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Abstract
Aim: Light, essential for photosynthesis, is present in two periodic cycles in na-
ture: seasonal and diel. Although seasonality of light is typically resolved in ocean 
biogeochemical–ecosystem models because of its significance for seasonal succes-
sion and biogeography of phytoplankton, the diel light cycle is generally not resolved. 
The goal of this study is to demonstrate the impact of diel light cycles on phytoplank-
ton competition and biogeography in the global ocean.
Location: Global ocean.
Major taxa studied: Phytoplankton.
Methods: We use a three-dimensional global ocean model and compare simulations 
of high temporal resolution with and without diel light cycles. The model simulates 
15 phytoplankton types with different cell sizes, encompassing two broad ecological 
strategies: small cells with high nutrient affinity (gleaners) and larger cells with high 
maximal growth rate (opportunists). Both are grazed by zooplankton and limited by 
nitrogen, phosphorus and iron.
Results: Simulations show that diel cycles of light induce diel cycles in limiting nu-
trients in the global ocean. Diel nutrient cycles are associated with higher concen-
trations of limiting nutrients, by 100% at low latitudes (−40° to 40°), a process that 
increases the relative abundance of opportunists over gleaners. Size classes with the 
highest maximal growth rates from both gleaner and opportunist groups are favoured 
by diel light cycles. This mechanism weakens as latitude increases, because the ef-
fects of the seasonal cycle dominate over those of the diel cycle.
Main conclusions: Understanding the mechanisms that govern phytoplankton bio-
geography is crucial for predicting ocean ecosystem functioning and biogeochemical 
cycles. We show that the diel light cycle has a significant impact on phytoplankton 
competition and biogeography, indicating the need for understanding the role of diel 
processes in shaping macroecological patterns in the global ocean.
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1  |  INTRODUC TION

Marine phytoplankton drive photosynthesis and biogeochemical cy-
cles in the ocean, affecting ocean productivity and the climate of 
the Earth. They constitute a polyphyletic group characterized by 
a tremendous number of species differing in forms and functions 
(Litchman & Klausmeier,  2008) and spanning more than seven or-
ders of magnitude in cell volume (Finkel et al., 2010). Although the 
geographical distribution, or biogeography, of phytoplankton spe-
cies is still relatively sparsely mapped in the global ocean, major 
phytoplankton functional groups (e.g., cyanobacteria, diatoms and 
dinoflagellates) and size classes appear to have distinct differences 
in biogeography (Barton et al., 2013). An understanding of the envi-
ronmental and ecological factors controlling phytoplankton bioge-
ography is an important element linking community structure with 
ocean productivity, stability and resilience to environmental stress-
ors (Ptacnik et al., 2008; Winder & Sommer, 2012). Predicting the 
biogeography of phytoplankton size classes is particularly important 
for climate change predictions, given that large phytoplankton (such 
as diatoms) have higher sinking rates compared with their smaller 
counterparts (such as small cyanobacteria), enhancing carbon se-
questration from the surface to the deep ocean (Tréguer et al., 2018).

To help understand the role of diverse phytoplankton and their 
biogeography, ocean ecologists have experimentally derived and 
constrained parameters that govern the traits and trade-offs of 
phytoplankton (Finkel et al.,  2010; Litchman & Klausmeier,  2008), 
and these parameters are the foundations for marine ecosystem 
models (Follows & Dutkiewicz,  2011). Such models have been in-
corporated into global ocean circulation models to describe general 
patterns of phytoplankton functional biogeography, including the 
preponderance of gleaners and opportunists (Aumont et al., 2003; 
Chai et al.,  2007; Dutkiewicz et al.,  2009), and the realized niche 
of nitrogen fixers (Dutkiewicz et al.,  2014; Follett, Dutkiewicz, 
et al.,  2018; Landolfi et al.,  2015) or mixotrophic plankton (Ward 
& Follows,  2016). Such models have also been used to derive 
mechanistic explanations for the structure of plankton food webs 
(Prowe et al., 2012; Ward et al., 2012), biodiversity patterns in the 
global ocean (Barton et al.,  2010; Dutkiewicz et al.,  2020; Vallina 
et al., 2014) and the impact of climate change in marine ecosystems 
(Dutkiewicz et al., 2015, 2019).

An important environmental factor considered by the majority 
of ocean models is the seasonal light cycle (Sommer et al., 2012), be-
cause it controls the dynamics of competition between phytoplank-
ton gleaners and opportunists. Gleaners are the pico-phytoplankton 
(e.g., small cyanobacteria) that exhibit a high affinity for nutrient 
uptake, whereas opportunists are fast-growing nano-phytoplankton 
(e.g., diatoms) that have high maximal growth rates (μmax). During 
spring at temperate latitudes, availability of both light and nutrients 
leads to the typical spring bloom period when phytoplankton bio-
mass increases rapidly until nutrients are depleted and limit phy-
toplankton growth in summer. Although seasonal dynamics and 
initiation of the spring bloom can be controlled by several factors 
(Behrenfeld & Boss, 2014), the above mechanism describes a major 

part of phytoplankton seasonal succession, whereby opportunistic 
phytoplankton dominate during the resource-replete spring bloom 
period and phytoplankton gleaners prevail in the nutrient-depleted 
conditions in summer. Given that seasonality becomes stronger 
with latitude, ocean models predict an increase in fitness of oppor-
tunistic phytoplankton in temperate and polar regions (Dutkiewicz 
et al., 2009; Follows et al., 2007; Tsakalakis et al., 2018), in agree-
ment with observed patterns in the abundance of diatoms and pico-
cyanobacteria (Acevedo-Trejos et al.,  2013; Bracher et al.,  2009; 
Flombaum et al., 2013; Hirata et al., 2011).

The diel cycle is the other time scale over which light fluctuates 
periodically; however, research is limited regarding its effects on phy-
toplankton biogeography. Resource competition theory suggests that 
gleaner types should always dominate in a system where resource 
oscillations are absent or weak (Grover,  1990; Tilman,  1982). Their 
high nutrient affinity allows them to draw down limiting nutrients 
to levels where other strategies might not be competitive. However, 
in the presence of an environment-driven resource oscillation, such 
as the seasonal cycle, opportunistic types have an advantage during 
phases of high resource availability based on their higher maximal 
growth rates (Grover, 1990). Theoretical models have also shown that 
diel cycles of light or nutrients favour opportunistic phytoplankton 
(Litchman & Klausmeier,  2001), supported by experimental obser-
vations (Litchman, 1998, 2003; Litchman et al., 2004). In a previous 
modelling study, we explored the effects of diel light cycles on nutrient 
concentrations and phytoplankton competition in a simple chemostat 
system (Tsakalakis et al., 2018). It was shown that diel light cycles can 
induce nutrient oscillations that favour opportunistic phytoplankton 
over gleaners in a similar manner to the impact of seasonality.

Here, we examine the implications of this process in the more 
complex setting of a global ocean simulation. We ask, to what ex-
tent do diel light cycles impact the emergent large-scale biogeog-
raphy of phytoplankton? We hypothesize that the mechanisms 
of the idealized study will carry through, but also consider how a 
more complex physical environment and ecosystem structure affect 
the outcome. We study the effects of diel light cycles in a three-
dimensional global ocean circulation and biogeochemical model 
(Dutkiewicz et al., 2021). The model simulates dynamics of a diverse 
phytoplankton community limited by nitrogen, phosphorous and 
iron and preyed upon by zooplankton. The model results show that 
diel light cycles induce diel oscillations of limiting nutrients in the 
global ocean that increase the relative abundance of fast-growing 
phytoplankton types, in agreement with the conceptual study by 
Tsakalakis et al. (2018). Our study indicates that diel light cycles do 
affect nutrient dynamics and gleaner–opportunist competition and 
suggests that accounting for diel cycles should improve predictions 
of marine microbial dynamics and biogeography.

2  |  METHODS

The physics of the global ocean model is based on the MITgcm model 
(Marshall et al.,  1997), and the biogeochemical–ecosystem model 
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follows Dutkiewicz et al.  (2021), with some modifications that are 
discussed below. Of significance here, light input is configured to 
resolve diel cycles and compared with a control simulation without 
diel light variations.

We use a configuration of the MITgcm ocean model that sim-
ulates global ocean circulation, constrained to be consistent with 
altimetric and hydrographic observations (the ECCO-GODAE state 
estimates; Wunsch & Heimbach, 2007). It has a horizontal resolu-
tion of 1° × 1° and 23 vertical levels that span from the surface to a 
maximal depth of 5,700 m, with level thickness ranging from 10 m 
near the surface to 500 m at depth. The coupled biogeochemical–
ecosystem model resolves the cycling of carbon, nitrogen, phos-
phorus, iron and oxygen through inorganic, living, particulate and 
dissolved organic constituents. It resolves 15 phytoplankton types 
differing in size and biogeochemical function and 15 size classes 
of zooplankton. Phytoplankton types are spaced uniformly in log 
space from 0.6 to 228 μm equivalent spherical diameter (ESD) and 
grouped into two functional groups: the four smallest are gleaners 
(0.6–2.0 μm ESD), whereas the remaining 11 are opportunists (3.0–
155 μm ESD). For ease in interpretation, our model community is 
simplified in comparison to the study by Dutkiewicz et al. (2021); the 
gleaners are analogues of pico-cyanobacteria and pico-eukaryotes, 
whereas the opportunists are based on diatom growth parameters, 
except that they are not limited by silica here.

Phytoplankton parameters such as maximal growth rate, affinity 
for nutrient uptake, grazing by zooplankton and sinking are parame-
terized as a power-law function of cell volume informed by compila-
tions of phytoplankton growth parameters (Dutkiewicz et al., 2020; 
Ward et al.,  2012). Phytoplankton maximal specific growth rates 
have a unimodal relationship with cell size, peaking at intermediate 
sizes, in agreement with experimental observations (Dutkiewicz 
et al., 2020; Finkel et al., 2010; Marañón et al., 2013; Raven, 1994; 
Sommer et al., 2017); phytoplankton <3 μm have an increase in spe-
cific growth rate with size, whereas those >3 μm have a decrease 
in specific growth rate with size. It is also assumed that affinity for 
nutrient uptake decreases with cell size; the smallest phytoplankton 
have the highest affinity for nutrient uptake (Edwards et al., 2012) 
based on their higher surface-area-to-volume ratio (Kiørboe, 1993; 
Raven, 1994).

The model uses Monod kinetics to describe nutrient-dependent 
growth of phytoplankton (Monod, 1949), while C, N, P and Fe re-
quirements are constant but different among functional groups. 
Chlorophyll a for each phytoplankton type is variable and depen-
dent on light and nutrient availability, following the study by Geider 
et al. (1998). Zooplankton grazing is resolved using a Holling type III 
grazing function (Holling, 1959) for 15 zooplankton size classes (from 
6.6 to 1635 μm ESD) that graze on phytoplankton 10 times smaller 
than themselves. Maximal grazing rate decreases with size follow-
ing the study by Hansen et al.  (1997). In the paper by Dutkiewicz 
et al. (2021), each zooplankton size class can prey upon several phy-
toplankton size classes in addition to other zooplankton smaller than 
themselves. Here, we use a simplified grazing function, whereby a 
given zooplankton size class grazes upon a single phytoplankton size 

class that is 10 times smaller than itself. However, two additional 
grazing configurations were tested to ensure the robustness of the 
model: (1) whereby zooplankton graze on several phytoplankton; or 
(2) whereby zooplankton graze on several phytoplankton in addition 
to zooplankton (i.e., carnivory) that are 5–20 times smaller than the 
grazer, but preferentially 10 times smaller. The last grazing scenario 
follows that in the paper by Dutkiewicz et al. (2021).

Two light regimes were considered: a control simulation, with 
only seasonal light cycles, and a diel simulation, with both seasonal 
and diel light cycles. In the control simulation, monthly averaged ir-
radiance levels in the surface ocean were provided by the Ocean–
Atmosphere Spectral Irradiance Model (OASIM), which includes 
the impact of clouds, water vapour and aerosols in the atmosphere, 
as used by Dutkiewicz et al. (2020), but here we sum the different 
light wavelengths, providing a single dimension of photosyntheti-
cally active radiation (PAR). Given that the simulations of the pres-
ent study have much higher temporal resolution (3-hour time step) 
than the monthly averaged irradiance input, a linear interpolation is 
used to provide a smooth transition of PAR. In the diel simulation, 
Brock's  (1981) system of equations was used to produce surface 
light fields with high temporal resolution. Brock's equations calcu-
late diel cycles of light intensity and changes in day length across the 
surface of the globe, unperturbed by cloud formation or other pro-
cesses. The light field with diel cycles was then normalized to match 
the annual average irradiance of the control simulation. This ensured 
that the two simulations have the same light energy input on aver-
age, allowing for a fair comparison between them. Additionally, we 
tested simulations with daily averaged irradiance as an intermediate 
scenario between the control and diel simulations. However, it is not 
used in the present analysis because it produces almost identical re-
sults to the control simulation in terms of plankton biogeography. 
Model runs of 10 years with a time step of three steps per hour were 
used, and test runs of 20 years ensured that the 10-year runs were 
sufficient for reaching a quasi-steady state in terms of plankton bio-
geography, which was typically achieved between the first 2–5 years 
of the model. The last simulated year was used to analyse annually 
averaged patterns and annual and diel dynamics of model variables.

When using the same growth parameter values in both con-
trol and diel simulations, the diel case led to substantially lower 
primary production (PP). The average of a nonlinear function (the 
diel simulation in this case) is not usually equal to the nonlinear 
function with averaged input (the control simulation), as described 
by Jensen's inequality (Denny, 2017; Jensen, 1906). Particular to 
our model analysis, nighttime increased phytoplankton mortality 
in the diel simulation, and the higher light intensity during the day 
(compared with the control simulation) could not compensate for 
nighttime losses because the growth rate saturated or diminished 
at high light intensity. To match PP of the diel simulation to the 
control simulation, we increased maximal specific growth rates 
of all phytoplankton types by a factor of 1.83 (we investigated 
several factors and chose the factor that matched the PP of the 
control simulation; see Supporting Information Figure  S1). With 
this alteration in the diel simulation, other model variables, such as 
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plankton biomass and limiting nutrients, also approached concen-
trations found in the control simulation (Supporting Information 
Figure S1). However, owing to Jensen's inequality, the best match 
of other variables required different μmax factors (e.g., phytoplank-
ton biomass matched the control when using a μmax factor = 1.65). 
We have provided model results for several μmax factors in the 
Supporting Information Figure S7, supporting the robustness of 
the proposed ecological mechanisms.

To illustrate the effect of diel light cycles on limiting nutrient 
concentrations, we used the following metric:

where DielN and ControlN are the concentrations of nutrient N in diel 
and control simulations, respectively. This metric was used to show 
the percentage change of nutrient concentrations when diel light cy-
cles were used in the model. We used a different metric to illustrate 
changes in species composition, which showed the effect of diel cycles 
on phytoplankton relative abundances:

where DielP and ControlP are biomass concentrations of phyto-
plankton type/group P, and Dieltotal and Controltotal are the total 

phytoplankton biomasses in the diel and control simulations, 
respectively.

3  |  RESULTS

The model captures the patterns of high productivity in the equa-
torial and subpolar regions and the oligotrophic conditions in sub-
tropical gyres (Supporting Information Figure  S2; model results 
can be retrieved online; Tsakalakis et al., 2021), in addition to the 
typical global surface distribution of limiting nutrients (Figure 1a–
c). Dissolved inorganic nitrogen (DIN = NO3

− + NO2
− + NH4

+) has 
low concentrations in the Indian and Atlantic Oceans and in the 
subtropics of the Pacific Ocean (Figure  1a). Low concentrations 
of phosphate follow a similar pattern to DIN (Figure  1b), while 
both DIN and PO4

3− are in excess in the Southern Ocean, which 
is known to be limited primarily by iron and light (Thomas, 2003). 
Iron exhibits low concentrations in the Pacific and Southern 
Oceans, whereas it reaches high concentrations in the Indian and 
Atlantic Oceans (Figure 1c).

Diel light cycles increase the concentration of the most limiting 
nutrient at low latitudes. We focus on model results of the surface 
ocean (0–55 m depth), because the diel cycles are restricted to the 
surface (Supporting Information Figure  S2). Overall, significant in-
creases of nutrient concentrations attributable to diel light cycles are 
present at low latitudes (−40° to 40°). DIN concentrations increase 
by ≤100% in regions where DIN has its lowest concentration in the 

(1)Diel effect percentage (on concentration) = 100
DielN − ControlN

ControlN

,

(2)

Diel effect percentage (on relative abundance) = 100

(

DielP

Dieltotal

−
ControlP

Controltotal

)

,

F I G U R E  1  Effect of diel light cycles on concentrations of limiting nutrients. The top panels show annually averaged surface (0–55 m 
depth) nutrient concentrations in the control simulation, and the bottom panels show the effect of diel light cycles compared with the 
control simulation (Equation 1; difference in concentrations between diel and control, divided by the control, expressed as a percentage). 
Dissolved inorganic nitrogen (DIN) refers to the sum of NO3

−, NO2
− and NH4

+. Labelled black dots indicate locations (L1–L5) for which 
annual dynamics are presented in Figure 2.

(a) (b) (c)

(d) (e) (f)
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control simulation (i.e., low latitudes in Indian and Atlantic Oceans and 
subtropics of the Pacific; Figure 1d). Fe concentrations increase sig-
nificantly (also by ≤100%) in the Pacific Ocean, especially at low lati-
tudes (Figure 1f). Note that the patterns of increased concentrations 
of DIN and Fe are complementary (i.e., only a single nutrient increases 
locally). Calculation of nutrient limitation for gleaner and opportunist 
types shows that the distribution of DIN and Fe limitation coincides 
with the increases of those nutrients in the diel simulation (Supporting 
Information Figure S3), supporting that the diel light cycles increase 
the local concentration of the most limiting nutrient. In contrast, 
PO4

3− concentrations are not affected by diel light cycles (Figure 1e), 
because PO4

3− is not the most limiting nutrient at any low-latitude 
region in the model (Supporting Information Figure  S3). Note that 

PO4
3− can be a major limiting nutrient at low latitudes too, especially 

for diazotrophic phytoplankton in the subtropical Atlantic (Monteiro 
et al., 2010), but we do not consider diazotrophs here.

We present model time series of five ocean locations (Figure 2) 
ranging from low latitudes (L1–L3; locations are shown in Figure 1) 
to a temperate (L4) and a polar location (L5). PAR exhibits (accord-
ing to the experimental design) only seasonal cycles in the control 
simulation (red lines in Figure 2, row 1) and both seasonal and diel 
cycles in the diel simulation (grey lines in Figure 2, row 1). Note that 
what appear to be grey shaded areas in Figure 2 are attributable to 
diel oscillations. At low-latitude locations, L1–L3, diel cycles in PAR 
(Figure 2a1–a3) induce pronounced diel oscillations throughout the 
year in PP (Figure 2b1–b3). Furthermore, there are strong oscillations 

F I G U R E  2  Annual dynamics in the control (red) and diel (grey) simulations of: (a) photosynthetically active radiation (PAR; in 
microensteins per metre squared per second); (b) primary production (PP; in millimoles of carbon per metre cubed per second); (c) relative 
abundance of opportunists; (d) dissolved inorganic nitrogen (DIN) = NO3

− + NO2
− + NH4

+ (in millimoles of nitrogen per metre cubed); (e) 
PO4

3− (in millimoles of phosphorus per metre cubed); and (f) Fe (in millimoles of iron per metre cubed) at five locations of the surface ocean 
(averaged from 0 to 55 m depth). Locations (L1–L5) are illustrated in Figure 1. Note that grey shaded areas are attributable to diel oscillations.
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and higher averaged concentrations on the most limiting nutrient; 
strong Fe diel oscillations in location L1 (Figure 2f1), and DIN oscilla-
tions in locations L2 and L3 (Figure 2d2 and d3, respectively). Those 
diel cycles of limiting nutrients in the tropics are associated with an 
increase in the relative abundance of opportunists (Figure 2c1–c3).

Dynamics at higher latitudes (locations L4 and L5) show that the 
impact of seasonality dominates over the effects of diel light cycles; 
nutrient levels are very similar between control and diel simulations 
(Figure 2, columns 4 and 5), oscillating strongly at a seasonal scale. 
Although diel nutrient cycles are still present at temperate and polar 
locations in the diel simulation, they are barely discernable in the 
figures, because seasonal oscillations are much larger in amplitude. 
Several locations at temperate latitudes across the global map sup-
port the same result (Supporting Information Figures S4 and S5). 
That is why the relative abundance of opportunists is very similar 
between control and diel simulations at high latitudes; however, 
they increase weakly during summer months, indicating the impact 
of diel light cycles during limiting nutrient conditions, in a similar 
manner to the mechanism occurring in tropics (Figure 2; Supporting 
Information Figure S4 and S5).

The diel cycle in limiting nutrients (Figure 3c) is a result of ces-
sation of photosynthesis (and nutrient uptake in our Monod-based 
model) during the night, but with the continuation of remineraliza-
tion of detrital matter. During the daytime, phytoplankton nutrient 
uptake rapidly decreases the concentration of the limiting nutrient, 
which increases again during the night. This mechanism of nutrient 
accumulation at night maintains the higher average concentrations 
of the most limiting nutrient in the diel simulation (Figure 1). PAR and 
PP also have a strong diel pattern in the diel simulation, as expected 
(Figure 3a,b). Note that PAR decreases slightly during the day, based 
on the increasing phytoplankton biomass that absorbs light (grey line 
in Figure 3a), and PP also declines rapidly during the daytime based 
on the increased nutrient limitation (grey line in Figure 3b).

The biogeography of gleaners and opportunists in the control 
simulation follows a similar pattern to that in previous studies, with 
the biomass of gleaners distributed more uniformly across the global 
ocean (Figure 4a), while opportunists have low concentrations in the 
tropics, but substantially increased biomass in temperate and sub-
polar regions (Figure 4b). Note that the areas with the presence of 
ice are masked out (white with hatching) because the phytoplankton 
biomass underneath ice is generally at very low concentrations and 
sensitive to our diagnostics. Addition of diel light cycles to the model 
increases the relative abundance of opportunists compared with the 
control simulation (Figure 4d), a pattern that is restricted to low lat-
itudes, where significant diel cycles in limiting nutrients are present. 
The increased fitness of opportunists at low latitudes is associated 
with the decline in relative abundance of gleaners (Figure 4c).

Analysis of changes in relative abundances associated with 
diel light cycles of the 15 phytoplankton types indicates that fast-
growing size classes are favoured at low latitudes (Figure 5a,b). Note 
that the largest gleaners and the smallest opportunists have the 
highest maximal growth rates among their groups. In tropical re-
gions of both the Southern and Northern Hemispheres, the relative 

abundance of small opportunists increases in the diel simulation 
compared with the control simulation (red circles in Figure 5a,b), a 
pattern that disappears at temperate latitudes (Figure 5c,d). The rel-
ative abundance of gleaners decreases in the tropics across all four 
gleaner types. However, the largest gleaners, which have the high-
est maximal specific growth rate among gleaners, are affected less 
negatively. Overall, Figure 5 illustrates that diel light cycles favour 
fast-growing types from both gleaner and opportunist groups at low 
latitudes, where diel cycles in limiting nutrients are present.

Further model analysis was used to test the robustness of the 
proposed diel mechanism. The increased relative abundance of op-
portunists over gleaners persists when considering phytoplankton 
abundances of deeper waters, averaged from 0 to 360 m (Supporting 
Information Figure S6). The same result holds for different μmax fac-
tors tested: from 1.00, where growth parameters in the diel simulation 
are same as in the control, to 1.65, which matches with the control in 
phytoplankton biomass, 1.83, which matches with the control in PP, 
and 2.20, which leads to the best fit on DIN and Fe concentrations be-
tween diel and control simulations (Supporting Information Figure S7).

The dominance of opportunists attributable to the introduction 
of diel cycles is significantly stronger when zooplankton are re-
moved from the model (Supporting Information Figure S8a); oppor-
tunists outcompete gleaners in all productive ocean regions where 
the diel nutrient cycles are the strongest. Also, only the smallest 
gleaner (best nutrient competitor) and the smallest opportunist 
(fastest growing type) survive in the absence of zooplankton, where 
bottom-up effects are the only controls on the outcome of com-
petition. Opportunists are also favoured by diel cycles when using 
more complex predation functions, such as when zooplankton prey 
upon several phytoplankton (Supporting Information Figure  S8b) 
or on several phytoplankton and other zooplankton (Supporting 
Information Figure  S8c) smaller than themselves. However, these 
grazing configurations lead to stronger top-down control and 
weaker diel effects, although the latter are still present.

4  |  DISCUSSION

Global ocean models aim to capture large-scale patterns of community 
structure and ocean biogeochemistry. To achieve that, the essential 
environmental factors should be considered. The goal of the present 
study was to demonstrate the role of the diel light cycle on nutrient dy-
namics and phytoplankton competition in the global ocean. Although 
experimental studies have shown that diel light cycles select for oppor-
tunistic phytoplankton (Litchman, 1998, 2003; Litchman et al., 2004), 
experimental evidence of diel nutrient cycles is lacking. Our previous 
work showed that the diel light cycle induces significant cycles in limit-
ing nutrients in a chemostat system, a process that favours opportun-
istic phytoplankton (Tsakalakis et al., 2018). Here, we have shown that 
this mechanism persists in a global ocean model that resolves several 
realistic features of marine ecosystems, such as resource competition 
in the water column, multi-nutrient limitation, spatial and temporal 
variation of resource supply and zooplankton predation.
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Diel nutrient cycles in our model are caused by increases during 
the night owing to remineralization and decreases in the day owing 
to uptake. In the control simulation, limiting nutrients are maintained 
at low concentrations in tropics because the weak seasonality allows 
phytoplankton to deplete limiting nutrients throughout the year. In 
such conditions, gleaner types dominate owing to their high nutri-
ent affinity compared with other strategies (lowest R*, following 
terminology of Tilman, 1982). Addition of diel light cycles induces 
diel nutrient cycles that increase the relative abundance of fast-
growing phytoplankton, especially at low latitudes of weak season-
ality. However, there might be other processes that can potentially 
affect the amplitude of diel nutrient cycles. These might include diel 
patterns in nutrient competition between phytoplankton and bac-
teria (Follett et al., 2022; Kirchman et al., 1994) or diel variations in 
remineralization rates (Graham et al., 2000) that are not included in 
the present model.

The amplitude of diel nutrient oscillations in our model is 
≤0.1 mmol N/m3 for DIN, 8 × 10−3  mmol P/m3 for phosphate and 
5 × 10−6 mmol Fe/m3 for iron. Those oscillations seem small in com-
parison to seasonal nutrient variations; however, our model analy-
sis shows that they affect phytoplankton competition significantly 
at low latitudes, where limiting nutrients are at low concentrations 
throughout the year.

It is important to validate modelled diel nutrient cycles against 
ocean observations, but such high-frequency data are very sparse. 
The lack of data is because concentrations of limiting nutrients 
are often at undetectable levels, especially in low-latitude regions, 
where the diel effect is more important. However, diel cycles in ni-
trate concentrations have been captured using automated measur-
ing methods in coastal ecosystems (Johnson et al., 2006; Sakamoto 
et al.,  2017) and the open ocean (Johnson et al.,  2013; Zhang 
et al., 2001). The study by Zhang et al. (2001) in a marine anticyclonic 
eddy in the North Atlantic shows that surface nitrate concentration 
oscillates with an amplitude of 0.045 mmol N/m3, peaking at night 
and declining during the day, supporting the mechanism proposed 
in our study (Figure  3). The area studied by Zhang et al.  (2001) is 
in the same region as location L4 of our analysis, where our model 
presents nitrate oscillations with an amplitude of 0.025 mmol N/m3 
during the same time period (Figure 2e4), showing that our model 
underestimates the amplitude in that case. This indicates that the 
effect of diel cycles on phytoplankton competition might be even 
stronger than our current model predictions, but more observations 
at several ocean locations are needed for model validation.

Our model also predicts diel cycles in phytoplankton pop-
ulations, especially at low latitudes, where seasonal dynam-
ics are weak. Observations confirm that the biomass of marine 

F I G U R E  3  Diel dynamics in the control (red) and diel (grey) simulations of the surface ocean (0–55 m depth) for 3 days, 1–3 April, at the 
tropical location L2. (a) Photosynthetically active radiation (PAR; in microensteins per metre squared per second). (b) Primary production 
(PP; in nanomoles of carbon per metre cubed per second). (c) Dissolved inorganic nitrogen (DIN) = NO3

− + NO2
− + NH4

+ (in micromoles of 
nitrogen per metre cubed). Circles indicate the model time step of three hours.
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phytoplankton oscillates with a diel pattern (Boysen et al., 2020; 
Fuhrman et al., 1985; Ribalet et al., 2015; Stramska & Dickey, 1992). 
The study by Boysen et al.  (2020) captures diel cycles in pico-
phytoplankton populations (Prochlorococcus sp., Synechococcus sp. 
and pico-eukaryotes) near Hawaii, which is close to our location L1 
(Figure 3), and the four smallest phytoplankton types in our model 
(gleaners) correspond to a Prochlorococcus type, a Synechococcus 
type and two types representing pico-eukaryotes. Boysen 
et al. (2020) report diel population cycles with an amplitude up to 
c.  0.125 mmol C/m3 for Prochlorococcus sp., c.  0.008 mmol C/m3 
for Synechococcus sp. and c. 0.08 mmol C/m3 for pico-eukaryotes, 
and for the same functional groups our model predicts amplitudes 
of 0.13, 0.1 and 0.1 mmol C/m3, respectively. Although our model 
overestimates the amplitude of diel cycles in Synechococcus sp., 
it does capture the amplitude of the diel population cycles for 
Prochlorococcus sp. and pico-eukaryotes.

The model suggests that diel light cycles significantly affect 
phytoplankton biogeography by increasing the biomass of oppor-
tunistic phytoplankton at low latitudes; the smallest size classes 
of opportunists (range of nano-phytoplankton) are favoured the 

most, because they have the highest maximal specific growth 
rates among those size classes. Phytoplankton competition in low-
latitude oceans inferred by remote-sensing observations indicates 
that pico-phytoplankton (such as Prochlorococcus sp.) dominate 
at subtropical oligotrophic gyres, whereas nano-phytoplankton 
(such as diatoms) dominate in more productive tropical waters 
(Bracher et al.,  2009; Brewin et al.,  2010; Hirata et al.,  2011). 
Previous modelling studies have shown that resistance to preda-
tion might be a trait explaining the presence, but not dominance, 
of nano-phytoplankton at low latitudes (Prowe et al., 2012; Ward 
et al., 2012). Our study highlights an additional and potential bot-
tom-up mechanism at low latitudes that increases the competitive 
ability of opportunistic phytoplankton.

Furthermore, the model shows that diel light cycles might affect 
the differences in biogeography among pico-phytoplankton popula-
tions. The largest gleaners, which have the highest maximal specific 
growth rate among members of the gleaner group in our model, in-
crease their abundance at low latitudes when diel light cycles are 
added to the model (Figure 5a,b). This information is relevant for 
biogeography studies of keystone pico-phytoplankton populations, 

F I G U R E  4  Effect of diel light cycles on phytoplankton biogeography. (a,b) Annually averaged surface concentrations (0–55 m depth) of (a) 
gleaners and (b) opportunists in the control simulation. (c,d) Effect of diel light cycles on the relative abundances (Equation 2; difference in 
relative concentrations between diel and control simulations, expressed as a percentage) of (c) gleaners and (d) opportunists. Labelled black 
dots indicate locations (L1–L5) for which dynamics are presented in Figure 2. White with cross-hatching indicates areas with the presence of 
ice.
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such as Prochlorococcus sp. versus Synechococcus sp. (Flombaum 
et al., 2013), or ecotypes of Prochlorococcus sp. (Martiny et al., 2009). 
Our work indicates that phytoplankton gleaners with higher maxi-
mal specific growth rates might be favoured by diel nutrient cycles 
in low-latitude oceans.

4.1  |  Future perspectives

The best approach to estimate the impact of diel light cycles in the 
global ocean would be to develop a model with experimentally de-
rived growth parameters of phytoplankton in diel oscillating condi-
tions. Although there are meta-analysis studies determining growth 
parameters of several phytoplankton (Edwards et al.,  2012, 2015; 
Finkel et al., 2010), maximal growth rates are typically estimated per 
day, hence ignoring the impact of diel cycles. Our analysis shows 
that when accounting for diel light cycles, the maximal growth rate 
of phytoplankton should be roughly doubled to produce levels of 
ocean primary production found using the daily averaged growth 
rate (Supporting information Figure S1), a result that has been shown 
before (Goebel et al.,  2010). This is understandable, because diel 
light cycles require phytoplankton to photosynthesize only during 
the daytime, which is roughly half of the day, compared with condi-
tions of averaged diel light input that are used in most ocean models. 
Our work indicates that laboratory studies characterizing the diel 
cycle of growth rates, together with monitoring dynamics of light 
and limiting nutrients, could inform future ocean models that resolve 
diel processes.

A relevant extension of the proposed model is to include nutrient 
storage by phytoplankton with the use of a cell-quota model (e.g., 
Ward et al., 2012). In the Monod model used here, photosynthesis 
and nutrient uptake are coupled; carbon and nutrients are instantly 
converted into biomass when they are both taken up by phyto-
plankton. Therefore, in a model resolving diel light cycles, uptake 
of nutrients is possible only during the day. Nutrient uptake by phy-
toplankton is often found to be significantly higher during the day 
than at night (Cochlan et al., 1991; Glibert & Garside, 1992; Yingling 
et al., 2021), hence a Monod model seems relevant to capture the 
general diel dynamics. However, studies have shown that some phy-
toplankton continue to take up nutrients during nighttime and store 
them in internal nutrient pools (Follett, White, et al., 2018; Needoba 
& Harrison, 2004), and large phytoplankton have significantly larger 
internal nutrient pools than smaller cells (Marañón et al., 2013). This 
indicates that the diel cycle might help to explain the presence of 
large phytoplankton specializing in storage of nutrients during the 
nighttime. We could speculate that if storage is a key adaptation 
to the diel nutrient cycle, nutrient oscillations in the water column 
should be dampened and replaced by strong oscillations in the cell 
quota of phytoplankton.

The circadian clock is also a well-known trait improving the 
fitness of microbes under diel light cycles (Johnson et al.,  2017; 
Kolody et al., 2019), which can be either strongly present in some 
phytoplankton species (Cohen & Golden, 2015) or absent in others 
(Holtzendorff et al., 2008). This suggests that some phytoplankton 
might depend strongly on the diel cycle for their survival or com-
petitiveness, whereas others do not. A recent study shows that the 

F I G U R E  5  Effect of diel light cycles on phytoplankton cell size in: (a,b) tropical and (c,d) temperate oceans. The 15 modelled 
phytoplankton types are shown (circles) as a function of their maximal growth rate (μmax, per day) of the control simulation versus cell 
volume. Colouring refers to the effect of diel light cycles on relative abundance (Equation 2; difference in relative concentrations between 
diel and control simulations, expressed as a percentage) of each phytoplankton type in the surface (0–55 m depth) of the respective 
latitudinal region. Phytoplankton groups of gleaners and opportunists are annotated in (a).
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circadian clock and nutrient storage both increase energy acquisi-
tion by phytoplankton growing in a chemostat model under diel light 
cycles (Vallino & Tsakalakis, 2020), supporting the potential of those 
traits to affect phytoplankton competition and biogeography in the 
global ocean.
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