental ratios (solid lines) of N:C (A, E), Si:N (B, F), Si:C (C, G), and Si:P (D, H) with increasing growth rate in a N-limited nutrient regime (teal 
lines) and a P-limited regime (olive lines). Here, we compare model results to culture data (maroon circles) from Claquin et al. (2002). Elemental ratios are measured 
in mole/mole of the respective nutrient (i.e. mol N mol C− 1). 
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ecosystem health and global biogeochemical cycles including nutri-
tional quality for higher trophic levels and C export and sequestration. 
Understanding the relationship between nutrients allows us to evaluate 
how abiotic changes to an ecosystem may affect diatom physiology, 
which in turn affects the overall health of the ecosystem. Specifically, 
diatoms provide higher trophic levels with lipids used for energy 
(Hagen and Auel, 2001), proteins for building amino acids (Ruess and 
Müller-Navarra, 2019) and contributing to overall cellular N (Finkel 
et al., 2016). Moreover, lower Si:N ratios may point to more favorable 
nutritional quality for a copepod diet (Makareviciute-Fichtner et al., 
2021). The elemental ratios also point to a connection between the 
amount of C exported to the deep ocean and the concentration of Si in 
the diatom cell. Thicker, larger Si frustules enhance sinking, and our 
model illustrates high C storage when Si uptake and concentration is 
high, suggesting a higher likelihood of deposition C in the deep ocean. 
However, the concentration of C at this stage is lower compared to 
higher growth rates. The elemental stoichiometric ratios of Si:N and Si:C 
indicate that faster growth rates, usually associated with larger diatoms, 
incorporate more N and C for essential cell processes such as photo-
synthesis and biosynthesis. In this case, a larger diatom does not 
necessarily mean it is denser, so the potential for C export may not in-
crease with growth rate. Ultimately, our hope is to incorporate our 
model framework into larger ecosystem and biogeochemical models to 
improve our understanding of diatoms’ role in global cycles. 

5. Conclusion 

This study’s results illustrate the intracellular level of Si is con-
strained by growth rate and maximum cellular Si. Our model is unique 
as it is supported by empirical data and provides predictions of macro-
molecular allocation alongside elemental stoichiometry in diatoms. 
Moreover, we predicted the role of P in elemental ratios and macro-
molecular allocation, which can lead to future experimental work to 
compare observational data to our model results. The uptake and use of 
Si in diatom frustules is inherently connected to their role in biogeo-
chemical cycles and modeling these interactions between nutrients in 
diatoms is essential to better represent their role in biogeochemical 
cycling. In this study, we offer a framework that may be the next step 
towards creating large ocean models with representation of many 
phytoplankton types which can improve the output of existing biogeo-
chemical models. Diatom’s unique physiology should be distinguished 
from other phytoplankton groups to represent the lower trophic level’s 
contribution to the larger ecosystem more accurately. Not only this, 
resolving this aspect in large biogeochemical models may lead to 
quantifying the fraction of C deposited into the deep ocean by diatoms 
specifically or predicting major changes to the food web due to diatom 
physiology. 
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