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Abstract. We re-examine what controls the deep ocean N:P1 Introduction

ratio in the light of recent findings that the C:N:P stoichiom-

etry of phytoplankton varies with growth rate, nutrient and There is a well-known correspondence between the average
light limitation, species and phylum, and thap-fixation  proportions of N and P in marine organic matter — the “Red-
may be limited by Fe, temperature and/or light in large partsfield ratio” of N:P~16 — and the composition of the deep
of the world ocean. In particular, we assess whether a syspcean with N:P-15. Redfield (1934) suggested that an ex-
tematic change in phytoplankton stoichiometry can alter theplanation “. . . may be sought in the activities of those bacteria
deep ocean N:P ratio. To do this we adapt recent models tevhich form nitrogenous compounds or liberate nitrogen in
include non-Redfieldian stoichiometry of phytoplankton andthe course of the decomposition of organic matter” intuiting
restriction of N-fixers to a fraction of the surface ocean. We that“. . .in aworld populated by organisms of these two types
show that a systematic change in phytoplankton C:N:P canhe relative proportion of phosphate and nitrate must tend to
alter the concentrations of NCGand PQ in the deep ocean approach that characteristic of protoplasm in general...” In
but cannot greatly alter their ratio, unless it also alters thehis later work, Redfield (1958) proposed that: “When living
N:P threshold for M-fixation. This occurs if competitive dy- in an environment containing a deficiency of nitrate relative
namics set the N:P threshold fopHixation, in which case  to phosphate, the growth and assimilation of the nitrogen-
it remains close to the N:P requirement of non-fixers (ratherfixing organisms might tend continually to bring the propor-
than that of N-fixers) and consequently so does the deeptions of nitrogen and phosphorus nearer to that characteristic
ocean N:P ratio. Then, even if,Nixers are restricted to  of their own substance.” Subsequent workers (Broecker and
a fraction of the surface ocean, they reach higher densitiePeng, 1982; Tyrrell, 1999; Lenton and Watson, 2000) have
there, minimising variations in deep ocean N:P. Theoreticalexpressed the mechanism in terms of competition between
limits on the N:P requirements of phytoplankton suggest thaiN,-fixing organisms that are selected when N1 and non-
whilst the deep ocean has been well oxygenated (i.e. sincfixers that out-compete them when N:P6. This mecha-
the Neoproterozoic, with the possible exception of Oceanicnism assumes that under P-limiting conditionsfixers have
Anoxic Events), its N:P ratio is unlikely to have varied by a lower growth rate than non-fixers, because of the high en-
more than a factor of two in either direction. Within these ergy cost of N-fixation, whilst under sufficiently N-limiting
bounds, evolutionary changes in phytoplankton compositionconditions N-fixers out-compete non-fixers.

and increased phosphorus weathering due to the biological The canonical value of 16 for the N:P Redfield ratio rep-
colonisation of the land surface, are predicted to have driveltesents an average for today’s phytoplankton. It has long
long-term changes in ocean composition. been known that the Redfield ratios of phytoplankton vary
with growth rate (Goldman et al., 1979) and light regime
(Goldman, 1986). Nutrient replete phytoplankton cultures
(with consequently high growth rates) have a mean N:P of
10.1 across 34 studies, in contrast to marine particulate mat-
ter with a mean N:P of 16.4 across 27 studies (Geider and La
Roche, 2002). It was thought that N«B6 might represent
Correspondenceto: T. M. Lenton some kind of optimum for phytoplankton, but no theoretical
(t.lenton@uea.ac.uk) basis has yet been found for this (Klausmeier et al., 2004).
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Instead, a model predicts that the optimum composition ofthere is no qualitative change to Redfield’s mechanism and in
phytoplankton under exponential growth is 8.2, whilst un- the remainder of this article we take “denitrification” to also
der light limitation it is 35.8, nitrogen limitation 37.4, and include anammox.
phosphorus limitation 45.0 (Klausmeier et al., 2004). Fur- Our aims in this paper are to elucidate the controls on the
thermore, different phyla or super-families of differing an- deep ocean N:P ratio by adapting two existing, simple mod-
tiquity have different N:P, with older “greens” having higher els (Tyrrell, 1999; Lenton and Watson, 2000) and conducting
N:P than younger “reds” (Quigg et al., 2003). This raises thea series of “What if...?” thought experiments. Section 2 in-
question (Falkowski and Davis, 2004; Arrigo, 2005): Would troduces the models and Sect. 3 presents the results. First
a systematic shift in the Redfield ratios alter deep ocean comwe examine what controls deep ocean N:P by decoupling the
position? N:P ratio of phytoplankton from the N:P threshold that trig-
The question provokes a deeper one: What sets the deegers N-fixation, and varying each independently. Having
ocean N:P ratio? Some authors still make statements, whickstablished which exerts the greatest control on deep ocean
can be traced back to Redfield (1934), to the effect thaiN:P, we couple these ratios through the common assump-
the ratio of major nutrients N:P15 in the deep ocean di- tion that competitive dynamics set the N:P threshold fgr N
rectly reflects the average Redfield ratio (NE6) of sink-  fixation, and we maintain this assumption for the remainder
ing organic matter being remineralised in the water column.of the Results. We examine the relative influences of the N:P
However, the cycle of uptake in the surface ocean and remratios of non-fixers and of Nfixers on the deep ocean N:P
ineralisation at depth only redistributes jl@nd PQ, it ratio. Then we consider what happens if-fikers are lim-
cannot directly alter their absolute or relative amounts inited to a fraction of the surface ocean. The effects of changes
the ocean as a whole, which depend on net input to or rein the N:P ratio of the phytoplankton (and corresponding
moval from the ocean. The ocean mixing timelQ®yr) is changes in the N:P threshold ofNixation) on long-term
shorter than the residence time of BE-3x10%yr) (Codis-  steady state deep ocean N:P are estimated. Then the effect
poti, 1995; Lenton and Watson, 2000), which is in turn of variations in weathering rate are examined. Finally we
shorter than that of PD(~1.8x10%yr) (Ruttenberg, 1993; make an estimate of the combined effects of changes in N:P
Lenton and Watson, 2000). Hence mixing tends to homog-of the phytoplankton and changes in weathering. Section 4
enize the concentrations of both nutrients. Furthermore, weliscusses the findings and Sect. 5 concludes.
can consider a timescale over which P relatively con-
stant but N@ can vary due to imbalances of input (primarily
N2-fixation) and output (primarily denitrification) processes. 2 Methods
The essence of Redfield’s mechanism is thaffiXation re-
sponds to any deficit of N@relative to the N:P requirement Here we introduce the two models adapted for this study
of average phytoplankton (non-fixers), whilst denitrification (Fig. 1-2). For further explanation and justification of their
tends to continually remove NCand thus maintain a small  formulation, including the values chosen for various con-
N:P deficit and corresponding population of-fixers. stants, see Lenton and Watson (2000) (henceforth LW) and
Both Ny-fixation and denitrification processes need someTyrrell (1999) (henceforth TT). Those readers familiar with
elaboration in the light of recent discoveries. On the one or both models may skip the corresponding section(s).
input side, although béixation is sometimes P-limited Both are simple box models, LW is essentially a 1-box
and suppressed by N-addition, there is also evidence fomodel, TT is a 2-box model and we extend it to 3 boxes.
Fe-limitation (Berman-Frank et al., 2001; Mills et al., LW include N, P, C and @cycling and concentrate on the
2004), temperature-limitation (Breitbarth et al., 2007), light- feedback mechanisms in the system, but have no explicit bi-
limitation (Hood et al., 2004) and P and Fe co-limitation ological populations. TT includes N and P cycling and ex-
(Mills et al., 2004) of N-fixers. This raises the ques- plicit competition between Mfixers and non-fixers, but has
tion: Given that N-fixers may be limited to restricted ar- no C or G cycling hence the effects of changesin C:P or C:N
eas of the world ocean, can they still regulate deep oceanatios cannot be addressed. Table 1 lists the key parameters
N:P? It has recently been inferred that nitrogen inputs andvaried in this study and all other model constants.
losses in the ocean are spatially coupled (Deutsch et al.,
2007), which may alleviate the problem somewhat. On the2.1 LW model
output side, anaerobic ammonium oxidation (“anammox”;
NHZ+N02_—>N2+2HZO), in the ocean water column and Lenton and Watson (2000) model (Fig. 1) reservoirs of ni-
sediments, has been found to be responsible for significartrate (NG, actually available nitrogen) and phosphate PO
removal (up to 30-50%) of fixed nitrogen (Dalsgaard et al.,expressed as deep ocean concentrations, and a reservoir of
2003; Kuypers et al., 2003) and thus contributes to loweringatmospheric oxygen (£) expressed as the concentration in
deep ocean N:P. However, both processes occur under anaevater ventilating the deep ocean. Here we generalize the
obic conditions, and the nitrite (ND used in the anammox  original model (M1) of LW to allow independent variation of
reaction may be supplied by denitrification (of jJOHence  the C:N and C:P Redfield ratios of new production, denoted

Biogeosciences, 4, 353-367, 2007 www.hiogeosciences.net/4/353/2007/
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Table 1. Model parameters varied in this study and all remaining model constants.

355

Model Class Label Description Value

LW Parameters W Normalised weathering forcing 1
rC:N C:N Redfield ratio 117/16
rC:p C:P Redfield ratio 117
IN:P N:P Redfield ratio 16
rN:p.Fix  N:P threshold below which pfixation occurs 16

Constants  bc.n Organic C:N burial ratio 375

bc.p Organic C:P burial ratio 250
PO4(0) Initial deep ocean phosphate concentration [7%44%] kg‘1
NO3z@) Initial deep ocean nitrate concentration 30r80l kg1
O20) Initial oxygen concentration in ventilating water 3310l kg1
Co Initial carbon concentration due to new production in surface waters 226a0 kg1
kp Initial POy surplus in surface waters after N@moval 0.2687mmol kg_l
Ag Initial anoxic fraction 0.14
kq Initial oxic fraction 0.86
ko Initial organic carbon burial flux 3.76102mol C yr1
k3 Initial nitrogen fixation flux 8.7x102mol N yr—1
ka Half of initial denitrification flux 4.3<1012mol N yr-1
ks Initial bio-available phosphorus input flux %a00%mol P yr1
kg Initial iron-sorbed phosphorus burial flux 60%mol P yrl
k7 Initial calcium-bound phosphorus burial flux %501 9mol P yr1
kg Conversion factor from deep ocean reservoir size to concentration ~ x187£2kg~1
kg Conversion factor from atmospheric reservoir size to concentration ~ x8@&4kg~1

TT Parameters Ryr N:P Redfield ratio of M-fixers 16
Ro N:P Redfield ratio of other phytoplankton 16
fa Fraction of surface ocean wheredfixers can grow 1
/B Fraction of surface ocean where{flxers cannot grow 0

Constants Py Half-saturation constant for growth on RO 3x10~>mol P ni3

Ny Half-saturation constant for growth on NO 5x10~4mol N m™3
M;VF Maximum growth rate for M-fixers 87.6yrl
“/0 Maximum growth rate for other phytoplankton 91.25yr
M Mortality 73yr1
D Depth of the surface layer 500 m
DD Depth of the deep layer 3230m
K Mixing coefficient between the surface and the deep 3.0myr
R Fraction of total primary productivity regenerated in the surface layer 95%
DN Fraction of total N uptake that is converted tg Ma denitrification 1.5%
DR Fraction of total primary productivity regenerated in the deep layer 4.8%
RP River input of P 2.0x104mol P m 2 yr—1
RN River input of N 6.0x10~3mol N m—2 yr—1
AN Atmospheric input of N 7.5x10"3mol N m—2 yr—1

rc:.N andrc.p, and the N:P threshold below which Nixation
occurs, denoteg\.p Fix.

The limiting nutrient in water up-welled to the surface
ocean is assumed to be completely used up, generating a cor-
responding concentratiopnol kg~1) of carbon due to new  NOs/m:pFix below PQ:
production in the surface layer, denot€dere instead oV

G

C = min(rc.nNOg3, rc.pPOy)

(to avoid confusion with Tyrrell'sv): k3
FN-Fix = p

NO3
FN:P,Fix

)

www.biogeosciences.net/4/353/2007/
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No-fixation (N-Fix) is assumed to depend on the deficit of

)
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due to respiration of sinking new production:

02 Co
A=1—k——— 3)
Oz C
Atmosphere + “ _ The initial oxic fractionk;=0.86 and the initial anoxic frac-
\N\NN/ ) tion Ap=0.14 are derived from data for the present ocean.

The initial oxygen concentration for water ventilating the
deep ocean gy =331.5umolkg! is based on a tempera-
ture of 2C. The initial average carbon concentration due to
new production in surface watef=226.0umol kg1 is de-
rived from NGy and the present value ef.n.

Denitrification (De-N) comprises a fixed sedimentary flux

@ @ and a variable water column flux that depends on anoxia:
i)

Fpe-N = ka (1 +— 4)
Ao

Ocean

Nitrogen
Fixation

Production

whereks=4.3x 102 mol N yr1is the initial size of each flux.
The dependence of water column denitrification on anoxia
provides negative feedback on nitrate that tends to couple
nitrate to oxygen, e.g. increased Bl{dcreases new produc-
tion, anoxia, and denitrification, thus counteracting the initial
change.

A further minor sink of nitrate is organic nitrogen (Org-N)
burial, which occurs with the burial of organic carbon and a

rification

+
Org-N
Burial

Sediments C:N burial ratiobc.n=37.5:

. . - ko Cc\?
Fig. 1. Feedback diagram of the LW model where arrows indicate Forg-N = —— <_) (5)
causal relationships. Ovals indicate reservoirs, circles indicate de- ben \ Co

pendent variables, the diamond indicates a switch —new productiojyhere  the initial organic carbon burial  flux

is determined by either N§or PQ, — and the rectangle indicates k2=3.75x 102 mol CyFl hence organic nitrogen burial
the single input parameter, weathering. A solid arrow with a plusiS initially 0.1x 102 mol N yrfl. Organic nitrogen burial

sign indicates a direct relationship, e.g. increased nitrogen fixa- . " . .
o . ) e provides a small additional negative feedback on nitrate, e.g.
tion increases N@ A dashed arrow with a minus sign indicates

an inverse relationship, e.g. increasedid\f@creases nitrogen fixa- increased N@lr_lcrease_s _n_ew production and Org-N burial,
tion. In this example, a negative feedback loop is closed. All closedtnUS counteracting the initial change.
loops of arrows that can be traced around the diagram represent |he overall rate of change of nitrate is given by:
feedbacks. If there are an odd number of inverse relationships in 3INO3
loop it is a negative feedback, whereas those containing none or an— — = kg (Fn—Fix — Fpe-N — Forg-N) (6)
even number are positive feedbacks. !

where kg=7.1x1022kg~1 converts from reservoir size in

mol to average concentration. The overall balance of feed-

backs is such that nitrate tracks any variations in phosphate.
where F denotes a flux. All constants are retained in- Normalized weatheringW, represents the only external
cluding the initial N-fixation flux k3=8.7x 1022 mol N yr—1 forcing parameter for the model (i.8/=1 at present day).

and the initial average deep ocean nutrient concentrationéf_ve""tr_‘ering drives phosphorus input to the ocean (P-in), via
of POy(g)=2.2umol kg~! and NQy0)=30.9umol kg~t from ~ TVers:

World Ocean Atlas data. The derived consteptPQyo—  Fp_j, = ksW (7
NO3(0)/16=0.26873.:mol kg~! represents the average sur- 0 1 )
plus PQ remaining in surface waters after N®as been with initial flux k5=3.6x10*°mol Pyr-1. Phosphorus is re-
removed by new production. ANixation provides negative moved from the ocean via burial in sediments, which occurs
feedback on nitrate that tends to couple it to phosphate, e.dn three main forms:

increased N@suppresses Mfixation, counteracting the ini- _ Burial of pho(s)phorus inth iron oxides (Fe-P) is ini-
tially ks=0.6x10*°mol Pyr-! and is inversely dependent on

tial change. _
anoxia:
The anoxic fraction of the ocear) depends on the bal- 6
ance of oxygen supply via ocean mixing and oxygen demand Fe-P = k_l 1-4) 8)

Biogeosciences, 4, 353-367, 2007 www.bhiogeosciences.net/4/353/2007/
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Nitrogen Phosphorus
N-fixation River input and atmospheric input River input
\ A /\RN + AN B A /\RP B
K \ K \ take
Denitrification Others Others
DN o o
\.SR.»

N N B> N e N s
15) K) I}E) Mixing K)

L_DR y, Remineralization L_DR y, Remineralization

v v
Burial in sediments Burial in sediments

Fig. 2. Schematics of the nitrogen and phosphorus cycles in the extended TT model, where arrows indicate fluxes. The model has two surface
ocean boxes4, B) and a deep ocean boRJ. Within box A there are populations of nitrogen fixers and other phytoplankton. WithirBbox

there are only other phytoplankton. Where possible, fluxes are labelled and model variables and constants are indicated in italigs) Mixing (
occurs between each surface box and the deep box but not between the two surface boxes. N enters the surface boxesRigirariners (
atmospheric depositiom(V). P enters from riversk P). Biological uptake of nutrient is indicated by an arrow from within a surface box

to a population. N is also fixed from outside the system directly into théixers. Mortality is represented by lines leaving the populations,
forming sinking fluxes of nutrients. For both nutrients, a fracti8R) of the sinking flux is remineralised in the surface layer and a fraction

(SD) in the deep box. For N, a fractioD(NV) is also lost by denitrification. The remaining sinking fluxes of nutrients leave the system as
burial in sediments.

This provides a positive feedback on phosphate, e.g. inThis provides further negative feedback on phosphate.

creased P@tends to increase N§) new production and The overall rate of change of phosphate is given by:
anoxia, decreasing Fe-P burial and tending to further increase

dPQy
POy. ke kg (Fp—in — Fre—p — Forg-p — Fcap) (11)

Organic phosphorus (Org-P) burial is initially
1.5x10molPyr! and occurs with the burial of or- The overall feedback is negative tending to buffer variations

ganic carbon in a C:P burial ratig.p=250: in phosphate, e.g. those driven by changes in weathering.
) This is because feedbacks on Org-P and Ca-P are both neg-
Forgp = k2 <£> (9) ative, they comprise<83% of the present P burial flux, and
bcp \ Co the functional dependence of their burial on productivity is

dguadratic (i.e. non-linear). In contrast, the positive feedback
on Fe-P burial comprises17% of P burial and has a simple
inverse dependence on productivity.

Organic carbon (Org-C) burial provides the net source of
atmospheric oxygen and depends quadratically on new pro-
duction:

The dependence on new production provides negative fee
back on phosphate, e.g. increased,BDds to increase N§)
new production and Org-P burial, thus counteracting the ini-
tial change.

Calcium-bound (Ca-P) phosphorus burial is also initially
k7=1.5x10%mol Pyr1 and is largely authigenic (it forms
in sediments). The phosphorus buried as Ca-P is supplied via Cc\?
new production hence it has the same functional dependenc@org—C = k2 <_)

C (12)
0
on new production as Org-P burial:

Although Org-C burial has no direct dependence on oxy-
C\? gen, the dependence of Fe-P burial on anoxia provides a
Fea-p = ks C_o (10) negative feedback on atmospheric oxygen, e.g. increased O

www.biogeosciences.net/4/353/2007/ Biogeosciences, 4, 353-367, 2007
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1
decreases anoxia, increasing Fe-P burial, decreasing PO CoW?2
NO3 = I'n:p,Fix rop

tending to decrease new production and Org-C burial, thus
counteracting the initial change.
Oxidative weathering (Ox-W) provides the net sink of at- LW took rc.n=117/16=7.3125 andc.,p=117 from nutri-

— kp (4.025— 3.025vv)) (23)

mospheric oxygen and is forced by W: ent data analysis (Anderson and Sarmiento, 1994) and as-
sumedrn.p.Fix=rc.p/rc:n=16, hence N@was always limit-
Fox-w = koW (13)  ing. This corresponds to a steady states®D2mol kg~

- —1 .P— ;
All reduced material that is exposed is assumed to be oxi—zgnld vltl/Qb_gor.vgltimr?l kg™, i.e. deep ocean N:P=14.0 (a little
dized, thus making oxygen consumption independent of oxy- elow observations).

gen level. o 2.2 Extended TT model

The overall rate of change of oxygen is given by:
4Oy Tyrrell (1999) models nitrate and phosphate in two boxes, the
ke kg (FOrg,C - FoX,W) (14) surface and deep ocean, and includes explicit competition

between N-fixing and non-fixing organisms in the surface

wherekq=8.96x10-24kg~1 converts from atmospheric oxy- ocean. Here we extended the TT model (Fig. 2) in two ways:
gen reservoir size in mol to concentration dissolved in sur-First, nitrogen-fixers and other phytoplankton are given dif-
face waters ventilating the deep ocean. Atmospheric oxygeiierent N:P stoichiometryRy r and Ro respectively). Sec-
has a much longer response time to perturbatiest0( yr) ond, the surface layer of the ocean is split into two boxes, a
than either of the nutrient reservoirs. Hence the steady statéFaction where nitrogen-fixers can grow4) and a fraction
response to variations iW is achieved over a much longer where they cannotfz=1—f4), due to limitation by e.g. iron,
timescale than the steady state response to variatioggin  temperature or light. These two boxes are not directly cou-
rc:p OF rN:p.Fix, hone of which affect @ pled, but both exchange nutrients and dead biomass with the

The system was solved analytically for steady state follow-deep layer. The subscripts B and D refer to the two sur-
ing the method in the Appendix of LW but for an unknown face boxes and the deep box, respectiviiiy.is the standing
limiting nutrient, yielding: stock of No-fixers andO that of other phytoplankton? and
N are the concentrations of R@nd NG, respectively. All

< — W3 (15) other symbols and parameter values are as in Tyrrell (1999).
Co The dynamics of each population is determined by a bal-
o ance of nutrient uptake and mortality, described by:
2 _ w3 (16)
Oz(0) ANFa _ o PA  NF - M xNF 24
di T NE Xy gy X NEA T MOXNEa - (24)

A=1—kgW (17)

NO 404 _ 1 mi Pa Na _
PO, = - | kp(4.025— 3.025W) 18) a4 Mo m'”(pA Pn Nt Ng) <04 Mx 04 (25)

N:P,Fix

Pp Np
Pgp+ Py’ Np+ Ny

Steady state for ©is lost whenA— 0, which from Eq. (17) 40z
gives an upper limit oriWw=1.163 (above this, Qincreases dt

monotonically). From Egs. (1) and (15): where net primary production of nitrogen fixers is limited

=;/0xmin< )XOBfMXOB (26)

. 1 only by P, following Michaelis-Menten kinetics with a half-
min (re:nNOs, fe:pPOy) = CoW'2 (19 saturation constant?y=3x10°>mol P m3 and maximum
which determines the value of the limiting nutrient and the 9OWth rate,_u},F:87.6yr1._ Other phytoplankton can be
other nutrient is found from Eq. (18). When N@ limiting: limited by eitherN or P, with half-saturation gonstant fpr

growth onN of Ny=5x10"*mol N m~2, and a higher maxi-
CoW? mum growth rate of./,=91.25 yr*. Mortality for both types
NO3 = ron (20)  of plankton,M=73yr 1.
' No-fixers are given a lower maximum growth rate én
COW% because of the energy demands offixation. Thus ifP is
POy = —— +kp(4.025- 3.025W) (21)  limiting they are out-competed, but this removes a source of
FC:NN:P,Fix N to the system, any drops until the system settles into an
When PQ is limiting: N-limited state. In that state, there is negative feedback on
changes iV — shouldN increase, M-fixers will tend to be
CoW% out-competed by other plankton, conversely, shauldrop,
POy = rep (22) N»-fixers tend to make up a larger fraction of the population.

Biogeosciences, 4, 353-367, 2007 www.hiogeosciences.net/4/353/2007/
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The model schematic (Fig. 2) illustrates the key fluxeswhereDD=3230m is the depth of the deep layer.
of both nutrients. N and P are removed from the surface  Denitrification and N burial remove a constant fraction
boxes by biological uptake, but for both nutrienf®®=95%  of the N taken up in net primary production from the sys-
of total primary productivity is regenerated in the surface tem, providing a linear negative feedback on changes.in
layer. Atmospheric B exchanges with seawater where it P burial provides an equivalent linear negative feedback on
is fixed directly into N-fixers, and enters boXd as avail- changes inP.
able N via their mortality and remineralisationN is re- Setting f4=1 and Ryr=Rp=16 (=Rorg) recovers the
moved from the system by denitrification, wilbN=1.5%  original TT model. These equations were solved numerically
of total N uptake converted to N\via denitrification, 75%  with a Fortran program and using Mathematica software.
of this in the surface layer. Mixing of wateKE3.0 myr1)
with the deep box provides a net input of nutrients to each2-3 Application of the models

surface box. N also enters the surface boxes from riversW h gels | | tashi In th
(RN=6.Ox1Cf3 moINm*Zyrfl) and atmospheric deposi- e use the two models in a complementary fashion. In the

tion (AN=7.5x 103 mol N m-2yr—1), whilst P enters only LW model, the distin(.:tion between the N:P ratio o_f the phy-
from rivers RP=2.0x 10~% mol P nT2yr—1). All these fluxes toplankton and the N:P threshold that triggetsfiXation al-

determine the rate of change of nutrient concentrations in théOWS us to first mdependent_ly examine their mfluepces on
surface ocean boxes, described by: deep ocean N:P. These ratios are then equated in the LW

model for the remainder of the Results. This assumes that

d‘% = —Uyp X pAi—A&, X %5}‘ competitive dynamics set the N:P threshold forfikation,
—u,, x min Py _Na ) « 94 which is implicit in the TT model. Under this assump-
M SR nre A/]IVAH;I;% 00 (27)  tion, we use both models to examine the effect of changes
+KX>(<P 7PX) Wﬁ: X DR X Ro in phytoplankton N:P on deep ocean N:P. We use the ex-
+==552 + 35 tended TT model to further examine the relative impact of
AN _ i (P N <0 mdependently varying the N:I_3 r_atlos _ofzmxers and non-

a — Mo Pa+Py’ Na+Ng A fixers, and the effect of restrictingNixers to a progres-
+M x (SR —0.75x DN) x NFy4 (28) sively smaller fraction of the surface ocean. Then we use
+M x (SR —0.75x DN) x Oy the LW model to examine the effects of changes in C:P and
pExthp Na) g RN AN C:N as well as N:P ratios of the phytoplankton, and the ef-

fect of changes in weathering. In all cases we concentrate
dPp __ / Np Op

L= —MHp x min (JF—BPH, m) X Ro (29) on the steady state solutions of the models, rather than their
+M x SR x 98 4 Kx(Pp=Pp) | RP transient responses. In response to changes in phytoplank-
Ro 5D sb ton stoichiometry and/or the N:P threshold that triggess N
Ng ) x Og fixation, steady state is achieved ovefI0° yr, whereas in
(30)  'esponseto changes in weathering it takes 10 yr.

G = il x min (58 5t

+M x (SR —0.75x DN) x Op

Kx(Np—Ng) , (RN+AN)

+—=5p  t 7 %b

whereSD=500 m is the depth of the surface layer.
Nutrients enter the deep ocean via remineralisation with3 1 \what controls deep ocean N:P?

DR=4.8% of total primary productivity regenerated in the
deep layer (leaving 0.2% to leave the system via burial inFrom the analytical solution of the LW model for steady
sediments). Denitrification (25% ddN) removes som&/  state (Sect. 2.1) (valid for normalised weathering forcing
from the sinking flux. There is also a net removal of both 0<W <1.163), we find the following solutions for the ratio of

nutrients from the deep box due to mixing with the surfaceavailable nitrogen (N@ and phosphorus (PQin the deep
boxes. These fluxes determine the rate of change of nutrierdcean. When N@is limiting:
concentrations in the deep ocean, given by:

t

3 Results

-1
NO 1 Nk
d¥o — M x DR x Jfa x L350 > = + ZENEP (4,025 3.025W) (33)
t RyF DD PO4 FN-P Fi 1
0] faxSD N:P,Fix C0W2
+MxDRxﬁxAD—D (31) T
+M x DR x g_g « fBngD When PQ is limiting:
_ Kx(Pp—faPa—fpPB) NO ok
DD P_Oj — IN:PFix (1 — PP (4.025- 3.025W)) (34)
o — M x (DR —0.25x DN) x NFy x 14%5D CoWz
D The condition for N@ to be limiting is:
+M x (DR — 0.25DN) x 04 x 14250 (32) gis:
M x (DR — 0.25DN) x Op x 1£x5D 1 1 kp
+K><>(<Nf)—fANA—f3NB) )% O Tpp — = —< T (4.025— 3.025W) (35)
- DD * rc.p rC:NrNIP,FIX C0W§
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16 48 limitation occurs. Now asn.prix iS increased further, in-
1 C creases in PHixation increase steady-state p(decause it
14 7 is no longer limiting) without affecting P9(which remains

| PO, NOy/PO; 1 40 / .
' - constant). Thus deep ocean N:P=0:86 rix increases lin-
early.

When the N:P threshold triggering;Mixation is fixed at

-
N
1

NO3 PO4 j 32

_ s
:
[} o]
e P
a2 - C
E 10 limiting | limiting r § rN:P.Fix=16, varying the N:P Redfield ratio — by varying ei-
’5; 8 1 f24 2 ther C:P or C:N — has little effect on the deep ocean N:P ratio
z | 8 (Fig. 4), although the concentrations of jl@nd PQ can be
2 67 NO./ 16 = substantially altered
g’ 4 //3,r,N;P/’/j g When varyingrc;p with _fix_e_d rC;N=_7.3125 (Fig. 4a), if
a i _— [ g S the system is in the N-limiting regime, deep ocean N:P
2 F--—F-—--- e —— i z ratio remains constant at 14.04ce does not appear in
1 - Eqg. 33). Indeed the concentrations of both nutrients are con-
0+ 0 stant (Egs. 20—21) because changes in C:P do not alter any
0 8 16 24 32 40 48 of the controlling fluxes when N is limiting and C:N is con-
rn:p.Fix (N:P threshold for N-fixation) stant. Ifrc.p<1027 (corresponding tey.p<14.04), a switch

to P-limitation occurs. Further decreases-gp transiently
Fig. 3. Analytic solutions for the dependence of steady statg PO reduce new production, Org-P burial, Ca-P burial, Org-N
(dotted line), NQ/rn.p (dashed line), and deep ocean N:P ratio pyrial, anoxia and denitrification until steady state is restored
(solid line) on the N:P threshold for Mixation (N.p,Fix), in the with higher concentrations of both NCand PQ. Deep

le_n\l/lv rI:‘Ot‘;ellé nl_lgﬁ)t?se ﬁ':'(;'z F;:df'ﬁlfesrat\'/‘\)/e("elét tlzafomp?;t'ﬁgp of ocean N:P increases linearly with decreastag, tending
phytop NP5 P NP towardry.p,Fix=16 asrc.p tends toward zero.

than NG; to visually indicate whether Por NOjs is limiting. Th . - . .
an NG to visually indicate whether PAor NO is limiting. The When varyingrc.n with fixed rc.p=117 (Fig. 4b), in the

pale grey solid lines show the solutions for both Niniting and o . . .
POy limiting conditions throughout. However, for a given value of N-limiting regime, deep ocean N:P ratio shows a weak sen-

rN:P.Fix» ONly one set of solutions is valid and self-consistent. The Sitivity to re.n (EQ. 33). Asrc. is decreased (correspond-
space divides into two regimes, one wheref\®limiting and the ~ ing to increasingn:p), deep ocean N:P tends towasdp rix.
other where PQis limiting (whenry.p Fix>18.6). As rc.N is increased, transient increases in new production,
Org-P burial, Ca-P burial, Org-N burial, anoxia and denitri-
fication give rise to a new steady state with lower concentra-
For the default parameter values, NS limiting. However,  tions of both NQ and PQ. If rc.n>8.49 (corresponding to
if the N:P threshold that triggerspNixation ('n.p Fix) and the  rn.p<13.77), a switch to P-limitation occurs. In this regime,
N:P Redfield ratio#y.p) can be decoupled, then ROmita- rc:N has no effect on either NQor PQy (Egs. 22—-23) and
tion can be triggered by increasing.p rix, oOr by decreasing deep ocean N:P is constant at 13.77.
rn:p (by either decreasingt.p or by increasingc.n). Thus, a systematic change in phytoplankton C:N:P stoi-
Figures 3 and 4 show, for present day weathefirgl, chiometry can alter the concentrations of Nénd PQ in
the effects of independently varying.p rix, rc:p, OF rc:N the deep ocean but cannot greatly alter their ratio, unless it
on NGs/rn.p, POy, and the deep ocean N:P ratio. With also alters the N:P threshold forMixation. This is a use-
fixed W=1, atmospheric oxygen, new production, and oceanful insight from the model, particularly if in realityy.p and
anoxia are constant at their initial values (from Egs. 15-17).rn.p.rix Can be decoupled. However, it may be of limited
Deep ocean N:P is primarily controlled by the N:P thresh- applicability to the real ocean, because (as we will assume
old that triggers M-fixation, rn.pFix (Fig. 3). Considering for the remainder of the Results section) changes in the N:P
Egs. (33) and (34)kp=0.26875umol kg1 is small, there-  requirement of the phytoplankton are expected to alter the
fore deep ocean N:P is set modestly belgwe rix, Wwhether  N:P threshold for M-fixation. In particular, it is implicit
N or P is limiting. In mechanistic terms, denitrification in in Redfield’s (1958) mechanism that the N:P level trigger-
the water column and sediments, plus a small amount of oring N-fixation cannot be decoupled from the N:P ratio of
ganic nitrogen burial, continually remove N from the ocean, the phytoplankton because the latter sets the threshold below
thus lowering deep ocean N:P and supporting a counterwhich Ny-fixers are selected and,Mixation occurs. This
balancing flux of N-fixation. For the default parameter val- can be explained in terms of competitive dynamics (Schade
ues shown, in the N-limiting regime, deep ocean N:P tendset al., 2005): If the N:P supply ratio in the water is below
towardrn.p,Fix 8Srn:p.Fix tends to zero. Whern.p Fix is in- the N:P requirement of non-fixers, then they will use up all
creased, this tends to transiently increasefixation, NG, the N and leave some P remaininge-fikers can utilise this
new production, Org-P and Ca-P burial until steady state is? and in so doing add fixed N to the system. This will con-
restored with lower PgQ identical NG and consequently tinue until the N:P supply ratio approaches the N:P require-
higher deep ocean N:P. Wheg.p rix>18.6, a switch to P-  ment of the non-fixers, at which point thefixers tend to
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Fig. 4. Analytic solutions for the dependence of steady statg Ridtted line), N@Q/rn.p (dashed line), and deep ocean N:P ratio (solid

line) on the N:P Redfield ratio(.p), when the N:P threshold for Mfixation is fixed atrn.p,Fix=16, in the LW model. (a) Fixing the C:N
Redfield ratio atc.y=117/16=7.3125. Here in the N-limiting regime, deep ocean N:P=14.04, and a switch, tin#@tion occurs when
rN:p<14.04. (b) Fixing the C:P Redfield ratio at.p=117. Here the switch to PQimitation occurs whemy.p<13.77, and this regime has

deep ocean N:P=13.77. Other details are as in Fig. 3.

be out-competed because-fixation is an energy demand-
ing process.

3.2 Assuming competitive dynamics set the N:P threshold
for No-fixation

In the LW model, if we assume that the average N:P ratio of
the phytoplankton is the N:P ratio that triggers-fikation
(i-e. rn:p,Fix=rc.Plre:N=rn:p), then NQ=Cop/rc.N is always
limiting, POy=(Co/rc.p)*+kp and deep ocean N:P:

NO3 1
e 36
PO, VP <1+ rc:PkP/Co) (36)

In the original TT model this assumption is implicit be-
cause competition betweenNixers and non-fixers is made
explicit. They have identical N:P ratiogs\p=Ro=RnF,
which wasRorg in TT’s notation). N-fixers are given a
lower maximum growth rate on P because of the energy de-
mands of N-fixation. For the default parameter settings in-

NO/PO, (deep ocean N:P ratio)

48 1

40

— Original TT model
""" LW model with fixed C:N
-—- LW model with fixed C:P

0

rn:p (organism N:P) = ry.p eix (N:P threshold for N-fixation)

8 16 24 32 40

48

cluding a fixed weathering flux of P to the ocean, deep ocearfrig. 5. Analytic solutions for the dependence of the steady state

P0O,=1.75umol kg~* and the deep ocean N:P ratio:

NOs3 (rnep x 1,475 + 2
= 37
POy 1.75 (37)

deep ocean N:P ratio will track changesHap, dropping
further below it the more.p is increased (Fig. 5). This

www.biogeosciences.net/4/353/2007/
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deep ocean N:P ratio on the N:P Redfield ratio of the phytoplankton,
when assuming that it determines the N:P threshold that triggers
No-fixation ("n.p=rn.p,Fix in the LW model). This assumption is
implicit in the TT model for the default parameter settings. Results
Hence in both models, if it is assumed that the N:P ra_for the orl_glnal TT model (soll_d Ilne),'and the LW model when as-
. . . suming either fixed C:N Redfield ratiod.n=117/16=7.3125, dot-
tio of the phytoplanktonry.p) determines the N:P thresh- . . i , - .

. . . ted line) or fixed C:P Redfield ratie¢.p=117, dashed line).
old that triggers N-fixation (rn.p.rix=rn:p in LW), then the
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Fig. 6. Numerical solutions for the dependence of the deep ocearf 19- 7- Dependence of the deep ocean N:P ratio on the fraction of
N:P ratio on the N:P Redfield ratio of eithenMixing organisms, ~ the surface ocean occupied by-fixers (f4) in the extended TT

Ry F (squares) or other non-fixer®,, (diamonds), in the extended model, assuming an N:P Redfield ratio. of .16 for bothfixers ar.ld .
TT model. When varying one Redfield ratio the other is held con- Other phytoplankton. Square symbols indicate a stable solution, di-

stant at 16. A stable steady state could not be foundkfge7 or ~ @mond symbols a limit cycle (oscillating solution). The oscillations
less. are small, with a maximum amplitude 6f0.75% (e.g. 13.3-13.5

for £4=0.3), and the diamonds are plotted at the mid point of the
oscillations. The transition from a stable steady state to a limit cy-
is consistent with the direct dependence of deep ocean N:Ple occurs in the rangg,=0.329-0.330.
on decoupled changes in the N:P threshold that triggers N
fixation (Fig. 3) and may be contrasted with the insensitivity
of deep ocean N:P to de-coupled changes in phytoplanktoftave a higher N:P ratio than non-fixers (Klausmeier et al.,
N:P (Fig. 4). In the TT model, fixing the weathering flux of P 2004) with reported N:P values for;Nixing Trichodesmium
to the ocean gives a constant deep oceap#®teady state, ~colonies ranging from 18.3 (8ado-Wilhelmy et al., 2001)
which is equivalent to fixing the C:P Redfield ratia:f) to 125 (Karl et al., 1992). However, this should have little
in the LW model. In both cases (Fig. 5), deep ocean N:Peffect on the N:P of deep water, because the densityzef N
linearly tracks the phytoplankton N:P ratio entirely through fixers is regulated by the N:P requirements of the non-fixers.
changes in N@ The only difference between the models is Model results (Fig. 6) confirm this; for example, steady-state
in the default gradient (0.84 in TT, 0.88 in LW) and offset deep water N:P ratio is 14.6 whenixers have an N:P ra-
(1.14in TT, 0 in LW) of the relationship. tio of 16 and 14.7 when pfixers have an N:P ratio of 125.

If the C:N Redfield ratio is fixed in the LW model, then Incontrast, deep ocean N:P ratio varies linearly with the N:P
NOs is fixed and deep ocean N:P tracks phytoplankton N:Pratio of non-fixers (Fig. 6). Thus, contrary to Redfield (1958)
entirely through changes in ROIn this case, itis instructive (s quoted in Sect. 1), it is the N:P ratio of non-fixers (rather
to re-write Eq. (36) in the form: than No-fixers) that sets the N:P threshold fopfixation,

which consequently determines the deep ocean N:P ratio.
NOz N:P (38)
POy 14 rnprenkp/Co 3.4 What if Nb-fixation is restricted to a fraction of the sur-
face ocean?

Now, the larger the N:P ratio of the phytoplankton, the fur-
ther the deep ocean N:P ratio drops below it (Fig. 5). How-

ever, ascnkp/Co is small, the offset is modest. If No-fixation is restricted to a progressively smaller fraction
’ (fa) of the surface ocean, we find that deep ocean N:P is re-
3.3 Relative effects of pHixer and non-fixer N:P markably well regulated (Fig. 7). Ag,4 is reduced from 1

to 0.33, steady state deep ocean N:P declines from 14.6 to
Our extension of the TT model to include different N:P ra- 11.5; for example, when only 50% of the ocean is available
tios for Np-fixers and non-fixers, allows us to examine their to Np-fixers, deep N:P is 12.9. Ag, is reduced below 0.33,
relative effects on the deep ocean N:P ratie-fiXers often  the system undergoes a Hopf bifurcation to an oscillating
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Table 2. Limits on ocean composition predicted from theoretical limits on the N:P stoichiometry of phytoplankton (Klausmeier et al., 2004)
using the TT and LW models, and assuming in the latter that phytoplankton N:P is the N:P threshold that trigfipeaasdy.

Limit Phytoplankton N:P  Predicted N:P of deep ocean

TT  LWwith LW with
rczp:ll7 rC:N:7-3

Control 16 14.6 14.0 14.0
Exponential growth 8.2 8.1 7.2 7.7
Light limitation 35.8 31.3 314 27.3
N-limitation 374 32.7 32.8 28.2
P-limitation 45.0 39.1 39.5 32.3

Table 3. Expected ocean composition if dominated by various phyla of phytoplankton. Predicted from the Redfield ratios found by (Quigg

et al., 2003) and the adapted LW model, assuming the N:P Redfield ratio is the threshold below wvfiictidbh occurs.

Phylum/superfamily  C:N:P ratio N§ POy NO3:POy
(and age) gmol kg™  (umol kg1
Prasinophyceae 200:25:1 28 14 20
(2200 Myr)

Chlorophyceae 200:33:1 38 1.4 27
(2000 Myr)

Dinophyceae 140:13:1 21 1.9 11
(440 Myr)

Prymnesiophyceae 60:9:1 32 4.0 8.0
(210 Myr)

Diatoms 70:10:1 32 3.5 9.2
(<200 Myr)

solution, and deep N:P actually increases, oscillating in theExponential growth favours greater allocation to P-rich as-
range 13.5-13.7 forf4=0.329. Asf, is reduced further, sembly machinery and hence a lower N:P ratio. Competitive
deep N:P declines in a non-linear fashion; for example, wherequilibrium favours greater allocation to P-poor resource-
only 25% of the ocean is available teNixers, the deep N:P  acquisition machinery and hence a higher N:P ratio. Whether
oscillates in the range 12.8-13.0, whereas whgffiérs are  light, N or P is limiting has a second-order effect, with P-
restricted to 15% of the surface ocean, deep N:P is still 11.54imitation favouring the least allocation to assembly and the
11.7. Asf,4 tends to zero, deep ocean N:P also tends to zerohighest N:P ratio. We take the estimated limits from Klaus-
and in the absence ofNixers, the oscillations disappear.  meier et al. (2004) as plausible bounds on the composition of
Such homeostatic control over the deep ocean N:P ratio ihe phytoplankton.
maintained in the model becausg-fikers reach higher den-  Corresponding limits on deep ocean N:P can be derived for
sities when restricted to smaller fractions of the ocean’s surthe TT model and for the LW model assumingp, rix=rn:p
face, compensating for their reduced distribution. Althoughwith either fixedrc.p or fixed rc.n (Table 2 and Fig. 5). All
the predicted values of deep N:P fall below those observedihree model variants give similar results. Fixeg in the
this is sensitive to the choice of model parameters. If we asiW model is the most defendable, because existing data in-
sume that the N:P Redfield ratio of non-fixeRy() is some-  dicate that phytoplankton C:N is less variable than N:P and
what greater than 16, this can compensate for restrictiag N C:P (Geider and La Roche, 2002; Quigg et al., 2003). This
fixers to a fraction of the ocean’s surface, for example, withmodel variant suggests that deep ocean N:P has a maximum

fa=0.5,Rp=18 recovers a deep ocean N:P=14.3. range of 7.7-32.3 (i.e. about a factor of 2 either side of deep
ocean values in the modern ocean).
3.5 What if the Redfield ratios change? We can also use the LW model to consider the effect

on ocean composition of systematic changes in the phy-
Theoretical limits on the N:P requirements of phytoplankton toplankton C:N:P over evolutionary time (Quigg et al.,
of 8.2-45.0 have been estimated (Klausmeier et al., 2004)2003), assuming that changes in phytoplankton N:P drove
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25 16 (Egs. 16-17), and this both increases denitrification, low-
] NOs/POs - | ering NG, and encourages Fe-P recycling from sediments,
r14 counteracting the decline in P input to the ocean.

N
P R

I 12 3.7 Combined effects

N
(&)
P R

We have predicted that over the past000 Myr, a decline

in the N:P Redfield ratio and an increase in weathering forc-
ing would have had counteracting effects on the deep ocean
N:P ratio, the former tending to decrease it, the latter to in-
crease it. However, their effects are mediated by different
nutrients. A declining N:P Redfield ratio with relatively con-
stant C:N tends primarily to increase PQvhereas an in-
crease in weathering tends primarily to increasesN®he

-
P

PO4 and NO3/ryp (umol/kg)

o
o
NO3/PO, (deep ocean N:P ratio)

Y combined effect (given by Eq. 39) is rather complex, so let
0 02 04 06 08 1 1.2 us consider an illustrative casey1000 Myr ago, we sug-
W (normalised weathering forcing) gestW=0.5, and estimate C:N:P=200:29:1 from averaging

the values for Prasinophyceae and Chlorophyceae in Ta-
Fig. 8. Analytic solutions for the dependence of steady statg PO ble 3 (Quigg et al., 2003). The predicted ocean compo-
(dotted line), NQ/rN.p (dashed line), and deep ocean N:P ratio sition is NO;=23.2umol kg—l, PQy=1.47mol kg—l, and
(solid line) on weathering forcing¥) in the LW model. Note that deep ocean N:P=15.7. The lower pl@lative to the present
steady state is only achieved fdf<1.163. day is due entirely to the lower weathering rates and the

lower PQ is due primarily to the estimated higher C:P of

) , ) . the phytoplankton (compare the result with the top entries in
corresponding changes in the N:P threshold triggering N 15pje 3).

fixation (n:p,Fix=rn:p). Table 3 shows the ocean composi-

tion predicted (from Eq. 36) if it were dominated by each of

a series of phyla/super-families of decreasing antiquity. This; pigy,ssion

suggests that a general decrease in N:P ratios of marine phy-

toplankton over the past1000 Myr would have tended to  ag Redfield recognised, phytoplankton C:N:P=106:16:1
d'ec.rease dgep ocean N:P. This is predicted to have.occurr%qlmpw represents an average of the present phytoplankton
viaincreasing ocean ROdue to the general decrease in phy- community, there is as yet no evidence that it is optimal, and
toplankton C:P, Whereas the relative constancy of the phytor-N:-p is now known to vary with growth conditions, among
plankton C:N ratio would not have forced NO species, and (probably) over evolutionary time. We find that
the N:P ratio that triggers Nfixation sets the N:P ratio of the
deep ocean (referring here to the average concentrations of N

i i i and P, not the proportions in which they are remineralised).
Thus far we have assumed weathering forciig (s fixed,  joce deep ocean N:P would be insensitive to changes in

which has not been the case (B_ergman ?t aI.., 2004; Lento'ﬁhe N:P Redfield ratio of sinking material if there were no
and Watson, 2004). The biological coIon|.sat|o.n of the Iandcorresponding changes in the N:P threshold that triggers N
surface has tended to accelerate weathering, in particular (}fxation. However, in reality all three N:P ratios are cou-
phosphorus. This in turn has tended to increase atmospher'ﬁed: The N:P requirement of non-fixing phytoplankton de-
O. Retaining the dependence on weathering forcing in th&g mines the N:P threshold forNixation, and this in turn
LW model but assuming.p rix=rn:p gives: influences deep ocean N:P. FurthermorgsfiXation can be
limited by Fe, temperature, light or other factors, such that
No-fixers are restricted to a modest fraction of the surface
ocean, but they can still maintain deep ocean N:P relatively
close to the N:P of non-fixing phytoplankton.

A general increase in weathering forcing/) toward the An additional mechanism not modelled herein is that phos-
present, due to biotic colonisation of the land surface wouldphorite formation and consequent P removal from the ocean
have tended to increase deep ocean N:P (Fig. 8), bringing itan be associated with fixed N removal due to denitrification
closer to the N:P of the phytoplankton. The increase in deef{Piper and Codispoti, 1975; Schulz and Schulz, 2005). Qual-
ocean N:P occurs through a proportionally greater increase iiitatively this acts in the right direction to further stabilise the
NO3 than PQ. The reason that N§drops more under de- deep ocean N:P ratio, although its effect will clearly depend
creasedW than PQ is that @ drops and anoxia increases on the (as yet unknown) proportions in which N and P are

3.6 What if phosphorus weathering changes?

-1
NO ok
=2 e [ 14+ ©P (4.025- 3.025W) (39)
POy CoW?
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removed. However, it may not be quantitatively important 4.1 Changes in deep ocean N:P since the Neoproterozoic
because phosphorite formation in upwelling zones is a small

part of the global sink for P, and the associated denitrificationThe weathering flux of phosphorus to the ocean is thought
is probably only a small part of the global sink for N. to have increased with the biological colonisation of the land

Our conclusions regarding deep ocean N:P are robust téurface over the past 1000 Myr (Lenton and Watson, 2004).
uncertainties in the nutrient uptake parametessald Ry Although this would have had some effect on ocean,R®
(Cullen, 1999). Our simple approach of restricting-tikers dominant effect is predicted to have been an increase in ocean
to a decreasing fraction of the surface ocean may be reasofOgz, caused by increasing atmosphericddd consequently
able for both temperature and light controls which vary in- suppressing denitrification. Thus, a reduction in phosphorus
versely with latitude. However, it is not necessarily a good weathering alone-1000 Ma would have tended to reduce the
model for Fe-limitation and it would be interesting instead to deep ocean N:P ratio (Fig. 8).
limit the total biomass of bHfixers, or to include an Fe cycle Our model of the effects of changes in weathering is quite
in the model. Our results with the extended TT model maysimplistic. The scavenging of P by iron oxides in an oxy-
also be sensitive to the formulation of competitive dynamics,genated ocean may be more effective than modelled. Also,
in particular, allowing the competitive disadvantage fe= N the organic C/P burial ratio may increase with anoxia (Van
fixers to be set by a lower maximum growth rate on P. In theCappellen and Ingall, 1996; Lenton and Watson, 2000). Both
real ocean, competition between-fixers and non-fixers oc- processes provide negative feedback on changes in atmo-
curs under low nutrient conditions, for which the optimal N:P spheric Q. Including the latter process in the LW model
ratio may be very high (Klausmeier et al., 2004). Under suchtends to maintain higher£and lower PQ under reductions
conditions, N-fixers, with an essentially unlimited N supply, in weathering, but does not alter the Rlfrediction (Lenton
may be able to synthesize more nutrient acquisition proteingéind Watson, 2000). Consequently, the deep ocean N:P ratio
and hence gain a competitive advantage (C. M. Moore, pertends to drop less under a reduction in weathering, but it still
sonal communication). drops.

The models we use assume a tight coupling between the In contrast, members of phytoplankton groups that were
supply and assimilation of N and P, which is not observed onpresent~1000 Ma have higher N:P and C:P than today’s av-
annual timescales in some areas of the world ocean, notablgrage Redfield ratios (Quigg et al., 2003). Hence they do not
High Nutrient Low Chlorophyll (HNLC) regions. However, have the composition expected if they had simply adapted
if iron and/or light are the alternative limiting factors of pri- to the ocean conditions predicted for the time they evolved.
mary productivity in such regions (e.g. the Southern Ocean)nstead, they are predicted to have altered those conditions:
then they are unlikely to support,Mixers anyway, and the The higher N:P and C:P Redfield ratiesl000 Ma would
model experiment is like the ones we show wheegefiders  have tended to decrease £@nd hence increase the deep
are restricted to a fraction of the surface ocean. ocean N:P ratio (Table 3).

We have restricted our analysis to times when the deep Thus estimated changes in weathering and in phytoplank-
ocean was well oxygenated. In the anoxic world of theton composition over the past1000 Myr are predicted to
Archean, prior to~2400 Ma, iron would have been more have had counteracting effects on the deep ocean N:P ra-
abundant, removing one limiting factor orpfixation, and  tio. These effects could fortuitously have cancelled at times,
N would have been in the form of ammonium (Falkowski, thus maintaining a similar deep ocean N:P ratio to today
1997). With the rise of atmospheric,Gn the Great Oxi-  (Sect. 3.7), but perfect or sustained cancelation are inherently
dation Event~2400 Ma, nitrification and subsequent deni- improbable.
trification would have removed fixed N from the ocean, and Our inferences here are necessarily speculative, because
a period with very low deep ocean N:P has been predictedf a shortage of direct proxies for NOPQ and hence the
(Fennel et al., 2005). Once the ocean became fully oxy-deep ocean N:P ratio. The lower PPredicted~1000 Ma
genated, nitrate would have built up and deep ocean N:P iss consistent with much lower ROn the early Proterozoic
predicted to have risen to values consistent with the present900 Ma, followed by a rise in PQOdue to less removal on
study (Fennel et al., 2005). However, the deep ocean mayron oxides (Bjerrum and Canfield, 2002). In response to the
have remained anoxic and become sulphidic for much ofproposed increase in weathering over the past 1000 Myr, the
the Proterozoic (Canfield, 1998). Under these conditions W model predicts proportional increases in total P and or-
trace metals including Fe and Mo would have been scarceganic C burial. The P burial record only extends as far back
than they were in the Archean, potentially limiting both-N  as the oldest ocean floox(60 Myr). However, changes in
fixation and denitrification (Anbar and Knoll, 2002). The full thes3C records of carbonates and organic carbon during the
oxygenation of the deep ocean may not have occurred until &eoproterozoic have been used to infer an increase in the
second significant rise in atmospherig Quring the Neopro-  fraction of total carbon burial that occurs in organic form
terozoic (Canfield, 1998; Lenton and Watson, 2004). (Lenton and Watson, 2004). During the Phanerozoic, from

the Devonian onwards, there is a further inferred increase in
organic C burial and atmosphericoQOalso supported by a
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predominance of rock types that are rich in organic carbon5 Conclusion
and associated with rooted vascular plants colonizing the
land surface (Lenton, 2001). There is clearly scope for fur-Despite potential changes in phytoplankton stoichiome-
ther work testing the predictions of our hypothesis against thdry, weathering supply of phosphorus to the ocean, and
paleo record, potentially using the COPSE model (Bergmarvidespread Fe, temperature and/or light limitation gf N
et al., 2004), which embeds the LW model. fixation, we find that Redfield’s mechanism can still regulate
Since the Neoproterozoic, there have been a few intervalsgeep ocean N:P somewhat below the proportions that trigger
termed Oceanic Anoxic Events (OAEs), in which widespreadNz-fixation in those areas of the ocean whergfiXers are
anoxia returned to the deep ocean. During OAEs, denitri-P-limited and suppressed by N addition. Furthermore, deep
fication and anammox would be greatly increased, tending’cean N:P is unlikely to have varied by more than a factor
to lower NQ; and the deep ocean N:P ratio, and provoke aOf two in either direction whilst the deep oceans have been
counter-balancing flux of Mfixation (Kuypers et al., 2004).  well oxygenated (i.e. since the Neoproterozoic, with the pos-
The LW model has been adapted to study OAEs (Handotsible exception of Oceanic Anoxic Events). We extend Red-
and Lenton, 2003) and the predicted decline in the deepield’s mechanism to suggest that within these bounds, the
ocean N:P ratio during them is modest20%), with the  evolution of phytoplankton composition and the biological
OAEs characterised by high levels of both fénd NG colonisation of the land surface could have driven long-term
maintaining high productivity and hence anoxia. However, changes in ocean composition. Biotic stoichiometric controls
other causal scenarios for the OAESs are popular, particularlyon ocean composition could have operated much faster than
reduced ocean ventilation, and may have different consePhosphorus weathering controls, because they do not involve
quences for deep ocean N:P. Also, a different model (withoutchanges in atmospheric0

a full O, cycle) finds a dramatic decrease of the deep OCeaN\ynowledgements. We thank J. Elser and D. Hessen for orga-
N:P ratio with the onset of widespread anoxia (Wallmann, nizing the workshop that triggered this work. M. Johnson, V.

2003). Hence our conclusions may not apply to OAEs. Livina, C. M. Moore, S. Roudesli, N. Stephens, H. Williams,
) three anonymous referees and the editor C. Heinze all provided
4.2 Co-evolution? comments that helped improve the paper. T. M. Lenton thanks the

i European Geosciences Union for an Outstanding Young Scientist
We have extended Redfield’s (1958) argument for the preseniward 2006 and the resulting invitation to contribute this paper.

ocean by adding an evolutionary time dimension, suggestingML's work is supported by the Leverhulme Trust through a Philip
that over the last~-1000 Myr, the composition of the ma- Leverhulme Prize. This paper is also an output of the NERC
rine environment has been altered by evolutionary change®Quaternary QUEST"” project (NE/D001706/1).
in the composition of marine organisms, and by the biolog-
ical colonisation of the land surface. This (and the mod-Edited by: W. Kiessling
elling herein) describes a one-way interaction; biotic factors
altering abiotic factors. However, phytoplankton composi-
tion may also adapt (within limits) to the composition of the
ocean, which introduces the reverse interaction; abiotic facAnbar, A. D. and Knoll, A. H.: Proterozoic Ocean Chemistry and
tors shaping biotic factors. We have not modelled this here, Evolution: A Bioinorganic Bridge?, Science, 297, 1137-1142,
but we acknowledge that it could qualitatively alter the re-  2002.
sults. Closing the loop between changes in biotic and abioticAnderson, L. A. and Sarmiento, J. L.: Redfield ratios of rem-
factors would allow them to “co-evolve”. One suggestion ineralization determined by nutrient data analysis, Global Bio-
is that the predicted increase in N@nd PQ would result geochem. Cy., 8, 65-80, 1994. _
in more production being carried out under higher nutrientAmgo‘ K. R.: Marine microorganisms and global nutrient cycles,
regimes, and therefore select for phytoplankton with lower Nature, 437, 349-355, 2005.

L . .. Bergman, N. M., Lenton, T. M., and Watson, A. J.: COPSE: a new
N:P .I’atIOS (C. M._Moore, pe_rsonal Communlcatlon). This model of biogeochemical cycling over Phanerozoic time, Am. J.
provides a potential mechanism for “closing the loop” and g 304, 397-437, 2004.
explaining the lower N:P ratio within more recently evolved german-Frank, 1., Cullen, J. T., Shaked, Y., Sherrell, R. M., and
phyla. To examine such co-evolution we suggest that a model Falkowski, P. G.: Iron availability, cellular iron quotas, and ni-
of competing populations with differing stoichiometry could  trogen fixation in Trichodesmium, Limnol. Oceanogr., 46, 1249—
be nested within a model of ocean composition subject to 1260, 2001.
external drivers. The populations themselves could exhibitBjerrum, C. J. and Canfield, D. E.: Ocean productivity before about
phenotypic plasticity in their stoichiometry as their resource  1-9 Gyr ago limited by phosphorus adsorption onto iron oxides,

allocation varies in response to prevailing conditions (Klaus-B '\_'f‘bt”rteh’ 4El7’C§-59_h1I'62’ ZAOOZ' 4 LaRoche. 1. Phvsiological
. e - reitbarth, E., Oeschlies, A., and LaRoche, J.: Physiological con-
meier et al., 2004). This is a topic for future work. straints on the global distribution dFichodesmium — effect of

temperature on diazotrophy, Biogeosciences, 4, 53-61, 2007,
http://www.biogeosciences.net/4/53/2007/.
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