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Abstract
Physical and biological factors have been proposed to account for the long-term development of marine biodiversity
through the Phanerozoic Eon. Nutrient availability and primary productivity have, however, received less attention. We
demonstrate that the diversi�cation of the major marine faunas during the Phanerozoic was coupled to nutrient
runoff from land and the diversi�cation of phosphorus-rich plankton. Nutrient input to the oceans increased
dramatically during the Meso-Cenozoic in response to widespread orogeny and peaked repeatedly following the
eruption and weathering of phosphorus-rich continental Large Igneous Provinces. Widespread orogeny, forestation,
and nutrient runoff during the Permo-Carboniferous was transitional to the Mesozoic and continued during the later
Mesozoic and Cenozoic eras with the further tectonism and the spread of angiosperms, modern representatives of
which tend to be more nutrient-rich. Early-to-middle Paleozoic diversity was, in contrast, limited by nutrient-poor
plankton resulting from less frequent tectonism and poorly-developed terrestrial �oras. Our results suggest that
biodiversity on geologic time scales is unbounded, provided su�cient nutrients and nutrient-rich plankton are
available on optimal timescales.

Introduction
Recent studies have produced relatively robust diversity patterns for the marine fossil record of the Phanerozoic Eon
(last 542 million years) based largely on the Paleobiology Database (PBDB)1-4.  This record con�rms three main
phases: the appearance and diversi�cation of a relatively primitive Cambrian Fauna, the initial diversi�cation of the
Paleozoic Fauna and its subsequent plateauing (albeit with signi�cant phases of diversi�cation), and the nearly
monotonic diversi�cation of the Modern Fauna beginning in the Meso-Cenozoic era (Fig. 1).  A broad range of
physical and biological factors, likely acting and interacting on different scales of geologic time, have been
hypothesized to explain the relative diversity of these three faunas, among them: sea level and habitat area
associated with the tectonic forcing of sea level, changing climate regimes, latitudinal temperature gradients,
biogeographic provinciality, oxygen levels, competition and predation, and biological disturbance6-9.   

Physical controls are also associated with orogeny and erosion, potentially implicating nutrient runoff, primary
productivity, and related “trophic resources” (food, energy) in marine biotic turnover and diversi�cation during the
Earth’s history10-14. Such relationships between nutrient availability, primary productivity, and biodiversity are evident
in the broad patterns of strontium isotopes and the fossil record of marine biodiversity during the Phanerozoic11-14.
The steep rise of the Modern fauna coincides with a similar, more-or-less monotonic rise of strontium isotope ratios
(87Sr/86Sr), re�ecting the widespread orogeny of this interval (Fig. 1).  Major increases in 87Sr/86Sr indicate
continental collisions of the Himalayan type: orogeny delivers the heavier 87Sr to the oceans in response to
continental weathering, as opposed to 86Sr associated with increased rates of sea�oor spreading and hydrothermal
weathering15-16.  Strontium isotope ratios (87Sr/86Sr) have therefore been employed as a general proxy for both
terrestrial runoff and associated nutrient input to the oceans11-17. This behavior is a�rmed by the 9‰ rise of 87Li in
planktonic foraminifera from the Paleocene to present, consistent with uplift and more rapid continental
denudation18. Trends for selenium, another indicator of oxidative weathering of continental rocks, tend to parallel
strontium isotope trends curves, but correlate more strongly with trace elements, some of which are necessary for the
photosynthetic machinery of phytoplankton, and also with phosphorus19-20. 

Volcanism, the associated injection of CO2 and its acceleration of the hydrologic cycle via warming and weathering
of volcanic rocks, as well as the input of volcanic ash have also been determined to be signi�cant sources of
nutrients on ecologic (natural and �eld experiments) and geologic scales of time21-28. The macronutrient phosphorus
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in particular is critical to the synthesis of cell membrane phospholipids, nucleic acids (DNA, RNA), and bone, and
trophic groups belonging to higher levels of the pelagic food web are reported to grow increasingly nutrient and
especially phosphorus-rich29. Phosphorus (as well as other nutrients such as silica) are initially largely derived from
land by post-orogenic weathering by CO2 of rocks of granitic composition and especially of ma�c-to-intermediate

volcanics and pyroclastics like those associated with Large Igneous Provinces (LIPs) and continental arcs30-33.
Basaltic igneous rocks are reported to weather 5–10 times faster than granitic or gneissic material while mantle
plume volcanism is estimated to contribute ~10% of the total outgassed CO2 �ux during LIP emplacement,

continental rifting from 20 to 70%, and volcanic arcs 10-30% to CO2 
30-34. However, phosphorus has an ecologically

long residence time in the oceans (~50,000 yrs) and has no atmospheric source, so its total oceanic inventory is
ultimately controlled by weathering, nutrient runoff, uptake into living and dead biomass, recycling, and authigenic
precipitation during early diagenesis of organic matter in sediment pore water. Total phosphorus inventory is thus
considered the ultimate limiting nutrient, setting the upper limit for marine primary productivity and the role of both in
biodiversi�cation on geologic time scales35-37.

Signi�cant correlations of the time series between biodiversi�cation, LIP emplacement and the weathering of
volcanic rocks, and geochemical indices should therefore occur, given that they likely interacted through
biogeochemical cycles linking the major Earth systems of land, ocean, atmosphere, and biosphere.  

Rationale And Results
We assessed the roles of phosphorus availability, primary productivity, and nutrient recycling on rates of nannofossil
and marine genera origination rates (GOR) for the Meso-Cenozoic (Fig. 2). Besides strontium, detailed records of two
other stable isotopes are also available for the Meso-Cenozoic: carbon (δ13C) and sulfur (δ34S).  Both carbon and
sulfur cycles control redox conditions at the Earth’s surface. Carbon isotope ratios (δ13C) increase with increasing
primary productivity but decrease with the decay of 12C-rich dead organic matter, whereas sulfur isotope ratios (δ34S)
reciprocate via the oxidation of dead organic matter by sulfate-reducing bacteria.  Previously-published oceanic
phosphorus accumulation rates (PAR) were used as a proxy for phosphorus availability38. 

Our analyses were conducted using uncorrected previously-published 11-myr binned data for stable isotopes and
GOR and 5-myr bins at the approximate mid-points of 11-myr bins in an attempt to achieve �ner temporal resolution
within the temporal constraints of the raw data.  Both 5- and 11-myr binned data for the Meso-Cenozoic yielded a
signi�cant Spearman’s correlation (p<0.05) between 87Sr/86Sr and GOR, corroborating nutrient runoff in GOR, as
previously reported for the entire Phanerozoic (Table 1)12.  Strong signi�cant correlations for both bin intervals were
also found between biogenic PAR and GOR, directly implicating the bioavailability of phosphorus and its transfer
along food chains in GOR.  Five-myr binned data further yielded signi�cant positive correlations which were found to
be insigni�cant to marginally insigni�cant (p<0.1) to insigni�cant for 11-myr binned data: biogenic PAR with both
total PAR and nannofossil diversi�cation; total PAR with GOR; nannofossil diversi�cation with GOR; and a signi�cant
negative correlation between δ13C and δ34S. Both 5- and 11-myr binned data yielded marginally insigni�cant
correlations between δ34S and nannofossil diversi�cation, while 5-myr binned data also detected weaker, marginally
insigni�cant positive correlations between δ13C and both nannofossil diversi�cation (p<0.085) and GOR (p<0.077). 
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Table 1. Comparison of Correlations of Uncorrected
Data*. 

       

          
CO2 87Sr/86Sr  Biogenic

PAR
Total
PAR

Nanno    
Divers δ13C  δ34S  GOR Sea Level  

          

 0.15795 0.6191 0.68079 0.053748 0.85201 0.2738 0.47378 0.18541  

          

-0.39868  0.33313 0.34889 0.7346 0.54963 0.23592 0.0062 0.76328  

          

-0.2143 0.39522  0.051711 0.089633 0.35987 0.75203 0.00724 0.12364  

          

          

0.12637 0.28295 0.71429  0.19441 0.66761 0.78895 0.067292 0.011225  

          

          

-0.52527 0.099671 0.64286 0.38462  0.39192 0.058637 0.0586 0.493  

          

          

0.054945 0.17498 0.38095 0.13187 0.24835  0.74794 0.2207 0.056154  

          

0.31429 0.33888 -0.1429 -0.08242 -0.51648 -0.09451  0.9465 0.44563  

          

-0.20879 0.69105 0.88095 0.52198 0.51648 0.34945 0.01978  0.20256  

          

0.37582 0.088596 0.59524 0.67582 0.2 0.52088 0.22198 0.36264   

                   

CO2 87Sr/86Sr  Biogenic
PAR

Total
PAR

Nanno    
Divers δ13C  δ34S  GOR Sea Level  

          

 0.092295 0.46446 0.53194 0.026636 0.5898 0.35741 0.10304 0.050857  

          
-0.31841  0.13407 0.46623 0.63687 0.6026 0.36151 0.004704 0.56479  

          
-0.19706 0.39118  0.002854 0.023537 0.3218 0.38036 8.82E-07 0.1919  
          
          
-0.12576 0.14639 0.69412  0.002661 0.77617 0.63872 0.000116 0.046842  
          
          
-0.41133 0.091503 0.56176 0.55495  0.084763 0.054651 0.000106 0.4535  

          

          
0.10443 0.10088 0.26471 0.057387 0.32562  0.025269 0.076607 0.035143  

          
0.17734 0.17585 -0.2353 0.094628 -0.36059 -0.41478  0.94742 0.6075  

          

-0.30887 0.51005 0.91176 0.67399 0.65764 0.33399 -0.01281  0.53119  

          

0.36601 -0.11148 0.34412 0.38584 0.14483 0.39261 -0.0995 0.12118   

                   

          
*Data not corrected with Bonferroni correction (see Methods). Upper half of each binning method
(above diagonally-arranged blank boxes): p (uncorrelated); lower half: ρ.
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Boldface blue: significant correlations (p<0.05); boldface black: marginal correlations discussed in
text. 

Sea level exhibited no to possibly a marginal direct impact on GOR with either 11 or 5-myr binned data, similar to
earlier �ndings for the 11-myr time scale (Table 1)12. Both binning methods, however, implicated sea level in total
PAR and carbon burial (δ13C) at signi�cant to marginally-insigni�cant levels.  Comparison of the sea level curve with
those of other indices (Fig. 2) indicates that the �ooding of shelves undoubtedly plays signi�cant roles in
biodiversi�cation on akin to Sloss sequences (ca. tens-of-millions of years or more) and tectonic cycles by
establishing the broad constraints of habitat availability on primary and secondary productivity (δ13C) and microbial
sulfate reduction (δ34S) via substrate, sediment accumulation rates, oxygenation, water depth, areal extent of the
photic zone, predation, and competition for light and nutrients7,8,42-46. 

Two sets of correlations were also conducted with the Bonferroni correction: one incorporating CO2 and sea level and
the other omitting them because of their lack of correlation with uncorrected data (Table 2). The Bonferroni correction
has been widely recommended in some disciplines when conducting multiple comparisons. The correction has also
been criticized; it is quite conservative and may erroneously reject null hypotheses or accept false ones and therefore
is not used by some workers, who instead advocate using only uncorrected data. Including all variables required a
Bonferroni correction of p to ~0.0014, resulted in no signi�cant correlations for 11-myr binned data and only a single
correlation between biogenic PAR and GOR for 5-myr binned data (ρ≈0.92; p<3.2E-05); total PAR and nannofossil
diversi�cation also fell short of correlation with GOR with 5-myr binned data with the correction set to 0.0014
(ρ≈0.67, p<0.0042 and ρ≈0.66, p<0.0038, respectively; not shown). Excluding CO2 and sea level yielded a somewhat
higher p value of 0.0024 but this too yielded no signi�cant correlations for 11-myr binned data; 5-myr corrected
(0.0024) binned data that omitted CO2 and sea level yielded signi�cant correlations between 87Sr/86Sr, biogenic and
total PAR, and nannofossil diversi�cation with GOR (Table 2). These correlations therefore appear robust, given the
previous results for uncorrected data (p<0.05; cf. Tables 1, 2).   They also suggest geologically rapid uptake of
nutrients into living and dead biomass.  

Cross-correlations of lagged indices against GOR weakened Spearman’s correlations of both uncorrected and
corrected data to insigni�cance, however, suggesting that the interactions of environmental forcings and the
responses of biodiversi�cation to them are occurring primarily on relatively geologically-short time scales ranging
from 0-11 myr and even more strongly within the range of 0-5 myr.
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Table 2. Comparison of correlations omitting CO2 and sea level using Bonferroni correction*. 
11-myr bin 87Sr/86Sr  Biogenic

PAR
Total
PAR

Nanno    
Divers δ13C  δ34S  GOR

        
87Sr/86Sr   1 1 1 1 1 0.13025
        
Biogenic PAR 0.39522  1 1 1 1 0.15208
        
Total PAR 0.28295 0.71429  1 1 1 1
        
Nanno  Divers 0.099671 0.64286 0.38462  1 1 1
        
δ13C  0.17498 0.38095 0.13187 0.24835  1 1
        
δ34S  0.33888 -0.1429 -0.0824 -0.5165 -0.0945  1
        
GOR 0.69105 0.88095 0.52198 0.51648 0.34945 0.01978  
5-myr bin                
               

87Sr/86Sr  Biogenic
PAR

Total
PAR

Nanno    
Divers δ13C  δ34S  GOR

        
87Sr/86Sr   1 1 1 1 1.00E+00 9.88E-02
        
Biogenic PAR 0.39118  0.059928 0.49428 1 1 1.85E-05
        
Total PAR 0.14639 0.69412  0.055883 1 1 0.002437
        
Nanno  Divers 0.091503 0.56176 0.55495  1 1 0.002225
        
δ13C  0.10088 0.26471 0.057387 0.32562  0.53065 1
        
δ34S  0.17585 -0.2353 0.094628 -0.36059 -0.4148  1
        
GOR 0.51005 0.91176 0.67399 0.65764 0.33399 -0.01281  
        
*Bonferroni correction set to p<0.0024 (see Methods). Upper half of each binning method (above
diagonally-arranged blank boxes): p (uncorrelated); lower half: ρ.                                               Dark
blue: significant correlations (p<0.0024).

Phytoplankton Stoichiometry Fueled Diversi�cation of the Modern Fauna

Our results indicate that the initial diversi�cation of the Modern Fauna is coupled to the appearance and
diversi�cation of new major planktonic taxa.  The dominant eukaryotic plankton of the Meso-Cenozoic have been
allied with so-called “red lineages” (coccolithophorids, dino�agellates diatoms) characterized by the accessory
pigment chlorophyll c and speci�c trace elements employed in their plastids and low carbon:phosphorus (C:P) ratios.
 Although their stoichiometry varies in response to natural conditions of temperature and nutrient availability, culture
studies of modern representatives have been determined to be relatively phosphorus-rich and carbon-poor, and
modeling of C:P occurring at the time of each major taxon’s appearance resembles that of their cultured modern
representatives, suggesting that the nutrient preferences and stoichiometric compositions of modern representatives
are evolutionarily conserved and re�ect ancestral conditions rather modern ones20,37.  Ecologic stoichiometric theory
predicts that increasing the phosphorus content of phytoplankton decreases the amount of energy that consumers
must expend to respire excess carbon to obtain inorganic macronutrients like phosphorus, potentially leaving excess
resources like energy to be devoted to metabolic activity, reproduction, and changes in life cycles that could
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potentially impact diversi�cation29. Calcareous plankton and the advent of deep-sea calcareous oozes linked
tectonism to atmospheric carbon concentrations and weathering rates. A higher recycling e�ciency between
subducted carbon and CO2 return �ux to the atmosphere via volcanism, as occurred during the Meso-Cenozoic in the
form of increasing deposition of calcareous oozes would have provided positive feedback on volcanism and CO2 �ux
to the atmosphere, enhancing weathering rates and nutrient input to the oceans, primary productivity, and calcareous
ooze production34,47,48. The apparent steep expansion of the Modern Fauna during the later Mesozoic and Cenozoic
eras was paralleled by the tremendous expansion of diatoms, which are especially phosphorus-rich (via luxury
storage), more so than calcareous nannoplankton14,20,49,50. The rain of phosphorus-rich dead organic matter likely
promoted phosphorus bio-limitation in the marine realm. These trends are accompanied by a similar rise of both
biogenic and total PAR; total PAR may also partly re�ect authigenic phosphorus precipitation during the last 15 myr
of the Neogene (Fig. 2)51.

Nutrient Cycling Critical to Biodiversi�cation

Nutrient cycling has nevertheless remained critical to continued marine diversi�cation and the biogeochemical cycles
of phosphorus during the PMeso-Cenozoic, as evidenced by increasing rates and depths of bioturbation during the
Phanerozoic, especially beginning in the Mesozoic and through the Cenozoic11-14,52-53. Strontium isotope ratios are
signi�cantly greater for the Meso-Cenozoic than for the Paleozoic (Mann-Whitney U, p<0.0001, one-tailed), as are
primary productivity and sulfate reduction, presumably in response to greater nutrient runoff (both Mann-Whitney U,
p<0.0268, one-tailed; data from12).  Rates of weathering are nevertheless geologically slow, limiting rates of nutrient
input to the oceans from land and while biogenic PAR peaked in association with initial LIP emplacement and peak
CO2 concentrations, they began to decline almost immediately during the succeeding ~30 myr, as weathering
inexorably slowed in response to CO2 drawdown (Fig. 2).  Rapid decay of dead organic matter and nutrient recycling
via sulfate reduction resulting from primary productivity and the secondary productivity of GOR is indicated by the
near mirror-image relation between δ34S and δ13C and their negative correlation (Fig. 2; Table 1). Negative
correlations between pCO2 and nannofossil diversi�cation and between nannofossil diversi�cation and δ34S for both
bin intervals further hint that higher pCO2 levels in the atmosphere and oceans (via volcanism and organic matter
decay) and elevated temperatures likely enhanced nannofossil dissolution, lowering calculated nannofossil
diversi�cation rates.

Angiosperm Leaf Decay Accelerated Nutrient Input to the Oceans

The overall diversity trend of Meso-Cenozoic marine biotas was paralleled by the evolution of terrestrial �oras54,55.
 Mesozoic terrestrial �oras were dominated by gymnosperms whereas angiosperms, which appeared no later than
the Cretaceous, underwent tremendous expansion and diversi�cation after the K-Pg boundary, supplanting
gymnosperms54,55. Angiosperm leaf litter, especially that of woody deciduous species, tends to be relatively nutrient
and phosphorus-rich and decay relatively rapidly as compared to that of gymnosperms, and herbaceous species
generally do not produce litter that decomposes faster than that of woody species56-58. Among the angiosperms,
grasses, which are silica-rich, became widespread during the last half of the Cenozoic in response to decreasing
moisture levels as a result of glaciation; diatoms increase their proportions of total phytoplankton biomass and
primary production whenever silica is not limiting49,50. Equilibrium mass balance models of silicate weathering by
volcanic outgassing of CO2 nevertheless indicate that increased burial of organic carbon and nutrients on land
decrease weathering rates while global soil shielding reduces chemical weathering �uxes by approximately 44%, both
potentially necessitating increased nutrient recycling on land32,59. Bedrock lithology (e.g., presence of ma�c
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volcanics), temperature, slope gradient, runoff and water-rock contact time also play important roles in weathering
rates, however31,32. In general, islands with high mountains, arc areas, or areas of active volcanism contribute
considerably above average to runoff, chemical weathering �uxes, phosphorus and dissolved silica runoff, as well as
nutrient-enriched submarine groundwater discharge (SGD)31,60. Tropical forested regions like those of Southeast
Asia, Indonesia, and nearby archipelagoes, with their high runoff, SGD, lush rainforests, and tremendous diversity but
greater shielding by nutrient-poor soils, for example, are reported as “hotspots” for chemical weathering and the
runoff of phosphorus, silica, and major cations, surpassing all other regions examined30,31,60. 

Paleozoic Faunas Were Nutrient-Limited 

Our results hold implications for the Paleozoic for which records are admittedly less detailed. In contrast to the Meso-
Cenozoic, the early-to-middle Paleozoic portion of the diversity curve was punctuated by widely-separated peaks
associated with peak strontium isotope ratios and orogeny (Fig. 1).   The eruption of continental LIPs is also thought
to have been less frequent during the Paleozoic5,34.  Although the accuracy of the LIP record before ~200 Ma is
limited by the much greater duration of time available for erosion, Paleozoic LIPs are still recognizable by such
features as dike swarms, and phosphorus-input has been implicated in Late Ordovician marine biotic
turnover22,28. The earlier Paleozoic was also characterized by terrestrial �oras consisting of relatively primitive,
rootless and shallow-rooting taxa; the litter of modern representatives of these taxa decays relatively slowly54-58.

These developments were paralleled by the plankton. Acritarchs were the dominant phytoplankton of the early-to-
middle Paleozoic according to the fossil record and represent the organic-walled fraction of the phytoplankton
preserved as cysts (resting stages resistant to inimical conditions).   Acritarchs have been allied with eukaryotic
“green” phytoplankton lineages, modern representatives of which are characterized by both the trace elements
incorporated into their plastids that differ from those of red lineages and by high C:P ratios (low phosphorus content,
carbon-rich) that would have limited biodiversi�cation according to ecologic stoichiometric theory20,29.  Acritarchs
may represent pre-dino�agellate lineages or perhaps even dino�agellates themselves based on biomarkers, whereas
modern dino�agellates appear to be intermediate between red and green lineages with regard to C:P ratios20,61.
Acritarchs largely disappeared from the fossil record during the widespread Permo-Carboniferous orogenies
associated with the formation of Pangea and the spread of deeper-rooting terrestrial �oras inland that is thought to
have encouraged an increase of weathering rates and nutrient runoff, as indicated by strontium and selenium
isotopes and phosphorus concentrations in shales, even as forests sequestered increasing amounts of carbon on
land and pumped oxygen into the atmosphere (Fig. 2)19,62,63. Molecular clocks and reports of enigmatic calcareous
microfossils suggest that calcareous plankton may have also been present early in the Paleozoic, but the extremely
sporadic nature of their fossil record suggests that their populations may have been severely nutrient-limited or
typically dissolved by a shallow CCD or ocean acidi�cation resulting from high atmospheric CO2 levels14,62,64. 

Is Marine Biodiversity Bounded or Unbounded?

Our results also hold implications for ecological and evolutionary theory in terms of bounded or unbounded
diversi�cation65,66. The Permo-Carboniferous appears transitional between the earlier Paleozoic and the Mesozoic in
terms of nutrient availability, primary productivity, and the diversi�cation of marine biotas by increasing the ability of
ecosystems to sustain higher but still optimal levels of diversity13,14,67,68. As compared to nutrient-enrichment
experiments in modern ecosystems and mass and minor extinctions, which initially lower diversity via eutrophication,
the geologically-slow nutrient inputs maintain the relative stability of trophic resources in su�cient quantity thought
critical to biodiversity and biodiversi�cation, as opposed to eutrophication associated with mass
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extinction12,13,22,28,69,70.  The exact pathways by which trophic resources are transmuted into biological diversity
remain poorly-understood but nutrient availability and productivity undoubtedly play signi�cant roles on different
time scales, possibly through such mechanisms as enhanced metabolism and increased predation, which would
have impacted biogeochemical cycles, enhanced resources available for reproduction and population increase and
dispersal leading to genetic isolation, and life cycle changes8,9,29,68.  Productivity, which would in�uence total PAR,
oxygenation, carbon burial and sulfate reduction, has been found to increase niche diversity more than the impact of
area alone on habitat diversity; this may result from: novel ecological opportunities arising more quickly with primary
productivity than with area alone while higher resource density may allow for increased specialization along a
resource axis while still maintaining minimum viable population sizes. Increases in area alone would therefore not be
expected to facilitate resource specialization as much as increases in resource density71.
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Materials. Data was compiled from a range of sources, which used various time scales and bins. See Supplementary
Table S1 and Supplementary Fig. S1 for their raw data with their originally assigned ages. 

      Data used by Cárdenas and Harries12 were initially binned to 5-myr intervals using Linear Interpolation, including
Genera Origination Rate (GOR) data of Alroy72 reported by him in approximately 11-myr bins.  All data were then re-
binned to 11-myr bins by Cardenas and Harries12, mirroring those used in the calculation of origination rates by
Alroy72, prior to undertaking their statistical analyses. Materials sources are indicated below.

1) Strontium isotope ratios (‰)12: Data originally from McArthur et al.73 and linearly interpolated by Cárdenas and
Harries12 in even 5-myr intervals recalibrated by them to the GTS2004 time scale74, and then re-binned to
approximate 5-myr intervals by Cárdenas and Harries12.

2) CO2 (ppm)41: Compiled from various sources and reported at various time intervals.  Ages updated to GTS2012

time scale75.

3) Average Phosphorus Accumulation Rates (PAR, mg cm2-ka1)38: Reported at 0.5 myr intervals beginning at 0.5 Ma
based on a global data base of Deep Sea Drilling Project (DSDP) and Ocean Drilling Project (ODP) cores. Ages were
attributed to each measurement using recent biostratigraphic distribution charts and the time table of Harland et al.76

by Föllmi38.

Two time series were examined by us: Biogenic and Total (Biogenic + “Detrital”).   Total PAR data extend back to
159.5 Ma (Jurassic, ca. late Oxfordian), Detrital to 102.5 Ma, and Biogenic to 100.5 Ma (Cretaceous, late Albian). The
total P dataset includes information on phosphate phases that were originally dissolved and bioavailable and those
that were detrital, i.e., derived from continental weathering without intermittent biological involvement. Föllmi
attempted to discriminate between these two phases by considering a subset of pelagic biogenic sediments38.
 Phosphorus phases in this data subset were considered by him to likely be mainly nondetrital and representing
reactive bioavailable phosphorus. The similarity of the total PAR and biogenic PAR curves (Fig. 2) indicates that
changes in total P �uxes were closely tracked by changes in biogenic PAR �uxes or, perhaps more generally
according to Föllmi, that changes in total continental weathering rates led to comparable changes in chemical
weathering as the main long-term source of dissolved bioavailable phosphorus, i.e., that changes in total continental
weathering rates led to comparable changes in chemical weathering rates as the main long-term source of dissolved
bioavailable phosphorus38.

4) Carbon isotope ratios (δ13C, ‰)12: Data originally from Veizer et al.77.   Data were treated by Cárdenas and
Harries as for Sr isotope ratios12. Enhanced productivity is re�ected as an increase in carbon isotope ratios, whereas
decreased productivity or the oxidation or input of dead organic matter are registered as lower ratios. 

5) Sulfur isotope ratios (δ34S, ‰)12: Data originally from Kampschulte and Strauss in 5-myr intervals78.  Data
treated by Cárdenas and Harries as above12.   Enhanced rates of bacterial sulfate reduction register as an increase in
sulfur isotope ratios (δ34S) while those of carbon (δ13C) decrease in response to the concomitant release of its lighter
isotope that results from the destruction of organic matter by sulfate-reducing bacteria.

6) Sea-level (meters)39: Used by Cárdenas and Harries and originally reported on various durations based on
GTS2004 time scale and re-binned by them12, 74. 
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7) Calcareous nannoplankton diversi�cation rates40: Available as graphs on 3-myr intervals and expressed as
percentage increase or decrease of Rate of Speciation (Rs) – Rate of Extinction (Re).  Data were originally plotted as

id-points of intervals calibrated according to Berggren et al. and Gradstein et al.79,80.  Peaks and valleys of Figure 3 in
Bown et al. were digitized by us, resulting in data points spaced ~3 myr apart40,81.

8) Genera Origination Rates12: Data originally from Alroy on approximate 11-myr intervals based on GTS2004 time
scale, then re-binned by Cárdenas and Harries to ~5-myr intervals, and re-binned by us to uniform 5-myr
intervals12,72,74. Alroy originally binned marine origination rates using the global compilation of the Paleobiology
Database into 48 intervals averaging 11 myr in duration and calibrated to the GTS2004 time scale72. 

9) Large Igneous Provinces (LIP, km2)34:  Data reported on 1-myr intervals and shown herein in Fig. 2.   These data
were not used in correlations because of numerous zero values (Fig. 2; Table 1). 

Statistical Analysis. We �rst conducted statistical analyses in Paleontological Analysis Statistical Software (PAST)
version 4.03 and rea�rmed the results in R82,83.  Linear Interpolation was used by us to re-bin all original data to 5-
myr intervals approximately midway between 11-myr bins intervals in an attempt to achieve greater temporal
resolution while remaining within the temporal constraints of the raw data. In several cases for data not taken from
Cárdenas and Harries12, we readjusted the youngest ages to exactly 17 Ma so as to obtain exactly uniform 11-myr
bins and from which we produced uniform 5-myr bins via linear interpolation.  Readjusted ages (see below for
original sources) are for: CO2 (originally 17.5 Ma), Phosphorus Accumulation Rate (PAR, total and biogenic; originally
17.5 Ma) and nannofossil diversi�cation rates (originally 17.788 Ma; Supplementary Tables S2-S3; Supplementary
Figs. S2, S3).

Data were then differenced to eliminate possible spurious correlations using the Evaluation Expression (u-d) of the
Transform Data option of PAST (i.e., the value of each interval was subtracted from the one succeeding it in time;
Supplementary Tables S4, S5; Supplementary Figs. S4, S5).  Due to the non-normal distributions of the original data
sets (Normality Tests option under PAST Univariate menu), we then correlated using Spearman’s coe�cient.  
Individual time series vary slightly in length; consequently, correlations were conducted only as far back in age as
comparisons with the PAR time series permitted: ~159 Ma (Supplementary Fig. S6) 38.

We correlated both 11- and 5-myr binned uncorrected data and the same data corrected with the Bonferroni
procedure.   The Bonferroni correction has been widely recommended when conducting multiple comparisons to cull
null hypotheses which should be rejected, but it has also been severely criticized, as it is extremely conservative. As
the number of variables used in comparisons increases, the required p value with the Bonferroni correction for the
rejection of the null hypothesis becomes increasingly small to the point that it may begin to produce false negatives
(Type I error: null hypothesis rejection) rather than omitting false positives (Type II error: null hypothesis
acceptance)84-86.  Some workers therefore advocate using only uncorrected data for this reason85-86.  The Bonferroni
correction is based on the equation p (corrected) = α/m, where α = desired uncorrected p at the outset (e.g., 0.05 in
our study) and m = number of comparisons (“hypotheses” to be tested).  In our study, requiring a normal p value of
0.05 and including all variables in comparisons with a Bonferroni correction required a p value of 0.0014 (0.05/36);
this resulted in no correlations for 11-myr binned data and only one signi�cant correlation, that between biogenic PAR
and GOR, for 5-myr binned data (ρ≈0.92; p<3.2E-05).  We previously established that CO2 and sea level did not
correlate with GOR using uncorrected data.  We therefore chose to eliminate these two variables to further test the
strength of correlations of biogeochemical indices with GOR and each other, and which had previously yielded
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signi�cant correlations with uncorrected 5-myr binned data (Table 1). Elimination of CO2 and sea level resulted in a
somewhat higher p value of 0.0024 (p = 0.05/21 comparisons) for the correlation of corrected data.
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Figure 1

Marine biodiversity and orogeny during the Phanerozoic Eon. Genus-level richness (redrawn)2,3 with strontium
isotope (87Sr/86Sr) curve (at 1 myr intervals)5. Major orogenic episodes for the Phanerozoic are indicated. CAMP =
Central Atlantic Magmatic Province. 

Figure 2

Physical, biogeochemical, and diversity indices for the Phanerozoic. a, Sea level39. b, δ13C12. c, δ34S12. d, Origination
rate12. e, Nannofossil diversi�cation rate40. f, Phosphorus accumulation rates (PAR)38. Solid line: total (biogenic +
detrital) rate. Dashed line: biogenic rate only. Solid lines indicate generally declines in PAR and CO2 following Large
Igneous Province (LIP) emplacement. Original PAR outlier value at 0.5 Ma removed for sake of scale (see
Supplementary Information). g, Carbon dioxide levels41. h, Area of continental Large Igneous Province (LIP)
emplacement34. i, Meso-Cenozoic genera biodiversity from Fig. 1 and strontium isotope ratios in approximate 5-myr
bins12.
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