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Abstract. In this study we investigated the impact of 1 Introduction

consumer-driven nutrient recycling (CNR) on oceanic pri-

mary production and the distribution of nitrogen (N) and Owing to their scarcity in the well-lit surface layers, nitrogen
phosphorus (P) in the deep ocean. For this purpose, wéN) and phosphorus (P) frequently limit primary production
used and extended two existing models: a 2-box model ofn the ocean (Ryther and Dunstan, 1971; Howarth, 1988; Vi-
N and P cycling in the global ocean (Tyrrell, 1999), and the tousek and Howarth, 1991; Downing, 1997; Tyrrell, 1999;
model of Sterner (1990) which formalised the principles of Wu et al., 2000). As such, the processes governing the bio-
CNR theory. The resulting model showed that marine herbi-geochemistry of these two elements have been of interest for
vores may affect the supply and the stoichiometry of N and Pa long time and are still actively investigated (e.g. Redfield
in the ocean, thereby exerting a control on global primary€t al., 1963; Dugdale and Goering, 1967; Tyrrell, 1999; Karl
production. The predicted global primary production was €t al., 2001; Arrigo, 2005; Slomp and Van Cappellen, 2007;
higher when herbivores were included in the model, particu-Hutchins and Fu, 2008).

larly when these herbivores had higher N:P ratios than phy- These key processes include the delivery of N and P from
toplankton. This higher primary production was triggered the continents and atmosphere, their redistribution via ocean
by a low N:P resupply ratio, which, in turn, favoured the P- circulation, and their cycling within the ocean and sediments.
limited No-fixation and eventually the N-limited non-fixers. Riverine inputs and atmospheric deposition contribute to 46—
Conversely, phytoplankton with higher N:P ratios increased®7% of the total N inputs to the ocean (Gruber and Galloway,
herbivore yield until phosphorus became the limiting nutri- 2008). No-fixation is an additional significant source of new
ent, thereby favouring herbivores with a low P-requirement.N to the ocean, especially in oligotrophic gyres where this
Finally, producer-consumer interactions fed back on the NProcess contributes approximately 40-52% of new-N inputs
and P inventories in the deep ocean through differential nutriio the well-lit surface layer (Codispoti et al., 2001; Gruber,
ent recycling. In this model, N deficit or N excess in the deep2004). Phosphorus is mainly delivered to the ocean through
ocean resulted not only from the balance betwegififation  rivers (94% of the inputs) as a product of continental weath-
and denitrification, but also from CNR, especially when the €ring, while the eolian flux accounts for the remaining 6%
elemental composition of producers and consumers differe@f the total phosphorus flux at present day (Compton et al.,
substantially. Although the model is fairly simple, these re- 2000).

sults emphasize our need for a better understanding of how Once in the ocean, it has long been recognised that bio-

consumers influence nutrient recycling in the ocean. logical processes exert a control on N and P cycles (Redfield
et al., 1963). Dissolved inorganic N and P are taken up and

converted into organic matter by photosynthetic autotrophs
in the euphotic zone. Organic N and P are then transferred,
either to higher trophic levels in the food web or into the

deep ocean. Eventually N and P are remineralised or buried

Correspondence toA. Nugraha in sediments.
BY (nugraha@univ-brest.fr)

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/
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In their seminal work, Redfield et al. (1963) found that sis of the “Consumer-driven nutrient recycling theory”, here-
the stoichiometry of N and P in the bulk plankton biomassafter called CNR (Sterner, 1990; Elser and Urabe, 1999;
converges on a mean ratio of 16N:1P, the so-called Redfiel&terner and Elser, 2002).
ratio, which closely matches that of the dissolved inorganic Owing to the low gross growth efficiency (GGE) of aquatic
pool in the ocean. Based on these observations, Redfield dterbivores {20-40%; Straile, 1997), most of their ingested
al. (1963) suggested that marine organisms imprint the biofood is either egested as particulate organic matter (POM)
geochemistry and the distribution of these major elements iror excreted as dissolved products (Miller and Landry, 1984;
the ocean. This finding profoundly influenced the field of Straile, 1997; Besiktepe and Dam, 2002). The fate of the
marine biogeochemistry over the decades that followed.  products released by herbivores, and their relative N:P ratio

The Redfield ratio is still used as a scaling factor within (known as “resupply ratio”, Sterner, 1990), may significantly
models to derive biological-driven fluxes of elements in the affect nutrient cycling in the ocean, which, in turn, may feed
ocean (e.g. Arrigo, 2005; Sarmiento and Gruber, 2006)back on primary producers. To address the question of the
However, debate remains about the mechanisms which driveossible contribution of CNR in driving the oceanic primary
the stoichiometry of these elements in the ocean, and its reproduction and the distribution of N and P throughout the
sulting influence on primary productivity (e.g. Tyrrell, 1999; ocean, we extended and used two existing models, a 2-box
Lenton and Klausmeier, 2007). Significant deviations from model of N and P cycling in the global ocean (Tyrrell, 1999)
Redfield stoichiometry have been reported at different scalesand the model of Sterner (1990) that formalised the princi-
ranging from the organism (e.g. Geider and La Roche, 2002ples of CNR theory.

Quigg et al., 2003; Klausmeier et al., 2004) to the ecosystem

(e.g. Karl et al., 2001). Karl et al. (2001) found for example 2 Model description

that, in the north Pacific gyre, the N:P ratio in the particulate

and dissolved organic pools shows variations in the euphoti@-1 Model framework

igl.qglfr(oggM?.. 1to>50:1, averaging 19.4:1 (POM) and The model described here combines and extends concepts

Despite these deviations, the stoichiometry of dissolvedfrom previous ,modellmg StUd,'eS (Sterner,' 1990; Tyrrgll,
inorganic N and P in the ocean is nearly constant over Iargelggg)' Tyrrell's m(_)del describes the cycling of reactive
spatial scales (Redfield et al., 1963). This suggests that Valf_orms of N and P in a global ocean represented by two
ious processes operate in the surface or the deep ocean RPX€S: @ surface box (0-500 m) and a deep box (500-3230 m)
both drive and buffer deviations from Redfield stoichiome- (F19- 1). The vertical distributions of dissolved inorganic
try. Several mechanisms capable of this have been identifie and P are constrained by a constant amount of mixing

for example, the balance between nitrogen fixation and den(K)' remineralisation of organic N and P in the sur_face and
itrification (Redfield et al., 1963), the existence of a wide deep layers for phytoplankton ($fnd DR, respectively),

range of optimal N:P ratios in phytoplankton (Quigg et al., denitrification (DN),.a.nd burial in se(_jiments (SF). The con-
2003: Klausmeier et al., 2004), and variations in marine re-Stant amount of mixing parameterises ocean overtuming,

dox conditions that affect the sedimentary sequestration of F:,Jpwelling, and diffusion with a time scale o+1000yr
(Van Cappellen and Ingall, 1996). (Broecker and Peng, 1982). The ecosystem focuses on au-

Here we investigate how the stoichiometry of consumer-t_OtrOphiC arganisms with explicit com“petitio_n be"tweeQ_-N
driven nutrient recycling (Sterner, 1990) may influence pri- X€S (NF) and other algae (hereafter “non-fixers”) (O) in the
mary production and the distribution of N and P in the ocean Surface ocean. The former require only phosphate as they

We have done this because producer-consumer interactiorf€" convert i gas into organic N. The latter require both
have been shown to exert a control on nutrient cycling and!!'at€ and phosphate. A single loss term represents all pos-
other various ecosystem functions in numerous freshwate?'bl_e Sources O_f natural m_orta_llty. This mo_rtallty_ te”‘? fuels
systems (Elser and Urabe, 1999; Sterner and Elser, 2002?” implicit detrital pool which is pqrtly re_mmerahsed in th_e
The great extent of herbivory in marine systems (Calbet,SUrface and deep boxes. The fraction which escapes reminer-
2001: Cebran, 2004; Landry and Calbet, 2004) suggestsal'sat'on is lost from the system as burial in sed|m<?nts. Inth.e
that these interactions may also be important in the ocean, a5°de! presented here, the basic set-up of Tyrell's model is
has been previously suggested by Corner and Davies (1971§°"Served.

Additionally, the elemental composition of herbivores is not . In add!tlon, we |mplemented_ an upper troph|c_ level
only different from that of their algal food, but it is also (i.e. herbivores) with homeostatic regulation of their N:P

often homeostatic, irrespective of the elemental composi—bOdy content, following Sterner's (1990) approach (Fig. 2

tion of their prey (Sterner, 1990; Sterner et al., 1992; Elser2nd Fig. 3). Homeostatic regulation of N and P body content
and Urabe, 1999). Homeostatic regulation of whole body!S taken into account by differentiating a GGE for N and P.
elemental composition is maintained by releasing element$CE IS classically defined as:

which are in excess to requirements, while more efficiently _L—(F,+E)) L
retaining limiting elements. These principles form the ba- ‘1—1 @)

Biogeosciences, 7, 1285305 2010 www.biogeosciences.net/7/1285/2010/
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Nitrogen cycle Phosphorus cycle

AN+RN_N,-fixation 4 DN
! 1

surface water

deep water

Fig. 1. A modified version of Tyrell's 2-box model of N and P cycling in the ocean which includes a parameterisation of herbivores. The
model parameter abbreviations are described in Table 1.

&0 My HaaBi.(1-a) The model equations and parameterisations which com-
bine these two model frameworks are detailed below.
excretion
2.2 Model formulation

&a-1). M-y -Ha
ingestion

predation There are seven state variables in the model. They corre-

spond to N-fixers (NF), non-fixers (O), herbivores {|{ sur-
natural face phosphate @), surface nitrate (b), deep phosphate
morality (Pp), and deep nitrate () and are explained below. We
will concentrate below on the main modifications made to
Tyrrell's and Sterner's models.

€i.M; . H;

(1-3,‘).M.Hl‘

(1B)-& 1) M-y Heen 2.2.1 Phytoplankton (NF and O)
Fig. 2. Flow diagram for a trophic level i (H; ¢; represents the pro-
portion of the annual natural mortality rat&() which is associated
to predation by the trophic level .1y; g; represents the assimi-
lation efficiency and (% 8;) represents the proportion of ingested
food which is not incorporated into biomass;is the accumulation

Phytoplankton are assumed to occur only in the surface
ocean. As in Tyrell’'s model, the two phytoplankton com-
petitors, NF and O, are included.

efficiency, and (I ;) represents the fraction of nutrient excreted dNF = UNE Ps NF— MgNF @)
after assimilation. dt Kp+Ps
doO ;. Ps Ns
i i i — =ppmin , O0—- MO 3
where I; is the ingestion of the element and F; and E; 4 Mo (KP+PS Kn+Ns 0 3)

are the release of this element as either faecal pellets or dis-

solved products. The release of dissolved N or P dependgoth phytoplankton equations are composed of two terms, a
on the diﬁerences betWeen the N:P StOiChiometl‘y Of assimi'growth term and a loss term. The growth rates of NF and
lated food and that of the Organism. In other WordS, the E|e-o are controlled using a Liebig’s Law formulation consist-
ment in excess to requirement will be released (excreted) ifing of a maximum growth rate (eitherye or 11p) times a
higher proportion than the other, while the accumulated frac{viichaelis-Menten term for nutrient uptake. The last term in
tion will be used for grOWth. This Concept was formalised the equa’[ions above is the loss term represented by a con-
by Sterner (1990) by defining a different accumulation effi- stant specific mortality rateMo) which covers all possible
ciency for N and P. loss terms pathways from phytoplankton. Mortality for both
types of phytoplankton is similar.

www.biogeosciences.net/7/1285/2010/ Biogeosciences, 7, 13852010
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] using the N:P ratio of food which has passed the gut wall:
N P Ingestion ,BN
Rig- oL, (4)
ey

(1-Bn)-In «—f | (1-Bp)-Ip

Two cases have then to be considered (Fig. 3), following

Fecal pellets

% Sterer (1990): \_Nhek(;rg-ﬁ;\‘ /BT < R%,Q, there is an excess
I [ Assimilated of P and a deficit of N in the assimilated food compared to
Bn-In Be-le NorpP herbivore requirement. In this case, the accumulation effi-
ciency of the limiting element, N, is maximal, i.ey = L
(1 -aN)_BN_[N 1\ (1 'aP)'BP'IP (the value of the constatiy, is @s_cussed in Sect. 2_.3). pon-
Excretion versely, the accumulation efficiency of the nutrient in ex-

cess, P, is lower and proportional to the difference between
the N:P ratio in the algal pool and that of the herbivore,
ie.ap=Lm(Rbrg BY/BY) | Rorg

Using these parameterisations, strict homeostasis of the
N:P ratio in herbivore biomass is maintained. Indeed, consid-
A A ering a flux of N and P entering the herbivore paly] &nd/p
respectively, mmol m3yr—1), the N:P ratio in the fraction of
nutrients accumulated in herbivore biomass can be written:

an-Bn-In ap-Bp-lo Growtn

Fig. 3. Fluxes of N and P in herbivores.l; is the ingestion Iy GGERy In aNﬂi\‘
(mmol m3 yr—1), B; is the assimilation efficiency, ang is the I_P GGE = I_P apﬂP’
accumulation efficiencyi €N or P). 1

(5a)

with an = Lm, ap = Lm(Rgrg- py /5{’) /RZy and Ip =
IN/Riyg, this yields

In GGERy 7

. . Ip GGE %Y
We used Sterner’s model (1990) which describes the fate
of N and P from primary producers to consumers, assum- The second case is whéij)rg-ﬂi“/ﬁf> Rgrg, nitrogen is
ing strict homeostasis of the N:P ratio in consumers. In thisin excess compared to herbivore requirement and its accu-
model, the flux of N and P entering the herbivore pool occursmulation efficiency is lower than its maximal value, bg.=
at a rate equals to the per capita mortality rate of phytoplank—Lm . Rcz)rg / ( Rérg' /gi\l /ﬁ1P>_ Conversely, phosphorus becomes
ton as a result of grazing:dMo, Fig. 2). The fraction of 6 jimiting element and its accumulation efficiency is maxi-
N an.d P removed frF’m_ phytopla'm'kton W,\E"Ch psssgd the gu al, i.e.ap= L. Here again, strict homeostasis of the N:P
wall is called theassimilation efficiencys;’ or 1, Figs. 2 o400 herbivore biomass is maintained.

and 3). The unassimilated fraction is then egested as fecal Then the equation for zooplankton in terms of N units is,
pellets (1;61\' or 1—ﬂf). It should be noted that Sterner (1990)
SD

did not explicitly consider the assimilation efficiency and the ¢H1
production of fecal pellets. A fraction of N and P which has dr SD+DD

passed the gut wall is used to build herbivore biomass. In h N is th imilati fici f Neg is th
Sterner’s model, this fraction is called taecumulation effi- whereg,’ Is the assimilation efficiency of N is the pro-

ciency(an for N andap for P, Figs. 2 and 3). Using Eq. (1), it portion of phytoplankton natural mortality4p) due to graz-
follows that GG = ay A and GGR=apf. The fraction ing, aNF andag are the accumulation efficiencies of N when
= AaNPy =arPy -

which is not accumulated in herbivore biomass is release<?etrﬁ |vcr)]re:[srfeler<rj1 orrt] iﬁ{'xe;sh(’\:;)v O; nonglxerfg(g ),i anM;
(excreted) as dissolved products (Figs. 2 and 3). s the natural mortality of Nerbivores. becaudg, IS con-
stant, an explicit equation for zooplankton in term of P is not

In the model 8) and Y are kept constant (see Sect. 2.3). necessary. Finally, unlike phytoplankton, herbivores are as-
On the other handyy andap are variable and calculated as sumed to vertically migrate, something that is parameterised
a function of the difference between the N:P ratio of phyto- here by assuming that their biomass is distributed between
plankton Rgg, With i = NF or O) and that of the herbivore  the surface (SD) and the deep layer (DD). This vertical dis-
(Rgrg). Before calculatingy andap, considering that differ-  tribution mainly affects the mass balance of dissolved nutri-
ential assimilation efficiency for N and P can modify the N:P ent through the proportions of detritus or dissolved products
stoichiometry in the algal food after the gut passage is essenwhich are released by zooplankton in either the surface or the
tial. To take into account this effecty andap are calculated deep layer (see below).

2.2.2 Herbivores
(5b)

= {ﬁi\lgoMC)(a“FNF—l—aSO)} —MiHi, (6)

Biogeosciences, 7, 1285305 2010 www.biogeosciences.net/7/1285/2010/
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2.2.3 Dissolved inorganic nitrogen and phosphorous 2.3 Parameterization

The rates of change of total dissolved N and P in the surfacg ists of parameters with their descriptions, units, and val-

(Ns, Ps) are described by the equations below: ues are given in Table 1. We have split the model param-
P P NF P N o eters into two groups, extended Tyrrell's model's and ex-
&S e — = — HpMin S tended Sterner’s model’'s parameters. All material units are
dt Kp+Ps RoNrE Kp +P5 Kn+Ns org R ) . . .

expressed in moles, spatial dimensions are in meters, and
+(1—20)MoSRy RNF +xg, >+(1*I31)80M0 <W+KO,Q)SR1 @ time is in years. All fraction and efficiency terms are given

4 ﬂfsoMo<(1—ayF)W+(l a9) & >}SE1 as percentages and N:P r.atl.os are dimensionless.

org The physical characteristics of Tyrrell’s model were con-
+{ Migs SRl} SDEDD | g PocP) | RE served. These include the depth of surface and deep layers
(SD and DD), total volume and surface area of the ocean
and (Tvol @nd Tareg, the ocean mixing coefficientk(), riverine
input of P (RP) and N (RN) and atmospheric inputs of N
dNs — _ i/ min Ns _)o AN
dt MO Kp+Ps KN+Ns ( )

+(1—¢g0)Mp(NF+0) (SRy—0.75DN) The biological parameters of primary producers in our
+(1— BY)eoMo(NF+0) (SR. — 0.75DN) (8) model were mostly derived from Tyrell's model. For exam-
+{BYeoMo((1—aN")NF+(1—ag)O) } (SEL —0.75DN) ple, the specific mortality rateMo), and maximum specific
+{M1H1 (SR —0.75DN)} SBEPD - g (o fls) | ANIRID, growth rate of N-fixers (ujz) and non-fixers ¢,) were set

The fi q i ke by bh at 73, 87.6 and 91.25y#, respectively, and half saturation
e first negative terms describe nutrient uptake by phytoq constant for P and N uptake were also similar to Tyrell's

plankton. The addition of nutrient to the surface layer is fu- (Kp=0.03 mmol P m3 and Kx=0.05mmol N nt3). How-
elled by the fraction of phytoplankton mortality which is not ever, the N:P ratios of Nfixers (Rorg) and non- flxerSRorg)

related to herbivore grazing, the release of fecal pellets bX/vere not set to equivalent values. Observations show that
herbivores, herbivore excretion, herbivore natural mortality,thiS ratio can be extremely variable both within and among
mixing, and external nutrient inputs. For both nutrients, aspecies (Quigg et al., 2003; Arrigo, 2005). The N:P ratio of

fraction of the detritus is remineralised in the surface IayerNZ_ﬁXerS tends to be higher than that of non-fixers (review in
(fraction SR and SR). Recycling is also accounted for by White et al., 2006). In our standard simulation, wesgg

herbivores’ excretion of dissolved products ¢$EIn addi- )
tion, N is removed from the system by denitrification (DN). equal to 33 (averaged from Hutchm; etal., 2007), WR%
was kept equal to the Redfield ratio of N:P=16. The sen-

Finally, No-fixers and non-fixers have distinct N:P stoichiom- "~ i .
etry (RNF and RO, respectively). sitivity of the model to phytoplankton N:P stoichiometry is
org org’ addressed later.

The rates of change of total dissolved N and P in the deep ,
The specific mortality rate of zooplankton/;, was set

ocean (¥, are given by:
(. Po) g v at 20yr 1. This estimation was based on the average value
of the zooplankton mortality from the global study of zoo-

dPp NF 6] SD P NF o] SD
f=(1—60)Mo<f+f)fDRo+(l—ﬂ )SoMo(f-i-f)*DRl . . . .
a R " Ko ) PP ! R * Roig ) PO plankton mortality (Hirst and Kigrboe, 2002). We also fixed

+ ﬂf&oMo((l—aS‘F),?T{f(l—ag)ﬁo@)]%DEl (9)  the N:P ratio of zooplanktonRj,,) at 25, which represents
b H1 DR }smoo _ g PPy an average for different marine zooplankton (e.g. Le Borgne,
oP ep 1982; lkeda and Mitchell, 1982). The fraction of phyto-

plankton natural mortality associated with predation by her-
bivores €g) was constrained from global scale assessments
(1 BM)eoMo(NF+0) DD(DR1—0.25DN) 10) of micro- and mesozooplankton grazing (Calbet, 2001; Cal-
+{BNeoMo ((1—aNF)NF+ (1—a) O)h%(DEl—O.ZSDN) bet and Landry, 2004) that suggestthat zooplgnkton consume
SD+DD (Np—=Ns) about 70-80% of the ocean primary production. A value of
+{M1H1 (DR —0.25DN)} SHDD _ g (o-Ks), PTG ) _
80% was chosen here. This critical parameter will be dis-
Nutrients enter into the deep ocean via the fraction of partic-cussed in more detail later in the paper.
ulate organic matter (POM) remineralised in the deep layer As mentioned above, the assimilation efficiency for N and
(DRg and DR)) and the excretion of nutrients that are in ex- P by herbivoresgN and gP) were not explicitly considered
cess to requirement (QE Denitrification (DN) removes in Sterner's model. Here we included these parameters be-
dissolved organic N from this reservoir. Mixing processes cause sinking fecal pellets can be a significant component of
(K) are also responsible for the transfer of both nutrientsexport to the deep ocean. Nitrogen assimilation efficiencies
from the deep box into the surface box. The fraction of or-for copepods are in the ranges 0.70-0.99 (Daly, 1997; Landry
ganic material which escapes remineralisation, SF, leaves thet al., 1984, Vincent et al., 2007). For those of P, they range
system and is buried in the sediments. from 0.4 to 0.77 for copepods (Butler et al., 1970; Corner

dND—(l eo)Mo(NF+O) D (DRo—0.25DN)

www.biogeosciences.net/7/1285/2010/ Biogeosciences, 7, 13852010
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Table 1. Definitions of model parameters, values and literature sources.

Symbol Parameter Unit Value

Extended Tyrrell model

Tvol Total volume of the ocean ™ 1.35x1018 2

Tarea  Total surface area of the ocean “f 3.62x104 2

SD Surface layer depth m 580

DD Deep layer depth m 3280

K Mixing coefficient between SD and DD myt 3@

SF Fraction of TPP incorporated into sediments % €0.3

SRy Fraction of TPP remineralised above 500 m % ags

DRy Fraction of TPP remineralised below 500 m % (1e88F)

SRy Fraction of total zooplankton production remineralized above 500 m % 95

DR1 Fraction of total zooplankton production remineralized below 500 m % 1-SR

SE; Fraction of zooplankton excretion above 500 m % 90

DE; Fraction of zooplankton excretion below 500 m % (1+PE

DN Fraction of TPP of N that is regenerated via denitrification o N % 1.8

AN Atmospheric input of N molNm2yr—1 7.5x10°32

RP Riverine input of P molPmeyr—1 2x1074a

RN Riverine input of N molNm2yr-1 6.0x10°32

/4\“: Maximum growth rate of N-fixers yri 87.68

o Maximum growth rate of non-fixers gt 91.2%

Kp Half-saturation constant for growth vs. O mol P n2 3x10752

KN Half-saturation constant for growth vs. O mol N m~2 5x1042

Mo Mortality rate of phytoplankton yrl 73

M, Mortality rate of zooplankton yrl 20°

RO N:P ratio in N-fixing phytoplankton biomass mol/mol 83

Rg’rg N:P ratio in other phytoplankton biomass mol/mol h16

RCZ,rg N:P ratio in zooplankton biomass mol/mol i25

Extended Sterner model

aNF Accumulation efficiency of P when zooplankton feed ogrfiXers dimensionless calculated

aR”: Accumulation efficiency of N when zooplankton feed op-fikers dimensionless calculated

a§ Accumulation efficiency of P when zooplankton feed on non-fixers dimensionless calculated

aﬁ Accumulation efficiency of N when zooplankton feed on non-fixers dimensionless calculated

Lm Maximum accumulation efficiency dimensionless 6.75

gP Assimilation efficiency of P by zooplankton dimensionless 8.80

ﬂ?l“ Assimilation efficiency of N by zooplankton dimensionless 6.69

€0 Fraction of phytoplankton natural mortality due to zooplankton predation  dimensionless 9 0.80
References:

a Tyrrell (1999),
b Straile (1997),

€ Hirst and Kigrboe (2002),

d Anderson et al. (2005),

€ Sarmiento and Gruber (2006),

f Hutchins et al. (2007),

9 Calbet and Landry (2004), Landry and Calbet (2004), Nejstgaard et al. (2007),

h Redfield (1934),

' Le Borgne (1982), Ikeda and Mitchell (1982), Walve and Larsson (1999), Gismervik (1997), Uye and Kaname (1994), Iguchi and
Ikeda (2004).

Biogeosciences, 7, 1285305 2010 www.biogeosciences.net/7/1285/2010/
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et al., 1972), and from 0.54 to 0.82 for cladocerans (Peter£009). In the standard simulation, we sét2.5md1,

and Rigler, 1973; Hessen and Andersen, 1990). A compiwhich gave anSR=0.95, as in Tyrrel’'s model. The pro-

lation of all these values suggests that N and P assimilatioqportion of organic N and P which escaped remineralisation

efficiencies are in the ranges 0.70-0.99 and 0.4-0.82, respe¢SF) was set to 0.3% (Sarmiento and Gruber, 2006), so that

tively. In the standard simulation, we assigned a slightly DR=1+0.95+0.003)=0.047. Finally, excretion of dissolved

lower assimilation efficiency for NAN = 69%) than for P nutrients from zooplankton was apportioned between the sur-

(8P = 80%) following Anderson et al. (2005). face layer (SE=90% in the base run) and the deep layer
The maximal accumulation efficiency of either N or P (DE;=10%).

(Lm) could be derived from Eq. (5) using published values

of GGE and the assimilation efficiency. Straile (1997) com-

piled GGE estimates for several taxonomic groups (nano- of Results

microflagellates, dinoflagellates, ciliates, rotifers, cladocer-

ans, and copepods), and found a mean and mediar20f

30%, with maximal values of-70%. Using an assimila-  gteady state solutions for the model were calculated to pro-
tion efficiency of 70-80% for both N and P, we thus derived ;jqe insights on the processes and parameters which drive
Lm=GGEJ3, 0.88-1.00. In the model, we tested different e pehaviour of the model. These steady solutions were cal-
values forLm (0.75 in the base run, and 0.5 and 0.9 in the ¢;j5ted by setting the solution of differential equations to 0.
sensitivity analyses). , _ We used Egs. (7) and (94Rs/d! + dPp/d1=0), and
Finally, knowledge about the fraction of N and P reminer- Egs. (8) and (10)dNs/dr + dNp /d1=0) for a system of two

alised or excreted in the surface lay&R) or in the deep equations with two unknowns, Nfand O (mmol m3). We
ocean DR) was essential. The vertical partitioning of rem- ;s obtained

ineralisation depended on two parameters, the specific rem-

i icati ; inki i - RPRG| SF+DN—SF8}Neq (12
ineralisation rate of detritus and the sinking velocity of par NE* — M;SD[ g{ B1 60( aN)} (AN +RN)}

3.1 Analytical solutions

ticles. In a two box model, we derived estimatesSét and [sH(1-pfz01-2D)) | (14)
DR using the following relationships: —t
g g P [1+8F8leo(aQ—alF) |
z=H
— 1 (_,<H+z>) and
SR:E / l—e p(z)dz (11) o o
J « 1 | RPRQ{1-SF-DN+SFsNeo(1-
z=0 O = MOSD[ (S Erot )] + (AN +RN)}

and R e (15)
o o {1+5Fﬁi\lso<u87a,’\\fp>}
DR=1-SR-SFE (12)

In this equation, H is the depth of the surface layeis the ~ As in Tyrrell's (1999) model, both phytoplankton types were
specific remineralisation rate of detritus & andV is their ~ Primarily limited by the rate of supply and loss of the ulti-
sinking velocity (m d'1), SF is the fraction of organic matter mate limiting nutrient, P. Conversely, the supply of N from
buried in the sediments, andz) is a probability distribution ~ €ither the atmosphere or rivers had a positive effect on non-
for particles in the water column. For simplicity, we assumedfixers (0% and a negative one onzNixers (NF). In other
that detritus was homogeneously distributed betweerD words, external N inputs to the ocean drove the competition
andz = H. Integration of Eq. (11) between=0 andz=H  between N-fixers and non-fixers.

yields: In our model, the biomass of NFand O was also con-
trolled by the assimilation of N and P and by the accumula-
SR=1— (1_6’6'4 ) L (13)  tion efficiencies of N and P in herbivores. High assimilation
TH efficiency and low accumulation efficiency of Bi{andag)

favoured both NFand O . Conversely, high assimilation ef-

An estimate ofSR required knowledge of the time scale '3V : >C ,
ficiency and low accumulation efficiency of N had a negative

of remineralisation, and of the sinking velocity of detritus. "
Two studies in temperate and polar systems have reporteffedback on NFand a positive feedback onO

specific organic matter degradation rates that range from COmbining Egs. (14 and 15) gave the total phytoplankton
0.003d ! to 0.44d"! and average 0.080.01d L, with no  Piomass:

clear dependence on temperature (Panagiotopoulos et al,, 1 RPRg’rg

2002; Lgnborg et al., 2009). In our model, we used a value of(NF*JFO*) =~ MoSD SFE(1— BPen(1—a0 . (16)
t=0.1d"L. Sinking velocities depend on the nature of the 0SD| {SF(1—prro(l—ap))}

particles, ranging frome1md-1! for single phytoplankton ~Summing Egs. (14) and (15) cancelled out the role of ni-
cells (Smayda, 1970) te 700 md-! for aggregates or fae- trogen delivery to the ocean and its internal recycling effi-
cal pellets (Uye and Kaname, 1994; Fischer and Karakasciency, so that total phytoplankton biomass {NFO*) was
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only correlated to the delivery of phosphorus (RP), the N:P(see model description). Or, Ré’rg-ﬂ{\'/ﬁf > Rgrg, then P

stoichiometry of non—fixersl(g’rg), burial efficiency (SF), the  was the limiting elemenigy = L - Rgrg/Rg)rg' S0 thatRc?rg

proportion of primary production channelled towards herbi- cancelled out from Eq. (17c), and herbivore biomass (in term
vores €o), and the assimilation and accumulation efficienciesof N unit) reached a plateau given by
of P (ﬂ'f andaFc,’). The result of all this was that a high preda-
tion rate on a phytoplankton pool that was P-rich compared, ,, Bl'e0RPLm RS
to the herbivores’ requirement resulted in a higher release of 1 — M1(SD+DD) {SF(1— /31P€o(1—a8))} '
P in the dissolved phase which then increased oceanic pri-
mary production (see numerical results). In thi§ case, all other things being equal herbivore biomags
The steady state solution for herbivore biomass®mained constant unless the supply of P to the ocean in-
(mmol N n3) was given by: creased. This general pattern also held wiggi al™ (see
model sensitivity analysis).
The steady state solutions for nutrients concentrations

(17d)

. {BYeoMoSD(aN"NF* +aQ0")}

= 17a _
! M1(SD+DD) (172) (mmol m~3) were,
Combining Egs. (14, 15 and 17a) yielded, Pt MoKp
S= T (18)
g — Mo
i ke ) NG = —ORN (19)
Ao {SF(lfﬂlso(lfag)) }N{FlJrSFﬂl eo(ag—alF)] ST oMo’
(AN+RN) (aQ—al¥F)
1+SF8Neg(aQ—alF and
Hy = [ #QD ND)I}D . (17b) VSD
HEDHDD) b =NE+— {o*ag+NF*ayF} (20)

As expected, the herbivore biomass (in term of units of N)
was controlled by the supply of the ultimate limiting nutrient with
to the ocean (P) and the N:P ratio of phytoplankton. The in-co _ 1 _, y DR,— 025D DR+ —0.25D
fluence of the supply of P and of the N:P ratio of phytoplank- N — (1=¢0) (DRo 0. N)+e0(DR1 =0. N
ton was however modulated by the assimilation and accumu+/3£\'80(1—a,§’) (DE; —DRy),
lation efficiencies of N. Unlike for the total phytoplankton
biomass, the supply of N, the proximate limiting nutrient of and
primary production (Tyrrell, 1999), exerted a control on her- ¢NF _ 1 _ . DRy — 0.25D DR —0.25D
bivore biomass. Therefore, in the model, both N and P lim- " (1=20)(DRo~0. N)+e0(DRy ~0. N
itation of primary production travelled up the food chain up +&0(DR1—0.25DN) +ﬂ£“eo (1—aNF) (DE1 —DRy),
to herbivores. Indeed, when herbivores fed on a phytoplank-
ton pool with a low N content compared to their requirement, @n
such as non-fixers which had a N:P ratio of 16 (Table 1), N MoSDiO*(SS NF*SEF}

was the limiting element of herbivore growth. In this case, in- P5 = P§+ K (21)
creasing N inputs from either atmosphere or rivers increased
non-fixers biomass (Eq. 14), which in turn increased herbi-yjith
vore biomass (Eq. 17a). This effect was however partly coun-
terbalanced by a decrease in-fixation when external N in- 59 = (1—e0)DRo+£0DRy + AT ¢0 (1— aS) (DE1—DRy),
puts increased (Eqg. 15). All in all, increasing N inputs to the
ocean by a factor of two, for example, led to a slight increasend
of herbivore biomass<1%, Eq. 17b). NF_ q_ P _ NF) _

It should be noted that &< = al" = an (corresponding %" = (1= £0)DRo+e0DR1+ i 0 (1 ap” )(DEL=DRy).
to the case wherR(?rg = Ry,g), the supply of N to the ocean The surface concentrations of both nutrients depended ex-
cancelled out from Eq. (17b). The steady state equation theslusively on the maximum growth rate (- or ) and the
became, loss term o) for phytoplankton (Tyrrell, 1999). The loss

N o term increased the availability of both nutrients in the surface

_ Py €oRPRGrgaN . (17¢) layer and consequently, provided nutrients for the growth of

M1(SD+DD){SF(1—BPeo(1-2a9))} phytoplankton. Deep concentrations of both nutrients, on
) N ) oP the other hand, depended on nutrient supply, nutrient rem-
Two cases then needed to be conmdered?%-ﬂl 1By < ineralisation processes, and the rate of mixing between the
R then N was the element limiting herbivore growtk,=  two ocean reservoirs. The origin of detritus (phytoplankton,
Lm, and herbivore biomass was positively correlateﬂgg faecal pellets and zooplankton carcasses), together with the

(0] NF
Rorg Rorg

*

H1
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nutrient assimilation and accumulation efficiencies of her-similar to the estimate of Hernandezéreand lkeda (2005),
bivores also worked to control deep nutrient concentrationsvho gave an estimate of 4440.4 Tmol N.

through the parameters QRDRy, DE;, ﬂi a”daij- Our model’s prediction for nutrient concentrations was
Total primary production (TPP*, Gt C y#) at steady state Compared to real ocean values using the NOAA-NODC-
was deduced from Eq. (16): WOAOQS5 database (Garcia et al., 2006). Matching the scale
of integration to the model resolution, we calculated the ob-
RPRO 106 362 served nutrient concentrations in each reservoir. Surface con-
TPP = o 12.—= (22

centrations for both nutrients are lower than given in the lit-
erature. This is mainly due to the rough division between the
As with Eg. (16), TPP* was primarily controlled by the sup- surface (500 m) and the deep layer500 m), as previously
ply of P to the ocean, as described in Tyrrell (1999), but it wasnoted by Yool and Tyrrell (2003). The predicted N:P ratio
also controlled by recycling through the herbivore parame-in the surface layer (&: Ps=13.4) is slightly higher than ob-
ters. A greater proportion of primary production channelledserved (N : Ps=12.5), but still N-deficient compared to the
towards herbivores, together with high assimilation and lowcanonical Redfield ratio of N:P=16.

accumulation efficiencies for P, increased TPP*. Note that Unlike surface nutrients concentrations, deep concentra-
TPP* was converted to Gt Cyt for the purpose of com- tions of both nutrients were close to the literature value. For
paring model output with observations (see Sect. 3.2). Inthe default parameter values listed in Table 1, however, the
these cases, the standard Redfield C:N ratio of 106:16 wagiodel converged on a numerical solution in which the deep

~ | {SF(1-BPeo(1—a®))} | 16 T 1000

assumed. N:P ratio is lower (N, : P5=12.2) than the observed average
Secondary production (SPP*, Tmol N¥ could also be  (Np : Pp=14.3). From Egs. (20 and 21), it appears that the
derived from deep N:P ratio was controlled primarily by the parameters
362 associated with herbivores, i.e. the assimilation and accumu-

SPP = SD- {ﬂ{“eoMo (a“FNF*—i-a,(\?O*)} 1000 (23)  lation efficiencies of N and P{', BT, anda;), the fraction

of zooplankton excretion which occurred in the deep ocean
Fluxes of various materials at steady state could also be dgDE;), and the fraction of detritus produced by herbivores
rived (TmolNyr1), namely which was remineralised in the deep reservoir {PRThe

sensitivity of the model predictions to these parameters is ex-

Excretion of nitrogen= (24) " plored later in Sect. 3.3.
(SD+ DD)-{ﬂl“‘eoMo((l—a,Z‘F)NF*+(1—a,<3)o*)}.ﬂ, The predicted total primary production, 48.97 GtC¥r
1000 falls within the range of literature values. Global estimates
_ of primary production from satellite radiometer data suggest
Fecal pellet productios (25)  that 36-61GtC are fixed each year by oceanic microalgae
362 (Longhurst, 1995; Antoine et al., 1996; Dunne et al., 2007).
SD+DD)- | (1—gY)eoMo(NF* +0O*) | . —— ' ' M ’
(SD+DD) i( Pr)eo O( + )} 1000 Our model estimated a denitrification of 128 TgNyr
and falls into the upper range of recent estimates of denitrifica-
362 tion process in water column. Current estimates differ quite
. e . 1
Herbivore mortality= (SD-+DD) - M1H - _ (26) significantly, ranglnglg from -65: ZQ TgNyr = (Gruber, 2004)
1000 to 116-150 TgN yr+ (Codispoti et al., 2001; Galloway et
al., 2004).
3.2 Numerical solutions and model assessment Our model exported 2.45GtCyt (0.43GtNyrt), or

5.2% of TPP*, to depths deeper than 500m. This sits at

Numerical solutions were derived by substituting the param-the lower end estimates from the literature (3—25% TPP¥*)
eter values (Table 1) into the analytical solutions calculated(Schlesinger, 1977; Tyrrell, 1999; Dunne et al., 2007).
in Sect. 3.1. These numerical solutions and comparisons tén our model, most of the export was related to herbi-
published values are listed in Table 2. vores (0.34 GtNyrl) through the production of faecal pel-

The predicted total phytoplankton biomass (8.5 Tmol N) lets (0.10 Gt N yrl) and carcasses (0.13 Gt Ny at depth.
fell within the literature range (7.5-10.7 TmolN: Gasol et Part of the export was also accounted for by excretion below
al., 1997; Tyrrell, 1999), and most of it (99%) was ac- 500 m (0.11 Gt Nyr?).
counted for by non-fixers. Total zooplankton biomass The predicted total excretion of N (1.2 Gt NV is at the
(12.9 Tmol N) was also roughly consistent with the observedlower range of global estimates of ammonia excretion by
range of 8.1 1.9 Tmol N for oceanic systems (Gasol et al., mesozooplankton (1.18-2.38 Gt N}t Hérnandez-Lén et
1997; using a C:N ratio of 5.0 for the conversion). In al., 2008). In addition, it should be note that global estimates
the meta-analysis of Gasol et al. (1997), protozooplanktorof excretion in the ocean would be even higher if microzoo-
accounted for 3.80.7 TmolN and mesozooplankton for plankton excretion was accounted for in observations and if
5.1+ 1.2 TmolN. This contribution of mesozooplankton is the release of urea and dissolved organic nitrogen (DON)
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Table 2. Comparison of model solutions at steady-state with values from the literature.

Variable Unit Model result Literature

NF*, No-fixers Tmol N 0.08 -

(NF+OY*, Phytoplankton TmolN 8.46 75-167 f

H7, Zooplankton TmolN 12.89 438 8.1°

P%, Surface phosphate mmol PTH 0.15 1.08

NZ, Surface nitrate mmol N i3 1.98 13.50

P%, Deep phosphate mmol P14 2.50 217

N#, Deep nitrate Mmol N m3 30.67 3P

Rg, Surface N:P ratio mol/mol 13.4 125

R}, Deep N:P ratio mol/mol 12.24 143

Total primary production Gtcyrt 48.97 36-5064, 46-61
Denitrification GtNyrl 0.65 (1.5% of TPP)  0.9-2% of TPP
Export across 500 m GtCyt 2.45 (5% of TPP)  3-25% of TP h
Burial GtCcyrt 0.15 (0.3% of TPP)  0.1-0.3% of TBP
Secondary production GtNyt 6.9 (80% of TPP)  70-80% of THF
Zooplankton excretion (N and P)  GtNvk, GtPyrl 1.19,0.44 1.18-2.88—
Zooplankton mortality GtNyrl 3.6 2.24%*
Zooplankton GEE for N % 52, 4% 30"

Zooplankton GEE for P % 33, 60 7-90"

References:

aHernan@z-Leon et al. (2008p, Garcia et al. (2006 Longhurst (1995)‘,j Antoine et al. (1996)¢ Barnes and Hughes (1999),

f Schlesinger (1977% Mackenzie et al. (1993% Dunne et al. (2007), Tyrrell (1999)] Calbet (2001)K Calbet and Landry (2004),

| Gruber (2008)™ DeMott et al. (1998)" Vincent et al. (2007)° Gasol et al. (1997). Notes:

* net epipelagic Mesozooplanktoftt, for O and NF respectively;** estimation based on estimates of zooplankton mortality rate by Hirst
and Kigrboe (2002) and of net epipelagic mesozooplankton biomass by Hembkedn et al. (2008).

z

were also considered. Although urea and DON excretion are, NF oN Rgrg N
\ GEy= —Lp——29  _gN_ (45

generally considered to be lower compared to Nekcre- Bu=an"f1 mRrslrg.ﬂiﬂ/ﬁfﬂl

tion (Bidigare, 1983), Steinberg and Saba (2008) found that
their contribution to total excretion of N varies from 7% to @nd,
53% depending on the variety of planktonic crustacean. EXGGE, = aé,‘“’ﬂf: Lmﬁf =0.60.

cretion of an even greater proportion of N as DON have been_. i )
reported inAcartia tonsa for example (62-89%, Miller and Given that the N:P ratio of herbivores was greater than that
Glibert, 1998) of non-fixers (owing to the fact that the biomass of non-fixers

In the model, excretion by herbivores depended on the nwvas considered to be dominant), zooplankton tended to ac-

and P assimilation and accumulation efficiencies. Using thefumulate N more efficiently than P, which resulted in the re-

parameters values in Table 1, when zooplankton fed on non:;ease of pl)roducts with a lOWIN:P ratio (r|:1:P=5.95, carllcqlated
fixers (Rc?rg: 16), the predicted zooplankton GGE for N and "™ Table 2). DeMott et al. (1998) showed tmp nia
P were (Table 2) magnahave a lower GGE when fed ddcenedemusith a

high P content than when fed @tenedemusaving low P

GGEy=aB) = Lmp) =052, content (GGE=7% and 50% respectively). A study con-
ducted by Vincent et al. (2007) ofcartia discaudatare-
and, ported a GGR of 30%, a value lower than estimated by
RO, N /8P our model, but the N:P ratio of the algal food was not docu-
0 pP org'P1/P1 ,p N g
GGBp=ap B =Lm - 1 =0.33. mented in Vincent et al. study.
Roig It should be pointed out that our modelling assessment was

intended to show that our model produces a reasonable fit to
the main features of ocean N and P cycling. We have not
intended to make a perfect fit with observations as it would

be unrealistic to do so with a 2-box model. Rather, our study
was conceived to explore the impact of the higher trophic

level on N and P cycling at the ocean level as a whole.

Conversely, when zooplankton fed on fixers (R5= 33),
GGE for N and P were
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0.030 _— Herbivore biomass and nutrient GGEFigure 4a shows
A 0025 3 Lm=09 R2,750 | how herbivore biomass responds to changes in the N:P ra-
z T tio of the algal pool. Here we considered only the N:P ra-
£ 0.020 7 o tio in phytoplankton that do not fix Nbecause variations
§ ootsl e e - of the N:P ratio in N-fixers had a smaller impact on model
s P Rz =20 solutions (results not shown). This partly resulted from the
§ o010f ///,/ 1 low contribution of N-fixers to total phytoplankton biomass
20_005» Vs R0 | (~1%, see Tyrrell, 1999). As predicted by Eq. (17d), herbi-
5 / vore biomass increased until the N:P ratio in the algal pool
0,000 it reached a threshold value above which herbivore biomass re-
Other algae N:P ratio mained constant unless the N:P ratio of herbivores increased
400 ——— (Fig. 4a). This threshold ratio corresponded to the case where

RGq BY/BY = R&q, that is RSy = RG,q- BT/ BY (see model
description, Eq. 4). Usin®5,,=20, L,m=0.90,87=0.80 and
pYN=0.69, this threshold ratio is equal to 23.188 (Fig. 4c).
This was a condition for which the growth of herbivores
shifted from N to P limitation. Below this threshold ratio,
the excess of P in the phytoplankton pool compared to the
herbivore requirement was excreted at a N:P ratio lower than
that of phytoplankton (Fig. 4b). In parallel, Gg®as lower

100

Recycled N:P ratio

0 8 16 24 32 40 48 than its maximal value, while, on the other hand, GGi&as
Otherslgae NP rato maximal (Fig. 4c). Conversely, above this threshold ratio,
o ‘ M:o‘,eg, Is?fo.so, Rzo ‘ phytoplankton nitrogen content was in excess compared to
orl @ ] herbivore requirement, the N:P ratio of the excreted prod-
GGE» ucts increased (Fig. 4b), and G5 maximal while GGIy

decreased exponentially (Fig. 4c). In Fig. 4c, it should also
be noted that GGEand GGE reached simultaneously their

maximal value when the N:P ratio is the algal pool reached
the threshold ratio of 23.188, that is when the N:P ratio of al-

Gross growth efficiency (other algae)

02| 1 gal food which has passed the gut wall matched the N:P ratio
01} L =09 1 of herbivore.
0.0 T Phytoplankton biomass and productierShifts in the ac-

0 8 16 24 32 40 48

Other algae N:P ratio cumulation efficiency of N and P maintained the condition of
strict homeostasis in the N:P stoichiometry of herbivores, as
Fig. 4. (a)Global herbivore biomass (mmol NT) plotted against ~ predicted by Sterner’s model (1990). This homeostatic regu-
the ratio of nitrogen to phosphorus (N:P) in non-fixers, using four lation of the elemental composition of herbivores had an im-
different N:P ratios in herbivoregb) The N:P ratio of the products  pact on the production rates of bothfixers and non-fixers.
released by herbivores plotted against the N:P ratio in non-fixers\nhen the N:P ratio in the algal pool was lower than that of
() Gross growth efficiency of N (GG and P (GGE) plotted  pappiyores, the excess P released to seawater favoured the
against the N:P ratio in non-flxerng)rg) using the following set growth of Np-fixers (which were phosphorus-limited). As
of parameters: assimilation ‘?fﬁCie”Ci‘f%l =0.69 and,Bf_: 0.80, 3 consequence, MNixation increased compared to the case
maxmumzaccumulatlon efficiency,m =0.9, and N:P ratio in her- /o1 herbivores were not considered (Fig. 5a, b). This
bivores, Rrg=20. effect was more pronounced when the difference between
the N:P ratio in phytoplankton and herbivores was higher,
and/or when the maximal accumulation efficientyn(= ap)
of phosphorus was lower (Fig. 5a, b).
Figure 5 also shows that the N:P ratio in the algal pool

3.3 Sensitivity analyses

The main objective of the sensitivity analysis was to deter-
mine how ecosystem functions and nutrients inventories rethat determined whetherNixation would OCCU(I:R(())rg:I ﬁx>
spond when (1) the nitrogen to phosphorus ratio (N:P) indecreased when herbivores were included in the model. This
phytoplankton varies and when (2) most of primary produc-ratio was derived from the steady state solution fefiXers

tion is channelled towards herbivores. Attention has also(Eq. 14), and satisfied the following condition:

been paid to variations in herbivore parameters.

[RO ] (AN +RN)SF(1— gPe0) Rgq
> .
Olix ~ RPRZ {SF+DN—SFBNeo(1— Lm)} — (AN +RN)SF8 e0Lm

(27)
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Lpn=0.9
0.28 -

—_— anrv:10 -

0.24 R:,=20 -
ffffff Ry,=30 -

——i— RE S50 -

— —— Tyrrell

0.20

0.16

0.12

0.08

Nitrogen-fixers production (Tmol N yr-')

0 8 16 24 32 40 48
24 T T 24 T =
P (= I
S g™ g =20
> 20| RE=30 I (L) o pu— RE=30 g
b = RE =50 P = RZ =50
g ——— Tyfel ——— Tyttell g
E 16 16 - -
e Vs e
£ el P -
é 12 12 Vvl e
3 % e
2 v b
S / -
2 8 8 24 -
e
& 7 e
3 4 4 // -7
e
& - X
O n n 1 1 1 1 O fodl n n n n 1 1
0 8 16 24 32 40 48 0 8 16 24 32 40 48
Other algae N:P ratio Other algae N:P ratio

Fig. 5. (a)and(b) N»-fixation plotted against the ratio of nitrogen to phosphorus (N:P) in non-fixers using two different maximum accu-
mulation efficiencies for herbivore4.£,=0.9 or L,=0.5), and four different N:P ratios in herbivord%cz,(g). The assimilation efficiency of

nitrogen 61’\‘) and phosphorusﬂ{’) were set at 0.69 and 0.80, respectivéb).and(d) same as (a) and (b), but for non-fixers. Solutions for
the Tyrell’s model without herbivores are also shown (dashed line).

Using the default parameters values listed in Table 1'Table 3. Sensitivity of the deep nutrient concentrations to model

[Rg)rg]f_ varied from 11.250 without herbivores to 5.536 parameters. Values represent the mean sensitivity index (SI, %) as a
X

when herbivores are included in the model W”%Fg_) percentage of variation of model solutions compared to the standard
' simulation when a parameter has been decreased by 50%. See text

+00, it was found tha[Rgg]f, — 4.145. Conversely, when for details on the calculation of SI.
1X

R decreased below 16:1[,R89]fiX increased exponen- Model parameter N Po  Np:Pp

tially, and became undefined Whﬂgrg is lower than 5.264.

DRy 10 9 1
The greater fixation of lwhen herbivores fed on a P-rich DR 29 23 10
algal pool resulted in an input of new N into the surface of SE 11 13 12
the ocean. This new N was eventually available for the N- DN 4 <1 4
limited non-fixers (@), so that their growth also benefited BN 1 <1 1
indirectly from the release of P by herbivores (Fig. 5c, d). ﬂ% 15 16 2
Overall, total primary production (TPP*) increased when Lm 32 30 1
herbivores were explicitly considered (Fig. 6). From the ‘902 15 16 3
steady state solution for TPP* (Eq. 16), the effect of herbi- Rorg 8 8 1
vores on TPP*was driven by the term @~ e (1— apo)). K 92 91 3

All other things being equal, the increase in TPP* was min-

imal when the accumulation efficiency of P was maximal

(a,? = Lm). This is illustrated on Fig. 6a, b (and also on

Fig. 5) by the “straight line” just above the model solution ent concentrations were unaffected by variations of the N:P

obtained without herbivores (which corresponds to Tyrell's ratio in the algal pool, as expected from the steady state so-

model). All the model solutions converged towards this Jutions (Egs. 18 and 19). Deep nutrient concentrations, on

straight line whenk$, > Rg.- BT/BY', i.e. when P became  the other hand, were affected by variations of the N:P ratio

the limiting nutrient for herbivore growth (Fig. 4c, d). in non-fixers, and by the herbivore parameters (Egs. 20 and
Nutrient concentrations and the deBjpP ratio — Figure 7 21). When the N:P ratio in the algal pool increased, the deep

shows the steady state solutions for nutrient concentrationdl concentration increased and the deep P concentration de-

plotted against the N:P ratio of the algal pool. Surface nutri-creased nonlinearly untl’t(?rg > Rgrg-ﬂlp/ﬂi\‘.
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Fig. 6. Global primary production plotted against the ratio of nitrogen to phosphorus (N:P) in non-fixers pool using two different maximum
accumulation efficiencies in herbivorel§=0.9 or L,m=0.5), and four different N:P ratios in herbivord%(g). The assimilation efficiency

of nitrogen (3’1\‘) and phosphorusﬂ{’) were set at 0.69 and 0.80, respectively. Solutions for the Tyrell's model without herbivores are also
shown (dashed line).
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Fig. 7. Nutrient concentrations plotted against the N:P ratio in non-fixers using the default parameters set listed in Table 1, éxgept for

Using the default parameter set listed in Table 1, this Figure 8 illustrates the sensitivity of the predicted deep
threshold ratio was equal to 28.99. Above 28.99, deep N conecean N:P ratio to variations of both the N:P ratio of non-
centrations increased linearly, while deep P concentrationgixers and SE In contrast to Tyrrell's original model,
remained constant. The relative importance of each parameshanges in the deep nutrient N:P ratio were nonlinearly re-
ter driving the deep N:P ratio was evaluated using a sensitiviated to the phytoplankton N:P ratio. Higher SE.e. a

ity index (Sl), calculated as follows, lower proportion of excretion occurring in the deep ocean)
3 tended to reduce changes in deep nutrient N:P ratios when
. \/ (Xﬁg_xfig%) phytoplankton stoichiometry varied, notably whé&g, >
1 RZ_-BP/BN. In this case, deviations from Redfield stoi-
SI== )" - (28) org' P1/P1 .
ne, XRorg chiometry in phytoplankton were partly absorbed in the sur-
org— std

face of the ocean through the excretion of the excess of N.

. RO ' . o : .
In this Eq., Xy’ is the model solution for a variable X (deep g&?ivee;rts Elyp artalng)vs\:hsejri;\(r)n p\ll:,f;esdhtihie":i;za:;g "? ggfﬁdNeep
nutrient concentrations and N:P ratio) using the default pa- ' org 9 org #1771

i 0

rameter set listed in Table 1 and the variable N:P ratio in non-ang, reduc:d r']t Whe::lorg W?S lol’vzr'd N* for diff

, o RSy . - igure 9 shows the estimated deep ocean or differ-

gﬁ?ersvy;gg)éxrﬁgg’/é I'Sp?rznr:gtde?lﬁiugggrfoéetzfezrg; gjré od nt N:P ratios in herbivoresR%rg) and for different values of
E;. Gruber and Sarmiento (1997) introduced this N* pa-

o o — o - :
\s{\tl:lat;e(s"lfgglgi};2?1ofsz?rr]a];rgreneRor%_tﬁ(atgtlacoé?’];:se?].tr-arggnfwer rameter to derive estimates opNixation and denitrification
P §n the ocean, defining it as:

primarily controlled by the mixing ratek() and herbivores’
parameters, notablm, DRy, ¢o, A7, and SE. Deep nu- N*=[NO§]—16[PO?[]+2.9 mmolNnT3. (29)
trient concentrations were less sensitive to the other param-

eters, DR, Rgrg, DN andﬂi\'.The predicted deep N:P ratio As shown on Fig. 9, the actions of herbivores may alter the
was mainly controlled by two parameters: Sihd DR. deep ocean N*. LowRg,, (R&y < RSy BL/BY or <13.8)
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Fig. 8. Simulated deep ocean N:P ratio vs. non-fixers N:P ra'aago using a maximum accumulation efficiency for herbivoregajf

Lm=0.9 and(b) Lm=0.5. Different values of the fractions of excretion occuring in the surface of the oceahW®Ee also used. The other
parameters were kept similar with base run (Table 1).

w
o

toplankton and herbivores. Regarding herbivores, however,

200> ] Sterner’s approach has been proven robust in estimating ob-
S0l S e served patterns of CNR (Sterner and Elser, 2002).
£ 0 —= \::j,’,,, ,,,,, el Our combination of these two models has shown that ma-
510" N rine herbivores may exert a control on global primary pro-
4200 N SE=087] ductivity through the resupply and the stoichiometry of N
.

~a ] and P in the ocean.

In the model, P remained the ultimate limiting nutrient
‘ ‘ ‘ ‘ ‘ ‘ of marine productivity, as in Tyrell's (1999) original model.
8 16 24 32 40 48 . N . .
Zooplankton N:P ratio When herbivores were included in the model, however, vari-
ations of marine primary productivity resulted not only from
Fig. 9. Estimated deep ocean N* plotted against the N:P ratio invariations in the inputs of P from rivers (Tyrrell, 1999), but
herbivores Rgrg), using different fraction of herbivore excretion also from CNR. Levels of global primary production were
occuring in the surface layer (3E0.80, 0.90, 0.95 or 1.0). Pa- higher particularly when herbivores had higher N:P ratios
rameters other thaﬁ%,g and Sk are kept similar with base run  than phytoplankton (Fig. 6). This higher primary produc-
(Table 1). The N* value was corrected from N* in Tyrrell's original tion was triggered by a low N:P resupply ratio from herbi-
model without herbivores. vores (Fig. 4b), which in turn favoured the P-limitech-N
fixation (Fig. 5a, b). Eventually, the N-limited non-fixers

. . . fited f he i f this “ N fuell N
and high SE (SE; > 0.95) induced positive N* values. :i)igt?olrae(dFig;ogz: td;a Input of this “new uelled by
Strong negative N* values were predicted WhEég in- RS

creased $13.8) and SE decreased (SE< 0.95). When This influence of CNR on BHixation has been demon-
100% of the excretion occurred in the surface was Strated in lakes, with reducedMixation when herbivores

high, N* values became positive. This implies that differen- Were composed dbaphnia pulexa species with low whole-

tial recycling of N and P by herbivores in the surface of the P0dy N:P ratios, while_ bHixation was higher with herbi-
ocean can induce a N deficit (negative N*) or an excess of’0r€s having higher N:P ratios (MacKay and Elser, 1998).

N (positive N*) in the deeper layers that do not result from " the ocean, evidences for P-limitation op-fixation and
either denitrification or h-fixation. for low N:P resupply ratios from migrating zooplankton

have been also documented in the Pacific subtropical gyres
(Moutin et al., 2005; Hannides et al., 2009). Additionally,

it has been shown that marine species of microzooplankton
have usually a low N:P resupply ratio, in the range 2:1 to 8:1

. . N (Dolan, 1997).
The main question addressed in this study was to what ex- . . .
tent does CNR drive oceanic primary production and the dis-_ OUr results, therefore, support the idea that in the oceanic
tribution of N and P in the global ocean? To answer this P-limited systems, grazing by herbivores, notably microzoo-
question, we used a model built upon foundations provideoPIankton’ may alleviate P-limitation of marine productivity.
by Tyrrell (1999) and Sterner (1990). The model was kept The model has also revealed that CNR can influgnce the

admittedly simple in term of the N and P metabolism of phy- N:P ratio in non-fixers that trigger Mfixation (I:R(())rg:lﬁxv

A b
o o
/

/

i

&
(=]
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4 Discussion
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Eq. 27). Using a modified version of Tyrrell's (1999) model, found when more tharn5% of the excretion occurred in the
Lenton and Klausmeier (2007) found that competitive dy- deep ocean (Fig. 9).
namics between i\lfixers and non-fixers set the N:P thresh- In other WordS, if primary production is mainly consumed
old for No-fixation. Here, we found that when the N:P ratio py non-migrating zooplankton with high N:P ratios, such as
in herbivores Rg,,) increased above Redfield stoichiometry, microzooplankton, most of the excretion will occur in the
[Rgg] _ converged towards a constant value-gf-5, while ~ Surface of the ocean, thereby inducing N excess in the deeper
fix layers (Fig. 9). In this case, estimates of denitrification in the
[Rg)rg]ﬁx increased sharply wheRg,, decreased below Red- deep ocean from N* calculations could be underestimated.
field stoichiometry. Conversely, migrating herbivores, such as mesozooplankton,
. will excrete part of the nutrients in the deep layers with a low
Values for[Rf?fg]ﬁx of ~4-5 fall in the lower range of N:P resupply ratio. This active transport of nutrients could

observed N:P ratios in phytoplankton (Quigg et al., 2003).induce N deficit in the deeper layers (Fig. 9), and a possible
These values are, to our knowledge, rarely encountered iyerestimation of denitrification.

natural marine phytoplankton communities. Similarly, a re-

V'eWtOf]ciEe N:P ratio in marine ztoga!arr:lfton hai Showr:\lt_gatshown that P fluxes to the deeper layers mediated by excre-
most oTInese organisms, excepled Nish larvae, have a N.F Igg o, migrating zooplankton was a significant compo-

tio uiually r:g:]her or C:?ﬁett;.mé.l (Ta:le G).bTherelfo;e., OUl hent of P cycling in this area. This active downward flux of
resufts would suggest thabrlixation should be rarely ng- - p a5 shown to be equal in magnitude to the P flux medi-

gered by the_N:P ratios of non-fixers in most of the Cas€Sated by particles sinking, thereby reinforcing P-limitation of
encountered in the ocean. marine productivity in the upper layers. Additionally, this
The model has also shown that phytoplankton with higherp-rich flux mediated by migrating zooplankton may induce
N:P ratios increased the yield of herbivores umf); >  apparent N deficit in the deeper layers that would not result
R&q- BL/BY (Fig. 4), when P became the element limiting from denitrification.
herbivore growth. As predicted by Sterner’s model, this case Al together, our model results and recent studies in the
favoured herbivores with a low P-requirement (or high N:P subtropical gyres suggest that marine herbivores and CNR
ratios; Fig. 4). Such situations have been reported in lakegnay be important in driving the stoichiometry of N and P in
where zooplankton community assemblages with lower P rethe deep ocean, and should be included in efforts to under-
quirements are correlated with high C:P ratios in the sestorstand biogeochemical cycles. Although simple, the proposed
(Gulati et al., 1991). In the ocean, P-limitation has been re-parameterisation of the influence of CNR on oceanic N and

ported in various systems, notably in the oligotrophic gyresp cycles is driven by some critical parameters which need
(Karl et al., 2001; Moutin et al., 2005). Such systems would further investigations.

be useful for testing whether or not phytoplankton com-

munities with higher N:P ratios, such &ynechoccocusr  perpivores- A key parameter in the model was the propor-
ProchlorochoccugBertilsson et al., 2003), also favour 200~ 5 of primary production channelled towards herbivores
plankton assemblages with low P requirement in the ocean.(Set ateo=0.8) rather than exported. However, this param-
Finally, the model suggested that CNR both drove andeter may vary in space and time. As noted previously, graz-
buffered the impact of deviations from Redfield stoichiom- ing estimates based on dilution experiments have shown that
etry in non-fixers on the deep ocean N:P ratio. This influenceheterotrophic protists consume an average of 67% of the
of CNR was driven by three mechanisms, the importance oflaily phytoplankton growth, with higher proportions found
herbivory which accounted for 80% of the annual primary in the open ocean (Calbet and Landry, 2004). This is in
production in the model, the homeostatic regulation of her-line with the idea that, in the ocean, the dynamics of pico-
bivore’s N:P stoichiometry, and the resulting excretion of N and nanophytoplankton communities are notably controlled
and P in various proportions. by grazing pressure (Sherr and Sherr, 1994, 2002), which

When most of the excretion occurred in the surface of theeventually results in efficient recycling of nutrients in sur-
ocean, CNR reduced the impact of variations of the N:P raface waters (Azam et al., 1983; Legendre and Rassoulzade-
tio in non-fixers on the deep N:P ratio (Fig. 8). Then, The 9an, 1995).
deep N:P ratio tended to mimic the N:P ratio of herbivores Large microphytoplankton, on the other hand, can more
rather than that of phytoplankton. Additionally, N deficit easily escape from grazing. Calbet (2001) found for exam-
(N* <0) or N excess (N%0) can result not only from shiftsin  ple that mesozooplankton (200-20 000 um in size) consume
the balance betweensNixation and denitrification (Gruber an average of 12% of the annual oceanic primary produc-
and Sarmiento, 1997), but also from CNR. Wh%fpg was  tion. Locally, salps or large krill swarms can consume a
higher than Redfield stoichiometry, this induced N excess insignificant proportion of the daily primary production on a
the deep ocean if more than 95% of the excretion occurred irshort time scale. Von Bodungen (1986) found, for exam-
the surface of the ocean (Fig. 9). Conversely, N deficit wasple, that krill swarms can consume up to 45% of the daily

In the North Pacific gyre, Hannides et al. (2009) have

(1) Proportion of primary production channelled towards
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Table 4. Ecological C:N:P stoichiometry of various marine pelagic invertebrates and vertebrates (mean and standard deviation in brackets).

C:N C:P N:P Reference(s)
Microzooplankton — — - 21.50 (2.10) h
Copepods 5.54 (1.60) 131.80(60.80) 23.32(9.35) b,c,d,e,f
Euphausids-mysids  4.58 (0.48) 120.20(31.20) 26.15 (6.81) a,b,c
Other crustacea 5.43(0.23) 94.18 (10.64) 17.35(1.72) b, e, f
Chaetognaths 4.16 (0.07) 124.99(12.32) 30.06(3.45) b,d
Salps 4.39(0.26) 148.99(19.92) 34.14(6.52) «c,g,h
Polychaetes 4.49 (0.52) 178.30(91.90) 38.38(16.79) b,c
Mollusks 4.80 162.30 33.84 c
Siphonophores 4.28 200.00 46.72 b
Hydromedusae 291 108.70 37.40 b
Pteropods 8.15 196.08 24.06 b
Fish and fish larvae  4.57 69.93 15.31 b

References:

2 Roger (1978),b Beers (1966): means from monthly surveys off Bermuda (North Atlarftieda and Mitchell (1982): Southern Ocean;
d Uye and Matsuda (1988): Japan S&aGismervik (1997): Oslofjord, Norway'; Walve and Larson (1999): Baltic Se®;Igushi and
Ikeda (2004): Southern Ocedhte Borgne (1982): off the Guinea coast.

primary production over a period of 3 weeks in the Brands-vertical migrations, and should excrete N or P mostly in the
field Strait (Southern Ocean). surface of the ocean. Also, they produce minipellets which
The proportion of primary production channelled towards are mostly remineralised in the surface (Gowing and Silver,
herbivores will thus vary both temporally and spatially, ac- 1985; Nothig and Von Bodungen, 1989; Gdilez, 1993). A
cording to the dominance of phytoplankton communities study on microzooplankton grazing in the Southern Ocean
by either small or large organisms. Summing the contri-suggested, for example, that during winter, the efficiency of
bution of protists and mesozooplankton gives an estimatéhe biological carbon pump is reduced when a greater pro-
of 79%—87% of the oceanic primary production being ex- portion of the photosynthetically fixed carbon is passed to
ported towards herbivores. the microzooplankton compared to summer when the larger
A process, not included in the model, which would also re-cells dominate phytoplankton biomass and the bulk of the
sult in an efficient remineralisation of organic matter within photosynthetically fixed carbon are consumed by meso- and
the upper ocean, is cell lysis associated with virus infec-macrozooplankton (Froneman and Perissinotto, 1996).
tions. Cell lysis rates can be high (up to 87-8)lin the Unlike nano- and microzooplankton, large organisms like
ocean and may account for a significant part of small phyto-copepods and other large crustaceans can vertical migrate
plankton natural mortality (Magbet al., 2007). Higher lat- on short time scales. Various studies show that excretion
itudes, coastal areas, or fronts are, conversely, characterisdy these organisms below the euphotic zone can account
by seasonal blooms dominated by large phytoplankton sucffor a significant part of the biological pump and the ver-
as diatoms. Bloom terminations often result in the exporttical flux of nutrients in a variety of open-ocean environ-
and mass sedimentation of large aggregates which contain®ents (Longhurst et al., 1990; Dam et al., 1995; Le Borgne
various particles, including exopolymers like mucus, trans-and Rodier, 1997; Steinberg et al., 2000; Al-Mutairi and
parent exopolymer particles (TEP), phytoplankton cells, de-Landry, 2001; Steinberg et al., 2002). Hernandeafand
tritus, faecal pellets, minerals and mucus (Thornton, 2002). Ikeda (2005) also reported thatl0-15% of mesozooplank-
(2) Release of unassimilated nutrients between solubldon respiration (13.8-4.2 Gt Cyrt) occurs at depths deeper
(excreted) and particulate forms (egested) and proportionthaﬂ 500 m. Part of this deep excretion is accounted for by
of excretion occuring in the surface of the oceaifhe re-  organisms which feed in surface layers and excrete part of
lease of unassimilated nutrients between soluble (excretedjieir assimilated nutrients in the mesopelagic zone.
and particulate (egested) forms together with the proportion If we combine the contribution of protists and mesozoo-
of excreted to egested nutrients remineralised in the surfacglankton to grazing and global excretion, we can reasonably
of the ocean are also critical model parameters. suggest thatv90% of the excretion occurs at depths shal-
To our knowledge, few things are known about the propor-lower than 500 m. This vertical partitioning needs further in-
tion of the excretion occurring in the surface of the ocean. Avestigation with regards to its importance in driving the deep
significant proportion of excretion is likely accounted for by nutrient inventories, as illustrated by the model presented
small organisms (nano- and microzooplankton) which haveherein.
high turnover rates. These organisms do not perform large
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Considering the influence of CNR in driving marine cancelled out by the N:P ratios of herbivore biomass reminer-
ecosystem functioning, an important issue which would needalisation. In our model however, the nutrient resupply ratio
further investigations is the influence of CNR on iron cy- from herbivores affected the dissolved inorganic N:P ratios at
cle in the Ocean. Iron limits primary production in several steady state through two processes: a fraction of detritus was
oceanic environments (Martin and Fitzwater, 1988; Hutchinsremoved from the surface of the ocean through settling, and
and Bruland, 1998), and Nixers are known to have high a fraction of herbivore excretion occurred in the deep ocean.
Fe-requirement compared to other algae (Finkel et al., 2010)Although simple, the model used here emphasises the need
Thus, the influence of CNR onNfixation could be triggered  for us to better understand how consumers influence nutri-
not only by P but also by Fe resupply from herbivores. Sev-ent recycling in the ocean. This study should be extend to
eral studies have suggested that grazing by herbivores erhigher trophic levels, beyond herbivores. As pointed at by
hances iron recycling (Barbeau et al., 1996, 2001; Twining etSterner and Elser (2002), the fate of N and P which are chan-
al., 2004a; Sato et al., 2007; Sarthou et al., 2008). Barbeau etelled towards herbivores versus carnivores remain poorly
al. (1996, 2001) found for example that digestion of colloidal constrained.
iron in the acidic food vacuoles of protozoan grazers may be The model presented here does not discriminate between
a mechanism for the regeneration of bioavailable iron fromherbivorous protists and mesozooplankton, the later which
the refractory iron phases. Similarly, a study of the impact ofare able to feed actively on protists (Gismervik and Ander-
grazing on Fe regeneration in a naturally iron-fertilised areasen, 1997). Also, there is evidence that predation accounts
also revealed that copepod grazing resulted in a 1.7-2.3-foldor a significant proportion of natural mortality in small ma-
increase in Fe regeneration (Sarthou et al., 2008). It was alsdne invertebrates, up to 70-80% in copepods for example
found that Fe regeneration accounted for 42—61% of the to{Hirst and Kigrboe, 2002).
tal Fe demand, and the presence of copepods increased FeThe elemental stoichiometry of marine predators is still
regeneration by 48%. Sato et al. (2007) have suggested thaiborly documented compared to freshwater organisms and
organic Fe-binding ligand formation during microzooplank- needs further investigations. A study in the Baltic Sea has
ton and copepod grazing on phytoplankton may be responsishown for example that the biomass of pelagic fishes could
ble for the observed increase of Fe regeneration. represent a significant pool of P (Hjerne and Hansson, 2002),

Applying CNR theory principles to iron implies that en- thereby influencing nutrient cycling in this system.
hanced iron recycling from grazing should result from Fe- In conclusion, the two models used here support the idea
excess in the phytoplankton pool compared to the herbivoréhat CNR may influence nutrient cycling and inventories at
requirement. To our knowledge, few things are known aboutglobal scale and that this process should be account for in
the iron requirement of zooplankton. Twining et al. (2004b) ocean physical-biological models which often assume Red-
measured the C:P:Fe stoichiometry of individual cells of het-field stoichiometry throughout the food chain.
erotrophic flagellates (jdg) during the Southern Ocean Iron
experiment. They found thatggy and phytoplankton had
similar Fe:P ratios under low Fe-conditions, whilgagihad
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5 Conclusion and perspectives

By linking the two important works of Tyrrell (1999) and
Sterner (1990), this study has shed light on the possible rol
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biomass was eventually remineralised in the surface layer
and became available for uptake by phytoplankton, the differ-
ential ratios by which herbivores excrete nutrients would be
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