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Appendix 1

Lake data

We measured Microcystis biomass, microcystin composition and seston N:C ratios in 12
Microcystis-dominated lakes in The Netherlands. Samples were taken from the open water
(at 1 m depth) and, if present, from surface blooms (at 5 cm depth), resulting in a total of 19
lake samples. The data are presented in Table Al below. In addition to the relationships
reported in Fig. 3 of the main text, we note here that the biomass, microcystin concentration
and seston N:C ratio were higher in surface blooms than in the open water.

Table Al. Microcystis biomass, microcystin composition and seston N:C ratios measured in the lake samples.

Microcystis

Lake Lake Sam.ple biomass Total 1\(]1C MC—L}{ MC—R}{ MC-Y}{ Sgston N:C
sample position* (mm® L) (ngL?) (ngL) (ngL?) (ngL™) ratio (molar)
1 Braassemermeer w 2.88 1.49 1.0 0.49 0 0.103
2 Braassemermeer N 566 36.3 17.2 72 11.9 0.143
3 Eemmeer w 59.8 3.38 1.4 0.58 1.4 0.131
4 Eemmeer S 15202 3310 1737 1247 326 0.174
5 Gooimeer-Almere 1 w 7.8 2.26 0.92 0.62 0.72 0.094
6 Gooimeer Almere 1 S 4356 346 179 167 0 0.192
7 Gooimeer-Almere 2 w 3.0 0.68 0.68 0 0 0.078
8 Gooimeer-Almere 2 S 11039 1940 1073 867 0 0.164
9 Gooimeer-Huizen w 380 8.6 5.9 2.7 0 0.126
10 Nijkerkernauw S 1063 429 276 153 0 0.178
11 Noord Aa w 14.6 13.7 7.0 5.4 1.3 0.128
12 Noord Aa S 155 171.3 91.4 79.9 0 0.157
13 ’t Joppe w 42 4.34 2.6 1.5 0.24 0.097
14 ’t Joppe S 1800 858.4 415 349 94.4 0.173
15 Vlietlanden w 2.5 2.3 1.6 0.70 0 0.072
16 Vlietlanden N 224 320.7 210 86.3 24.4 0.162
17 Westeinderplassen w 5.4 0.73 0.73 0 0 0.078
18 Wijde Aa W 11.4 1.79 0.85 0 0.94 0.111
19 Zegerplas w 1.6 1.65 0.79 0.65 0.21 0.082

*W = sample from open water; S = sample from surface bloom.
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Appendix 2

Full description of the model

We develop a model that considers several phytoplankton species competing for inorganic
carbon in a well-mixed water column. The population dynamics of the phytoplankton
species depend on the assimilation of carbon dioxide and bicarbonate. Uptake of carbon
dioxide induces dynamic changes in pH. These changes in pH, in turn, affect the
availability of the different carbon species, which feeds back on phytoplankton growth. In
addition, the growing phytoplankton populations cast more shade and thereby reduce light
availability for photosynthesis. Here, we describe the full structure of the model.

Population dynamics - We assume that the specific growth rates of the competing species
depend on their intracellular carbon content, also known as carbon quota (Droop 1973;
Grover 1991). Let n denote the number of phytoplankton species, let X; denote the
population density of phytoplankton species i, and let Q; denote its carbon quota. The
population dynamics of the competing species, and the dynamic changes of their carbon
quota, can be summarized by two sets of differential equations:

dX

— = uX, - DX, (A1)
do.
% = u(‘Ol.i + uHco;J - I’; - :uiQi (Az)

where i=1,...,n. The first set of equations describes the population densities of the
competing species, where g; is the specific growth rate of species i and D is the dilution rate
(i.e., the turnover rate) of the system. The second set of equations describes the carbon
quota of the species, which increase through uptake of carbon dioxide (ucp,;) and
bicarbonate (uucos,), and decrease through respiration (r;) and through dilution of the
carbon quota by growth.

The model assumes that the cellular carbon assimilated by phytoplankton consists
of structural biomass and a transient carbon pool. The relative size of the transient carbon
pool, S;, is defined as:

S = Q; - QMIN.i
=
QMAX,:‘ QMINJ‘

where Q)yy; 1s the minimum amount of cellular carbon incorporated into the structural

(A3)

biomass of species i, and Qy4yx; s its maximum amount of cellular carbon. The transient
carbon pool can be invested to make new structural biomass, which contributes to further
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Appendix 2

phytoplankton growth. More precisely, we assume that the specific growth rate of a species
is determined by its transient carbon pool:

Q,' B QM]N i
QMAX,i - QM[NJ

where uyy; 18 the maximum specific growth rate of species i. Our model formulation

H = /JMAXJS[ = IUMAXJ( (A4)

resembles Droop’s (1973) classic growth model. However, we assume that the cellular
carbon quota are constrained between O,y and Qyx,, as there are physical limits to the
amount of carbon that can be stored inside a cell. Hence, the specific growth rate equals
zero if the transient carbon pool is exhausted (i.e., u; = 0 if O; = Quyn;), and reaches its
maximum if cells are satiated with carbon (i.e., #; = tyax; if Oi = Opaxs)-

Dissolved inorganic carbon - Carbon dioxide readily dissolves in water, but only a small
fraction of the dissolved carbon dioxide reacts with water forming carbonic acid (H,COs).
Carbonic acid may subsequently dissociate into bicarbonate and a proton. The reaction
from dissolved carbon dioxide to bicarbonate, and vice versa, depends on pH and is
relatively slow (Stumm and Morgan 1996). Bicarbonate can dissociate further into
carbonate and a proton. This is a much faster process, such that the dissociation of
bicarbonate into carbonate and its reverse reaction are essentially in equilibrium with
alkalinity and pH (Stumm and Morgan 1996). The chemical reactions of inorganic carbon
are summarized in Table A2. In addition to these chemical processes, carbon dioxide and
bicarbonate are consumed for phytoplankton photosynthesis, and carbon dioxide is released
by respiration.

Dissolved carbon dioxide and carbonic acid cannot be distinguished
experimentally. Therefore, let [CO,] denote the total concentration of dissolved carbon
dioxide and carbonic acid. In addition, let [CARB] denote the total concentration of
bicarbonate and carbonate. Changes in dissolved inorganic carbon can then be described by
(Portielje and Lijklema 1995; Stumm and Morgan 1996):

d[co ) }
[dt 2] = D([Coz]m - [Coz])+ 8co, T Ceo, + Z’”,X, - ZuCOE,iXi (AS5)
d[C dAtRB] = D([CARB],, —[CARB])- Cop, ~ Z Uy X, (A6)

The first equation describes changes in the concentration of dissolved carbon dioxide
through the influx ([CO,]) and efflux of water containing dissolved CO, , through gas
exchange with atmospheric CO, (gco»), and through the chemical reactions from dissolved
CO, to bicarbonate and vice versa (ccop). In addition, the concentration of dissolved carbon
dioxide increases through respiration (7;) and decreases through uptake of CO; (uco2i) by
the phytoplankton species. The second equation describes changes in the summed
concentration of bicarbonate and carbonate through in- and efflux of water containing these
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inorganic carbon species, through the chemical reactions from bicarbonate to dissolved CO,
and vice versa (ccoz), and through uptake of bicarbonate (uncos;) by the phytoplankton
species. The concentrations of bicarbonate and carbonate are calculated from [CARB]
assuming equilibrium with alkalinity and pH (Portielje and Lijklema 1995; Stumm and
Morgan 1996).

The chemostat is continuously aerated with a defined concentration of CO,. The
CO, from this gas mixture dissolves in water. We assume that the CO, gas influx (gco,) is
proportional to the aeration rate (a), and to the concentration difference between dissolved
CO, in equilibrium with the gas pressure ([CO,]) and the actual dissolved CO,
(Siegenthaler and Sarmiento 1993):

2, =ra([C0,1-[C0,)) (A7)
where y is a constant of proportionality. The value of [CO,"] is calculated from the partial
pressure of CO, in the gas inflow (pCO,) and the solubility of CO, gas in water (Table A2).

Dissolved CO, reacts with water and subsequently dissociates into HCO; and H'.
This process occurs at a rate kco, (Table A2). Dissolved CO, can also react with OH
forming HCO;', which occurs at a rate koy. Conversely, HCO;” and H' associate to
dissolved CO, and water at a rate ky, while HCO5™ can also react to dissolved CO, and OH"
at a rate kycos. The overall change in dissolved CO, through these chemical reactions (ccoz)
can then be described as follows (Johnson 1982):
eo, =~lkeo, +, [OH][CO] + (&, [T 1, JlHCOS] (A8)
Alkalinity and pH - Concentrations of bicarbonate and carbonate depend on pH and
alkalinity, where alkalinity is defined as the acid-neutralizing capacity of the water. In our
experiments, alkalinity is largely determined by dissolved inorganic carbon and inorganic
phosphates. Contributions of nitrate and sulfate are negligible as they do not function as
proton donor or acceptor in the pH range observed in our experiments (pH = 7-11). Hence,
the alkalinity in our experimental system can be defined as (Wolf-Gladrow et al. 2007):

ALK =[HCO; |+ 2[c0o* |+ [HPO? |+ 2[PO¢ |+ [OH ]

~[H.po,]-[H'] (A9)
We note from this equation that biological uptake or release of carbon dioxide does not
change alkalinity. Furthermore, uptake of bicarbonate for phytoplankton photosynthesis is
accompanied by the release of a hydroxide ion or uptake of a proton to maintain charge
balance, and therefore does not change alkalinity either. Hence, carbon assimilation by
phytoplankton does not affect alkalinity. Nitrate, phosphate and sulfate assimilation,
however, are accompanied by proton consumption in order to maintain charge balance.
Therefore, assimilation of these nutrients increases alkalinity (Brewer and Goldman 1976;
Wolf-Gladrow et al. 2007). More specifically, both nitrate and phosphate uptake increase
alkalinity by 1 mole equivalent, whereas sulfate uptake increases alkalinity by 2 mole
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equivalents (Wolf-Gladrow et al. 2007). Accordingly, changes in alkalinity can be
described as:

ALK _ p(aLk,, - ALK)+ 3y, + 1y, + 20, X, (A10)

i=1

This equation states that changes in alkalinity depend on in- and efflux of water with a
given alkalinity, and on the uptake rates of nitrate (uy;), phosphate (up;), and sulfate (us;)
by the phytoplankton species.

The pH is calculated iteratively at each time step from alkalinity using the summed
concentrations of bicarbonate and carbonate (CARB) and the summed concentrations of
dissolved inorganic phosphates (Rp) (Portielje and Lijklema 1995; Stumm and Morgan
1996). Initial values of bicarbonate, carbonate, phosphoric acid (H;PO,), dihydrogen
phosphate (H,PO,), hydrogen phosphate (HPO4>), and phosphate (PO,>) are estimated
using the proton concentration (H") calculated from the pH at the previous time step (pH,.,):

[HCO; = K_[Ij[l]{_] [CARB] (Al1)

[cor]= K—fm [CARB] (A12)

[H3PO4]=MRP (A13)

[HﬁOJz#RP (A14)
b

[HPO? |= MRP (A15)
,

ICHE % R, (A16)

P

where K, is the equilibrium constant of bicarbonate and carbonate, Kp;, Kp; and Kp; are the
equilibrium constants of the inorganic phosphates, and ¢, is calculated as:
+ 2 + |2 +
o, =[H']+K,[H] +K,K,[H]+K, K, K, (A17)
Alkalinity can be calculated from these initial estimates using equation A9. From the

discrepancy, dALK, between this newly calculated alkalinity and the actual alkalinity
predicted by equation A10, a new pH estimate is made:

pH, = pH,, +dpH (A18)
Where dpH is calculated according to (Stumm and Morgan 1996):
dpH dALK (A19)

- 2.3£[H+ ]+ I:OH7:|+ aHCOSaCOfi [CARB] + a()lalo [Pﬂl ]J
+ a12a21 [PIZ ]+ a23a32 [P23 ]
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where agcos = [H'IA[H'] + Ky), acos = Ko/([H'] + Ky), a1 = [HV(H'] + Kpy), a9 =
Kpy/([H'] + Kpy), 12 = [H(HT + Kp2), o1 = Kpo/([H'] + Kpa), o3 = [HJ([H'] + Kps),
ot = Kp3/([H'] + Kps), [Poi] = [HsPO4] + [HPO, ], [P12] = [H,PO4] + [HPO,™ ], and [Py3] =
[HPO,*] + [PO,*]. This new pH is then used to calculate new values for bicarbonate,
carbonate, the inorganic phosphates and alkalinity using equations A11-A17, and so on.
This iterative procedure is continued until pH and alkalinity have both reached a stable
value.

Carbon assimilation - We assume that uptake rates of carbon dioxide and bicarbonate are
increasing but saturating functions fro,; and fycos,; of the availability of carbon dioxide and
bicarbonate, respectively, as in Michaelis-Menten kinetics:

[CO,]
o = Y | A20
fcoz,, Upax co, i {Hcoz’,» +[CO, ] ( )
[HCO: |
S B A21
fHu)3 J uMAx,HLQ ,/[HHCO‘J N [HCO;] ( )

where uyyxcoz; and Upyaxncos; are the maximum uptake rates of carbon dioxide and
bicarbonate, respectively, Hco,; and Hycps; are the half-saturation constants. In addition,
we assume that carbon uptake rates are suppressed when cells become satiated with carbon
(Morel 1987; Ducobu et al. 1998), and depend on the photosynthetic activities of the
species. The uptake rates of carbon dioxide and bicarbonate by a phytoplankton species can
then be described by:

Ugo; = Jeo, 1=S)F, (A22)

uHCo; i fH(to;,i (1 - Si)Pi (A23)
where S; is the relative size of the transient carbon pool as defined by equation A3, and P; is
a measure of photosynthetic activity (with 0 < P; <1).

We assume that the respiration rate is proportional to the size of the transient
carbon pool:

5= P, S, (A24)

where 7,4y ; 1s the maximum respiration rate when cells are fully satiated with carbon.

Nutrient assimilation - In our experiments, uptake of nitrate, phosphate and sulfate by
phytoplankton species affects alkalinity. The model therefore keeps track of dynamic
changes in the concentrations of nitrate (Ry), phosphate (Rp), and sulfate (Rs):
dR. d )
—r= D(R,,~R)-Du,x, j=NPS (A25)
i=1
This equation states that changes in these nutrient concentrations depend on the in- and
efflux of water containing these nutrients, and on the nutrient uptake rates (u;;) of the
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phytoplankton species. For simplicity, we assume that phytoplankton species have a
constant C:N:P:S stoichiometry. That is, uptake rates of nitrate, phosphate and sulfate are
proportional to the net uptake rate of carbon:

w, =y, e, +1t,0, ,—7) j=NP.S (A26)

i

where yy;, vp; and yg; are the cellular N:C, P:C and S:C ratios of phytoplankton species i.

Light-dependence of carbon assimilation - Light availability determines the photosynthetic
rate, and thereby the amount of energy available for carbon assimilation. According to
Lambert-Beer’s law, the underwater light intensity varies with depth (Huisman and
Weissing 1994; Huisman ef al. 1999):

I(Z) = Im exp(— Kng—ZkiX[ZJ (A27)

This equation states that the light intensity transmitted through the water column increases
with the incident light intensity (/;,), but decreases with the depth of the water column (z),
the background turbidity of the water itself (K,), the specific light attenuation coefficients
of the phytoplankton species (;), and the population densities of the phytoplankton species
(X2).

The photosynthetic activity of the phytoplankton species can be calculated as the
integral of their photosynthetic rate over the depth of the water column:

p-L[puene (A28)
ZA/[ 0

where z,, is the total depth of the water column, and the notation p/(/(z)) indicates that the
photosynthetic rate of species i is a function p; of light intensity /, which in turn is a
function of depth z. Our model assumes that the light dependence of the photosynthetic rate
of phytoplankton species can be described by a Monod function:

(I) _ pmax.il (A29)
pAT= H, +1

where p,,..; is the maximum photosynthetic rate of species 7, and H;; is its half-saturation
constant for light. The maximum carbon uptake rate is already specified in equations A20
and A21. Therefore, we set p,..; = 1, which constrains P; to 0 < P; < 1 (as required in
equations A22 and A23). The depth integral in equation A28 can now be solved (Huisman
and Weissing 1994), which yields:

1 H, +1,
P= In| ———+ (A30)
ln([in /Iouz) Hl,i + ]om

where 1, is the light intensity at the bottom of the water column (i.e., 1,,; = I(z)/))-
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Table A2. Reactions and equilibrium constants of dissolved inorganic carbon and dissolved inorganic phosphates

in water. Equilibrium constants and rates values assume a temperature of 21.5 °C and a pressure of 1 atm.

Reactions Equilibrium constants Description Value” Units
+ R + _ Equilibrium constant of . mol L”!
[HZO] < [H J+ [OH J [H J[OH J: KW water 77110 atm’!
pCO, + [H20]<—> [COZ] CO, ~K, Solubility of CO, gas se? .
pCO, in water
+ - . L
[C02 ] o [H+ J+ lHCOéJ H HCO3 _ K1 Df1sg()001at10n constant 4.25%107 )
[co, ] o
H* CO2* Di .
- + 2- _ 1ssoclation constant .
[HCO3 J(—) lH J+ [CO3 J HCO: 2 of HCO, 434x10
[HZO] + [C02 ] Reaction rate of H,O o 5|
) kcon 1CO 2.68x10 B
> [ncos ]+ 7] and €O,
ow o, o icos| i
- +
|_HCO3 J+ lH J Reaction rate of HCO5 4 0
kncos and H' 1.36x10 B
—[H,0]+ [COZ]
- - Reacti f th
lHCO3J_’ lOH J+ [COZJ & dizzf,:ﬁﬂifﬁ?}fca- TATA0T st
+ _
i _ H H2P04 _ Dissociation constant 3 }
[1,p0, | [ |+ [H,PO; | U[—][H3P04] “Kp e 7.11x10
H' [HPO; issociati
- + Z_J -K Dissociation constant 6.32x10°
[H2P04J(_> lH J+ [HPO4 H,PO, P2 ofH,PO, o
lHPOi- J PN [HJr J+ lpoi- J Dissociation constant 4475103

of HPO,*

) The solubility of CO, in water and the dissociation constants are based on Stumm and Morgan (1996); the
reaction rates are based on Welch et al. (1969).
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Parameter values

This Appendix provides the parameter values used in the model simulations. The species

parameters are provided in Table A3, and the system parameters in Table A4.

Table A3. Parameter values estimated for the toxic strain Microcystis CY A140 and the nontoxic strain Microcystis

CYAA43.
Parameter Description CYA43 CYA140 Units
Hvax Maximum growth rate 1.04 1.04 d!
k Specific light attenuation coefficient 5.0x10° 6.9x10° m’ mm
H, Half-saturation constant for light 11 14 pmol photons m? s
UMAX,CO2 Maximum uptake rate of CO, 10 7.8 pmol mm™ d!
Hcor Half-saturation constant for CO, 2.5 0.5 pmol L'
Fuax Maximum respiration rate 1.3 1.3 pmol mm 3!
UMAX HCO3 Maximum uptake rate of HCO5 9.5 7.3 pmol mm = d”!
Hucos Half-saturation constant for HCO; 500 100 pmol L™
Ouiv Minimum carbon content 14 10 pmol mm
Omax Maximum carbon content 19 17 pmol mm
N Cellular N:C ratio 0.14 0.18 molar
yp Cellular P:C ratio 7.0x10° 4.0x10° molar
Vs Cellular S:C ratio 8.3x107 6.1x107 molar
4 Cell volume 87x10” 35%10” mm’ cell”
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Table A4. System parameters used in the chemostat experiments.

Carbon-limited

Light-limited

Parameter  Description Units
chemostat chemostat
D Dilution rate 0.011 0.011 h'!
Iy Incident irradiance 50 25 “I_I;Ol_lphomns
m-s
Zm Mixing depth 0.05 0.05 m
Kie Background turbidity* 5-12.5 5-12.5 m’
T Temperature 21.5 21.5 °C
a Gas flow rate 25 25 Lh!
Constant of proportionality for gas 4 4 " 4 -1
Y . N 1.4x107-2.0x10 1.4x107-2.0x10 L
influx
Partial pressure of CO; in gas
pCO, inflow 200 1,200 ppm
[COIn Concentration of dissolved CO, at 3 29 wmol L
influx
Summed concentration of 0
[CARB]i bicarbonate and carbonate at influx 500 2,000 wmol L
ALKy Alkalinity at influx 0.80 2.1 mEq L
Riny Concentration of nitrate at influx 12,000 6,000 pmol L'
Rur Concentration of phosphate at 300 300 umol L
influx
Rivs Concentration of sulfate at influx 400 400 pmol L!

*The background turbidity and constant of proportionality for the gas influx had different values for different
chemostat vessels.
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Drawing the zero isoclines

Resource competition theory has developed a graphical approach using zero isoclines to
assess the competitive abilities of species competing for two resources (Tilman 1982). The
zero isoclines are plotted in a resource plane, with CO, concentrations on the x-axis and
bicarbonate concentrations on the y-axis (Fig. 6.2). From our model, we can derive an
explicit expression to calculate the zero isoclines.

At steady state, the cellular carbon quota will not change (i.e., dQ/dt = 0).
Applying this to equation 6.2, with equation 6.4 and equations A22-A24, we obtain:

(fCOz,i + f”co“,- )(1 - S,- )R = /uMAX,iSiQ: + ’/}WAX,I'SI' (A3 1)

where the superscript * indicates that the cellular carbon quota are evaluated at steady state,
S; is defined by equation 6.3, and P; is defined by equation A30. This can be written as:

. . . S 1
cho1 1 <f]—[('0'h,' = (/uMAXJQi + Vv )(j}? (A32)

Furthermore, at steady state, net population growth is zero (i.e., dXy/dt = 0). This implies
that the specific growth rate equals the dilution rate (i.e., yux:S; = D). According to
equation 6.4, the cellular carbon quota will then be:

. D
Qi = QM[N,z + (QMAXJ - QM[NJ ) - (A33)
MAX i
Inserting this equation into equation A32, we obtain:
fCOl.i + fH(jO']J = Ay (A34)
where we defined:
1 D
Ai = _(—](QMINJ (:uMAx,i - D) + QMAXJD + e ) (A35)
Pz Hoypx s — D

The zero isocline is implicitly given by equation A34. Inserting equation A21 into A34, the
bicarbonate concentration can be written as a function of the CO, concentration:

HH(~0;,,- (A, - f‘(,'()l,i)
Uyix ncos i — A4+ fCOz i

where fcp,; depends on the CO, concentration according to equation A20. The zero

[HCO =

(A36)

isoclines can now be plotted from equation A36, using the definitions of 4; and fcp,; in
equations A35 and A20.
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