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Many phytoplankton exploit phosphorus (P) from organic sources when dissolved inorganic P (DIP) is depleted. This
process is, however, rarely considered in ecological and biogeochemical models. We present a mechanistic model de-
scribing explicitly the ability of phytoplankton to use dissolved organic P (DOP) when DIP is limiting, by synthesizing
alkaline phosphatase (AP) that releases DIP from DOP. This model, applicable to any phytoplankton species expres-
sing AP, is here specifically developed for the colony-forming Phaeocystis globosa. It describes the main processes related
to P metabolism, including DIP transport, intracellular accumulation and assimilation. Model behaviour is explored
in DIP-limiting batch-type conditions for different DOP ranging between 0 and 1.5 mmol P m23. Simulations show
that the DOP-derived DIP increases the maximum biomass reached and extends the period of net growth. The mag-
nitude of the enhanced biomass production is controlled by the DOP initially present as well as the released DOP, the
latter being recycled by lysis of P. globosa cells. We also present a simplified model version derived from the mechanistic
model, which involves fewer state variables and parameters. The latter is directly usable in both variable (quota-type)
and fixed stoichiometry descriptions of phytoplankton growth.
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I N T RO D U C T I O N

Phosphorus (P) is fundamental to all life processes and is
therefore an essential element for growth. The preferred
source of P for phytoplankton is dissolved inorganic

P (DIP) (Cembella et al., 1984). In the absence of suffi-
cient DIP, various metabolic processes are de-repressed
to enable a more efficient use of internal P and/or to
allow acquisition of P from organic sources (Gobler et al.,
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2011; Wurch et al., 2011; Dyhrman et al., 2012). These
processes include the increased ability to transport DIP
(by increasing transporters affinity and/or the number of
transporters), the lowering of P demand (by switching sul-
folipids for phospholipids), the maximization of P recyc-
ling within the cell (by adjustment of the glycolysis
pathway) and the up-regulation of ecto-proteins involved
in P cleavage (phosphohydrolytic enzymes). Many fresh-
water and marine phytoplankton species have been
shown to up-regulate the latter mechanism to satisfy their
P needs from the dissolved organic P (DOP) under DIP
limitation (Kuenzler and Perras, 1965; Cembella et al.,
1984; Flynn et al., 1986; Hoppe, 2003; Glibert and
Legrand, 2006). Different types of phosphohydrolitic
enzymes can be expressed (such as alkaline and acid
phosphatases, 50 nucleotidase and phosphodiesterase) but
emphasis is typically (and pragmatically for ease of meas-
urement) placed only on the alkaline phosphatase (AP).
As a wide variety of DOP can be exploited (van Boekel,
1991; Yamaguchi et al., 2014), this strategy has important
implications for the competitive success of phytoplankton
in low DIP environments and for the related biogeo-
chemical cycles. The ability to acquire P from different
sources, including consumption of bacterial-P by mixo-
trophic phytoplankton (Mitra et al., 2014) can be particu-
larly important in oligotrophic ecosystems (Mather et al.,
2008) as well as in eutrophic waters (Rousseau et al.,
2004) frequently subjected to nutrient imbalance.

Despite the importance of AP for aquatic microbes
and the competitive advantage that it can confer in low
DIP environments, only few models explicitly consider
the utilization of the DOP by phytoplankton as a P
source under DIP limitation (e.g. Letscher and Moore,
2015). Some authors suggest that their phytoplankton
models take the effect of AP into account, but they always
do so implicitly. One way is to attribute a low half-
saturation constant for DIP assimilation (e.g. Lancelot
et al., 2005). Another is to consider the expression of AP
as a higher allocation in the P uptake machinery under P
limitation with the effect of increasing the P maximum
uptake rate (Klausmeier et al., 2007; Pahlow and
Oschlies, 2009; Bonachela et al., 2013; Lomas et al.,
2014). However, all these models lack an explicit descrip-
tion of the development and expression of AP activity
(APA) and do not consider the DOP actually available.

As a first step in explicitly including the ability of
phytoplankton to use DOP, this work proposes a simple
model formulation that can be easily included in large
ecological and biogeochemical models. The simple for-
mulation (hereafter referred to as M2) was derived from
the analysis of results obtained from operating a mechan-
istic ordinary differential equations (ODE) model (here-
after referred to as M1) also detailed in this work. M1

describes explicitly the physiological mechanisms
involved in up-regulation and expression of AP under
conditions of P-stress caused by DIP limitation. Both M1
and M2 are applicable to all phytoplankton species
expressing AP by the fact that the physiological mechan-
isms described here are not species-specific. However, the
models were developed making use of Phaeocystis globosa as
a model species for the choice of the parameter values.
This haptophyte often grows in large ungrazable colonies
composed of cells embedded in a mucilaginous matrix,
and is responsible for large ecosystem disruptive bloom
events in eutrophied seas such as the Southern North Sea
(Lancelot et al., 1987; Lancelot, 1995). This species has
been previously shown to synthesize AP when ambient
DIP is low (Veldhuis and Admiraal, 1987; Veldhuis et al.,
1987; van Boekel and Veldhuis, 1990) and is suspected to
acquire DIP from DOP hydrolysis to help sustain massive
spring blooms in nitrate-enriched waters such as the
Southern North Sea. This particular eutrophied coastal
system now displays symptoms of DIP limitation due to
nutrient (pollution) control measures implemented in the
late 1980s that were more successful in decreasing P
inputs rather than N inputs (Rousseau et al., 2004; Billen
et al., 2005; van der Zee and Chou, 2005; Passy et al.,
2013).

In the absence of suitable published batch experimen-
tal data, M1 was constructed and tested to match the
available qualitative observations related to phosphate
transport, intracellular accumulation and AP induction/
activity reported for P. globosa or for another haptophyte
such as Emiliania huxleyi (Table I). The performance of
M2, in which APA is implicitly considered to properly
describe phytoplankton and nutrient dynamics under DIP
depletion and DOP availability was then appraised by
comparison with the results obtained with M1 taken as
“reference.” Finally, the mechanistic model M1 was used
to explore (i) the extent to which APA can sustain phyto-
plankton growth under DIP depletion and (ii) the effect of
different capacity to accumulate internal P reserves. These
two aspects are indeed of major interest when dealing with
competition between species in DIP-limiting environments.

M E T H O D

Model description and parameterization

The mechanistic model (M1)
The structure of the mechanistic model built for P. globosa

colonies is schematically shown in Fig. 1A. This model is
based on the AQUAPHY model (Lancelot et al., 1991)
describing carbon and nutrient flows within a strictly
phototrophic phytoplankton cell, taking consideration of
the uncoupling between photosynthesis and growth. The
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original AQUAPHY is here modified to explicitly de-
scribe the synthesis and the phosphohydrolytic activity of
AP (grey rectangle in Fig. 1A). The model structure
includes 12 state variables (Table II) linked by 19 processes
(Supplementary data, Appendix A and B). State variables
describing P. globosa physiology include: the functional and
structural metabolites (F) with the exception of the AP that

is described by a separate state variable, carbon monomers
(early products of photosynthesis; SC), internal carbon
reserves (i.e. carbohydrate, fatty acids; RC), intracellular
soluble phosphate (SP), polyphosphate reserves (RP) and
the extracellular mucus (M) in which colonial P. globosa

cells are embedded and that provides an extracellular sup-
plementary carbon reserve (Lancelot and Mathot, 1985).

Table I: Qualitative observations related to phosphate transport, accumulation and alkaline phosphatase
activity (APA) reported for P. globosa or, if not available, for the haptophyte E. huxleyi. curves were
sketched from data given in the jointed references

Observations Species References

Phosphate transport
(i) The maximum specific DIP uptake rate is regulated by the
internal P content.

E. huxleyi Riegman et al. (2000)

Phosphate storage
(ii) Only a modest amount of P accumulation is observed in
the presence of excess P (for P. globosa only two cells
division are allowed with the accumulated P)

Phaeocystis sp.,
E. huxleyi

Jahnke (1989), Riegman et al.
(2000), Shaked et al. (2006)

(iii) Under DIP depletion, colony and single cells both
decrease their cellular P content

P. globosa Veldhuis and Admiraal (1987)

(iv) DIP can be absorbed and accumulated in the colonial
structure

P. globosa Veldhuis et al. (1991)

Alkaline phosphatase activity
(v) Under DIP depletion colony and single cells have high
APA

P. globosa Veldhuis and Admiraal (1987)

(vi) AP synthesis occurs at the transition between the late
exponential phase and the early stationary phase when the
DIP concentration is very low

E. huxleyi Kuenzler and Perras (1965),
Dyhrman and Palenik (2003),
Xu et al. (2010)

(vii) AP responds rapidly to fluctuations in P level in the
environment

E. huxleyi Dyhrman and Palenik (2003), Xu
et al. (2006)

(viii) AP synthesis is regulated by an internal pool that is
directly influenced by the influx of DIP into the cell

P. globosa van Boekel (1991), Xu et al.
(2006)

(xi) AP enzymes are rapidly lost when DIP is added back to
P-stressed cultures

E. huxleyi Dyhrman and Palenik (2003), Xu
et al. (2006)
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The total C-cell biomass (mmol C m23) of P. globosa is
given by the sum of F, AP, SC and RC. The F pool is
assumed to have a fixed C:N:P stoichiometry
(Supplementary data, Appendix C) based on biochemical
constraints in agreement with Geider and Laroche
(Geider and Laroche, 2002). Similarly, AP has a fixed C:N
stoichiometry (assumed to be the same as for the F pool).
Variable cellular stoichiometry is enabled by taking
account of the additional C and P accumulated as carbon
monomers (SC), carbohydrates and fatty acids (RC),
soluble inorganic phosphorus (SP) and polyphosphates
(RP). Therefore, the C-biomass-based P-quota (PC) can be
calculated as the ratio between P included in the F, SP and
RP pools and C included in the F, AP, SC and RC pools.
External nutrients involve: the nitrate (NO3) and the am-
monium (NH4) that constitute the dissolved inorganic ni-
trogen pool (DIN), the ambient orthophosphate (PO4) plus
the newly formed orthophosphate released as a function
of AP activity upon DOP (PO4APA) that together constitute
the DIP pool and finally the DOP. Processes that have
been added or modified from the original AQUAPHYare
described by the equations reported in Table III.

Synthesis of new metabolites F [growth in Fig. 1A; m
in Equation (1) of Table III] is controlled by the availabil-
ity of carbon monomers SC (either directly produced by
photosynthesis or indirectly by RC and M catabolism)
and inorganic nutrients. The SC limitation is described
by a Michaelis–Menten equation where the substrate
concentration is expressed by XS

C
� kSC in which XS

C
¼

SC/F and kSC is the minimum value for XS
C

and is
assumed to be equal to the half-saturation constant for
SC assimilation (Supplementary data, Appendix C).
Simultaneous limitation by several nutrients is handled
by invoking Liebig’s minimum law in which P limitation
is formulated by a hyperbolic function depending on XSP

Fig. 1. Two alternative schemes for modelling the functioning of
P. globosa colonies and their ability to use DOP to sustain growth when
DIP is limiting. (A) Mechanistic model (M1) including five carbon pools:
structural and functional metabolites (F), alkaline phosphatase (AP),
carbon monomers (SC), carbon reserves (RC) and mucus (M), and two
pools containing inorganic P: internal soluble phosphate (SP) and
polyphosphates (RP). External nutrients include: dissolved inorganic
nitrogen (DIN ¼ NO3 þ NH4), dissolved inorganic P (DIP ¼ PO4 þ
PO4APA) and dissolved organic P (DOP). (B) Simplified model (M2)
without RP, AP and PO4APA.

Table II: State variables (all expressed as a concentration in seawater)

State variable Description Units

P. globosa (i ¼ colony or single cells)
Fi Functional and structural metabolites mmol C m23

APi Alkaline phosphatase mmol C m23

Si
C Carbon monomers (early products of photosynthesis) mmol C m23

Ri
C Intracellular carbon reserves (carbohydrates, fatty acids) mmol C m23

Si
P Intracellular soluble phosphate mmol P m23

Ri
P Intracellular polyphosphate reserves mmol P m23

M Extracellular mucus (surrounding colony cells) mmol C m23

External nutrients
NO3 Nitrate mmol N m23

NH4 Ammonium mmol N m23

PO4 Orthophosphate mmol P m23

PO4APA Newly released orthophosphate from DOP mmol P m23

DOP Dissolved organic phosphorus mmol P m23

Phaeocystis globosa biomass (colony þ single cells) is given by [F þ SC þ RC þ AP]col þ [F þ SC þ RC þ AP]sng (mmol C m23).
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(the ratio between SP and the P contained in F, i.e. XSP ¼

SP/(F/CPF)) while the N limitation is formulated by a
hyperbolic function depending on the external DIN.

AP synthesis [sAP in Equation (2) of Table III] depends
on the availability of carbon monomers and of DIN, and
is regulated by the internal soluble phosphate SP. De facto,
the demand for P from DOP, expressed through the
synthesis of AP, is driven by internal P-stress in a mode
analogous to (de)repression of metabolic pathways regu-
lating AP synthesis in real organisms. The feedback

control uses a sigmoidal function as described by Flynn
et al. (Flynn et al., 1997). Accordingly, AP synthesis is
fully repressed when XSP reaches its maximum value
Xmax

SP
and, in contrast, maximized when SP is empty.

Parameters (Hill number and half-saturation constant)
have been adjusted in order to satisfy the available quali-
tative observations of AP regulation (Table I (vi, vii, viii))
and have been subjected to sensitivity analysis.
First-order kinetics describes AP degradation [Equation
(3) in Table III].

Table III: Equations describing the processes that have been added or adapted compared with AQUAPHY
for a better consideration of the phytoplankton P metabolism

Equation Process Value Units Explanation

1 m mmax �
XS

C
� kSC

ðXS
C
� kSC Þ þ kSC

�min
DIN

DINþ kN
;

XS
P

XSP þ kSP

� �
� F mmol C m23 h21 Synthesis of new metabolites F as a

function of XS
C

(¼SC/F) and inorganic
nutrients, i.e. DIN or XSP (¼SP/(F/CPF))

2 sAP smax
AP �

XS
C
� kSC

ðXS
C
� kSC Þ þ kSC

� DIN
DINþ kN

�
ð1� XSP=X max

SP
ÞhsAP

ð1� XSP=X max
SP
ÞhsAP þ k reg

sAP

� F mmol C m23 h21 AP synthesis as a function of SC and
DIN and restricted by X max

SP

3 degAP kdegAP
� AP mmol C m23 h21 Constant AP degradation

4 resp kmaint � F þ j� ðmþ sAPÞ mmol C m23 h21 Respiration

5 uptDIP uptmax
P � DIP

DIPþ kP
�

ð1� XSP=X max
SP
Þ4

ð1� XSP=X max
SP
Þ4 þ k reg

uptP

� F
CPF

mmol P m23 h21 DIP (PO4 þ PO4APA) uptake as a
function of DIP and restricted by XSP

6 sRP smax
RP
�

ðXSP=X max
SP
Þ4

ðXSP=X max
SP
Þ4 þ kreg

sRP1

�
ð1� XRP=X max

RP
Þ4

ð1� XRP=X max
RP
Þ4 þ k reg

sRP2

� F
CPF

mmol P m23 h21 RP synthesis promoted by XSP and
restricted by XRP (¼RP/(F/CPF))

7 cRP kmax
RP
�

ð1� XSP=X max
SP
Þ4

ð1� XSP=X max
SP
Þ4 þ k reg

cRP

� RP mmol P m23 h21 RP catabolism restricted by XSP

8 APA APAmax � DOP
DOPþ kAPA

� AP mmol P m23 h21 Alkaline phosphatase activity as a
function of DOP

Parameter values are shown in Table IV (for the new parameters in the model) and Supplementary data, Appendix C (for the parameters already used in
AQUAPHY).

Table IV: Constant parameters related to P processes and APA for P. globosa

Parameters
Colony
cells

Single
cells Units Explanation Reference

APAmax 3 3 mmol P mmol C21 h21 Max. DOP hydrolysis rate at opt. T Adjusted to satisfy Table I (v)
hsAP 8 8 – Hill number of sAP regulation by SP Adjusted to satisfy Table I (v, vi, vii)
kAPA 1.1 1.1 mmol P m23 Half-saturation constant of DOP hydrolysis Xu et al. (2010)
k reg

cRP
0.01 0.01 – Half-saturation constant of cRP regulation by SP Based on Flynn et al. (1997)

kdegAP
0.25 0.25 h21 Spec. constant rate of AP degradation at opt. T Based on Table I (ix)

kP 0.3 0.3 mmol P m23 Half-saturation constant of P uptake Based on Veldhuis et al. (1991) taking into
account Table I (iv)

kmax
RP

0.09 0.09 h21 Spec. constant rate of RP catabolism at opt. T Based on John and Flynn (2000)
k reg

sAP
0.001 0.001 – Half-saturation constant of sAP regulation by SP Adjusted to satisfy Table I (vi, vii, ix)

kSP 0.02 0.02 – Half-saturation constant of P assimilation Adjusted
k reg

sRP1
0.01 0.01 – Half-saturation constant of sRP regulation by SP Based on Flynn et al. (1997)

k reg
sRP2

0.01 0.01 – Half-saturation constant of sRP regulation by RP Based on Flynn et al. (1997)
k reg

uptP
0.01 0.01 – Half-saturation constant of uptDIP regulation by SP Based on Flynn et al. (1997)

smax
AP 0.0009 0.0009 h21 Max. AP synthesis rate at opt. T Adjusted to satisfy Table I (v)

smax
RP

0.18 0.18 h21 Max. RP synthesis rate at opt. T Based on John and Flynn (2000)
uptmax

P 0.44 0.22 h21 Max. transport rate of DIP at opt. T Based on Veldhuis et al. (1991) taking into
account Table I (iv)

X max
SP

0.2 0.2 – Max. ratio between Sp and P included in F Based on John and Flynn (2000)
X max

RP
1 1 – Max. ratio between RP and P included in F Adjusted to satisfy Table I (ii)
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APA [Equation (8) in Table III] is controlled by the
availability of DOP via Michaelis–Menten kinetics (Chróst
and Overbeck, 1987). Hydrolysis of DOP via APA releases
orthophosphate that contributes to the external DIP pool
which is thence available for P. globosa (PO4APA; Fig. 1A).
Therefore, the success of APA in raising the internal
P-status of the cells controls indirectly the synthesis of AP.

Energetic costs, as respiration [Equation (4) in Table III],
include costs for cellular maintenance and synthesis of new
functional and structural metabolites (including AP). The
costs for F and AP synthesis are respectively proportional to
m and sAP according to a metabolic cost function j varying
as a function of the N source used, NO3 or NH4 [Equation
(B8) in Supplementary data, Appendix B].

The internal pool of soluble inorganic phosphorus (SP)
is either directly supplied by DIP taken up from the
ambient or indirectly by RP catabolism. DIP uptake
[Equation (5) in Table III] is a function of the external
DIP and the internal SP status considering that DIP
uptake rate is maximum when XSP is zero and is down-
regulated as XSP approaches its maximum size to prevent
the pool from exceeding its maximum capacity. This is
consistent with qualitative observations of DIP transport
(Table I (i)). SP also controls the RP catabolism [Equation
(7) in Table III] that is maximized when SP is empty as a
result of external DIP depletion, as suggested by existing
observations relevant to P cell accumulation and con-
sumption (Table I (iii)). The shape of these two regulating
functions by SP follows the arguments developed in
Flynn et al. (Flynn et al., 1997) and John and Flynn (John
and Flynn, 2000), i.e. sigmoidal curves with a Hill
number of 4 allow the simulation of pool regulation pro-
cesses with realistic lag at high and low pool sizes. In con-
trast to DIP uptake, DIN uptake is controlled to support
growth with fixed C:N stoichiometry for F, in agreement
with Geider and Laroche (Geider and Laroche, 2002).

Loss processes include SC excretion [Equation (B19) in
Supplementary data, Appendix B] and cellular lysis, the
latter being controlled by the nutrient stress [Equations
(B16) and (B17) in Supplementary data, Appendix B].
Lysis of F supplies the external pool of DOP [Equation
(B18) in Supplementary data, Appendix B] and the exter-
nal pool of dead particulate organic P (dPOP) in equal
proportions. In this model, the latter is a true sink that is
not explicitly taken further into consideration. As bacterial
hydrolysis of dPOP is not described in the model, dPOP is
accumulated in the system. The process of colony disrup-
tion [Equations (B28) and (B29) in Supplementary data,
Appendix B) releases single P. globosa cells whose dynamics
is described by the same set of state variables and processes
as colonial cells but without M (Supplementary data,
Appendix A). Single cells are also able to synthesize AP
under DIP limitation (Table I (v)) as observed by Veldhuis

and Admiraal (Veldhuis and Admiraal, 1987). Total P.

globosa biomass is calculated as the sum of colony and
single cells biomass.

Parameters related to C and N metabolism
(Supplementary data, Appendix C) are those of P. globosa

in the MIRO model (Lancelot et al., 2005) describing
the planktonic ecosystem of the Southern North Sea
and where phytoplankton dynamics are described by
AQUAPHY. The new parameters describing the P me-
tabolism (Table IV) have been determined on the basis of
literature data and adjusted to satisfy the qualitative
observations shown in Table I. The most important para-
meters on which experimental effort should be focused,
were identified based on model sensitivity tests, making
use of the method of Haefner (Haefner, 1996). The model
was run under DIP-limiting (external DIP and DIN of,
respectively, 1 mmol P m23 and 110 mmol N m23) and
DOP-enriched (1.5 mmol P m23) chemostat-type condi-
tions. A normalized sensitivity index [SI, Equation (9)]
based on steady-state biomass was then calculated for each
parameter:

SI ¼ ðY � Yref Þ=Yref

ð p� pref Þ= pref
ð9Þ

where Yref is the value of P. globosa biomass reached at
steady state with the reference parameter value pref

(Table IV) and Y is the value of P. globosa biomass reached
at steady state with P, the reference parameter increased/
decreased by 25 or 50%. The SI value is thus a measure
of the relative variation of P. globosa biomass compared
with the relative variation of the parameter (Haefner,
1996).

The simplified model (M2)
The structure of the simplified model (M2) is shown in
Fig. 1B. By comparison to M1, it lacks an explicit descrip-
tion of the AP, the polyphosphate reserves RP (at the level
of cellular P-stress leading to the expression of AP, any
polyphosphate would have already been exhausted), and
the phosphate released from DOP hydrolysis (PO4APA).
However, APA is implicitly considered by allowing the
direct uptake of DOP when DIP becomes limiting, i.e.
uptDIP calculated by Equation (5) in Table III becomes
uptP as follows:

uptP ¼ uptmax
P � ðDIPþ DOPÞ

ðDIPþDOPÞ þ kP

�
ð1� XSP=Xmax

SP
Þ4

ð1� XSP=Xmax
SP
Þ4 þ k

reg
uptP

� F

CPF
ð10Þ
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The proportions of DIP and DOP that are taken up are
functions of (i) their respective concentrations and (ii) a
preference function for DIP over DOP. Two different
functions are tested to express that preference: fPCu

[Equation (11)] and fDIP [Equation (13)] which distin-
guish two M2 versions: M2-fPCu and M2-fDIP. The first
(fPCu) is related to the C-biomass-based P-quota (PC), so
that DOP use is zero when cells are P-replete (PC ¼
PCmax) and increases as soon as PC declines towards
PCmin. This function presents the advantage of being dir-
ectly usable in the quota-based model (Flynn, 2008b) as
well as in other models allowing a variable stoichiometry
for phytoplankton such as the AQUAPHY model.
Instead of calculating the preference function directly on
the basis of PC (mmol P mmol C21), we calculate it on
the basis of the dimensionless index of P-quota (PCu),
ranging from 0 for starved to 1 for replete cells (Flynn,
2008a).

fPCu ¼
ð1� PCuÞ

ð1� PCuÞ þ k fPCu

ð11Þ

The dimensionless parameter k fPCu [Equation (11)] has
been estimated at 0.06 by fitting a hyperbolic function
into the curve relating the C-biomass-specific AP nor-
malized to the maximum specific AP and PCu, obtained
with the mechanistic model M1 run in chemostat-type
conditions at different dilution rates (Fig. 2). The dimen-
sionless PCu is calculated as a function of PC by means

of the normalized quota equation, as follows (Flynn,
2008a, b).

PCu ¼ ð1þKQ ÞðPC� PCminÞ
ðPC� PCminÞ þKQ ðPCmax � PCminÞ

ð12Þ

In this model, PC is calculated as the ratio between P
included in the F and SP pools and C included in the F, SC

and RC pools [i.e. PC¼ (F/CPFþ SP)/(Fþ SCþ RC)].
KQ is a dimensionless parameter controlling the shape of
the “PCu vs. PC” curve, within minimum and maximum
quota values (PCmin, PCmax). KQ reflects the manner in
which an organism accumulates, distributes and uses the nu-
trient (Flynn, 2008b). For P limitation, KQ tends to be low
(Flynn, 2008a), giving a strongly curved relationship, i.e. a
significant decrease in PC from PCmax causes little stress ini-
tially. For this application, KQ was set at 0.3 (Flynn, 2008a).

The second function tested to express the preference
for DIP over DOP [fDIP; Equation (13)] is based on the
external DIP, so that DOP uptake tends to zero when the
external DIP is high.

fDIP ¼ 1� DIP

DIPþ k fDIP

ð13Þ

The half-saturation constant for DOP uptake inhibition
by DIP [k fDIP ; Equation (13)] has been estimated at
0.2 mmol P m23 by adjustment to fit with M1 results.
This function has less physiological meaning than fPCu as
it is known that AP synthesis is directly controlled by the
internal P status and not by the external DIP concentra-
tion (Myklestad and Sakshaug, 1983; Gage and Gorham,
1985; Lomas et al., 2004; Dyhrman and Ruttenberg,
2006; Xu et al., 2006; Litchman and Nguyen, 2008).
However, this very simplified formulation could be
applied to ecological models in which nutrient uptake
relies only upon the external P, assuming a fixed stoichi-
ometry for phytoplankton cells.

Sensitivity analysis of this simplified model has been
performed with the same method as for M1.

Model runs

In order to assess if the mechanistic model conforms to the
qualitative observations (Table I), the model was run to
simulate the evolution of the state variables in a 1-m-depth
P-limited mesocosm under batch-type conditions over a
period of 30 days with a time-step of 15 min. A sinusoidal
12/12 h light/dark cycle with a maximum incident light
of 100 mmol quanta m22 s21 was imposed at the surface
but varied in depth, depending on Chl a-dependent light
attenuation coefficient [Equation (B3) in Supplementary
data, Appendix B] and assuming a fixed C:Chl a

Fig. 2. Relationship between the C-biomass-specific AP normalized to
the maximum specific AP and PCu, the index of P-status calculated as
in Equation (12). This relationship was obtained using the mechanistic
model M1 run to steady state at different dilution rates. The sigmoidal
curve fitted by means of Microcal Origin 3.5 was used to parameterize
the preference function for DIP over DOP [ fPCu; Equation (11)] as used
in M2.
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stoichiometry for F (Supplementary data, Appendix C).
Temperature was kept constant at 108C. The initial nutri-
ent concentrations were selected to maintain a DIP nutri-
ent limitation during the entire simulation (external DIP
and DIN of, respectively. 1 mmol P m23 and 110 mmol N
m23). The initial DOP was zero but it was supplied by cell
lysis during the experiment. The simulated mesocosm was
seeded at time zero with colonies only (the first single cells
being derived from colony disruption) with a biomass of
2.5 mmol C m23. The initial proportion of mucus M
compared with cellular carbon (F þAP þ SC þ RC) was
chosen to represent young forming colonies at bloom
onset (Rousseau et al., 1990). The AP, SP and RP pools
were initially empty. These running conditions are here-
after referred to as reference conditions.

R E S U LT S

The mechanistic model (M1)

Model performance and sensitivity analysis
The performance of M1 was initially assessed by its ability
to conform to the qualitative observations (Table I) in

terms of AP synthesis and repression. Figure 3 shows the
time evolution of P. globosa C-cell biomass (calculated as the
sum of colony and single cells biomass), the distribution of
P between DIP (PO4 þ PO4APA), DOP, P-biomass and
dPOP (calculated as the difference between the constant
P-system and the other P pools), the C-biomass-based
P-quota (PC) and the C-biomass-specific AP and APA
simulated for the reference conditions. During the first 5
simulated days, P. globosa growth is sustained by inorganic
nutrients initially present in the batch, leading to an in-
crease of P. globosa biomass (Fig. 3A) also reflected in the
P-biomass increase concomitant with a DIP decrease
(Fig. 3B). During the same period, the DOP and dPOP
concentration increase due to cell lysis (Fig. 3B). As SP and
RP are initially empty, PC increases rapidly before being
stable during the 5 first days (Fig. 3C). The AP synthesis
being directly controlled by the SP availability, the specific
AP concentration initially increases but is then rapidly
repressed when SP is supplied by the external DIP
(Fig. 3D). Despite this initial AP up-regulation, no APA is
expressed because of the lack of its substrate, DOP
(Fig. 3D). From Day 6, AP synthesis is up-regulated and

Fig. 3. Simulation under reference conditions. Time evolution (daily average values) of (A) P. globosa biomass (single þ colony cells), (B) distribution
of P between DIP (PO4 þ PO4APA), DOP, dPOP (not described as a state variable in the model but calculated as the difference between the constant
system-P and the other P pools) and biomass-P, (C) C-biomass-based P-quota (PC) excluding the mucus and (D) C-biomass-specific AP and
C-biomass-specific APA.
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C-biomass-specific AP concentration starts to increase
(Fig. 3D). This occurs in the late exponential phase of
P. globosa growth (Fig. 3A) in agreement with observations
of APA occurrence in E. huxleyi (Table I (vi)) and when PC
starts to decrease because of the DIP stress (Fig. 3C). The
value of DIP at which AP synthesis is up-regulated in the
simulation (i.e. 0.2 mmol P m23; Fig. 3B) is similar to that
observed by Veldhuis et al. (Veldhuis et al., 1987) in natural
populations of P. globosa. This threshold value is constant
whatever the initial DIP concentration (not shown). DOP
decreases through expressed APA (Fig. 3C and D).
Because of the low DOP concentration, the PO4APA

released by APA supports simulated P. globosa growth
during 4 additional days. From Day 10, RP has been en-
tirely catabolized and the ambient DOP is too low to
support growth. Thereafter, loss terms become higher
than growth terms and the biomass starts to decrease
(Fig. 3A). At that time, PC is mainly controlled by F, SC

and RC and the ratio becomes stable at 0.005 mmol P
mmol C21 (Fig. 3C). The constant lack of SP maintains
the specific AP at a high value (Fig. 3D). The apparent

DIP and DOP equilibrium at 0.022 mmol P m23 (Fig. 3B)
results from the balance between the PO4APA supply by
APA and its consumption by P. globosa, and between the
DOP supply by cell lysis and its hydrolysis by the AP
synthesized by still living P-limited cells.

The ability of the model to describe the expected re-
pression of AP synthesis when DIP is re-supplied in
DIP-limited culture (Table I (ix)) is tested by adding
2.5 mmol P-DIP m23 on Day 10, i.e. when DIP is
depleted (Fig. 4). Results show that PC increases immedi-
ately upon DIP addition (Fig. 4C) showing that the filling
of SP and RP is rapid and therefore specific AP concen-
tration also decreases immediately upon DIP addition
leading to a decrease of APA (Fig. 4B and D). The added
DIP allows P. globosa to increase threefold its maximum
biomass. AP synthesis is then de-repressed when DIP is
depleted again satisfying the observation that APA
responds rapidly to fluctuations in DIP level provided
DOP is available (Table I (vii)). The decline of P. globosa

biomass coincides here with DIN depletion (not shown)
that also controls AP synthesis and thus explains the zero

Fig. 4. Simulation under reference conditions with a pulse of 2.5 mmol P-DIP m23 on Day 10. Time evolution (daily average values) of (A)
P. globosa biomass (single þ colony cells), (B) Distribution of P between DIP (PO4 þ PO4APA), DOP, dPOP (not described as a state variable in the
model but calculated as the difference between the constant system-P and the other P pools) and biomass-P, (C) C-biomass-based P-quota (PC)
excluding the mucus and (D) C-biomass-specific AP and C-biomass-specific APA.
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value of the C-biomass-specific AP (and APA) from Day
21 (Fig. 4D). This DIN limitation also explains the in-
crease of DOP and, to a lesser extent, DIP from Day 19
and 21, respectively, due to cellular lysis releasing DOP
from F lysis and DIP from SP and RP lysis (Fig. 4B).

Altogether these results show that behaviour of the
mechanistic model accords with existing qualitative obser-
vations related to P metabolism and APA of P. globosa spe-
cifically, or of haptophytes in general (as summarized in
Table I).

Introduction of an explicit description of AP in the
AQUAPHY model introduces new parameters. Of these,
only 6 are directly related to AP up-regulation and
activity while 11 others are related to the SP and RP intra-
cellular pools needed for describing the regulation of AP
synthesis by the internal orthophosphate (SP). As most
of these new parameters are not accurately known for
P. globosa, a sensitivity analysis was conducted to deter-
mine the key parameters on which special attention
should be placed. Accordingly, each parameter was
increased and decreased by 50 and 25%, and the result-
ing average SI was calculated making use of Equation (9).
As the same conclusions could be drawn with results
obtained after a 25 and a 50% change (except that SI

values were lower with a 25% change), only the SI
obtained with a 50% change are presented (Fig. 5A).

The five most sensitive parameters (i.e.,
ðkSP ; Xmax

SP
; Xmax

RP
; smax

RP
and kmax

SP
Þ show an SI between

0.08 and 0.33, meaning that a 50% change of the refer-
ence parameter induces only a +4–16.5% change of
the P. globosa biomass reached at steady state. The com-
puted SI of the 12 remaining range from 0.0006 to 0.06,
meaning that a 50% change of their reference value
induces only a 0.03 to +3% change of the P. globosa

biomass reached at steady state. The operation of the
model is thus largely insensitive to the selection of param-
eter values, providing a robust structure. It is interesting
to note that the five parameters that influence the
steady-state biomass the most are not involved in the
description of AP synthesis and activity. Xmax

SP
and kSP

control directly the P available for synthesis of new meta-
bolites; the former determining the maximum SP con-
centration and the latter determining the ability to
assimilate SP in new metabolites. It is thus expected that
they have an important effect on P. globosa biomass under
P limiting conditions and special emphasis should be
given to determining these parameters experimentally.
Similarly, Xmax

Rp
; smax

Rp
and kRp are key parameters as they

Fig. 5. Ranking of model parameters based on their normalized sensitivity index (SI) calculated as in Equation (9) for a 50% change of the
parameter value. White bars are parameters for which the model response (P. globosa biomass) is positive when the parameter value is increased.
Black bars are parameters for which the model response is negative when the parameter value is increased. SI ¼ 1 indicates a pro-rata relationship
between change in parameter value and impact on biomass. (A) SI obtained with the mechanistic model M1, (B) SI obtained with the simplified
model M2. See Table IV for full description of parameters.
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control indirectly the DIP available for the synthesis of
new metabolites by affecting the competition for P use
between the latter process and the accumulation of poly-
phosphates.

Significance of APA
The significance of APA for P. globosa growth was explored
by comparing model simulations in which the potential
to synthesize AP is turned on and off. Simulations were
performed under reference conditions except for initial
DOP varying between 0 and 1.5 mmol P m23, the
maximal value observed in the Southern North Sea
during spring (unpublished data). The resulting evolution
of P. globosa biomass, DIP, DOP and PC is shown in Fig. 6.
When the ability to synthesize AP is turned off, the P.

globosa biomass starts to decrease from Day 9 (Fig. 6A)
when ambient DIP is depleted (Fig. 6B) and RP has been
entirely catabolized to support growth (Fig. 6C).
Simultaneously DOP accumulates, supplied by cell lysis
(Fig. 6D). When AP synthesis is turned on, the PO4APA

released from DOP supports net growth during a longer
period and allows a higher maximum biomass (Fig. 6A).
The cost related to AP synthesis does not significantly
impact the maximum biomass attained as it never
exceeds 4% of the cost related to m during the net growth
period. For the three simulations, APA is triggered on
Day 6 regardless of the initial DOP concentration
(observed from the simulated DOP decrease in Fig. 6D).
In contrast, the initial DOP level determines the
maximum P. globosa biomass attainable, being 1.3–3
times higher when the model has the potential to express
AP than without this potential (Fig. 6A). The initial DOP
level also determines the duration of the net growth
period that tends to be longer when initial DOP is higher
(Fig. 6A). Regarding cellular stoichiometry, it can be
observed that when initial DOP is sufficient, AP
up-regulation allows the maintenance of an elevated PC
over a longer period (Fig. 6C) because the external DIP
provided by DOP hydrolysis is sufficient to support
growth without using internal P reserves during 2–3

Fig. 6. Simulations under reference conditions with and without APA ability and with different initial DOP concentrations (0, 0.75 and 1.5 mmol
P m23). Time evolution (daily average values) of (A) P. globosa biomass (single þ colony cells), (B) DIP (PO4 þ PO4APA), (C) C-biomass-based
P-quota (PC) and (D) DOP. DOP is recycled in the system through cell lysis [Equation (B18) in Supplementary data, Appendix B]; hence, the DOP
accumulation when APA ability is turned off.
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days. Additionally, at the end of the simulation, the PC
value is stable at 0.005 mmol P mmol C21 for the three
simulations allowing AP up-regulation, whereas the PC
value is lower by a factor 5 in the absence of AP
up-regulation (Fig. 6C).

Significance of the P reserve pool
The capacity of P. globosa to accumulate polyphosphates
has been reported as modest (Jahnke, 1989; Table I (ii))
justifying the small Xmax

RP
value used here (Table IV).

However, there are reports of large variability in the cap-
acity to accumulate polyphosphates ðXmax

RP
Þ among phyto-

plankton species/classes (Harold, 1966; Riegman et al.,
2000; Sterner and Elser, 2002), a feature of importance in
competition (John and Flynn, 2000; Flynn, 2002).

In order to test the competitive advantage of holding a
high capacity to accumulate polyphosphate coupled with
an ability to express APA, simulations were performed
under reference conditions with three configurations de-
scribing hypothetical phytoplankton species differing in
respect of their Xmax

RP
value and competing for the same

P resource. The Xmax
RP

values were chosen to cover the
plausible range of RP capacity based on the observation
that the P reserve can be responsible for a 2.5 times
higher PC than in the absence of P reserve (John and
Flynn, 2000). Results (Fig. 7) show that Xmax

RP
impacts dir-

ectly the PC, with a maximum PC being 1.6 times higher
when Xmax

RP
is increased from 0.1 to 2.5 (Fig. 7C). When

external DIP and DOP are too low to sustain growth (on
Day 8; Fig. 7B and D) a configuration with higher Xmax

RP

value are able to maintain growth during a longer period
and can reach a higher maximum biomass (Fig. 7A)
thanks to RP catabolism (Fig. 7C).

The simplified model (M2)

The performance of the simplified model M2 was
assessed by comparing its results in terms of biomass and
nutrient dynamics with those obtained by the mechanis-
tic model M1 conforming to the qualitative knowledge of
P metabolism and AP up-regulation. M1 and M2 were
all run to simulate the evolution of state variables in

Fig. 7. Simulation under reference conditions with three configurations describing hypothetical phytoplankton species differing by their ability to
accumulate polyphosphates ðXmax

RP
¼ 0:1; 1; 2:5Þ and competing for the same nutrient resources. Time evolution (daily average values) of (A)

phytoplankton biomass, (B) DIP (PO4 þ PO4APA), (C) C-biomass-based P-quota (PC) and (D) DOP.
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DIP-limited (external DIP and DIN of, respectively,
1 mmol P m23 and 110 mmol N m23) and DOP-
enriched (1.5 mmol P m23) batch-type conditions. In
order to quantify the similarity between simulations

obtained with M1 and M2, three statistics were com-
puted as in Taylor (Taylor, 2001): the correlation coeffi-
cient (r) quantifying pattern similarity, the centred
pattern root mean square (E0) quantifying differences,
and the variances ratio of the two simulations (sM2/
sM1). Figure 8 compares the time evolution of P. globosa

biomass, DIP and DOP simulated with M1, M2-fPCu and
M2-fDIP. The evolution of P. globosa biomass is exactly the
same for M2-fPCu and M2-fDIP (Fig. 8A) because the total
P uptake rate is calculated in the same way for the two
formulations (the only difference between the two formu-
lations is the calculation of the proportion of DIP vs.
DOP that are taken up). Statistically, the evolution of
P. globosa biomass simulated by M2 is very close to that
obtained with M1 (r ¼ 0.98, E0 ¼ 0.26, sM2/sM1 ¼

1.13). The slightly faster growth rate simulated with M2
as well as the slower DIP and DOP consumption (Fig. 8B
and C) are explained by the absence of the explicit de-
scription of RP. In terms of DIP consumption, the two
M2 formulations reproduce correctly the result obtained
with M1 (Fig. 8B) even if M2-fDIP appeared to be slightly
more efficient, based on the three statistics [r ¼ 0.99 (vs.
0.96 with M2-fPCu), E0 ¼ 0.17 (vs. 0.32 with M2-fPCu),
sM2/sM1 ¼ 1.09 (vs. 1.16 with M2-fPCu)]. In contrast,
the three statistics show that M2-fPCu is slightly more effi-
cient than M2-fDIP to simulate the DOP consumption
[r ¼ 0.99 (vs. 0.98 with M2-fDIP), E0 ¼ 0.16 (vs. 0.2 with
M2-fDIP), sM2/sM1 ¼ 0.98 (vs. 1.05 with M2-fDIP)].

Taken together, we can conclude that a simplified for-
mulation of APA ability gives very satisfactory results in
terms of biomass and nutrient dynamics. Furthermore,
the sensitivity analysis performed with the same method
as for M1 shows that the simplified model is more robust
in parameter changes than M1 (Fig. 5B).

D I S C U S S I O N

Phosphatase (with acid or alkaline optima) is a very
common extracellular enzyme expressed by microbes
growing in aquatic environments. Its existence is indica-
tive of the importance of P-availability for biological
activity and the relative abundance of DOP as the sub-
strate. It is thus surprising that hitherto there has been no
attempt to include expression of phosphatase in models
of plankton. The present work shows the first mechanistic
model explicitly describing the (de)repressive regulation
of AP in agreement with qualitative observations related
to DIP transport, intracellular accumulation of polyphos-
phate and AP induction and activity. By the choice of
the physiological parameters and the description of the
mucus surrounding colonies, the model specifically
describes the haptophyte P. globosa known to be able to

Fig. 8. Comparison between outputs from the three alternative models
simulating the time evolution (daily average values) of (A) P. globosa
biomass, (B) ambient DIP and (C) DOP, in DIP-limiting and
DOP-enriched conditions. M1: mechanistic model (Fig. 1A); M2 2

fPCu: simplified model without RP and AP (Fig. 1B) with proportions of
DOP and DIP taken up controlled by the PCu. M2 – fDIP: simplified
model without RP and AP (Fig. 1B) with proportions of DOP and DIP
taken up controlled by the external DIP.
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synthesize AP (Veldhuis and Admiraal, 1987; van Boekel
and Veldhuis, 1990; Veldhuis et al., 1991) and suspected
to use DOP to sustain its growth when DIP is very low
(Rousseau et al., 2004; Lancelot et al., 2005). Unfortunately,
there are no suitable published batch experimental data
available to enable a full assessment of our mechanistic
model. This is because, as previously noted (Flynn, 2005),
experiments typically do not collect data of the type, or
with the appropriate units, suitable for modelling. For
example, the initial state of the P reserves, total cellular
C:N:P, and the precise initial number of cells are typically
not recorded (e.g. Veldhuis and Admiraal, 1987; van
Boekel and Veldhuis, 1990; Veldhuis et al., 1991; Dyhrman
and Palenik, 2003; Xu et al., 2006).

When the mechanistic model is used to simulate
DIP-limiting and DIN-enriched conditions, as typically
observed today in some coastal ecosystems, it shows that
the explicit consideration of APA ability can significantly
increase phytoplankton biomass building if DOP is avail-
able (Fig. 6). This is supported by many field studies sug-
gesting that DOP can be of major importance to sustain
productivity in DIP-limited coastal (e.g. Nausch, 1998;
Labry et al., 2005; Nicholson et al., 2006; Bogé et al., 2012)
and also oceanic (Vidal et al., 2003; Sohm and Capone,
2006; Mather et al., 2008; Duhamel et al., 2010; Lomas
et al., 2010) ecosystems. More specifically, Lomas et al.
(Lomas et al., 2010) suggest that DOP hydrolysis would
provide �60% of the estimated annual P demand in the
Sargasso Sea and Mather et al. (Mather et al., 2008) found
that 30% of the primary production was supported by
DOP in the North Atlantic gyre during the boreal spring.
In addition to field evidence, some modelling studies also
highlight the importance of including an explicit DOP
pool in ecological models (Salihoglu et al., 2007) as well as
an explicit ability of DOP uptake by the phytoplankton
(Letscher and Moore, 2015).

To properly explore competitive advantages between
phytoplankton using DOP, it is necessary to consider the
mechanisms used for exploitation of the resource.
Indeed, species up-regulate expression at different rates
(Kuenzler and Perras, 1965) and different levels of expres-
sion, not only to DOP in general (APA) but also to more
specific fractions of DOP (Flynn et al., 1986). The AP pro-
duction rate has been shown to be particularly high for
haptophytes (Kuenzler and Perras, 1965). As phosphatases
are cell-bound enzymes, it is reasonable to assume that the
DIP released from DOP hydrolysis is immediately trans-
ferred into the cell and is thus not so readily available for
other (competing) organisms. Therefore, the ability to syn-
thesize AP at a high rate may give a substantial competitive
advantage over other species in DIP-limiting environ-
ments. This competitive advantage may be reinforced or
counterbalanced by the nutrient transport efficiency and/

or by the ability to accumulate internal P reserves under
the form of polyphosphates (Flynn, 2002). Several studies
show that some species can exhibit surge DIP transport
capacities under DIP-limiting conditions, leading to rapid
filling of the internal P reserves and rapid DIP depletion
(Falkner et al., 1998; Riegman et al., 2000; Wagner et al.,
2000). In this respect P. globosa, with a maximum DIP
uptake rate lower by 1–2 orders of magnitude compared
with other species (see Riegman et al., 2000), is not particu-
larly competitive and this explains the �12 h needed to fill
the internal P reserve (Figs 3C, 4C, 6C and 7C). The com-
petitive advantage of holding a large capacity to accumu-
late P reserves has been tested with the mechanistic model
simulating competition between three hypothetical config-
urations differing only by their maximum P reserve cap-
acity. It shows that species able to accumulate larger
P reserves can grow for a longer period which could be a
major advantage in short-term transient events of DIP
supply as discussed in John and Flynn (John and Flynn,
2000).

The explicit representation of the ability of phytoplank-
ton to use DOP as a P source is needed in ecological/
biogeochemical models describing DIP-limiting ecosys-
tems. However, such a detailed description of the AP
up-regulation might not be necessary or desirable when
considering the added computational load. Therefore, we
present a simplified formulation (M2) derived from the
mechanistic model (M1) but involving fewer state variables
and parameters. However, it is worth noting that the
mechanistic model, with feedback interactions, does not
conform to stereotypic “complex models” with respect to
the numbers of parameters. In reality, most parameters in
these types of models control well-constrained processes;
hence, the low sensitivities (SI ,0.1; Fig. 5A) to the selec-
tion of P parameter values (Fasham et al., 2006). We distin-
guished two versions of M2 (M2-fPCu and M2-fDIP)
according to the function used to calculate the preference
for DIP over DOP [fPCu; Equation (11) or fDIP; Equation
(13)]. With M2-fPCu, the proportions of DIP and DOP
that are taken up depend on the internal P-status of the
cells while it depends only on the external DIP concentra-
tion with M2-fDIP. The comparison between the simplified
model (M2) and the mechanistic model (M1) has shown
that the simplified model gives very satisfactory results in
terms of biomass and nutrient dynamics (Fig. 8). However,
the choice between the two formulations expressing the
proportion of DIP and DOP consumed by phytoplankton
cannot be made on the basis of these results but rather
depends on the type of model used. As M2-fPCu has a
better physiological meaning, this formulation should be
favoured in ecological models allowing a variable stoichi-
ometry for phytoplankton cells as quota-based models and
AQUAPHY-based models. For those models with a fixed
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phytoplankton stoichiometry, M2-fDIP could be applied,
but only in systems where P is the sole limiting nutrient.

S U P P L E M E N TA RY DATA

Supplementary data can be found online at http://plankt.
oxfordjournals.org.
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