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Abstract

Major aspects of the Earth system, including climate, atmospheric oxygen, the strength of

the biological pump, and export productivity from plankton communities, have varied

dramatically through time. How these factors might have interacted to shape the evolution of

marine life and ecosystems is not known. Here I apply the cGEnIE Earth system model of

intermediate complexity towards two areas of inquiry. First, I investigate how various tectonic

and environmental factors interact to affect the availability of oxic benthic habitat, to consider

how marine habitat availability may have changed since the rise of eukaryotes. I then investigate

how evolutionary changes in plankton community size structure might have led to changes in

surface export productivity, a major component of the marine carbon cycle, through time.

Importantly, to address these questions, I develop and describe three idealized model worlds that

are utilized in both investigations. These worlds simplify my exploration of various biotic and

abiotic conditions throughout Earth history by representing some end members of tectonic

change through time, and provide the additional advantage of being less computationally

intensive to run than typical cGENIE configurations. I find that complex and nonlinear feedbacks

dictate the availability of oxygenated habitat on the marine benthic shelf, and that larger plankton

sizes through time generally drive a unidirectional trend of increased carbon export, except for in

instances where evolution in zooplankton size lag behind evolution in phytoplankton size and

then later catch up. The idealized model worlds presented here provide an empirical basis for

addressing broader questions of how different Earth system states have impacted the history of

life, and vice versa.
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Preface

 I was lucky to be advised, mentored, and assisted by Pincelli Hull at Yale and Andy

Ridgwell and Dominik Hülse at the University of California, Riverside, for the work that is

presented in this thesis. This thesis centers around the application and analysis of three model

worlds, with contrasting idealized continental configurations, using the Earth system model

cGEnIE. The two parts of this thesis both make use of these idealized model worlds but apply

and analyze them with different motivations. Part one uses the model worlds to investigate

tectonic and environmental influences on marine oxygenation and habitat availability; I began

this project with Pincelli Hull, Andy Ridgwell, and Dominik Hülse in June 2019. Part two uses

the model worlds to investigate how carbon export from plankton communities changes with

community size structure and continental configuration; this work began in July 2021, again with

Pincelli Hull, Andy Ridgwell, and Dominik Hülse.

This thesis is organized into two chapters with the main text and figures for each chapter

presented in turn. Both chapters have supplemental material, including text, tables, and figures,

which are provided in Appendix 1 and 2 respectively. A single reference section is provided and

is included at the end of this document.
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Exploring the interacting effects of boundary conditions on benthic shelf oxygenation using

model worlds

1.1 Introduction

MacArthur & Wilson (1964) famously proposed that species richness should be

positively related to habitat area and inversely related to the distance between habitat fragments

in their theory of island biogeography. This simple mathematical framework has proven

remarkably powerful for predicting diversity patterns today (e.g., Kreft et al. 2008; Tittensor et

al. 2010; Jetz & Fine 2012). Paleontologists have long sought to apply such ecological rules to

explain trends in the fossil record, including dramatic changes in marine diversity throughout the

Phanerozoic (Sepkoski 1997). Studies to date have tested the effect of rock volume and area,

sampling site area, sea area and sea level, coastline shape, and continental fragmentation and

coalescence as possible factors that have driven changes in marine diversity over time (e.g.,

Raup 1976; Sepkoski 1976; Flessa & Sepkoski 1978; Valentine & Jablonski 1991; Barnosky et

al. 2005; Holland 2012; Zaffos et al. 2018), based on the hypothesis that plate tectonics are a key

regulator of ancient habitat availability (Valentine & Moores 1970; Bush & Payne 2021).  Most

have failed to find compelling evidence for habitat size and fragmentation in driving marine

diversity patterns through the Phanerozoic.

However, habitat availability in the marine realm is not simply a matter of space. For

metazoans, oxygen availability is a critical determinant of habitability but has been largely

unexplored with regards to understanding marine habitat availability through time. Oxygen

availability limits the range of many marine organisms and, in conjunction with temperature, is

vital in meeting their metabolic demands, both today and in the geologic past (Deutsch et al.



7

2015; Deutsch et al. 2020; Boag et al. 2018; Hammarlund et al. 2017). The exclusion of this

factor may account for the failure to find a correlation between habitat area and diversity in the

fossil record.

Determining the spatial extent and connectedness of well-oxygenated marine habitat

through time is complicated by the fact that multiple interacting factors determine oxygenation

of the marine realm. This study focuses on four main factors—continental configuration, global

temperature, atmospheric oxygenation, and the strength of the biological pump—which

constitute tectonic and environmental controls on marine habitability. These factors are all

known to affect ocean oxygenation and even each other (Lu et al. 2018; Stockey et al. 2021;

Meyer et al. 2016; Reinhard & Planavsky 2021; Cole et al. 2021; Meyer & Kump 2008).

Oxygenation of surface waters, for example, are not only dependent on atmospheric oxygen

concentrations but are also mediated by ambient temperatures, which affect the solubility and

bioavailability of oxygen in water (e.g., Boag et al. 2018). The decay, or remineralization, of

organic matter sinking from the surface to the deep ocean is another major factor determining the

availability of oxygen in underlying waters. The strength of this process, known as the biological

pump, likely has changed through time due to the evolution of marine plankton and fluctuations

in global temperature, given the temperature-dependence of microbial metabolisms (e.g., John et

al. 2014). Meanwhile, changes in continental configuration modify ocean circulation patterns

and, in turn, ocean ventilation, deep water aging, marine temperature, and mixed-layer nutrient

availability—all of which ultimately shape the amount of distribution of oxygen in the ocean

(e.g., Donnadieu et al. 2016; Friedrich et al. 2008).

Uncertainty surrounds the main influences on marine oxygenation over geologic time.

Though we know that continental configuration, global temperature, atmospheric oxygenation,
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and the strength of the biological pump have changed throughout time, owing to plate tectonics,

volcanism, innovations in the biosphere, and other Earth system interactions and feedbacks, the

exact timing and magnitude of these changes are still subjects of ongoing study. Thus a critical

first step in investigating marine diversity through the lens of oxygenated habitat is to understand

the sensitivity of benthic oxygenation to these four factors and their interactions. Here we utilize

a model approach to evaluate the influence of these four factors on oxic habitat availability in the

marine realm. We apply the cGEnIE Earth system model configured in three contrasting

idealized continental configurations to explore tectonic drivers of marine oxygenation and vary

atmospheric CO2, atmospheric O2, and the sinking rate of particulate organic matter (and hence

the strength of the biological pump) to assess the role of changing environmental boundary

conditions. We describe the diagnostic properties of these three idealized worlds in a supplement

and focus our main results on the spatial extent and fraction of oxygenated habitat on the benthic

continental shelf, as relatively shallow marine environments like this one have been

comparatively well-preserved through the Phanerozoic and shape our perception of the history of

life (Shaw et al. 2020; Bottjer 2016). Our idealized model results provide an empirical basis for

addressing broader questions of how different Earth system states vary in their habitability and

overall suitability for marine life.

1.2 Model description and method

cGEnIE consists of a 3-D frictional geostrophic ocean model with biogeochemical

cycling, a 2-D atmosphere model with energy and moisture balance, and a

dynamic-thermodynamic sea-ice model which also acts as a coupling module for the ocean and

atmosphere components (Edwards and Marsh 2005; Marsh et al. 2011). As an Earth system
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model of intermediate complexity, cGEnIE captures major features of the living Earth system

while requiring relatively low computational resources (Edwards and Marsh 2005; Marsh et al.

2011; Ridgwell et al. 2007). It has been tested extensively against modern observations of

nutrients, oxygen, and the carbon cycle and employed in numerous studies of climate,

biogeochemistry, and biological productivity over a range of time periods (e.g., Ridgwell &

Schmidt 2010; Norris et al. 2013; John et al. 2014; Meyer et al. 2016; Lu et al. 2018; Reinhard et

al. 2019; Stockey et al. 2021).

In this study, the model oceans are represented in a 36x36 equal-area grid of longitude

and latitude and vertically in 16 logarithmically-scaled depth layers (see Section S1.1 of

Appendix 1). Vertical/horizontal mixing, rather than isopycnal/diapycnal mixing, is used in order

to simplify model calculations and minimize the occurrence of negative tracer values in the

ocean (see Section S1.1 of Appendix 1). The model is climate-sensitive (5.77 W/m2radiative

forcing per doubling of CO2), with temperature-dependent remineralization rates for sinking

organic matter after Crichton et al. (2021). Components of the marine biological pump are

otherwise defined after Ward et al. (2018) with PO4and Fe co-limitation of biological

productivity and a marine iron cycle. All worlds are initialized with modern default values for

solar luminosity (1368 W/m2), mean ocean salinity (33.9 PSU), and dissolved sulfate inventory

(29.16 mmol/kg). Biological new production is set by the half-saturation constant of PO4 (0.1

μmol/kg), half-saturation value of Fe (0.1 nmol/kg), and timescale of biological uptake (63.38

days). Albedo is prescribed according to Supplementary Figure 1.1a and an intermediate zonal

wind stress field is applied according to Supplementary Figure 1.1b.
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1.2.1 Idealized continental configurations

We configure the Earth system model cGEnIE in three different idealized continental

configurations, which we refer to as the ‘block’ world, ‘equator’ world, and ‘polar’ world. Each

world features an ocean with a single, large continent in a specific orientation meant to represent

a few end-member tectonic configurations with regards to their effect on ocean circulation

(Figure 1.1). In the block world, the continent stretches from pole to pole across all latitudes. In

the equator world, the continent covers only low latitudes and features an equatorial gateway. In

the polar world, the continent covers only high latitudes, centered on the North pole. The

continent in each world is surrounded on all sides by a continental shelf that steps down in four

depth-steps of 81 m, 284 m, 558 m, and 928 m. The ocean floor is 3576 m deep. Ocean volumes

in each world are roughly equal and listed in Supplementary Table 1.1 along with ocean surface

area, average ocean temperature, ocean O2 concentration, ocean PO4 concentration, and total

POC export. Diagnostic properties of these worlds are presented in Figure 1.2 (focusing on

baseline ocean oxygenation) and Section S1.2 of Appendix 1 (describing surface currents, deep

ocean flow, temperature and salinity, nutrients and productivity, ocean oxygen and euxinia, and

sea ice). We have included the cGEnIE representation of the modern world, with a modern

continental configuration (after Crichton et al. 2020), in Figures 1.1 to 1.2 and Supplementary

Figures 1.2 to 1.4 to provide a direct comparison of the various physical and biogeochemical

attributes of the three idealized model worlds to the world as it is known today.

1.2.2 Boundary condition experiments

For each of the three idealized continental configurations, we initialized a series of

cGEnIE model simulations with different atmospheric pCO2 levels, atmospheric pO2 levels, and
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organic matter sinking rates to test how these factors interact to affect benthic oxygenation on the

continental shelf. We focus our analysis on the continental shelf as this is the marine

environment best preserved in the fossil record through the Phanerozoic and older strata.

Atmospheric pCO2 is included as a forcing on global temperature, and we set atmospheric pCO2

to 1, 2, 4, or 8 times that of the modern pre-industrial value (278 ppm). Atmospheric pO2 is set to

0.2, 0.3, 0.4, 0.5, 0.75, or 1 times that of present (1 PAL, or 209,500 ppm). Organic matter

sinking rate is varied to simulate changes in the biological pump strength, with a faster sinking

rate resulting in a more effective transport of organic matter from the surface to deep ocean (e.g.,

a stronger biological pump). Organic matter sinking rates are set to 0.2, 0.4, 0.6, 0.8, or 1 times

that of the modern value (125 m/day). In total, we test 360 parameter combinations, with 120

combinations of environmental conditions for each of our three continental configurations. Each

parameterized model world is spun up for 10,000 years to allow equilibrium to be reached before

we assess the effect of these various environmental and tectonic boundary conditions on benthic

oxygenation. Modern-like conditions of 1x pCO2, 1x pO2, and 1x sinking rate serve as our

default environmental boundary conditions.

1.2.3 Oxic habitat availability analysis

We present results on how our parameterizations of tectonic and environmental factors

(i.e., continental configuration, atmospheric pCO2 levels, atmospheric pO2 levels, and sinking

rates of organic matter) influence the fraction of anoxic area on the benthic continental shelf in

each of the 360 cGEnIE model simulations described above. We define anoxic conditions as any

dissolved O2 concentration below 5 μmol O2/kg. Other thresholds for anoxia, based on Sperling

et al. (2013), were also tested, with no significant change in results (Supplementary Figure 1.5).
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Since each grid cell in the cGEnIE model represents an equal amount of surface area (Edwards &

Marsh 2005; Marsh et al. 2011), we simply calculate the percentage of shelf cells with anoxic

conditions relative to all shelf cells.

1.3 Results

Atmospheric pO2 constitutes the single most influential control on the fraction of anoxic

area on the benthic continental shelf (Figure 1.3). While atmospheric pCO2 and sinking rate

drives changes of  <10% in available habitat area on the shelf over the range of values tested

(Figure 1.3), variation in atmospheric pO2 drives changes in available habitat area of  >80%. In a

fully oxygenated world (100% PAL, as represented in Figures 1.3a and 1.3c), variation in

atmospheric pCO2and sinking rate ultimately have a minor influence on the fraction of anoxic

benthic shelf area. Anoxic areas always remain under 10% of the total benthic shelf habitat.

After atmospheric pO2, continental configuration has the next most pronounced effect on

influencing the fraction of anoxic benthic shelf area. Different continental configurations,

holding all other factors constant, can cause changes in % benthic anoxia that are at times greater

in magnitude than the changes caused by variations in atmospheric pCO2 and sinking rate alone

(Figure 1.3).

Continental configuration is also notable because it modifies when and to what degree a

change in atmospheric pO2 (and other environmental factors) affects benthic anoxia. For

example, 50% PAL is a crucial inflection point for the block world, below which benthic anoxia

becomes far more pervasive on the continental shelf (Figure 1.3b). However, this number is 75%

PAL for the equator world and 40% PAL for the polar world (Figure 1.3b). Complete results

from all 360 model simulations, regarding the interactive effects of continental configuration,
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atmospheric pCO2, atmospheric pO2, and sinking rate on oxygenation of the benthic shelf, are

shown in Figure 1.4 and discussed below. Further description of both the individual and

combined effects of continental configuration, atmospheric pCO2, atmospheric pO2, and sinking

rate on benthic shelf oxygenation can be found in Section S1.3 of Appendix 1.

1.4 Discussion

1.4.1 Key controls on oxic marine habitat availability

For most of the history of life, the marine realm was characterized by far lower

oxygenation saturation states than the present day (Lu et al. 2018). Geochemical and

sedimentological evidence suggest that widespread anoxia was common through the Paleozoic

and much of the Mesozoic, lagging behind the oxygenation of the atmosphere. The prolonged

presence of widespread anoxia in the marine realm has important implications for understanding

the evolution and ecology of marine ecosystems because the vast majority of metazoans require

some level of oxygenation to live, although the exact amount varies amongst species and clades.

Thus, a first order effect of prolonged widespread marine anoxia would be the reduction of the

amount of habitat available for metazoans. Such reductions in habitat availability pose direct

implications for the diversity and longevity of marine species through time.

Important though this may be, understanding and predicting exactly how much—and at

what depths—oxygenated marine habitat has been available through time is complicated,

because numerous factors can interact to modulate marine oxygenation. Within our idealized

model worlds (Figure 1.1), we find that atmospheric oxygenation and continental configuration

are the two most important factors constraining the range and extent of anoxia in benthic marine

environments and, therefore, the extent of habitable benthic marine environments. In this study,
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we focus on relatively shallow, benthic habitats as they reflect the environments best preserved

in the marine fossil record and, by extension, the region responsible for our understanding of

diversity dynamics through time.

Atmospheric pO2 is the most influential factor controlling the extent of anoxia on the

benthic continental shelf (Figure 1.3; Figure 1.4). Across all tectonic and environmental

configurations, one broad trend holds true: higher pO2helps to minimize anoxic conditions on the

benthic shelf. pO2 conditions of 75 to 100% PAL, for example, can maintain fractions of anoxic

benthic shelf area under ~50% in all worlds, regardless of the status of other environmental

conditions such as pCO2 and sinking rate (Figure 1.4a, b, c).

Continental configuration is the next most influential control. In our simulations, the

block world experiences ~5 to 80% anoxia on the continental shelf across all environmental

conditions (Figure 1.4a), as compared to ~20 to 100% anoxia in the equator world and 0 to 100%

the polar world. Thus a world’s tectonic configuration can set upper and lower bounds on the

range of benthic shelf anoxia that organisms experience, even as other environmental factors

change. Indeed, the placement of continents is known to influence factors like circulation,

upwelling, and local productivity, which all can contribute to the regulation of the amount and

spatial extent of marine oxygenation. Our model worlds additionally show that continental

configuration can influence the rate at which the Earth system shifts from one biogeochemical

state to another. In other words, the sensitivity of benthic shelf oxygenation to changes in

atmospheric oxygenation, climate, and the biological pump depends on continental

configuration. The transition from minimally anoxic to highly anoxic shelves in the block world

are always relatively gradual in response to changes in pO2, temperature (modeled via pCO2),

and the strength of the biological pump (i.e., sinking rate) (Figure 1.4d, g, j, m, p), in contrast to
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more abrupt transitions in the equator world (Figure 1.4e, h, k, n, q) and polar world (Figure 1.4f,

i, l, o, r) especially when both pO2 and sinking rates are low.

1.4.2 Complex and nonlinear feedbacks determine oxic habitat availability in model worlds

Though the impact of atmospheric pO2 and continental configuration on benthic shelf

oxygenation is particularly evident in our model worlds, all four factors investigated influence

the magnitude and extent of oxygenation in the marine realm. For example, model simulations

with relatively high biological pump strength (i.e., relatively high sinking rates) generally

correspond to more extensive benthic anoxia on the shelf (e.g., Figure 1.4d, e, f, g, h, i, j, k, l).

More importantly, however, we find strong evidence for pronounced, nonlinear interactions

amongst the four factors (Figure 1.4), particularly in the equator and polar worlds (e.g., see

Figure 1.4b, c, e, f, i, l, especially in contrast to Figure 1.4a).

We focus our discussion of nonlinear interactions on how global temperatures (regulated

by our parameterization of pCO2) affect oxic habitat availability on the benthic shelf; the

directionality of the effect of pCO2 changes based on how sinking rates are parameterized. In the

block world, lower pCO2 settings reduce the spatial extent of anoxia, all other factors held

constant, for the 0.2x sinking rate biological pump strength scenario (Figure 1.4p), but these

lower pCO2 settings instead increase shelf anoxia when sinking rates are high (0.4x, 0.6x, 0.8x,

and 1x sinking rate, Figure 1.4m, j, g, d). This pattern is true for other worlds as well, though

exact points of transition differ. For example, lower pCO2 settings reduce anoxia at 0.2x and 0.4x

modern sinking rates in the equator and polar worlds (Figure 1.4q, n and Figure 1.4r, o), but

increase anoxia at higher sinking rates (0.6x, 0.8x, and 1x, Figure 1.4k, h, e and Figure 1.4l, i, f).

The interactions of these parameters are even more complex in the equator and polar worlds at
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1x sinking rate (Figure 1.4e, f).

Why do such points of transition, relating to the interplay of temperature (regulated by

pCO2 and sinking rate, appear in our model worlds? To explain these points of transition, we first

propose that two main controls on oxygenation of the water column exist: (1) the rate at which

organic matter is remineralized as it passes through the water column, and (2) the solubility of O2

in the water. Remineralization rates are determined by both sinking rate and temperature: sinking

rate dictates how much organic matter is present in any given layer of the water column that is

available to be remineralized (e.g., if there is no organic matter in a given layer of the water

column, remineralization simply will not occur); and temperature dictates the speed at which

remineralization of available organic matter occurs, since remineralization rates are

temperature-dependent and increasing with higher temperatures. The solubility of O2 is

determined by temperature alone, increasing with colder temperatures. While both these controls

influence water column oxygenation, we hypothesize that remineralization rates are more

influential when there is ample organic matter in the water column available for remineralization,

and solubility effects are more influential when there is minimal organic matter sinking through

the water column.

Next we turn to our model results to illustrate the interplay of these effects. When sinking

rates are low (25 m/day, or 0.2x of modern - Figure 1.4p, q, r), organic matter is suspended for

longer periods of time in the surface layer of the ocean, such that the vast majority of it is

respired there (Figure 1.5b). This is the case regardless of temperature effects on

remineralization, as even the slowest effective remineralization rates in the 1x pCO2 scenario still

result in nearly all organic matter being remineralized in the surface layer; this is evident from

the sharp decreases in surface-layer oxygen that can be seen across all pCO2 scenarios (Figure
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1.5b). Thus, minimal amounts of organic matter remain available to sink to lower depths of the

water column, and at these lower depths, solubility of O2 becomes more influential than

remineralization rates in determining water column oxygenation. In lower sinking rate scenarios,

lower pCO2 conditions help to reduce benthic anoxia on the shelf, all other factors held constant,

because they increase the solubility of O2 at subsurface layers of the water column.

On the other hand, when sinking rates are high (Figure 1.4d, e, f), more organic matter

makes it past the surface layer to greater depths of the ocean, even when remineralization rates

are highest in the 8x pCO2 scenario (Figure 1.5a). Thus, because there is ample organic matter to

be remineralized at every layer of the water column, remineralization rates are more influential

than O2 solubility in determining water column oxygenation. Lower pCO2 conditions result in

lower remineralization rates, and here the effect of lower remineralization rates is twofold: (1)

lower remineralization rates within one layer of the water column help to decrease oxygen

demand in that particular layer of the water column; (2) lower remineralization rates mean that

more organic matter remains at a certain layer of the water column, which means that more

organic matter is available to be exported to lower layers of the water column. We argue that this

second effect of lower remineralization, taking the dynamics of organic matter moving

throughout the whole water column into account, is most important: effectively, lower

remineralization rates lead to a greater overall amount of organic matter that stays suspended in

the water column. All of this organic matter, then, is subject to remineralization, and more total

remineralization occurs throughout the whole water column, even though remineralization rates

are lower. Thus, in higher sinking rate scenarios, lower pCO2 conditions increase benthic anoxia

on the shelf, all other factors held constant, because they increase the sum total amount of

organic matter that is subject to remineralization throughout the entire water column.
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Finally, we note that points of transition in how pCO2 and sinking rate interact to affect

benthic shelf oxygenation rely on not only the distribution of organic matter through the water

column and solubility of O2 in water, but also the configuration and depth of the continental shelf

area. In the case of lower sinking rates and lower pCO2 especially, the model shelf (which

comprises 4 steps at 81 m, 283 m, 558 m, and 928 m) is able to benefit from the minimal

amounts of organic matter in subsurface layers because the majority of it exists below ~100 m.

For example, if our model worlds had shallow continental shelves only 50 to 100 m deep, it is

doubtful that points of transition would be observed, as key differences in water column

oxygenation are only present below ~100 m in our O2 depth profiles (Figure 1.5).

1.4.3 From model worlds to history of marine life on Earth

The model worlds and scenarios used here are highly simplified compared to conditions

that existed during the evolution of life on earth, yet they are useful for considering how marine

oxygenation would have varied in response to evolving environmental conditions.  Several

lessons emerge from these models:

1. Oxic habitat availability likely fluctuated in response to factors beyond atmospheric

pO2 for much of the Phanerozoic. Long after significant oxygenation of the atmosphere,

the majority of the deep sea remained anoxic (Sperling et al. 2015, Lu et al. 2018) and

prone to periods of extensive global anoxia (e.g., Jenkyns 2010). Our modeling shows

that all the environmental and tectonic factors considered here can interact nonlinearly to

drive extensive anoxia. In our model worlds, continental configuration is by far the

strongest of the levers, after atmospheric pO2, in controlling the oxygenation of the shelf.

However, we note that the dominance of this factor may be specific to our modeled
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worlds because the simplified continental and ocean configuration results in an overly

deep mixed layer relative to the world as we know it (Figure 1.1d; Supplementary Figure

1.2; see Section S1.2.1 and S1.2.2 of Appendix 1). This has cascading effects, including

supporting extremely productive upwelling zones and extensive oxygen minimum zones.

In other words, the idealized configurations of our model worlds exert a strong physical

control on the intensity and spatial extent of marine anoxia—both of which are likely

stronger than what has occurred in the real world under similar atmospheric O2

conditions. Even so, the nonlinearity of tectonic and environmental interactions, and the

effect of these interactions (e.g., producing inflection points in anoxia with directional

changes in underlying factors, as discussed above with pCO2 and sinking rate), are likely

a robust finding.

2. Evolution of plankton ecosystems may have led to increased or decreased shelf

oxygenation depending on environmental and tectonic conditions at the time. This is

arguably the most important and surprising finding of our results. The evolution of larger

plankton and more complex plankton ecosystems is generally supposed to have increased

the ability of biological pump to export carbon to the deep ocean, consequently shifting

the nexus of organic matter remineralization from the shallow to deep ocean leading to

greater oxygenation of shelf environments. Here our model results show that this shift in

remineralization does indeed impact mid-water oxygenation, but whether this increases

or decreases oxygenation of shelf environments is strongly dependent on the initial

conditions and depth of the shelf. Additionally, given the interactions of sinking rate and

atmospheric pCO2 in driving shelf oxygenation, it is also possible to imagine a scenario

where the effect of biological evolution on biological pump efficiency is neutralized or
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reversed by global temperatures.

3. The rate of change in tectonic and environmental factors can influence the rate of

change in ocean anoxia. Some of the factors investigated, like continental configuration,

change more slowly through time than others like temperature or biological pump

strength. We therefore predict a relationship between the magnitude and rate of change in

benthic shelf anoxia and the underlying frequency of tectonic and environmental change.

4. Complex dynamics in the extent and variability in benthic habitat availability can arise

from the interaction of relatively few factors. Returning to the motivating question of

this research, we suspect that the true availability of benthic marine habitat throughout

the Phanerozoic was likely as much controlled by the extent and stability of benthic shelf

oxygenation as it was by other factors considered to date like shelf area, continental

fragmentation, and sea level. Evidence for extensive marine anoxia through much of the

Phanerozoic, in conjunction with the late rise of marine diversity towards present-day

levels, supports this idea that the oxygenation of available habitat could be a crucial

factor controlling the spatial extent and distribution of benthic habitat through time.

1.5 Conclusion

The goal of this current investigation is to explore how different abiotic and biotic factors

may have interacted over the Phanerozoic using highly idealized model worlds, in order to

provide a foundation for understanding the relative impact and feedbacks of such factors in

driving benthic marine habitat availability, particularly oxygenated habitat availability. Over the

history of life, continental configuration, atmospheric pCO2, atmospheric pO2, and the strength of

the biological pump have all changed, but two are most important for maintaining available
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oxygenated habitat: atmospheric pO2 and continental configuration. Continental configuration

changes the amount of oxic habitats, all else being the same, but its relationship to marine habitat

availability is not a simple matter of coastline length or ocean area. Instead, continental

configuration sets bounds on the extent and location of marine upwelling relative to benthic

shelves, and the recycling and export of organic matter. While atmospheric pO2 and continental

configuration place key constraints on the patterns of anoxia on the shelf, other factors such as

global temperature and biological pump efficiency also alter and mediate the extent of ocean

anoxia (and thus, oxic habitat availability through time) in important, nonlinear ways.

Our idealized worlds provide a fast interactive framework for investigating the effect of

various tectonic and environmental factors on marine ecosystems through time. These simple,

idealized model worlds provide a means of considering the complex interplay of abiotic and

biotic factors in Earth history, and set up a framework for testing complex Earth system

interactions across a wide array of problems.
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1.6 Figures

Figure 1.1: Bathymetry, SST, surface current field, and overturning circulation for each
idealized continental configuration at default environmental conditions (i.e., pre-industrial
modern pCO2 at 228 ppm, modern pO2 at 100% PAL, and modern sinking rate at 125
m/day), with modern world for comparison. (a)-(c) Vertical gridlines mark longitude in
increments of 15 E-W and horizontal gridlines mark latitude in increments of 15 N-S. (d)
Vertical gridlines mark latitude in increments of 30° N-S and horizontal gridlines mark depth in
increments of 833 m from the surface.
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Figure 1.2: Ocean O2 concentrations for each idealized continental configuration at default
environmental conditions (i.e., pre-industrial modern pCO2 at 228 ppm, modern pO2 at
100% PAL, and modern sinking rate at 125 m/day), with modern world for comparison. (a)
shows the surface ocean (longitude on x-axis, latitude on y-axis), (b) shows the benthic surface
of the ocean (longitude on x-axis, latitude on y-axis), and (c) shows a vertical slice of the world
(latitude on x-axis, depth on y-axis), with values averaged across longitudes.
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Figure 1.3: Isolated effects of (a) atmospheric pCO2, (b) atmospheric pO2, and (c) sinking
rate on the fraction of anoxic area on the benthic continental shelf in each idealized world.
For each graph, only continental configuration and the indicated variable are altered; all other
factors are kept constant at default environmental conditions (i.e., pre-industrial modern pCO2 at
228 ppm, modern pO2 at 100% PAL, and modern sinking rate at 125 m/day). Anoxia is defined
as oxygen concentrations below 5 μmol/kg.
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Figure 1.4: Fraction of anoxic area on the benthic continental shelf for all tectonic and
environmental configurations of each idealized world. Each point on these plots represents a
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single model experiment. Its x-coordinate indicates the atmospheric pO2 setting; its color
indicates the sinking rate setting (purple - 1x sinking rate (125 m/day, or modern), blue - 0.8x
sinking rate (100 m/day), green - 0.6x sinking rate (75 m/day), yellow - 0.4x sinking rate (50
m/day), red - 0.2x sinking rate (25 m/day)); and its transparency or relative saturation indicates
the atmospheric pCO2 setting (full saturation - 1x pCO2 (228 ppm, or pre-industrial modern), 2nd
most saturated - 2x pCO2 (556 ppm), 2nd least saturated - 4x pCO2 (1112 ppm), least saturation -
8x pCO2 (2224 ppm)). Its continental configuration is indicated by what column the plot is in
(left to right - ‘block’ world, ‘equator’ world, and ‘polar’ world). Points that represent model
experiments conducted at the same sinking rate setting (i.e., united by color) and the same
atmospheric pCO2 setting (i.e., united by relative saturation) are connected with a line. Finally,
the y-coordinate of each point indicates the % area of benthic continental shelf that is anoxic (< 5
μmol/kg) in the model ocean of that particular model experiment. (a)-(c) show all 360 model
experiments in one row, separated by continental configuration. For more convenient viewing,
(d)-(f) only show model experiments at 1x sinking rate; (g)-(i) only at 0.8x sinking rate; (j)-(l)
only at 0.6x sinking rate; (m)-(o) only at 0.4x sinking rate; and (p)-(r) only at 0.2x sinking rate.
Additionally, (d)-(r) show gridlines for both axes.
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Figure 1.5: Depth profiles of marine O2 in each world, at differing pCO2 and sinking rate
conditions, with constant pO2 (100% PAL). Different pCO2 conditions are marked by different
colors according to the legend. (a) shows worlds at 1x sinking rate (125 m/day, or modern). (b)
shows worlds at 0.2x sinking rate (25 m/day).
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Modeling the evolution of biological pump strength as a function of plankton community

size structure

2.1 Introduction

In the open ocean, a vast realm covering roughly seventy percent of the earth’s surface,

plankton communities make up much of the food web and perform a myriad of functions for

marine ecosystems. At the base of the food web are phytoplankton, ranging in size and

complexity from the micron-size bacteria plankton to the vast millimeter-long colonies of

eukaryotic algae like diatoms or free-floating seaweed like Sargassum. These phytoplankton are

eaten in turn by a range of predators, again ranging in size and complexity from bacteria and

single-celled eukaryotes to relatively vast metazoans including larvaceans and whales. The

importance of plankton communities to the Earth system is hard to overstate. The global primary

productivity of marine phytoplankton is comparable to that of land plants (Field et al. 1998), and

the structure and function of pelagic communities regulates the marine and global carbon cycle

through the export and burial of carbon and key minerals (calcium carbonate and silica) from the

surface ocean into geological archives (Falkowski et al. 2003). Carbon cycling in the ocean in

turn affects factors like marine oxygenation and nutrient cycles, and even global temperatures.

Innovations in phytoplankton and zooplankton have been linked to some major events in Earth

history, including the Great Oxidation Event (Hurley et al. 2021), the Cambrian explosion

(Butterfield 1997), and the Marine Mesozoic Revolution (Knoll & Follows 2016). Plankton

communities as a whole have the capacity to exert considerable influence over the arc of primary

productivity and export productivity through time (Figure 2.1; see also Section S2.1 in Appendix

2).
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Modern pelagic ecosystems can be effectively modeled with a handful of functional

traits, including plankton size and feeding ecology in nutrient-phytoplankton-zooplankton (NPZ)

models of varying complexity (e.g., Follows et al. 2007). Trait-based models of plankton

communities are increasingly employed in investigating the role of plankton in past Earth

environments where the exact components of plankton diversity are unconstrained (Barton et al.

2013; Ward et al. 2018). Of all functional traits, size is particularly instrumental. It affects an

organism’s metabolism, nutrient requirements, nutrient uptake, prey selection, and more (Finkel

2007; Barton et al. 2013; Ward et al. 2018). Size—and size structure—can also determine the

organic matter flux from a plankton community, though the relative contributions of differently

sized plankton are debated (Guidi et al. 2009; Ward & Follows 2016; Planavsky et al. 2021).

Plankton size therefore not only influences an individual organism’s physiology but also

higher-level characteristics such as trophic and competitive interactions with other plankton, a

population’s viability within the ecosystem, overall plankton community structure, and important

community functions like carbon export and primary production (Finkel 2007; Guidi et al. 2009;

Barton et al. 2013; Ward et al. 2018).

The size structure of pelagic communities has evolved markedly since plankton first

appeared in Archean (Fig. 2.1a). Here, we investigate how changes in the maximum size of

plankton in plankton communities affects the amount of carbon exported from the surface ocean,

also known as the strength of the biological pump. Particularly we examine such changes relative

to variations in continental configuration, and present some insights into the mechanisms that

may have linked plankton size evolution with fluctuations in productivity and the carbon cycle

through time.
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2.2 Methods

2.2.1 Model description

We employ the cGEnIE Earth model of intermediate complexity (Edwards and Marsh

2005; Marsh et al. 2011). cGEnIE is configured as presented in Section 1.2 of this paper, with a

gridded model ocean (Figure 2.2a) and PO4 and Fe limitation of biological productivity, though

there are two differences. First, temperature-dependent remineralization is not employed, as we

do not test worlds with different pCO2 levels in this study. Remineralization rates are solely

depth-dependent after Ridgwell et al. (2007). Second, we apply ECOGEM, an ecological model

component, to cGEnIE (Ward et al. 2018); this combination of ECOGEM and cGEnIE is referred

to as EcoGEnIE. In the default cGEnIE, inorganic nutrients in the surface ocean are immediately

converted to exported nutrients (particulate organic matter, POM) or dissolved organic matter

(DOM) according to a preset partitioning scheme. EcoGEnIE, on the other hand, allows for the

resolution of a biological plankton community that exists in the surface layer of the model ocean

(above ~80 m), and surface inorganic nutrients must pass through this plankton community

before being converted to nutrients that will be exported from the surface layer (POM) or DOM

(Ward et al. 2018).

Different populations of plankton within the community are parameterized according to

plankton size and plankton functional type. In our configuration of EcoGEnIE we utilize 2

possible functional types (“phytoplankton” or “zooplankton”) of plankton and 8 possible size

classes (equivalent spherical diameter of 0.6 μm, 1.9 μm, 6 μm, 19 μm, 60 μm, 200 μm, 600 μm,

or 2000 μm) (Figure 2.2a). Both “phytoplankton” and “zooplankton” are subject to nutrient

requirements, mortality, and internal trophic interactions, but phytoplankton can only acquire

nutrients through photosynthesis, and zooplankton can only acquire nutrients through feeding on
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phytoplankton and other zooplankton (Ward et al. 2018). A plankton’s size determines factors

such as nutrient affinity, maximum photosynthetic rate, cell carbon quota, maximum prey

ingestion rate, palatability as prey, and the partitioning of organic matter into exported nutrients

(POM) and DOM after inorganic nutrients have been passed through the dynamic and explicit

plankton community (Wilson et al. 2018; Ward et al. 2018). A full description of EcoGEnIE can

be found in Ward et al. (2018) and additional description in Wilson et al. (2018). We note that

our configuration of EcoGEnIE does not model mixotrophic-type plankton nor size-dependent

sinking rates of organic matter in the water column, though such elements have been the subject

of other investigations of plankton through time (e.g., Ward & Follows 2016; Knoll & Follows

2016). It also does not model any organisms below the surface layer (~80 m) nor any planktic

organisms with sizes above 1900 μm.

2.2.2 Modeling plankton communities and tectonic settings

We run a suite of model experiments to capture the full range of possible maximum size

classes of phytoplankton and zooplankton. Given our configuration of EcoGEnIE, there are 8

possible maximum size classes for the phytoplankton and 8 possible maximum size classes for

the zooplankton. This results in a total of 64 possible plankton community configurations (e.g.,

all 8 phytoplankton and all 8 zooplankton size classes are parameterized, or only the smallest 7

phytoplankton and all 8 zooplankton size classes are parameterized, and so on).

As for tectonic configurations, we do not aim to mimic the exact continental

configurations found on Earth throughout time. Instead we employ 3 idealized model worlds

meant to represent some end members of tectonic change (Figure 2.2b), each with one

supercontinent either stretching from the North pole to the South pole (‘block’ world), positioned
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on the equator with an equatorial passage (‘equator’ world), or centered on the north pole

(‘polar’ world). Each supercontinent is surrounded on all sides by a continental shelf consisting

of four steps and an ocean (of comparable volume among all three worlds). These model worlds

and their diagnostic properties are described in Section 1.2.1 of this paper, and we use them here

with no change.

The 64 possible plankton community configurations, applied to 3 possible tectonic

configurations, result in a total of 192 distinct model simulations. We observe the amount of

particulate organic carbon (POC) that is exported from the plankton community in the surface

layer of the model ocean (0 to ~80 m) to the next deepest layer of the model ocean (~81 to ~175

m).

2.2.2 Note on terminology

We use the term “phytoplankton” to refer to any autotrophic planktic organisms that fix

carbon through oxygenic photosynthesis (e.g., cyanobacteria and algae). “Zooplankton” is not

limited to animals and instead refers to any heterotrophic planktic organism, or any planktic

organism that may be thought of as autotrophic (i.e., self-reliant for nutritive organic substances)

but does not fix carbon through oxygenic photosynthesis (e.g., planktic prokaryotes and

copepods).

2.3 Results

Global mean of particulate organic carbon (POC) export varies with different maximum

size classes of phytoplankton and zooplankton in all 3 idealized model worlds; such patterns are

complemented by similar variations in mean PO4 concentrations in the surface ocean, mean Fe
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concentrations in the surface ocean, and global mean O2 concentrations (Figure 2.2). These

patterns are delineated and discussed below.

2.4 Discussion

2.4.1 Maximum plankton size in plankton communities affects broad patterns in carbon export

Two broad patterns can be observed in how the size structure of a plankton community

(particularly in regards to its maximum plankton size among either phytoplankton or

zooplankton) affects carbon export from the community. First, carbon export generally increases

with size (Figure 2.2); in each plot of POC export among all three worlds, moving diagonally

from the bottom left corner (representing the smallest phytoplankton and zooplankton) to the

upper right corner (representing the full range of smallest to largest phytoplankton and

zooplankton) results in increased carbon export. Second, carbon export is highest in each world

when phytoplankton are larger and zooplankton are smaller (i.e., the bottom right corner of each

plot of POC export).

These patterns are found in all three idealized model worlds, suggesting their robustness;

the idealized model worlds instead differ in the absolute amount of carbon export that result from

different plankton community size structures. For example, the block world is prone to higher

amounts of carbon export (indicated by the swath of light yellow in the bottom left of the plot, as

well as the overall lighter color gradients), followed by the equator world and then the polar

world (Figure 2.2).

Changes in POC export in our model worlds are correlated with similar gradients of mean

PO4 concentrations in the surface ocean, mean Fe concentrations in the surface ocean, and global

mean O2 concentrations (Figure 2.2). These tandem changes are reasonable and point to possible



34

mechanisms for changes in POC export as well as ocean oxygenation. Decreased PO4 and Fe in

the surface ocean indicate higher nutrient uptake by plankton; higher nutrient uptake can

translate to higher biomass accumulation among plankton, which then can produce higher

amounts of POC export. As more POC is exported from the surface layer and sinks down to

deeper layers, more respiration of POC occurs—thus leading to lower oxygenation of the overall

ocean.

2.4.2 Grazing release from absence of large zooplankton can drive high carbon export

Larger size is often thought to correlate with larger carbon export; our model reveals an

important exception to this rule. When phytoplankton of a community are larger than the

zooplankton, the largest phytoplankton become free from grazing pressure, and they experience

large blooms in biomass (see Supplementary Figure 2.2), which then drive extremely high rates

of carbon export. This is a sheer biomass effect, which dominates over whatever increases in

carbon export that may be contributed by adding larger size classes of zooplankton to a plankton

community.

A plankton community experiencing blooms can be thought of as a community in a

“perturbed” state (Falkowski et al. 2003). In our modern oceans, algal populations experience

bloom and bust cycles; high rates of growth over mortality are eventually followed by high rates

of mortality over growth, and this cycle repeats. Modern bloom events are indeed associated with

high amounts of net carbon export to the ocean interior, particularly driven by diatoms

(Falkowski et al. 2003; Falkowski et al. 1998). Another analog may be found in Precambrian

oceans, before zooplankton were large enough to exert proper grazing control over

phytoplankton (e.g., see Butterfield 1997 on microzooplankton-induced trophic cascades at the



35

Proterozoic-Phanerozoic transition; Figure 2.1).

2.4.3 Implications for export productivity through time and the mediating influence of tectonics

In Figure 2.4, we apply estimates of the range of possible maximum plankton sizes

through time (Figure 2.1a) to our plots of plankton community carbon export from our model

worlds (Figure 2.3, leftmost column) in order to draw implications from our model results for the

overall arc of export productivity throughout the history of life. Simply taking one world into

account (either the block world, left; the equator world, middle; or the polar world, right) we can

hypothesize that export productivity is low in the Archaean (blue box) due to minimal sizes of

life, drastically increases in the early and mid-Proterozoic (green box) as phytoplankton evolve

larger sizes but face no grazing control from larger heterotrophic metazoans, slightly decreases in

the late Proterozoic as larger metazoan heterotrophs evolve, and finally stabilizes throughout the

Phanerozoic as plankton size classes stay relatively constant (Figure 2.4).

This contrasts with other views on transitions in export productivity through time in two

ways. First, export productivity is generally assumed to have increased unidirectionally through

time with the evolution of larger body sizes. However our model results point to the key

importance of trophic interactions among differently sized things in driving carbon export, that

modulate effects resulting from individual changes in body size. In particular, when size

increases in zooplankton lag behind those in phytoplankton, the potential for grazing release, and

thus significant blooms in phytoplankton biomass, result. Indeed, a reduction in carbon export at

the Proterozoic-Phanerozoic transition, due to the evolution of larger zooplankton grazers and

subsequent cascading trophic effects, has been proposed by Butterfield (1997).

Second, the relevance of plankton innovations in the Mesozoic to wider ecosystem and



36

biogeochemical changes throughout that time is widely discussed (e.g., Knoll & Follows 2016;

Ward & Follows 2016). However, such shifts within the Phanerozoic are not indicated by our

model results. It is possible that such shifts throughout the Phanerozoic are relatively too small in

magnitude, compared to more dramatic changes spanning Earth history (e.g., the advent of

cyanobacteria around the early Proterozoic or the evolution of metazoans around the late

Proterozoic Cambrian), to be captured by our modeling framework. Also, importantly, our model

does not parameterize for the specific plankton functions that have been proposed to drive

Mesozoic transitions, including mixotrophy, silicification and calcification of plankton, and the

more efficient and larger aggregation of organic matter in fecal pellets.

Figure 2.4 provides an excellent illustration for the potential effects of tectonic change in

mediating size-based transitions in carbon export. To imagine export productivity throughout

time, we cannot constrain ourselves to just the patterns of one model world. Rather, continental

configuration has changed through time, and we might imagine jumping from one model world

to another as geologic time progresses. Thus the hypothesis described above, taking only one

world into account (low-to-high-to-slightly less high carbon export from the Archaean to the

Phanerozoic), does not represent a hard and fast rule. Shifts in tectonic settings can decrease—or

increase—the magnitude of export productivity changes from one time period to the next, or

even, in the most extreme scenarios, alter the directionality of such changes.

2.5 Conclusion

Though our model worlds are highly idealized, they reveal crucial pivot points wherein

the evolution of a plankton community’s size structure can affect significant changes in carbon

export and the strength of the biological pump, through mechanisms such as overall plankton
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size increase as well as phytoplankton biomass accumulation. Such changes showcase the ability

of biological and ecological interactions in the surface ocean to affect large-scale global

processes such as the carbon cycle and have implications for the overall arc of export

productivity, as well as perhaps primary productivity, throughout time.
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2.6 Figures

Figure 2.1: Possible correlation between (a) innovations in maximum plankton size and (b)
marine net primary productivity through time. Please see Section S2.1 of Appendix 2 for
additional short description. Green indicates “phytoplankton”; orange indicates “zooplankton”;
and pink indicates mixotrophic strategies (see Section 2.2.3 for a note on terminology). Plankton
size estimates were compiled from multiple sources; see Section S2.2 of Appendix 2 and
Supplementary Table 2.1 for detailed methods and references. See Supplementary Figure 2.1 for
detailed labels of different organismal groups corresponding to each box. Primary productivity
estimates copied directly from Planavsky et al. (2022). See additional note on productivity
estimates in Section S2.3 of Appendix 2. Color coding and labeling of time periods appears at
the very top; this color coding scheme is applied to plots of plankton community carbon export
in Figure 2.4.
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Figure 2.2: Simplified schematic of EcoGEnIE plankton parameterization within the
broader model cGEnIE and idealized model worlds. (a) shows the parameterization of
various plankton populations, defined by functional type and size, within the surface layer of the
model ocean. Internal trophic interactions, nutrient uptake, and POM/DOM output from the
plankton community exist but are not shown here; please see Ward et al. (2018) and Wilson et al.
(2018) for more detailed schematics of the EcoGEnIE model. (b) shows the continental
configuration of our three idealized model worlds, explained in depth in Section 2.1 of this paper.
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Figure 2.3: Global ocean mean particulate organic matter (POC) export (Pg C/year),
surface ocean mean PO4 concentration (μmol/kg), surface ocean mean Fe concentration
(nmol/kg), and global ocean mean O2 concentration (μmol/kg) for all 64 plankton
community configurations in the (a) ‘block’ world, (b) ‘equator’ world, and (c)  ‘polar’
world. Each individual grid cell represents a result from a particular model simulation, with the
x-coordinate denoting the size class of the largest phytoplankton (μm) and the y-coordinate
denoting the size class of the largest zooplankton (μm) for the simulation. Each simulated
plankton community includes the largest phytoplankton population (as indicated on the x-axis)
and all phytoplankton populations smaller than it, as well as the largest zooplankton population
(as indicated on the y-axis) and all zooplankton populations smaller than it. As an example, the
bottom right grid cell in each plot represents a plankton community with all 8 possible
phytoplankton size classes and the 1 smallest zooplankton size class.
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Figure 2.4: Mapping plankton size transitions through time (Figure 2.1a) onto modeled
patterns in carbon export (Figure 2.3, leftmost column) for the (a) ‘block’ world, (b)
‘equator’ world, and (c) ‘polar’ world. As indicated by the color coding of time periods at the
very top of Figure 2.1, blue represents a range of possible maximum plankton sizes for the
Archean, green represents a range of possible maximum plankton sizes for the early to
mid-Proterozoic, red represents a range of possible maximum plankton sizes for the late
Proterozoic, and pink represents a range of possible maximum plankton sizes for the
Phanerozoic.
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Appendix 1

S1.1 Additional model information and references

The mid-layer and base of layer depths of each of the 16 logarithmically-scaled depth

layer can be found at https://github.com/derpycode/muffindoc/blob/master/muffin.pdf, Figure 3.2

of Chapter 3. In the same document (Section 18.4 and 19.3.3), vertical/horizontal mixing is

recommended for extreme continental configurations that are highly idealized.

S1.2 Diagnostic properties of model worlds at default environmental conditions

Here we discuss baseline conditions found in our three idealized worlds—block world,

equator world, and polar world—at default environmental boundary conditions of 1x pCO2, 1x

pO2, and 1x sinking rate (these parameters are described in Section 1.2.2 of the main text). We

often reference details from the ‘modern’ world, which refers not to the real-life ocean but the

model representation of it in cGEnIE, after Crichton et al. (2020).

S1.2.1 Surface currents

The block world most closely resembles our modern ocean in terms of surface ocean

circulation, with clear subtropical and subpolar gyres (Figure 1.1c) and surface currents

extending a few hundred meters in depth (~400 m, Figure 1.1d). In contrast, the equator and

polar worlds feature distinct high-speed circumglobal currents (two in the equator world at

~60°N and ~60°S and one in the polar world at ~60°S) and surface currents that extend markedly

deeper (~1200 and ~800 m deep in the equator and polar worlds, respectively). The vertical

extent of surface currents in the block world is comparable to the depth of most surface currents

https://github.com/derpycode/muffindoc/blob/master/muffin.pdf
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in the modern world (~400 m), while surface currents in the equator and polar worlds show more

similarity to modern surface currents in the Southern Ocean where they can reach ~800 m or

even lower. Surface currents may extend more deeply in the idealized worlds due to more

aggressive mixing caused by a combination of a simplified applied wind field and

vertical/horizontal, rather than isopycnal/diapycnal, mixing.

The two idealized worlds with circumglobal currents have higher maximum surface

current speeds closer to that of the modern world (equator - 0.081 m/s, polar - 0.080 m/s, modern

- 0.086 m/s) than the block world, which features no circumglobal current (block - 0.070 m/s).

The equator and polar worlds also have higher mean surface current speeds (equator - 0.027 m/s;

polar - 0.031 m/s) than the block world, though ultimately all are roughly comparable to

similarly gridded data in the modern (block - 0.024 m/s; modern - 0.025 m/s).

S1.2.2 Deep ocean flow

Vertical cross-sections of global streamfunction in the model oceans show varying

patterns of deep ocean flow for all worlds (Figure 1.1d). In the block world, water subducts at

both poles and upwells near the equator, forming two distinct partitions of water that flow in

opposite directions beneath the surface currents. The position of the continent in the block world

ensures that northward and southward flows of deep water are relatively uninterrupted. In the

equator world, deep ocean flow is complicated by the presence of a continent between ~30°N

and ~30°S, with an open equatorial gateway that spans ~60°W to ~60°E. Perhaps due to the

continental configuration, surface currents at ~45°N as well as ~45°S extend more deeply as they

hit the continental shelf. The strong mixing that results from such currents may disrupt deep

ocean flows. In the equator world, water subducts in the south pole and upwells at the equator,
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but the flow is much weaker and less direct than that found in the block world. The northern

hemisphere ocean displays strong subduction at the north pole (more intense than that found at

the south pole) and similarly weak upwelling at the equator. Finally, deep ocean flow in the polar

world is limited by the placement of a continent covering a large section of the northern

hemisphere, extending from the north pole down to ~30°N or ~15°N depending on the depth at

which subsurface waters are interacting with the continental shelf. In the polar world there is one

prominent movement of water, subducting at the south pole and upwelling at the equator.

S1.2.3 Temperature and salinity

Mean global ocean temperatures for the block, equator, and polar worlds are within 2°C

of the mean global ocean temperature for the modern world (block - 1.9°C; polar - 2.9°C;

equator - 4.1°C; modern - 3.6°C). Latitudinal temperature gradients in the three idealized worlds

are comparable to those found in the modern, with slightly lower average temperatures at both

the poles and the equator. Temperatures range from -1.7°C at the equator to 25.2°C at the poles

(averaged longitudinally) in the block world, -1.9°C to 25.8°C in the equator world, -1.9cC to

26.3°C in the polar world, and -1.5°C to 27.2°C in the modern world. Overall, the block world

experiences the coldest temperatures and narrowest temperature range of all the idealized worlds,

while the equator world experiences the warmest temperatures and widest temperature range. In

all idealized worlds, the ocean is characterized by warmer surface waters centered at the equator

and near-freezing temperatures everywhere else (Supplementary Figure 1.2a). The vertical extent

of these warmer surface waters differs among all three worlds, much like the vertical extent of

the surface currents. In the block world, temperatures above ~10°C occur as deep as ~500 m,

while the equator and polar worlds feature elevated temperatures as deep as ~800 m.
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The block, equator, and polar worlds experience a narrower range of salinities than the

modern world. While maximum salinities are comparable (block - 35.3 PSU; equator - 35.6

PSU; polar - 35.4 PSU; modern - 35.5 PSU), the idealized worlds have higher minimum

salinities than the modern (block - 34.5 PSU; equator - 34.4 PSU; polar - 34.3 PSU; modern -

32.3 PSU). In all idealized worlds, highest salinities are found in low latitudes near the equator

and lowest salinities are found in high latitudes near the poles (Supplementary Figure 1.2). In the

block world, salinity gradients are roughly symmetrical between the northern and southern

hemispheres. Pools of saltier water exist between 60°N and 60°S of the equator, and they extend

down to ~800 m in the ocean. Meanwhile, pools of less salty water exist near both poles and

extend down to ~400 m in the ocean. These patterns are likely due to relatively even subduction

of polar water and upwelling near the equator in both hemispheres. In contrast, the ‘equator’ and

‘polar’ worlds show greater differences in the distribution of salinity between hemispheres. In

the equator world, fresher water at the poles extends more deeply and more southward in the

northern hemisphere, while saltier water near the equator extends more deeply and more

southward in the southern hemisphere. This disparity may reflect the equator world’s

asymmetrical deep ocean flow patterns (e.g., particularly strong subduction in the north pole). A

similar pattern is found in the polar world, where saltier waters are deeper and more extensive in

the southern hemisphere than the north. In contrast, however, fresh waters are restricted in the

northern hemisphere to just above the top two steps of the continental shelf.

S1.2.4 Nutrients and productivity

PO4 concentrations in the block, equator, and polar worlds are noticeably higher and more

wide-ranging than in the modern world (Supplementary Figure 1.2). In the block world, nutrients
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are most concentrated at the equator near the surface, reaching a maximum of 3.1 μmol/kg

(averaged latitudinally). In the equator world, nutrients are most concentrated in the subpolar

region of the northern hemisphere, close to the seafloor, reaching a maximum of 3.0 μmol/kg.

There are also substantial nutrients at the equator near the surface at concentrations of ~2.7

umol/kg. In the polar world, nutrients reach maximum concentrations of 3.4 μmol/kg. They are

concentrated at the equator near the surface, similar to the block world, but also extend

northward in subsurface waters and hit the continental shelf. The modern world does not feature

comparably high nutrient concentrations so close to the ocean surface. Similarly, productivity, in

the form of POC flux density, appears noticeably higher in the block, equator, and polar worlds

than in the modern world (Supplementary Figure 1.2). This may be due to stronger equatorial

and continental upwelling in the three idealized worlds than in the modern. Deeper mixing in the

idealized worlds may entrain nutrients and POC in the surface ocean rather than allowing them

to sink. Excess PO4 may also result from Fe limitation as productivity in the idealized worlds is

both PO4- and Fe-limited.

S1.2.5 Ocean oxygen and euxinia

The block, equator, and polar worlds experience much lower minimum O2 concentrations

than the modern world (block - 13.0 μmol/kg; equator - 2.1 μmol/kg; polar 0.0 μmol/kg; modern

- 85.0 μmol/kg), as well as higher maximum H2S concentrations (block - 15.4 μmol/kg; equator -

43.5 μmol/kg; polar - 78.2 μmol/kg; modern - 2.1 μmol/kg) (Supplementary Figure 1.2). The

three idealized worlds also feature well-developed and extensive oxygen minimum zones,

centered below and extending beyond the equatorial upwelling zone (Supplementary Figure 1.2).

The shape and depth of the oxygen minimum zones are reflective of other patterns in nutrient
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distribution and ocean circulation. Using a cutoff of <~100 μmol/kg (O2 values are averaged

across longitudes), the OMZ extends from ~20°S to ~20°N and is ~1100 m deep in the block

world. The OMZ extends from ~20°S to ~20°N and is ~1300 m deep in the equator world, and

extends from ~15°S and ~30°N and is ~1300 m deep in the polar world. Meanwhile, the OMZ in

the modern world only extends from ~10°S to ~10°S and is ~850 m deep. As in the modern

world, OMZs are concentrated along the continental shelf of each of the three idealized worlds;

however, the three idealized worlds differ in which parts of the shelf are impacted by the OMZ

(Supplementary Figure 1.3). For example, in the equator world, water with <15 umol/kg O2 is

found on the top three steps of the continental shelf, while in the polar world, such low-oxygen

water only directly interacts with the third step of the continental shelf. Euxinic zones are found

at the cores of these OMZs where oxygen is depleted. Overall, the three idealized worlds are

characterized by much greater anoxic and euxinic ocean conditions than the modern world, with

particularly strong OMZs and euxinic zones found in the equator and polar worlds.

S1.2.6 Sea ice

Each of the idealized worlds feature roughly 5 to 10% surface sea ice cover

(Supplementary Figure 1.4a). The most extensive sea ice cover is found in the equator world

(11.1% of surface grid cells contain some amount of sea ice), followed by the block world

(8.0%), and polar world (5.6%). The thickest sea ice is found in the block world, reaching up to 5

m thick, in comparison to maximums of ~4 m in other worlds (Supplementary Figure 1.4b). In

all idealized model worlds, except the equator world, sea ice cover reduces to 0% at 4x CO2

(1112 ppm). Sea ice cover is 0% for all idealized model worlds at 8x CO2 (2224 ppm).

Particulate organic carbon flux (POC) is negligible throughout the water column under sea ice,
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due to the model assumption of no productivity under the ice.

For ease of discussion of these 360 possible model configurations, we choose one

continental configuration and one combination of environmental factors as our default, or base,

simulations to examine in detail before introducing other simulations for comparison and

contrast. We treat the block world as our default continental configuration because its continental

shelf spans the full range of latitudes and features the widest diversity of potential habitat.

S1.3. Additional description of isolated and combined effects of continental configuration,

atmospheric pCO2, atmospheric pO2, and sinking rate on benthic shelf oxygenation

S1.3.1 Isolated effects of continental configuration on benthic shelf oxygenation

In default conditions, some parts of the benthic shelf experience low-O2 conditions (0 to

15 μmol O2/kg) in all three idealized worlds (Supplementary Figure 1.6a, e, i; identical to

Supplementary Figure 1.7a, g, m and Supplementary Figure 1.8a, f, k). In the block world,

low-O2 conditions occur in relatively low latitudes on the shallowest shelf steps on the eastern

and western sides of the continent (Supplementary Figure 1.6a), with a general tendency towards

more latitudinally extensive low-O2 conditions with increasing shelf depth. The block world also

displays notable differences in the depth and latitudinal extent of low-O2 conditions along eastern

and western continental bounds: in the west, low O2 conditions extend deeper, reaching the

fourth step, but are latitudinally more restricted than in the east. Unlike the block world, the

equator world does not feature any low-O2 conditions on the deepest step of the continental shelf

under default conditions (Supplementary Figure 1.6e). Low-O2 conditions in the equator world

are also distributed differently along the short (i.e., eastern and western) and long (i.e., northern

and southern) coasts of the continent. In the polar world, the first, second, and fourth steps of the
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continental shelf are relatively well-oxygenated, experiencing no low-O2 conditions

(Supplementary Figure 1.6i), though the entire length of the third step is characterized by low O2.

S1.3.2 Isolated effects of atmospheric pCO2 on benthic shelf oxygenation

Different steps of the continental shelf respond differently to changes in atmospheric

pCO2 in all model worlds. In the block world, doubling pCO2 tends to expand the extent of

low-O2 conditions on the shallowest two steps, while limiting (and, in some cases, eliminating)

low-O2 conditions on the deepest two steps of the shelf (Supplementary Figure 1.6b-d).

Variations along the eastern and western boundaries of the continent remain. Similar responses to

CO2 doubling occur in the equator world (Supplementary Figure 1.6f-h) and the polar world

(Supplementary Figure 1.6j-l), with the equator world experiencing additional slight variations

along all boundaries of the continent as well.

S1.3.3 Isolated effects of atmospheric pO2 on benthic shelf oxygenation

In all worlds, incremental decreases in atmospheric pO2 decidedly increase low-O2

conditions on the shelf (Supplementary Figure 1.7), though the exact steps affected and the levels

of atmospheric pO2 responsible for the greatest declines in shelf oxygenation vary (also indicated

by Supplementary Figure 1.3b). In the block world, all steps of the continental shelf experience

low-O2 conditions once atmospheric pO2 is decreased to 50% PAL (Supplementary Figure 1.7c).

In the equator world, low-O2 conditions begin to affect the entire continental shelf at 0.4x O2, or

40% PAL (Supplementary Figure 1.7l). In the polar world, the shallowest continental shelf step

is relatively unresponsive to decreases in atmospheric pO2 and does not experience low-O2

conditions even at 0.2x O2 (Supplementary Figure 1.7r). In contrast, the bottom two steps of the
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continental shelf in the polar world have low-O2 conditions at 0.75x O2 (Supplementary Figure

1.7n), and the lowest three steps at 0.5x O2 (Supplementary Figure 1.7o).

S1.3.4 Isolated effects of sinking rate on benthic shelf oxygenation

Generally, slower sinking rates serve to oxygenate the continental shelf in each idealized

world and decrease the amount of benthic shelf with low-O2 conditions (Supplementary Figure

1.8). However, there are exceptions to this trend, dependent on the specific continental

configuration and the steps of the continental shelf being considered. Overall, the block world

follows the trend, with greater oxygenation of all steps of the benthic shelf resulting from slower

sinking rates. The equator world, however, only shows reductions in low-O2 regions on the

deepest three steps of its continental shelf as sinking rate slows. The extent of low-O2 on the

equator world’s shallowest shelf step increases with lower sinking rates (Supplementary Figure

1.8i-j). Similarly, the shallowest two steps of the polar world become slightly less oxygenated as

sinking rate slows, while its deepest two steps become more oxygenated.

S1.3.5 Combined effects of tectonic and environmental factors on fraction of anoxic benthic shelf

area

Here we consider results from all 360 model experiments (Supplementary Figure 1.9,

showing same data presented in Figure 1.4 in a different format). At first glance we can see that

continental configuration places broad controls on how a world is affected by changing

atmospheric pO2 and sinking rate. In the block world, the range of anoxic benthic area

percentages ranges from ~10 to ~70%. In the equator world, the range is ~20 to ~100%. In the

polar world, the range is ~10 to ~100%.
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Next we can once again identify the importance of atmospheric pO2 in maintaining

potential oxic habitat availability even when other factors are changing. All worlds are most

stably oxygenated at 1.0x pO2 (100% PAL; benthic anoxia remains relatively limited (~0 to

~30% for the block world, ~20 to ~30% for the equator world, and ~0 to ~30% for the polar

world) even as all other environmental factors (atmospheric pCO2 and sinking rate) change.

Finally we can identify some important interacting effects among pO2 and sinking rate in

each world. In the block world, sinking rate influences the extent of anoxia on the benthic shelf

along with pO2, although the range of these responses is still ultimately limited by pO2 (e.g.,

percentages >70% can only be reached once pO2 has decreased to a certain point)

(Supplementary Figure 1.9a-d). In the equator world, sinking rate also interacts with pO2 to

influence benthic anoxia, but is dominated by pO2 as the main benthic anoxic control at lower

pO2 conditions (as evidenced by the vertical contour lines, Supplementary Figure 1.9e-h). The

same can be said for the polar world, which exhibits some responses to sinking rate at higher

pO2conditions but not lower ones (Supplementary Figure 1.9i-l).
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Supplementary Table 1.1

Global ocean
volume (km3)

Global ocean
surface area
(km2)

Global
average
ocean
temperature
(°C)

Global
average ocean
O2(μmol/kg)

Global average
ocean
PO4(μmol/kg)

Total
POC
export
(Pg C/yr)

‘block’
world

1,285,507,000 453,248,300 1.9 197 2.2 14

‘equator’
world

1,286,760,000 446,953,200 2.9 187 2.2 15

‘polar’
world

1,250,487,000 396,592,300 4.1 184 2.1 16

modern 1,302,484,000 367,477,400 3.6 175 2.2 8

Supplementary Table 1.1: Global summary statistics for each idealized continental
configuration at default environmental conditions (i.e., pre-industrial modern pCO2,
modern pO2, and modern sinking rate), with modern world for comparison. Global ocean
volume and global ocean surface area are listed to seven significant figures, global average ocean
temperature and global average ocean PO4 to two significant figures, and global average ocean
O2 and total POC export as whole numbers.
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Supplementary Figures 1.1 to 1.9

Supplementary Figure 1.1: Prescribed albedo profile and wind stress field for all idealized
model worlds. (a) Latitude on the x-axis and albedo on the y-axis. (b) The intermediate zonal
wind stress field as applied to a model world in the ‘block’ continental configuration with arrows
indicating direction and colors indicating magnitude. Vertical gridlines mark longitude in
increments of 15 E-W and horizontal gridlines mark latitude in increments of 15 N-S.
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Supplementary Figure 1.2: Temperature, salinity, O2, H2S, PO4, and POC flux for each
idealized continental configuration at default environmental conditions, with modern world
for comparison. Vertical slices (latitude on x-axis, depth on y-axis) of each world, with values
averaged across all longitudes, are shown.
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Supplementary Figure 1.3: Extent of OMZ relative to the four steps of the continental shelf
and seafloor for each idealized continental configuration at default environmental
conditions, with modern world for comparison. Dark colors (indigo to black) indicate areas of
low marine oxygen. Horizontal slices (longitude on x-axis, latitude on y-axis) of each world, at
the depths of each continental shelf step and the sea floor, are shown.
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Supplementary Figure 1.4: Sea ice coverage and sea ice thickness for each idealized
continental configuration at default environmental conditions, with modern world for
comparison. Vertical gridlines mark longitude in increments of 15 E-W and horizontal gridlines
mark latitude in increments of 15 N-S.
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Supplementary Figure 1.5: Sensitivity of results (as expressed in Figure 1.4) to threshold
for anoxic conditions. Alternative thresholds for anoxic conditions are taken from Sperling et al.
(2013).
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Supplementary Figure 1.6: The effect of CO2 on O2 concentrations on the benthic surface
(i.e., four shelves and seafloor) of each idealized world, with default atmospheric pO2 (1x,
100% PAL) and sinking rate (1x, 125 m/day). Dark colors (indigo to black) indicate areas of
low marine oxygen on the benthic surface. Longitude-latitude is shown, with values labeled on
each axis.
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Supplementary Figure 1.7: The effect of atmospheric pO2 on O2 concentrations on the
benthic surface (i.e., four shelves and seafloor) of each idealized world, with default
atmospheric pCO2 (1x, 278 ppm) and sinking rate (1x, 125 m/day). Dark colors (indigo to
black) indicate areas of low marine oxygen on the benthic surface. Longitude-latitude is shown,
with values labeled on each axis.
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Supplementary Figure 1.8: The effect of sinking rate on O2 concentrations on the benthic
surface (i.e., four shelves and seafloor) of each idealized world, with default atmospheric
pCO2 (1x, 278 ppm) and atmospheric pO2 (1x, 100% PAL). Dark colors (indigo to black)
indicate areas of low marine oxygen on the benthic surface. Longitude-latitude is shown, with
values labeled on each axis.
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Supplementary Figure 1.9: Fraction of anoxic area on the benthic continental shelf for all
tectonic and environmental configurations of each idealized world. Contour lines and their
corresponding colors indicate the % anoxic shelf found at each combination of continental
configuration, atmospheric pCO2, atmospheric pO2, and sinking rate. Sinking rate and pO2
settings are indicated on the y-axis and x-axis, respectively, of each plot. Each row shows a
different set of pCO2 settings. Each column is labeled with the continental configuration. Anoxia
is defined as oxygen concentrations below 5 μmol/kg.
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Appendix 2

S2.1 Possible correlation between plankton size and productivity

Links between plankton evolution, innovations, and extinction and the broad arc of

productivity through time is a focus of our future work. This section serves an additional note on

the information presented in Figure 2.1.

The size of plankton has not been constant through Earth history (Figure 2.1a; see also

Section S2.2 of Appendix 2 and Supplementary Figure 2.1), and changes in the maximum size of

planktic organisms may correlate with broad trends in productivity through time, though

estimates for productivity through time are relatively unconstrained (Figure 2.1b; see also

Section 2.3 of Appendix 2). For example, low productivity in the Archaean is accompanied by

minimal sizes in plankton. The Archaean featured small early prokaryotic planktic organisms,

typically under 60 μm, and even smaller early cyanobacteria, typically under 3 μm. Relatively

higher productivity in the Proterozoic is accompanied by a multitude of changes in the size of

plankton. Early eukaryotic planktic organisms appear, and cyanobacteria experience a size

increase of over one order of magnitude, to ~60 μm. The rise of acritarchs, commonly interpreted

to be phytoplankton, in the mid- to late Proterozoic represent another step change in plankton

sizes by an order of magnitude, reaching up to 600 μm. Finally, many innovations in plankton

accompany an increase in productivity at the Proterozoic-Phanerozoic transition, including the

rise of metazoans and “modern” plankton groups such as diatoms, dinoflagellates, and planktic

foraminifera, which represent yet another increase in sizes, up to 2000 μm or more.
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S2.2 Estimates of plankton size through time

S2.2.1 Scope and evidence

In their investigation of the origins, evolution, and diversification of zooplankton through

time, Rigby & Milsom (2000) describe two important properties of plankton: a pelagic position

and planktic habit. We follow similar guidelines in compiling hypotheses and evidence for the

origin and maximum size of planktic organisms, as shown in Figure 2.1a and Supplementary

Figure 2.1. Though distinguishing between pelagic and benthic existences for past life is highly

ambiguous and uncertain, we do our best to prioritize hypotheses and evidence of the pelagic (or

at the very least, non-benthic) origins and appearances of groups when possible.

We incorporate many lines of evidence, as may be evident in the large ranges of both

pelagic origin/appearance and maximum size class for each group. These include fossil evidence,

biomarker dates, phylogenetic reconstructions, and isotope evidence. Specific references—and

lines of reasoning—for the content shown in Figure 2.1a and Supplementary Figure 2.1 are

detailed in Supplementary Table 2.1.

Reviews of plankton and planktic ecosystems were particularly helpful, on the evolution

of phytoplankton (Katz et al. 2007; Knoll et al. 2007), zooplankton (Rigby & Milsom 2000), and

pelagic trophic structures (Lipps & Culver 2002) through time. Also helpful were reviews on

early life (Knoll et al. 2016), specific investigations into pelagic cyanobacteria

(Sánchez-Baracaldo 2015; Hurley et al. 2021), and eukaryote origins (Cohen & Kodner 2021;

Knoll 2014).
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S2.3 Estimates of productivity through time

S2.3.1 Productivity estimates through time

The arc of global primary productivity through time is a subject of great interest that is, at

the same time, difficult to constrain. However, multiple investigations from the past few decades

have contributed to our understanding of how production from the biosphere has changed

throughout Earth history.

Overall there is relative consensus on major shifts in productivity—spanning one or

multiple orders of magnitude—through time, and these are reflected in Figure 2.1b (Planavsky et

al. 2022). Here we first present studies that concern specific time periods or events throughout

history; we then compare these to overall estimates for productivity through time by Ward et al.

(2018) and Planavsky et al. (2022). For the Archaean and parts of the Proterozoic prior to the

Great Oxidation Event (GOE, ~2.4 to 2.0 Ga), productivity is estimated to be ~3 orders of

magnitude lower than present; error allows for productivity as high as ~1 order of magnitude

lower than present and almost ~4 orders of magnitude lower than present. Kharecha et al. (2005)

and Canfield et al. (2005) incorporate estimates of phosphorus limitations and burial efficiency

during the Archaean, and make calculations of productivity from anaerobic metabolisms, which

are expected to have dominated, at the very least, from ~3.8 to 3.0 Ga in the early and

mid-Archaean. The GOE consequently represents an abrupt increase in productivity, to within ~1

order of magnitude lower than present; this is supported by triple oxygen isotope evidence

presented by Hodgskiss et al. (2019). A shift to lower productivity following the GOE, around

~1 to ~2 orders of magnitude lower than present, is also reflected in Hodgskiss et al. (2019) and

Crockford et al. (2018) via triple oxygen isotope evidence. Such estimates of low productivity

last into the Neoproterozoic (Wei et al. 2021). A possible source of (relatively minor, i.e.,
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changes not spanning multiple orders of magnitude) productivity fluctuations in the Proterozoic

may be the snowball Earth glaciations (e.g., Wei et al. 2021; Kunzmann et al. 2013). Finally, the

Phanerozoic experiences productivity near modern levels, with relatively minor fluctuations

(compared to the other, previously described productivity shifts through Earth history) that

generally stay within ~1 order of magnitude of present levels (Wing 2013; Beerling 1999).

Phanerozoic fluctuations in productivity that have been proposed are generally linked to

perturbations in the biosphere or biogeochemical cycles; there is much literature surrounding

possible productivity changes around the Permian-Triassic mass extinction (e.g., Wang et al.

2021; Grasby et al. 2016; Shen et al. 2014; Meyer et al. 2011), the Cretaceous-Paleogene mass

extinction (e.g., Rosenberg et al. 2021; Hull & Norris 2011; Sepúlveda et al. 2009; Zachos et al.

1989), and the Paleocene-Eocene Thermal Maximum (e.g., Bridgestock et al. 2019; Winguth et

al. 2012; Torfstein et al. 2010; Stroll et al. 2007; Gibbs et al. 2006). Other fluctuations may relate

to animal radiations and widespread euxinia in the Cambrian (e.g., Dahl et al. 2019; Gill et al.

2011) as well as glacial-interglacial cycles (Bender et al. 1994; Paytan et al. 1996).

Ward et al. (2018) and Planavsky et al. (2022) provide estimates of primary productivity

throughout the whole of Earth history using different methods. What is notable about these

long-ranging estimates when comparing them to studies of specific time periods or featuring

empirical data (e.g., isotopes) tied to a specific moment in time is that all of them agree to some

extent. Agreement on the major step changes in productivity through time exists even with

uncertainties and errors in empirical approaches (e.g., with triple oxygen isotopes, Liu et al.

2021).
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S2.3.2 Export productivity and primary productivity

Productivity estimates through time utilize multiple measures of productivity, including

net primary productivity (e.g., Canfield et al. 2006; Kharecha et al. 2005; Wei et al. 2021;

Planavsky et al. 2022); gross primary productivity (e.g., Hodgskiss et al. 2019); and others such

as electron-equivalent net primary productivity (e.g., Ward et al. 2018) or gross biosphere

production (e,g., Wing 2013). While all these estimates reveal similar trends in productivity

through time (as discussed above), export productivity may not always develop in line with

primary productivity. Export and primary productivity can indeed be uncoupled through time

(e.g., Lopes et al. 2015). An interesting area of future study is how estimates of export

productivity through time (such as those implied by our model worlds, Figure 2.4) relate to

broader shifts in primary productivity through time.
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Supplementary Table 2.1

Group name Assigned range of appearance in
planktic ecosystems (Ma)

Assigned range of maximum size class
(μm)

Assigned trophic
function

Prokaryotes 3500 to 3200

Stromatolites, isotopic evidence, and
probable microfossils suggest the
possible presence of life as early as
~3500 Ma, and organic-walled
spheroidal microfossils from ~3200
Ma represent some of the best
candidates for definitive fossil
evidence of early life (Knoll et al.
2016). While much of the evidence of
early life is interpreted to come from
the benthic realm, Lipps & Culver
(2002) hypothesize that both benthic
and pelagic ecosystems were widely
distributed in Archean seas, with
prokaryotic trophic interactions in the
open ocean being simpler than
modern ones due to smaller plankton
sizes, minimal sources of organic
debris, and low diversity.

2 to 60

Prokaryotes are generally classified as
picoplankton, ranging from 0.2 to 2 μm
(Lipps & Culver 2002). A larger
maximum size of 60 μm is included here
due to the large sizes of the
organic-walled spheroidal microfossils
ca. ~3200 Ma (ranging from 31 to 298
μm, with a mode between 50 and 75 μm,
Javaux et al. 2010), as well as the 10 to
30 μm organic spheroids ca. ~3500,
earlier putative microfossils (Knoll et al.
2016). These relatively large microfossils
may represent extracellular sheaths,
envelopes, or other microstructures that
encased early prokaryotes (Javaux et al.
2010; Knoll et al. 2016).

Heterotroph; here
we reserve
“autotroph” for
organisms that fix
carbon via
oxygenic
photosynthesis
(see Section 2.2.3
of this paper for a
note on
terminology).

Cyanobacteria
(smaller)

2700 to 1100

The origin of cyanobacteria in the
pelagic realm is uncertain; however,
Hurley et al. (2021) provide evidence
for the presence of pelagic
cyanobacteria within the
mid-Proterozoic eon, ~1800 to 1000
Ma. Another study using paired
biomarker and nitrogen isotope
measurements identifies the presence
of pelagic cyanobacteria at ~1100 Ma
(refs., Hurley et al. 2021). The
absolute earliest possible estimates of
the origin of pelagic cyanobacteria
would overlap with the origin of
cyanobacteria, which is shown to
have occurred at ~2700 Ma by
molecular biomarkers (refs., Katz et
al. 2007) and ~2000 Ga by the oldest
unambiguous cyanobacterial
microfossils found in peritdal black
cherts (refs., Hurley et al. 2021).

2 to 3

The upper ranges of modern small
cyanobacteria (e.g., Prochlorococcus and
Synechococcus) fall around 1 to 2 μm
(Bertilsson et al. 2003). A phylogenetic
reconstruction posits that cyanobacteria
with cell diameters larger than 3 μm did
not emerge until after the Great
Oxidation Event, and that they emerged
later than smaller cyanobacteria
(Sánchez-Baracaldo 2015).

Autotroph

Cyanobacteria
(larger)

2000 to 1350

Modern large forms of cyanobacteria

15 to 60

Trichodesmium is a large cyanobacteria

Autotroph
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Group name Assigned range of appearance in
planktic ecosystems (Ma)

Assigned range of maximum size class
(μm)

Assigned trophic
function

such as Trichodesmium indicate a
potential range in sizes for
cyanobacteria throughout time.
According to a phylogenetic
reconstruction, larger cyanobacteria
above 3 μm did not emerge until after
the Great Oxidation Event
(Sánchez-Baracaldo 2015), ca. ~2400
to 2000 Ma (refs., Hurley et al.
2021). Additionally, an ancestor of
Trichodesmium is estimated to have
lived between ~1500 and 1350 Ma,
though it is possible this ancestor was
benthic (Sánchez-Baracaldo 2015).
We continue to follow Hurley et al.
(2021)’s finding of the presence of
pelagic cyanobacteria in the
mid-Proterozoic (ca. ~1800 to 1000
Ma) and allow for the possibility of
earlier origins as well.

found in modern oceans, with cell sizes
that can range up to 15 μm in diameter
and 50 μm in length (Capone et al. 1997).
Trichodesmium can form colonies that
are ~2 to 5 mm in length or diameter
(Capone et al. 1997), though we do not
include the upper size limits of these
colonies here.

Eukaryotes
(prior to plastid
acquisition)

2500 to 1200

Crown group eukaryotes could have
evolved between 2000 and 1000 Ma,
and total-group eukaryotes as early as
3000 Ma, according to molecular
clock analyses (refs., Cohen et al.
2021). Plastids were derived after the
origin of eukaryotes via an
endosymbiotic event with a
cyanobacteria (refs., Cohen et al.
2021); Bangiomorpha pubescens (ca.
~1200 to 1100 Ma) is interpreted as
part of the Archaeplastida supergroup
and supports molecular clock
analyses that place the acquisition of
plastids (and the last common
ancestor of extant eukaryotes) prior
to ~1200 Ma (Knoll 2014; Cohen et
al. 2021). Finally, though the origins
of benthic versus pelagic eukaryotes
are uncertain, we follow Lipps &
Culver (2002)’s idea that protists
likely appeared in pelagic trophic
structures beginning in the
Paleoproterozoic and
Mesoproterozoic (~2500 to 1000
Ma).

10 to 100

As fossil evidence for the origin of
eukaryotes is lacking (Cohen et al. 2021),
a conventional size range for a eukaryotic
cell is assigned. This is likely an
underestimate (e.g., acritarch fossils from
the Proterozoic exceed 100 μm);
however, the main purpose here is to
represent possible early heterotrophic
protists that may have appeared in
planktic ecosystems with the origin of
eukaryotes. Larger sizes within
eukaryotes are represented as part of the
acritarchs below, as their fossils provide
more specific constraints on possible
maximum size.

Heterotroph

Acritarchs
(larger)

1800 to 800 100 to 600 Autotroph, as
sphaeromorph
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Group name Assigned range of appearance in
planktic ecosystems (Ma)

Assigned range of maximum size class
(μm)

Assigned trophic
function

Cohen & Kodner (2021) note that the
“first fossils unequivocally identified
as total group eukaryotes are
acritarchs from ca. 1.7-1.5 Ga.”
There is evidence of acritarchs
(interpreted as being of red algae
lineage) as old as ~1800 Ma, though
more definitive evidence exists from
~1200 Ma. There is also evidence of
green algae from ~750 to ~800 Mya
rocks (Knoll et al. 2007; Knoll et al.
2014). Small spherimorph acritarchs
(~100 μm) are generally interpreted
as plankton due to their “modest size
…, wide paleoenviromental range,
random bedding-plane distribution,
and evident excystment structures”
(Butterfield 1997) though there is
some uncertainty and doubt regarding
larger acritarchs (see right column).

Though sizes can reach 600 μm or
higher, Butterfield (1997) cautions
against interpreting these as planktic, as
there is doubt as to whether or not they
could have feasibly stayed in the surface
ocean due to their large size and
extensive ornamentation.

leipsoparids and
acanthromorphic
acritarchs are
commonly
interpreted as
phytoplankton
(Butterfield 1997;
Katz et al. 2007),
though their
lineage is
uncertain.

Acritarchs
(smaller)

650 to 500

In the Neoproterozoic, a shift in the
maximum size of acritarchs occurred.
First, small sphaeromorphic
acritarchs (<~60 μm) existed from the
Paleoproterozoic into the Paleozoic
“without significant change”
(Butterfield 1997). Second, many
acritarch species were lost in an
extinction between 650 and 590 Ma
(Knoll 1994), and as they re-radiated
in the early Cambrian, they were
reduced in size (Knoll 1994). The
Cambrian acanthromorphs (notable
for their large sizes and
ornamentation prior to extinction)
that re-radiated and persisted
throughout the Paleozoic were
“fundamentally smaller (typically
<75 um diameter) and much more
widely distributed” (Butterfield
1997).

60 to 75

See left column.

Autotroph, as
sphaeromorph
leipsoparids and
acanthromorphic
acritarchs are
commonly
interpreted as
phytoplankton
(Butterfield 1997;
Katz et al. 2007),
though their
lineage is
uncertain.

Vase-shaped
and scale
microfossils

1000 to 750

The vase-shaped microfossils and
scale microfossils of the
Neoproterozoic have uncertain
lineage, but have been identified as
possibly autotrophic or heterotrophic

60 to 150

Cohen & Knoll (2012) estimate that the
full organisms represented by scale
microfossils (10 to 30 μm) could have
been 30 to 140 μm in diameter.
Vase-shaped fossils are typically <60 μm

Heterotroph, as
these are
sometimes
interpreted
(Butterfield 1997;
Knoll 2014;
Cohen & Kodner



71

Group name Assigned range of appearance in
planktic ecosystems (Ma)

Assigned range of maximum size class
(μm)

Assigned trophic
function

(Knoll et al. 2014; Cohen & Kodner
2021). Butterfield (1997) identifies
vase-shaped microfossils in particular
as possible candidates for early
microzooplankton.

(Knoll et al. 2014). 2021). They have
also been linked
to instances of
eukaryovory
(Knoll 2014;
Cohen & Kodner
2021).

Metazoans and
metazoan
larvae

780 to 485

New molecular clock dates from
Erwin (2015) place early metazoan
life at ~780 Ma. However it is
unclear when metazoans started to
inhibit pelagic environments and live
planktic lifestyles. Lipps & Culver
(2002) hypothesize that
microherbivores should have
appeared in pelagic trophic structures
sometime in the Neoproterozoic, and
Butterfield (1997) notes the
importance of microzooplankton
prior to and at the
Proterozoic-Phanerozoic transition.
Zhuralev (2015) argues for a late
inception of planktic and
planktotrophic larvae, either in the
middle or end-Cambrian. Thus our
most recent estimate for the
appearance of metazoan plankton is
485 Ma at the end-Cambrian. There
is fossil evidence of a possible
filter-feeding brachiopod that may
have been some of the first
mesozooplankton (Butterfield 1994)
and a non-benthic predatory
arthropod (Vannier et al. 2009) in the
lower and middle Cambrian but
again, a planktic life habit is either
uncertain (in the case of the former)
or unlikely (in the case of the latter).

>200

Metazoans and their larvae encompass a
range of sizes. Here we simply set a
lower limit and do not define an upper
limit. Lipps & Culver (2002) categorize
invertebrates and vertebrate larvae as
“microplankton,” ranging from 20 to 200
μm, so we take 200 μm as our lower
limit.

Heterotroph,
though not all
planktic larval
stages of metazoa
are necessarily
feeding.

Radiolarians 530 to 510

See Sheng et al. 2020 (and refs.) for
middle Cambrian fossil evidence of
radiolarians.

200 to 2000

Middle Cambrian radiolarians described
in Sheng et al. (2020) range from ~100 to
200 μm; modern radiolarians can reach
2000 μm or more
(www.ucmp.berkeley.edu/protista/radiola
ria/rads.html).

Mixotroph

Dinoflagellates 590 to 240 600 to 2000 Mixotroph

https://ucmp.berkeley.edu/protista/radiolaria/rads.html
https://ucmp.berkeley.edu/protista/radiolaria/rads.html
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Group name Assigned range of appearance in
planktic ecosystems (Ma)

Assigned range of maximum size class
(μm)

Assigned trophic
function

See Katz et al. 2007 and Hull 2017
(and refs.); earlier date comes from
biomarker evidence.

Taylor et al. (2008) describe
dinoflagellates up to ~600 μm; some can
also reach 2000 μm or more
(www.britannica.com/science/dinoflagell
ate).

Diatoms 550 to 150

See Finkel et al. (2007), Katz et al.
(2007), and Hull (2017, and refs.);
earlier date comes from biomarker
evidence.

200 to 2000

Diatoms typically range from 20 to 200
μm in size and can reach 2000 μm or
more
(www.ucl.ac.uk/GeolSci/micropal/diatom
.html).

Autotroph,
though a few
diatoms are
obligate
heterotrophs.

Calcareous
nanoplankton
(e.g.,
coccolitho-
phores)

250 to 220

See Katz et al. (2007) and Hull
(2017, and refs.); earlier date comes
from biomarker evidence.

30 to 75

Upper ranges in calcareous nanoplankton
size of 30 and 75 μm are given by
Rothwell (2004) and Jordan (2009)
respectively.

Autotroph

Planktic
foraminifera

200

See Hull 2017 (and refs.).

1000 to 2000

An upper range in planktic foraminifera
size of 1000 μm is given by Rothwell
(2004); additionally, some planktic
foraminifera can reach a couple
millimeters to centimeters in size.

Mixotroph

Supplementary Table 2.1: References and reasoning for plankton maximum size and origin
estimates through time.

http://www.britannica.com/science/dinoflagellate
http://www.britannica.com/science/dinoflagellate
http://www.ucl.ac.uk/GeolSci/micropal/diatom.htm
http://www.ucl.ac.uk/GeolSci/micropal/diatom.htm
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Supplementary Figures 2.1 to 2.2

Supplementary Figure 2.1: Contribution of new organismal groups to maximum plankton
size over time. Boxes bound the estimated range of origin (box width) and estimated maximum
size (box height) of each group. Green indicates “phytoplankton”; orange indicates
“zooplankton”; and pink indicates mixotrophic strategies (see Section 2.2.3 for a note on
terminology). The color shading in the bottom plot represents the full range of plankton size that
may have existed at each point in time, based on the estimated origins and maximum sizes of
each plankton group.
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Supplementary Figure 2.2: Release from zooplankton grazing drives phytoplankton bloom
and high carbon export. The top 3 plots show changes in the biomass of each phytoplankton
population as the largest zooplankton populations are eliminated. The bottom 2 plots show how
total C biomass and POC export vary as the largest zooplankton populations are eliminated.
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