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Figure S1: Minimum microbial food web model as applied by Thingstad et al. (2007, grey arrows)
describing fluxes between phosphate (P), bacteria (B), autotrophic flagellates (A), diatoms (D), het-
erotrophic flagellates (H), ciliates (C) and mesozooplankton (M) in a double-pentagon food web. A
newly introduced variable resolves untraced organic phosphorus (UOP*) accumulating in the meso-
cosms, which in the model originates from unassimilated ingestion, and its remineralisation (orange
arrows). In the figure, this one compartment is indicated by several orange boxes for graphical reasons.

Dark dashed arrows mark trophic interactions examined in this study.
1 Model setup

The aim of this study is to analyse potential effects of food web structure on ecosystem functioning in a
model simulating in the plankton community observed during the PAME-I mesocosm experiment (Larsen
etal., 2015). Different food web structures are realised by adding trophic links to an established model of
plankton communities, the Minimum microbial food web model (Thingstad et al., 2007, Fig. S1). Model
conversion factors are taken from the Larsen et al. (2015, Table S1), and measurement uncertainties are
estimated from plausible detection limits of the methods applied, as they are not given in the original

publication. Initial values are taken from the observations (Table S2).



Table S1: Estimated error ¢ (measurement uncertainty) of the observations as used in the cost function

and conversion factors to convert to model units.

Variable Meaning Conversion factor Measurement uncertainty o Unit

P phosphate near detection limit 20 nmolP L1
B bacteria 3.33 x 10~ ®nmolP cell™! 5x 10° cellsmL ™! 16.65 nmolP L~!
A autotrophic nanoflagellates 47.2 nmolP ugChla™! Chl a: 10% 0.1 x obs | nmolP L~}
H heterotrophic nanoflagellates 4 x 10~*nmolP cell ™! 102 cellsmL ™! 40 nmolP L1
D diatoms 47.2 nmolP ugChla~! Chl a: 10% 0.1 x obs | nmolP L~!
C ciliates 1 x 10~'nmolP cell ™ 103 cellsmL ™" 10 nmolP L1
M other copepods (mostly calanoids) 50molC molP~! 10% 0.1 x obs | nmolP L}

> 2 Food web configurations

4 This study compares four basic food web configurations (Fig. S1), which are further combined in all

s possible ways to yield eight food webs of different complexity (Tab. S3).

s Underlying the analysis presented in the main text are four basic food web configurations (Table S3):

17 1. control: the original Minimum model food web published by Thingstad et al. (2007), without a

18 trophic link between diatoms and ciliates.

19 2. d2c: the food web of Larsen et al. (2015), with ciliates feeding on diatoms (the D-C link).

20 3. ig: the control food web with additional (intraguild) predation of ciliates on their own compartment.
21 4. thd: the control food web with threshold feeding of copepods on diatoms, but not for feeding on
22 ciliates.

23 A feeding link between diatoms and ciliates (Larsen et al., 2015) can be justified by the observation

2« of small-celled diatoms in PAME-I that are within the prey size range of microzooplankton. Here, we
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Table S2: Fixed parameter values of the modified (this study) and original (Larsen et al., 2015, their

fig. 8) Minimum model applied to the mesocosm observations of the PAME-I experiment.

Parameter Meaning Larsen et al. (2015) this study Unit
Fixed:

Yy H yield on B 0.3 0.4 nmolP nmolP !
Yo Ciliate yield on A and H 0.2 0.4 nmolP nmolP~!
Yu M yield on C' and D 0.15 0.1 nmolP nmolP~!
— IC & forcing — PAME-I:

P, Initial biomass of P 0.66! 79.00 nmolP L~!
By Initial biomass of B 58.33! 73.66 nmolP L!
A Initial biomass of A 65.71} 28.70 nmolP L~!
Dy Initial biomass of D 7.80! 11.33 nmolP L!
H, Initial biomass of H 35.00! 32.40 nmolP L~!
Cy Initial biomass of C' 52.50" 64.26 nmolP L!
My Initial biomass of M 35.00 13.62 nmolP L~!
P, Total P in microbial part of the food web 220 220 nmolP L~!
Ep, Experimental input rate of P 4.17 5.96 nmolP L=t h~!

! Initial values in Larsen et al. (2015) are calculated assuming the model system to be in steady state

(0X/0t =0 for X = P, B, A, D, H,C, M).

keep the established name of the compartment, “ciliates (C)”, to denote all larger microzooplankton in
contrast to the smaller heterotrophic nanoflagellates, without excluding other unquantified groups such
as dinoflagellates or rotifers.

During the experiments, two distinct size classes of ciliates were observed, either notably larger or smaller
than 30 pm in body size (Jens Nejstgaard, pers. obs.). These size classes are grazed by the dominant
mesozooplankton, copepods, at very different rates (Nejstgaard et al., 2001b,a). Although microzoo-
plankton were counted with a FlowCam and species were not reported in Larsen et al. (2015), we suggest

that the smaller microzooplankton may have been a food source for at least some of the larger ciliates. As
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ciliates of > 30 um body size can feed on relatively large prey including other ciliates (e.g., Dolan and
Coats, 1991; Diehl and Feissel, 2001; Vasseur and Fox, 2009) and IGP for microzooplankton has been
repeatedly reported (e.g., references in Franzé and Modigh, 2013), we consider IGP as plausible trophic
link in configuration ig.

In the thd configuration we consider a feeding threshold for mesozooplankton feeding on diatoms moti-
vated by the dominance of large calanoid copepods in the mesocosms. Calanus spp. is generally expected
to use a feeding current when feeding on small immotile prey such as smaller diatoms (Price and Paf-
fenhofer, 1986).The related energy expense and predation risk may cause feeding to stop below a certain
threshold prey concentration (Kigrboe and Jiang, 2013). In contrast, for large motile prey like ciliates,
theory suggests an ambush feeding strategy with low predation risk and metabolic cost, thus not resulting
in any feeding threshold (Kigrboe et al., 2018).

The above three configuration options are further combined in all possible ways (cf. Table S3):

5. igthd: allowing threshold feeding of copepods on diatoms (configuration thd) in the configuration

ig with IGP of ciliates.

6. igd2c: combining food webs ig and d2¢ allowing grazing of ciliates on diatoms and themselves.

7. d2cthd: allowing threshold feeding of copepods on diatoms in configuration d2¢ where ciliates

may feed on diatoms.

8. igd2cthd: most complex food web with the D-C link, IGP of ciliates and threshold feeding of

copepods on diatoms.
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3 The modified Minimum Model

In order to resolve and compare the different food web configurations detailed above, the original model
equations are modified in two ways. Additional trophic links are formulated according to the existing
model equations and defined using configurative parameters (ca, c3, Dyp; Tables S5, S6) that allow
selection of each trophic link individually. Furthermore, an additional state variable UOP* is introduced

to allow mass-conserving (in terms of total phosphorus) quantitative simulations of the observations.

3.1 Standard model variables and their equations

Bacteria:
95 11 B _ opknl (S
8t—MB H ) MB_MB+QBP
ANFs:
8A OéA/LAP
—_— = — 1 A = — 2
T pa — 1cC| , LA At aaP (52)
Diatoms:
oD ~ OéD,LLDP
—_—= — Col D—(1- IyMD =
o [1ip — c21cC] (1 —co)ly ; J135) i+ apP (S3)
D = maxz(D — Dy, 0) (S4)
HNFs:
oH Qb
— = \YyIygB — I H Ig=——-—"—"—"—-— S5
5 Yily cC] , o= YaonD (S5)
Ciliates:
oC 9
E = [YCIC(A —+ H -+ C2D -+ C3C>] C - CleMC — C3[CC (S6)
I, = Qelc (ST)

He + YcOéc(H + A+ coD + C3C>
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Mesozoo:

oM ~
ot Yuly |((1=c2)D+aC|M Iy = P - (S8)
t pv + Yo [(1 —c2)D +c1C
Phosphate:
opr . .
e Ep, — B — paA — upD + R (unassim.grazing) (S9)

3.2 Unresolved organic P accumulation

A mesocosm is a closed system and the continuous addition of PO}~ causes total phosphorus (TP)
to accumulate. Such accumulation of TP is not reflected by the available observations, as the sum of
measured PO}~ and biomass of all biological compartments underestimates the TP increase expected
from additions (Fig. S2a). This indicates a net sink of phosphorus unresolved by the observations.

A new variable UOP* is introduced to collect the unresolved (organic) P pool accumulating in the meso-
cosms outside the measured compartments. The UOP* reflects wall growth and sedimentation in the
mesocosm enclosures. In the mesocoms, TP is estimated from the documented POZ‘ addition rate (Ep,t;)

and the total P in observed variables at the start of the experiment (F;).
TP,=FEpt;+P, , P,=Py+By+ Ay+ Do+ Hy+ Co+ M (S10)

The observed UOP* is then estimated from the difference between TP and the measurements of all

variables at four points in time ¢;, when all variables were measured simultaneously (Fig. S2b).

This estimate reveals a substantial overestimation of the observed total P content in simulations assuming
instant remineralisation and no accumulation of UOP* (Fig. S2a, dashed line).

In the model, UOP* is fed by the unassimilated grazing fraction (Eq. S12). Other processes, e.g., aggre-
gation of phytoplankton material, are not resolved for the sake of simplicity. UOP* is remineralised to

7



PO3?~ with rate R and may therefore contribute to regenerated production.

ouOPpP*
unassim??[grazing unassim%grazing

—f-(]_—Y]V[)]M (1—C2)ﬁ+010 M ]

N J/
-

unassim.Mgrazing

72 The model fit to the estimated UOP* is considered when optimising the model against the observation-
73 based estimates at times when all variables were measured. This approach proves essential for assuring

74 identical constraints with respect to mass conservation for all model setups.



b o PAME-I observations
2000 2000 — with UOP* accumulation
- - =with instant remineralisation
T o
a 1500 C_LI
6 —_
£ £
< 1000 S
2 A
©
o 3
~ 500
(o] I . . ) )
0 5 10 15 0 5 10 15
Time (days) Time (days)

Figure S2: Total phosphorus inventory in originally resolved model variables (as sum of P and the
biomass of bacteria (B), autotrophic flagellates (A), diatoms (D), heterotrophic flagellates (H), ciliates
(C) and mesozooplankton (M); a), and accumulating untraced organic phosphorus (UOP*; b) derived
from the observations (circles) and in simulations with the d2¢ food web assuming accumulation and
partial remineralisation of UOP* (solid line) or no accumulation and instant remineralisation of UOP*
(dashed line). The UOP* is calculated as difference between the measured phosphorus (circles) and to-
tal phosphorus from additions (which equals total phosphorus when assuming instant remineralisation),

imposing mass conservation (Egs. S10, S11). The legend for both panels is shown only in panel b.
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4 Model optimisation

4.1 Optimisation details

The food web configurations represent different levels of complexity in terms of numbers of parameters
(Table S3). Forcing parameters like the PO;~ addition rate, the initial TP in the microbial part of the food
web, and the initial values remain fixed (Table S2). In preliminary optimisations the growth efficiency
or yield values (Y, Yo, Y)) were always optimised to their upper (Yy = Yo = 0.4) and lower (Y, =
0.1) limits of physiologically reasonable values according to literature and expert knowledge, and these
parameters are not optimised.

The optimisation algorithm used is the Matlab version of the Covariance Matrix Adaptation Evolution
Strategy algorithm (CMA-ES; Hansen and Ostermeier, 2001). CMA-ES generates random combinations
of values for the parameters to be optimised. For each combination, the model results are evaluated
against the observational data, using a cost function that quantifies the model-data misfit. As preparation,
the optimisation setup is tested by treating model results of a reference solution as pseudo-data (identi-
cal twin data). This twin experiment allows to consolidate the overall performance of the optimisation
approach and introduce refinements, in this case the implementation of UOP* in the cost function.

The cost function J is calculated as

il (yij_ ij
J:ZZ — (S13)

with observations y;; fory = P, B, A, D, H,C, M,UOP* and model data 7,; at times ¢ = 1,...,t of
the observations. o is taken as the measurement uncertainty of the observations y. Since observational
errors are not reported in the original publication, values of o are set to reflect minimal yet plausible
observational error assumptions (e.g. a detection limit for PO?™; Table S1). The identification of the cost

function’s minimum is tantamount to having found maximum likelihood parameter estimates for a given

10
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model.

For the optimisation, the CMA-ES determines a population size according to 4+In (3% N,) with N, being
the number of parameters to be optimised (Table S3). The optimisation algorithm requires between about
4400 to 9400 iterations, depending on model configuration before reaching stagnation of the cost function

values.

Table S3: Food web configurations with their respective model parameters, complexity (no. of optimised
parameters) and optimiser settings. Further details regarding parameters, their meaning and values is

given in Tables S5 and S6.

Simulation || Food web configurative parameters No. of parameters Population No. of

Cco C3 D¢ total optimised Size iterations
control as used in Thingstad et al. (2007) 0 0 0 20 14 11 6212
d2c as in Larsen et al. (2015) with C feeding on D >0 0 0 21 15 12 4465
ig C feeding on themselves (intraguild grazing) 0 >0 0 21 15 12 6136
thd threshold feeding of M on D 0 0 >0 21 15 12 7744
igd2c C feeding on D and on themselves >0 >0 0 22 16 12 7973
igthd C feeding on themselves and threshold feedingof MonD | 0 >0 >0 22 16 12 6399
d2cthd C feeding on D and threshold feeding of M on D >0 0 >0 22 16 12 5862
igd2cthd full model >0 >0 >0 23 17 12 9366

In order to identify a model configuration of minimum complexity that captures the essential dynamics
involved in the microbial food web, the F score (Ward et al., 2013; Schartau et al., 2017) can be applied

to assess the models’ performances against each other. The F' score is calculated as

LRT df

F =
J(complex) N,(complex) — N,,(simple)

(S14)

where LRT = J(simple) — J(complex) represents a the logarithm of a Likelihood ratio (likelihood
ratio test). N,(complex) and N, (simple) are the numbers of optimised parameters (Table S3) of the
most complex and the simpler model versions, respectively, and df = N, — N, (complex) denotes the

11
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degrees of freedom of the most complex model. Eq. (S14) allows to evaluate whether an increase in the
minimum value of the cost function (Eq. S13) remains tolerable or insignificant within some limits A.J,
relative to the minimum of the most complex model. These limits are determined as thresholds based on
the F-distribution with the degree of freedom of the most complex model (here igd2cthd with N,=17)
and of the simpler models, respectively.

In such an approach, the probability distributions of the cost functions’ minima are treated as x2-distributions.
Thus, the LRT can be interpreted as the ratio of two y2-distributions with two different degrees of free-
dom, with df; = N,(complex) — N,(simple) and df as above. While N,, can differ between individual
model versions the number of observational data points remains constant (N,,s = 55). An F' score be-
low or equal to a threshold value identifies the best most parsimonious model. The threshold values of
F(dfy, df ) were computed for the a = 0.05 confidence level. For the main text, the four configurations

with best fit to observations (lowest cost function value J) are selected.

Table S4: Cost function values J, F' score (Eq. S14) and Threshold F' value for o = 0.05 for food webs

of different complexity (N, number of optimised parameters) for the reference configuration igd2cthd.

Simulation Food web N, J F score  Threshold
control as used in Thingstad et al. (2007) 14 52815  7.83 2.85

ig C feeding on themselves (intraguild grazing) 15 45420  8.51 3.24
d2c as in Larsen et al. (2015) with C feeding on D 15 458.99 8.01 3.24

thd threshold feeding of M on D 15 603.83 11.53 3.24
igthd C feeding on themselves and threshold feedingof MonD | 16 554.67 18.09 4.02
d2cthd C feeding on D and threshold feeding of M on D 16 51737 14.32 4.02
igd2c C feeding on D and on themselves 16 376.78  0.10 4.02
igd2cthd  full model 17 375.80 - -

12



e 4.2  Optimised parameter values

Table S5: Parameters of the optimised MMFW model simulations presented in the main text.

Parameter Meaning Value Unit
Larsen et al. (2015) igd2c d2c ig control literature range

Optimised:
ap B affinity for P 8§x 1072 929x107% 1.89x10™* 2.05x10~* 1.94x10~* | Y 3.31x1075-9.29x 10~ | LnmolP~'h~!
ay A affinity for P 4x1072 395x107* 584x107* 7.71x107* 4.04x107* | ? 1.01 x 107°-1.57 x 1072 | LnmolP~' h~"
ap D affinity for P 3x1072 5.62x107" 473x107" 456x107* 3.96x 107" | 2 2.05x 107°~7.43 x 10~ | LnmolP~' h~!
ay H clearance rate for B 1.5x1073 6.17x107* 4.58x107* 4.84x10™* 452x107*| ¥33x10°52.6x10"® | LnmolP~'h~!
ac C clearance rate for A and H 5x1074 397x107* 1.70x10~* 1.70x10~* 1.70x107* | » 1.7x107*-1.0x 10~2 | LnmolP~'h~'
an M clearance rate for C' and D 1.5x107* 28x107%  28x107% 1.91x107% 155x1073 | ¥ 83x1076-2.82x 10~ | LnmolP~'h~!
g Maximum growth rate B 2.50x 1072 260x 1072 240x1072  240x10° 240x10° | Y 1.35x1072-2.4x10° h!
Ha Maximum growth rate A 54x1072 1.00x 1071 3.59x 1072 3.39x1072 4.53x1072| 279x107°~1.0x 107! h!
Up Maximum growth rate D 6.3x 1072 1.10x 1071 958x1072 1.10x107' 1.10x107'| 29.5x107*-1.1x 107! h—t
g Maximum growth rate H 1.0x 1071 8.60x1072 8.60x1072 8.60x1072 8.60x1072| »9.7x1073-8.6x 1072 ht
He Maximum growth rate C' 5x 1072 226x1072 457x1072 3.46x1072 246x1072| ?39x107°4.6x 1072 ht
Har Maximum growth rate M 6.25x 1073 1.00x1072 890x103 120x10°2 133x10°2| ¥62x10%-1.8x 1072 ht
R Remineralization fraction of UOP* 1.00 x 10° 513x 1071 3.10x107' 3.03x 107! 1.84x 107!
— configurative:
¢l M selective factor for C' relative to D 2 3.03x1072 9.84x1072 2.00x 107" 2.00x 10~*
cy C clearance rate for D as fraction of ac 5.50 x 107! 6.90x 107" 3.93x 107! - -

ayy for D reduced by factor (1 — c3)
c3 C intraguild clearance rate as fraction of a¢ - 2.00x 107! - 8.40x 1072 -

! Button (1998) converted using wet weight to g C conversion factors therein and 106 nmolC nmolP~*
2 Edwards et al. (2015) using 16 nmolN nmolP~!, maximum growth rates converted to 7.5°C using
Q10=1.53 (Kremer et al., 2017)

3 Kigrboe and Hirst (2014) with temperature correction to 7.5°C using Q;,=2.8 (Hansen et al., 1997)

13



Table S6: Parameters of the optimised MMFW models: additional simulations not presented in detail in

the main text.

Parameter Meaning Value Unit
Larsen et al. (2015) | igd2cthd igd2c d2cthd igthd thd literature range
Optimised:
ap B affinity for P 8 x 1072 929x102 929x10°% 1.93x10% 2.04x10~* 2.11x10~ | V331 x1079-9.29x 102 | LumolP~' h~!
ay A affinity for P 4x1072 4.06x107* 395x107* 3.13x10°* 558x10°* 255x107*|? 1.01 x 107°-1.57 x 1072 | LnmolP~'h~!
ap D affinity for P 3x 1072 592x107% 5.62x107* 287x107" 1.56x 107! 1.41x107* |2 2.05x107°-7.43x 10~ | LumolP~'h~!
ay H clearance rate for B 1.5x107° 6.14x 107" 6.17x107* 454x107% 471x107* 4.63x107* | ¥33x10752.6x10"® | LnmolP~'h™!
ac C clearance rate for A and H 5x107* 1.44x107* 397x107* 1.70x107* 1.70x10~* 1.70x10*| ¥ 1.7x107*-1.0x10~2 | LnmolP~'h~!
any M clearance rate for C' and D 1.5x 107 28x107% 28x107% 282x107% 2.82x107% 282x107 | ¥ 83x1075-2.82x 10~ | LnmolP~'h~!
B Maximum growth rate B 2.50x 1072 2.62x1072 2.60x 1072 240x10° 240x 1072 240x10° | Y 1.35x1072-2.4x 10° h!
A Maximum growth rate A 54x1072 1.00x107" 1.00x 107! 6.12x1072 3.90x10°% 1.00x107' | »7.9x10%-1.0x 10" h!
D Maximum growth rate D 6.3x 1072 1L11x107" 1.10x 107! 6.85x1072 544x102 1.10x107'| 295x1073-1.1x 10" h!
17 Maximum growth rate 1.0x 107! 8.60x 1072 8.60x 102 860x1072 860x102 7.72x1072| ¥9.7x103-8.6x 1072 h!
He Maximum growth rate C' 5x 1072 221x107% 226x1072 4.60x1072 3.09x 1072 225x1072| ¥ 3.9x10°-4.6x 1072 h!
Har Maximum growth rate M 6.25x 1073 1.03x 1072 1.00x1072 1.80x10°2 1.80x1072 1.80x1072| #62x10%-1.8x1072 h-!
R Remineralization fraction of UOP* 1.00 x 10° 519x 1071 5.13x 107! 2.17x 107! 4.14x1072 1.00x 107¢
— configurative:
¢ M selective factor for C relative to D 2.00 x 10° 1.83x1072 3.03x10°2 837x10°2 2.00x10°* 2.00x10°*
co C clearance rate for D as fraction of o 5.50x 107! 6.81x107" 6.90x 107" 6.47x107! - -
ayy for D reduced by factor (1 — cz)
[ - 22x107"  2.00x 107! - 6.85x 1072 -
D - 3.50x 104 - 1.11x 1072 6.49x 10t" 643 x 10*! nmolP L'

! Button (1998) converted using wet weight to g C conversion factors therein and 106 nmolC nmolP~*

2 Edwards et al. (2015) using 16 nmolN nmolP~!, maximum growth rates converted to 7.5°C using

Q10=1.53 (Kremer et al., 2017)

3 Kigrboe and Hirst (2014) with temperature correction to 7.5°C using Q;,=2.8 (Hansen et al., 1997)

14



= 5 Trophic transfer efficiency and trophic level

Tropic transfer efficiency is estimated following Kemp et al. (2001) as

Yarly |[(1—c2)D +e,C| M

TTE = S15)
paA+ ppD (

The trophic level of mesozooplankton (7L ;) is calculated from the fraction of diatom and ciliate inges-

tion relative to total mesozooplankton ingestion (Ulanowicz, 1995).

Iny(1 —cy)DM Iye,CM
TLy =141 il =c2) +TLe M-
]M (1—C2>D+010 M ]M (1 —CQ)D+610 M
1—co)D C
14— +TLe at (S16)
(]_ — Cz)D + 010 (]_ — C2>D + CIO

The trophic level of ciliates (1T'L¢) is calculated analogously, assuming for simplicity that intraguild

predation of ciliates is predation of carnivorous ciliates on herbivorous ciliates only.

A—I—CzD H+C30
TLo=1+1 2 S17
A A  H Dt caC A+ H+ gD+ caC (17

15



= 6 Supplementary Results
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Figure S3: Simulated dynamics of observed variables during PAME-I and P accumulation for all food

webs. P accumulation is deduced from phosphate addition rates minus total P in observed variables

(phosphate plus organic P bound in biomass).
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Figure S5: Probability density functions of trophic transfer efficiency (TTE; left) and net secondary
production of microzooplankton (NSP <; center) and mesozooplankton (NSP,,; right) in an ensemble
of simulations varying initial conditions randomly by +20% for selected model configurations. Chain-

and mesh-like food webs are indicated by cold and warm colours, respectively.
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