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Stabilization of the coupled oxygen and
phosphorus cycles by the evolution of bioturbation
R. A. Boyle1,2*, T. W. Dahl1,3, A. W. Dale4, G. A. Shields-Zhou5, M. Zhu6, M. D. Brasier7, D. E. Canfield1
and T. M. Lenton2
Animal burrowing and sediment-mixing (bioturbation) began
during the run up to the Ediacaran/Cambrian boundary1–3 , initiating a transition4,5 between the stratified Precambrian6 and
more well-mixed Phanerozoic7 sedimentary records, against
the backdrop of a variable8,9 global oxygen reservoir probably
smaller in size than present10,11 . Phosphorus is the longterm12 limiting nutrient for oxygen production via burial
of organic carbon13 , and its retention (relative to carbon)
within organic matter in marine sediments is enhanced
by bioturbation14–18 . Here we explore the biogeochemical
implications of a bioturbation-induced organic phosphorus
sink in a simple model. We show that increased bioturbation
robustly triggers a net decrease in the size of the global
oxygen reservoir—the magnitude of which is contingent upon
the prescribed difference in carbon to phosphorus ratios
between bioturbated and laminated sediments. Bioturbation
also reduces steady-state marine phosphate levels, but this
effect is offset by the decline in iron-adsorbed phosphate
burial that results from a decrease in oxygen concentrations.
The introduction of oxygen-sensitive bioturbation to dynamical
model runs is sufficient to trigger a negative feedback loop: the
intensity of bioturbation is limited by the oxygen decrease it
initially causes. The onset of this feedback is consistent with
redox variations observed during the early Cambrian rise of
bioturbation, leading us to suggest that bioturbation helped to
regulate early oxygen and phosphorus cycles.
The first widely accepted trace fossil evidence for locomotion at
about 565 million years ago (Ma; ref. 1) is succeeded by very shallow,
three-dimensional burrowing from about 555 Ma (refs 2,3). This is
followed by an increase in the diversity of observable bioturbation
traces across the Ediacaran/Cambrian boundary19 ; from around
540 Ma burrows tend to appear in more inshore environments,
and become larger and more frequently open-ended19,20 . An
emerging view of this early Cambrian ‘substrate revolution’ suggests
largely unmixed sediments in some parts of the continental
shelf5 , during what was presumably a spatially heterogeneous
ocean sediment system, undergoing a transitional phase involving
progressive loss of sediment stratification. Nevertheless, it is clear
that by ∼530–525 Ma the intensity of bioturbation had increased
significantly3 . Between Cambrian Stages 1 (541 to ∼529 Ma) and
2 (∼529 to ∼521 Ma), maximum burrow depths rose to almost
modern levels of up to a metre, and the bioturbation index (a
measure of the percentage of primary bedding fabric disrupted by

bioturbation21 ) changed from 0.5 to 2.3 (ref. 3), a value around which
it remained around until Cambrian Stage 5.
The palaeoredox context in which this biological change
occurred is depicted in Fig. 1, which shows a compilation of U and
Mo concentration and Mo isotope data10 alongside the average and
maximum bioturbation index3,21 between 580 and 490 Ma. Between
approximately 520 and 510 Ma, after the initial increase in the
average bioturbation index, marine shale δ98 Mo, U and Mo content
points to declining oxygen, over a time interval of around 10–15
million years. We argue this is consistent with a decrease in the size
of the global oxygen reservoir immediately after the first appreciable
bioturbation. It is important to emphasize the need for caution in
any attempt at a quantitative reconstruction of the trajectory of the
global oxygen reservoir during this time interval, and that temporal
variability is implied by existing data. For example, some data from
∼499 Ma point to widespread euxinia11 , although, conversely, a
pulse of oxygenation has also been suggested 1–2 million years
later22 . Nevertheless the δ98 Mo proxy does specifically focus on
reservoir size changes10 , and does imply declining oxygen.
The earliest moving animals would, of course, have required
organic carbon for food, which today is predominantly buried in
continental shelf sediments23 . Within such sediments bioturbation
would have reduced stratification, and bioirrigation would have
increased the reactive surface area for chemical exchange with the
water column. The potential significance of the impact of these sorts
of changes on sediment composition is illustrated by the behaviour
of phosphorus. Marine shales derived from bioturbated sediments
exhibit organic C:P ratios as low as 150, whereas those derived from
laminated sediments can have C:P ratios of up to 3,900 (ref. 15),
with typical values in the region of 500–700 (refs 16,24). There
are three probable mechanisms14,15 responsible for these differences:
(1) microbial polyphosphate sequestration in well-mixed sediments
under oxygenated conditions14,18 , with subsequent accumulation of
refractory organic P compounds; (2) greater retention of phosphate
via adsorption on Fe oxyhydroxides14,15 in sediments exposed to
oxygenated waters by bioturbation (leading to subsequent P burial
in inorganic phases); (3) enhanced organic carbon preservation
in anoxic and/or euxinic conditions14 (that is, aside from any
change in P), due ultimately to the increased energy yield of
aerobic respiration.
These mechanisms are already represented in existing models
of the long-term coupling between the phosphorus and oxygen
cycles, but redox-linked changes in modelled C:P ratios of buried
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Figure 1 | Redox proxy data is consistent with decreased oxygenation of the marine environment following the early Cambrian increase in
bioturbation. a,b, Bioturbation data from ref. 3. Bioturbation index3,22 refers to the percentage of the original sediment fabric exhibiting disturbance
by bioturbation: 0 = 0%, 1 = 1–4%, 2 = 5–30%, 3 = 31–60%, 4 = 61–90%, 5 = 91–99%, 6 = 100%. c, Molybdenum isotope compositions
δ98 Mo = [(98 Mo/95 Mo)sample /(98 Mo/95 Mo)NIST−SRM3134 − 1] ·1,000 [h]. Seawater δ98 Mo scales positively with ocean oxygenation. The
maximum δ98 Mo value (rather than the mean) is the strongest indicator of the extent of ocean oxygenation, because mildly euxinic shales have a
lower δ98 Mo than ambient seawater. d–f, Mo/TOC (d), U/TOC (e) and sedimentary Mo and U contents (f). Both Mo and U are soluble in oxic waters
and more efficiently removed under anoxic and sulphidic conditions. Normalization to TOC scales out the dependence of trace metal enrichment on TOC
content. Anoxic settings identified by Fe:Al > 0.5, euxinic settings by Fe(highly reactive/total) > 0.38 and Fe(pyritized/highly reactive) > 0.7 (see Supplementary
Table 3 for further details and full references). Arrows mark intervals of the proposed relative oxygen decline.
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Figure 2 | Modelled steady-state oxygen/phosphorus reservoir sizes as a function of bioturbation. Steady-state size of the atmosphere/surface oxygen
(blue, left) and marine phosphorus (green, right) reservoirs for different bulk weathering forcings W = 0.5 (a), W = 1.0 (b), W = 1.5 (c) relative to the
present and with different values for the organic carbon to phosphorus ratio for bioturbated C:Pbiot and laminated C:Plam sediments (as indicated by the
different linestyles on each plot).
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Figure 3 | Examples of the dynamic model response to the introduction of oxygen-sensitive bioturbation. Model initialized at a steady state with
negligible bioturbation, fbiot = 0.01, then dynamic bioturbation fbiot = 1 − anox (where anox is the ocean anoxic fraction) is introduced 25 million years into
each 100-million-year simulation. For each model run the upper panel in the subfigure shows the marine reservoirs (relative to their modern values) and
relevant fluxes, while the lower panel in the subfigure shows the fluxes affecting the phosphorus reservoir (in absolute values of 1010 mol yr−1 ).
a–c, Moderate difference in prescribed C:P burial ratios C:Pbiot = 150, C:Plam = 300. d–f, Larger difference in prescribed C:P burial ratios
C:Pbiot = 200, C:Plam = 700. Columns show different bulk weathering values W = 0.5 (a,d), W = 1.0 (b,e), W = 1.5 (c,f). Abbreviations: PO4 , marine
phosphate reservoir; O2 , atmosphere/surface ocean oxygen reservoir; fbiot , bioturbated fraction of buried organic matter; newp, new production; anox,
ocean anoxic fraction; mocb, marine organic carbon burial; mopb, marine organic phosphorus burial; capb, calcium-bound phosphate burial; fepb, iron
adsorbed phosphate burial; phosw, phosphorus weathering.

organic matter are expressed as a function of the ocean anoxic
fraction, rather than bioturbation25,26 . In this work, we focus on
the timing of the onset of the sensitivity of organic phosphorus
burial to ocean oxygenation, making the case that this sensitivity
can be attributed to bioturbation. We hypothesize that increased
exposure of sediments to oxygen in overlying water, caused by
bioturbation and bioirrigation, initiated an organic phosphorus sink
through increased microbial polyphosphate sequestration18 (that is,
mechanism (1)) for the first time during the early Cambrian.
We adapted an existing model26 (Methods), describing the
coupled long-term dynamics of the marine phosphate and nitrate
reservoirs, and the oxygen content of the atmosphere (and surface
ocean). The model includes a weak inverse dependence of organic
carbon burial on water column O2 (ref. 13; mechanism (3)), as well
as the removal of phosphate with ferric iron (Fe3+ ) oxyhydroxides25 ,
which ceases under anoxic conditions (mechanism (2)). The burial
flux of marine organic phosphorus mopb is related to that of marine
organic carbon mocb through the bioturbated fraction fbiot of buried
organic matter, which dictates the apportioning between the low
burial ratio C:Pbiot of bioturbated sediments, and the higher value
of laminated sediments C:Plam :


1 − fbiot
fbiot
+
(1)
mopb = mocb ·
C:Pbiot C:Plam
Mathematically this is a very simple modification to existing
models, but conceptually speaking we suggest that bioturbation is
more important in determining sedimentary organic C:P burial
ratios than the oxygenation state of the overlying water per se.
For example, sediments intermittently oxygenated by bioturbation

exhibit C:P ratios closer to permanently oxygenated sediments
than to anoxic sediments17 , whereas even under an oxygenated
water column an undisturbed sediment will become anoxic
within approximately 2.5 cm of the sediment–water interface27 .
Furthermore, we suggest that even incompletely mixed sediments
would have undergone an increase in propensity to support
microbial P sequestration through increased bioirrigation.
Our central result is depicted by the steady-state solutions
shown in Fig. 2. Increasing the bioturbated fraction fbiot of
buried organic matter leads to a reduction in the size of
the global oxygen reservoir—across the range of potential C:P
burial ratios for bioturbated and laminated sediments, and across
various different bulk weathering rates. This is because increased
marine organic phosphorus burial results from increasing fbiot .
The feedback sequence giving rise to this result is illustrated in
Fig. 3, which shows example dynamical runs in which we ran
the model to steady state with negligible bioturbation (fbiot = 0.01),
before introducing oxygen sensitive bioturbation fbiot = 1 − anox
(where anox is the anoxic fraction of ocean waters (Methods)).
Bioturbation leads to increased marine organic phosphorus burial,
decreasing (phosphorus-limited) new production, marine organic
carbon burial, and oxygen. As oxygen drops and anoxia increases,
organic carbon burial increases due to reduced remineralization.
Increased anoxia also weakens the Fe-oxyhydroxide phosphate sink,
causing a secondary increase in phosphate (and, therefore, new
production and organic carbon burial). This compensating increase
in phosphate as anoxia rises explains why the impact of increased fbiot
on the phosphate reservoir is weaker than the impact on oxygen.
The differing response of the phosphate reservoir to that of
oxygen is also affected by how close the system is to anoxia before
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Figure 4 | Net change in steady-state oxygen and phosphate reservoirs due to the introduction of dynamical oxygen-sensitive bioturbation. The model
was allowed to reach steady state with negligible bioturbation, then dynamical bioturbation was introduced leading to a new steady state (that is, every
point in Fig. 4 corresponds to a dynamical run equivalent to Fig. 3). Pre-bioturbation reservoir sizes were subtracted from their respective post-bioturbation
values and the difference is expressed relative to the present-day reservoir size—that is, (O2(after) − O2(before) )/O20 and (PO4(after) − PO4(before) )/PO40 .
Results are shown as a function of bulk weathering rate (x-axis) with different C:P burial ratio parameter choices (as indicated by the linestyles in the
legend). a, Change in atmosphere–surface–ocean oxygen reservoir. b, Change in marine phosphate reservoir.

the introduction of bioturbation. With low weathering W = 0.5
relative to the present, the lower initial oxygen reservoir size
means that the bioturbation-induced phosphate sink more easily
increases anoxia, feeding back negatively on the Fe–P burial flux
early in the simulation, and leading to the (counter-intuitive) slight
net increase in deep-ocean phosphate concentration. At higher
weathering rates, the initial larger O2 reservoir means a greater
initial phosphate/oxygen decrease is necessary to induce anoxia,
and the overall impact on the phosphate reservoir at steady state is
a negative one.
The oxygen-sensitivity of bioturbation used in the dynamical
runs (Fig. 3) causes fbiot to decline asymptotically owing to the
drop in oxygen that it initially causes, and the resultant decrease
in the organic phosphate burial flux helps the system approach
a new, lower steady-state oxygen level (see also Supplementary
Fig. 1). This qualitative feedback sequence is robust to changes in
bulk weathering, the introduction of alternative formulations for
oxidative weathering and organic carbon burial (Supplementary
Figs 2 and 3), increased C:P ratio differences (Supplementary Fig. 4),
and expression of fbiot as a direct increasing function of the global
oxygen reservoir (Supplementary Fig. 5; as opposed to a decreasing
function of anoxia). The key point that we wish to emphasize here is
that the introduction of this feedback to the Earth system occurred
as a consequence of the spread of the first bioturbating animals.
Quantitative thresholds on the overall change in the global
oxygen and phosphate reservoirs potentially resulting from the
introduction of bioturbation were assessed by comparing preand post-bioturbation steady states across a range of simulations.
Figure 4 depicts the difference between the steady states with negligible bioturbation (fbiot = 0.01) and anoxia-sensitive bioturbation
(fbiot = 1 − anox), for various C:P ratio and weathering parameters.
The magnitude of the decline in the oxygen reservoir scales with
the difference in C:P ratios between bioturbated and laminated
sediments (also see Supplementary Fig. 4). The size of the change in
atmospheric oxygen also increases with the weathering flux of phosphorus (up to ∼70% of the present flux), above which anoxia (due
4

to high productivity, rather than low oxygen, see Methods) leads to
loss of Fe–P burial, limiting the potential change in phosphate that
can be induced by the bioturbation-driven organic P sink.
The nature and stability of the pre-bioturbation oxygen/
phosphorus steady state is an important outstanding uncertainty.
A steady state with negligible bioturbation and weaker phosphate
removal (that is, higher C:Plam within the pre-bioturbation
organic phosphorus burial flux mopb ≈ mocb/CPlam ) entails higher
oxygen, but must nevertheless remain consistent with data for
appreciable anoxia11 , implying that the organic phosphorus sink
cannot have been too weak, even before the onset of bioturbation
(this constraint is formalized analytically in the Supplementary
Methods). This implies one of the following three alternatives:
(1) atmospheric oxygen remained below present levels through
the latest Neoproterozoic (with inorganic P-burial changes
compensating for a high C:Plam , keeping oxygen low); (2) there
was sufficient organic P-scavenging even before bioturbation to
adequately reduce C:Plam such that it was toward the lower end
of modern observations; (3) widespread anoxic conditions ceased
with the Neoproterozoic oxygenation event (or at least were more
restricted than present), only recurring much later. Intriguingly, the
final possibility would imply weak to negligible regulation of the
oxygen reservoir (at least by ocean biogeochemistry) before the rise
of bioturbation.
Some form of qualitative reorganization of the global phosphorus
cycle is broadly consistent with phosphorite deposition across the
Precambrian/Cambrian boundary28 , perhaps linked to increased
anaerobic remineralization connected to a bioturbation-induced
oxygen decline (Supplementary Fig. 6). However, substantial phosphorite deposition occurs well before the onset of bioturbation28 ,
so bioturbation cannot provide a comprehensive explanation for
this phenomenon. A bioturbation-driven organic phosphorus sink
is also potentially consistent with the downward trajectory of C:P
ratios around 500 Ma (ref. 29), although more data is needed for the
earlier Cambrian to test this supposition. Most directly, the data we
present in Fig. 1 shows how, after the initial increase in bioturbation
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intensity during Cambrian Stage 2, trace element burial and isotopic
trends are consistent with a drop in ocean oxygenation and a relative
decrease in the size of the global oxygen reservoir.
Our results thus suggest that the earliest bioturbating animals
caused a relative decline in the size of the oxygen reservoir on
which they depended, initiating a net negative feedback loop
through the creation of an oxygen-sensitive phosphorus sink.
This strengthened the link between the oxygen and phosphorus
biogeochemical cycles, and contributed to oxygen regulation across
Phanerozoic time.

Methods
Redox-sensitive trace element data. Molybdenum is soluble as the molybdate
MoO4 2− anion in oxygenated conditions, which is removed slowly via adsorption
onto Mn oxides. In sulphidic solutions, molybdate reacts with H2 S to form
reactive oxythiomolybdates MoO4−x Sx 2− , which are reductively removed from
solution. Distinct isotopic fractionation and burial rates are associated with fully
oxygenated waters, low oxygen non-euxinic settings that become sulphidic at
depth and fully euxinic settings. All these sinks preferentially remove 95 Mo, but
the strongest fractionation is associated with oxic settings, so that increasing
seawater δ98 Mo indicates increasing ocean oxygenation. Because the δ98 Mo of
euxinic shales can be lower than that of seawater, the maximum δ98 Mo value in
shales (rather than the mean) is generally the most reliable indicator of the Mo
isotopic composition of the oceans in which they were deposited. This maximum
value is set by the fraction of ocean sediments that are fully oxygenated (because
these oxygenated settings impart the strongest fractionation). Because the
residence time of Mo (today ∼400 kyr) is much longer than the mixing time of
the Earth’s oceans (∼1.5 kyr), seawater is well-mixed and homogeneous with
respect to Mo. Similarly, uranium a has a soluble oxidized state (hexavalent
U(VI), stable in oxygenated water as uranyl tetracarbonate UO2 (CO3 )3 4− ) and an
immobile reduced state (tetravalent U(IV), readily sequestered into organic rich
shales in low oxygen conditions). Figure 1 shows the U concentration in shales,
relative to total organic carbon (which will positively correlate with ambient
seawater U concentration and, thus, ocean oxygenation). See, for example,
refs 10,30 for detailed considerations of ancient ocean oxygenation in relation
to Mo and U, respectively. We argue that the fact that a downward trajectory
in ocean oxygenation is implicit in two distinct trace elements lends weight
to the possibility of a net oxygen decrease in conjunction with the rise
of bioturbation.
Model. The ‘Redfield revisited’ model of ref. 26 (incorporating key phosphorus
cycle functions from ref. 25) describes the change over time in the size of the
global phosphorus PO4 nitrate NO3 and oxygen O2 reservoirs (see also feedback
diagram in Supplementary Fig. 7):

LETTERS
newp = newp0 · MIN (117PO4CONC , (117/16)NO3CONC ) in units of moles organic
carbon per kilogram seawater, scales stoichiometrically with limiting nutrient
concentration. Phosphorus also leaves the marine reservoir through calcium
bound phosphate burial capb = capb0 · (newp/newp0 )2 and marine organic
phosphorus burial mopb = mocb · (fbiot /C:Pbiot + (1 − fbiot )/C:Plam ). Nitrate
changes via nitrogen fixation

nfix = MAX

0, nfix 0 ·

!!

PO4CONC − NO3CONC
16
PO4CONC0 −


NO3CONC0
16

(when nitrate is deficient relative to Redfield stoichiometry with phosphate),
marine organic nitrogen burial monb = mocb/37.5 and denitrification
denif = denif 0 · (1 + (anox/anox 0 )), but is not directly relevant to the
results discussed in this paper, beyond supporting the assumption that
phosphorus is limiting over long timescales. Marine organic carbon burial
mocb = mocb0 · (newp/newp0 )2 · De−BO2CONC (with D = 2.127, B = 2,277 mol−1 kg)
adds to the oxygen reservoir and oxidative weathering oxidw = oxidw 0 W removes
from it.
This work differs from the original model by the use of equation (1) in the
main text and, for Figs 3 and 4, by putting fbiot = 1 − anox. The model was
numerically integrated in Matlab using a Runge–Kutta solver. For more detailed
model description, see Supplementary Methods. Analytic solutions show how
simultaneous non-zero steady-state oxygen and anoxia impose constraints on the
scaling factor used to relate marine organic carbon and phosphorus burial:
fepb

capb

capb

phosw 0 − kox ·W0 − fre min0

≤

oxidw 0

0
fbiot
1 − fbiot phosw 0 − fre min
+
<
C:Pbiot
C:Plam
oxidw 0

which can be rearranged to give maximum and minimum values for fbiot in terms
of the C:P burial ratios, or (for a pre-bioturbation ocean) constrain the strength
of the phosphorus sink in terms of C:Plam . We also find that the partial derivative
of steady-state normalized oxygen with respect to the bioturbated fraction is
always less than zero:
∂O2CONC
W 2 · mocb0
=−
p
∂fbiot
fepb0 fre min
3



1
1
−
C:Pbiot C:Plam



<0

supporting the basic result. Default flux values and a derivation of the analytic
results are given in the Supplementary Methods.
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dPO4
= phosw − fepb − capb − mopb
dt
dNO3
= nfix − monb − denif
dt
dO2
= mocb − oxidw
dt
Normalization and reservoir size/concentration scaling. The total size
(in moles) of the above three reservoirs is assumed to scale linearly with the
average concentration (in mol kg−1 seawater) in marine surface waters
ventilating the deep ocean, via scaling factors26 kN,P = 7.1 × 10−22 kg−1 and
kO = 8.96 × 10−24 kg−1 . Thus, concentrations in moles per kilogram seawater are
O2CONC = O2 · kO , NO3CONC = NO3 · kN,P and PO4CONC = PO4 · kN,P . Present day
average surface water concentrations used for normalization are
O2CONC0 = 331.5 × 10−6 mol kg−1 , NO3CONC0 = 30.9 × 10−6 mol kg−1 ,
PO4CONC0 = 2.2 × 10−6 mol kg−1 , in moles per kilogram of seawater. Where
normalized concentrations are used (denoted by an overscore) we therefore
have O2CONC = O2CONC /O2CONC0 , NO3CONC = NO3CONC /NO3CONC0 and
PO4CONC = PO4CONC /PO4CONC0 . When normalized, reservoir sizes are referred
to this is relative to present day values (in moles) of O20 = 3.7 × 1019 ,
NO30 = 4.35 × 1016 and PO40 = 3.1 × 1015 .
Fluxes. Default values for fluxes and parameters are given in Supplementary
Tables 1 and 2. W denotes the bulk weathering forcing relative to present. Fluxes
are in units of moles per year and the zero subscript denotes present day value.
Phosphorus is added to the ocean via phosphorus weathering phosw = W · phosw 0
and removed by iron-adsorbed phosphate burial fepb = fepb0 ((1 − anox)/kox ),
where the anoxic fraction is anox = MAX (0, 1 − kox · O2CONC (newp0 /newp)),
kox = 0.86 is the present day ocean’s oxic fraction and new production
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