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Abstract
Understanding how marine microbial food webs and their ecosystem functions are changing is crucial for

projections of the future ocean. Often, simplified food web models are employed and their solutions are only
evaluated against available observations of plankton biomass. With such an approach, it remains unclear how
different underlying trophic interactions affect interpretations of plankton dynamics and functioning. Here, we
quantitatively compare four hypothetical food webs to data from an existing mesocosm experiment using a
refined version of the Minimum Microbial Food Web model. Food web representations range from separated
food chains to complex food webs featuring additional trophic links including intraguild predation (IGP). Opti-
mization against observations and taking into account model complexity ensures a fair comparison of the differ-
ent food webs. Although the different optimized model food webs capture the observations similarly well,
projected ecosystem functions differ depending on the underlying food web structure and the presence or
absence of IGP. Mesh-like food webs dominated by the microbial loop yield higher recycling and net primary
production (NPP) than models dominated by the classical diatom-copepod food chain. A high degree of
microzooplankton IGP increases NPP and organic matter recycling, but decreases trophic transfer efficiency
(TTE) to copepods. Copepod production, the trophic role of copepods, and TTE are more sensitive to initial bio-
mass changes in chain-like than in complex food webs. Measurements resolving trophic interactions, in particu-
lar those quantifying IGP, remain essential to reduce model uncertainty and allow sound conclusions for
ecosystem functioning in plankton ecosystems.

Marine ecosystems, particularly in the Arctic, are under
pressure from rapidly progressing global climate change.
Changes in ocean physics drive shifts in phytoplankton com-
munity composition (Li et al. 2009), seasonality (Søreide
et al. 2010) and mesozooplankton biogeography (McGinty
et al. 2021), with effects on biogeochemistry and important
ecosystem functions like the vertical export of organic carbon
to the deep ocean (Brun et al. 2019). Changes in the lower tro-
phic levels (TLs) may drive reductions in fisheries production
and other ecosystem services (Dobson et al. 2006). Future pro-
jections of primary production and net community

production in response to changes in environmental condi-
tions or fishing pressure require the use of reliable plankton
ecosystem models. Typically, these models reduce diverse
plankton trophic interactions to few equations resolving the
apparently most important links between relevant groups.
These presumably dominant trophic interactions then define
the model’s food web structure that is employed to simulate
dynamics of the different plankton groups as biomass change
over time. The food web structure of plankton and the num-
ber and type of trophic interactions are expected to affect eco-
system functions such as mesozooplankton production
available to fish or carbon export (Steinberg and Landry 2017;
Maar et al. 2018).

An established model with a simple trophic structure is the
Minimum Microbial Food Web model (hereafter referred to as
the Minimum model; Thingstad et al. 2007). Using this
model, simulations of different mesocosm experiments have
helped to unravel predominant dynamics and states of the
marine pelagic microbial food web (Thingstad 2020). Larsen
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et al. (2015) adjusted the model’s food web by adding a tro-
phic link from diatoms to microzooplankton, here referred to
as ciliates. Based on this addition, the model could explain
data from the Polar Aquatic Microbial Ecology (PAME) meso-
cosm experiments and thereby resolve differences in microbial
community responses due to variations in mesozooplankton
abundance. From these existing analyses, it is not clear, how-
ever, whether the available biomass observations suffice to
unambiguously identify the underlying trophic interactions
that ultimately determine the food web structure.

One important trophic interaction in both natural plank-
ton communities (Franzé and Modigh 2013) and mesocosm
modeling (Su et al. 2018) is intraguild predation (IGP), which
describes feeding interactions between consumers that share
the same resources (Holt and Polis 1997). For copepods
(Dufour et al. 2016) as well as for microzooplankton (see refer-
ences in Franzé and Modigh 2013; Kuppardt-Kirmse and
Chatzinotas 2020), in particular for dinoflagellates and ciliates
(Diehl and Feissel 2001; Löder et al. 2014; Yang et al. 2021)
and heterotrophic flagellates (Moustaka-Gouni et al. 2016)
IGP has frequently been inferred, and high IGP rates of up to
79% of microzooplankton production have been demon-
strated experimentally (Franzé and Modigh 2013).

In the present study, we investigate the role of trophic
interactions, including IGP, for plankton dynamics over time
and we analyze how the different resulting food web struc-
tures affect projections of ecosystem functions. We compare
models with different food web structures that build on the
Minimum model versions of Thingstad et al. (2007) and
Larsen et al. (2015) and are individually fitted to observations
of the PAME-I mesocosm experiment. In this way, we obtain
different hypothetical explanations for the same observations.
We use an optimization algorithm to objectively compare the
fit of different model food webs to the observations. Different
implications of these food webs for ecosystem functioning are
revealed by quantifying net primary and secondary produc-
tion, recycling, trophic transfer efficiency (TTE) and the maxi-
mum trophic level of copepods (TLM), and by simulating
model sensitivities to changes in initial biomass.

Methods
As testbed for comparing different food webs we use obser-

vations of the mesocosm experiment PAME-I conducted in
Kongsfjorden in Svalbard and previously analyzed with the
Minimum model (Larsen et al. 2015). The original model sim-
ulates phosphate (P), bacteria (B), autotrophic (A) and hetero-
trophic (H) nanoflagellates (also referred to as ANFs and HNFs,
respectively), diatoms (D), ciliates (C), and mesozooplankton
(M), representing calanoid copepods as dominant group in
the experiment, arranged in a double-pentagon food web
(Supporting Information Fig. S1). Comparing different hypo-
thetical food webs requires an objective and thus quantitative
assessment of the best possible model representations of the

observational data (metric). This is achieved by applying an
optimization algorithm that minimizes the data-model misfit
(cost function). The minima of the cost function values yield
best (optimal) combinations of parameter values for each of
the various model food webs, thereby providing best fits to
the observations.

The original model equations of the Minimum model
(Thingstad et al. 2007; Larsen et al. 2015) were coded in
Matlab (Mathworks) based on the authors’ original R Code.
The pulsed additions of PO3�

4 at specific times during the
mesocosm experiments are represented as continuous input
flux as in Larsen et al. (2015). Further details on the model
setup can be found in the Supporting Information. Two model
refinements essential for model optimization are detailed
below.

P accumulation
The original model was extended by an additional state var-

iable UOP� (untraced organic phosphorus; Supporting Infor-
mation Fig. S2), which represents the imbalance between the
measured (inorganic and organic) phosphorus pool and the
expected actual total phosphorus, assuming mass conserva-
tion within the mesocosms. Accordingly, the UOP� in the
mesocosms is estimated from the difference of the docu-
mented PO3�

4 addition rate (EPi ti) and the total P in observed
variables (Pt ; Supporting Information Eqs. S10, S11). In the
model, UOP� is attributed to unassimilated fractions of graz-
ing, in response to sloppy feeding, excretion and fecal pellet
production (Supporting Information Eq. S12). UOP� is
remineralized to PO3�

4 with rate R and may therefore contrib-
ute to regenerated production. Simulated UOP� is assessed
against the observation-based estimates at times when all vari-
ables were measured. This approach proves essential for assur-
ing identical constraints with respect to mass conservation for
all model setups.

Initial values
The solutions of the original Minimum model (Thingstad

et al. 2007; Larsen et al. 2015) rely on a steady-state assump-
tion to calculate initial values for each variable. This implies
that initial values differ for different combinations of parame-
ter values. In order to separate effects of initial conditions and
changes in parameter values on model performance, present
model simulations start from fixed observed initial values for
each variable. Sensitivities of the simulated dynamics to
changes in initial conditions are assessed separately by creat-
ing an ensemble of 1000 random (independent and identi-
cally distributed) initial conditions, covering a range (upper
and lower bounds) of � 20% around the observed initial con-
centrations of P, B, A, D, H, C, and M. This variational range is
proportioned to the mean of the relative (normalized) devia-
tions between the initial conditions in Larsen et al. (2015) and
our estimates (Supporting Information Table S2), which is
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21%. The same ensemble of initial conditions is applied to all
model configurations.

Food web configurations
Based on the above modifications, this study compares four

basic foodweb configurations (Supporting Information Table S3):
1. control: The original Minimum model food web

(Thingstad et al. 2007), without trophic link between diatoms
and ciliates.

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

3. ig: The control food web with additional (intraguild) pre-
dation of ciliates on their own compartment.

4. igd2c: Combining food webs ig and d2c, allowing grazing
of ciliates on diatoms and themselves.

A feeding link between diatoms and ciliates (Larsen
et al. 2015) can be justified by the observation of small-celled
diatoms in PAME-I that are within the prey size range of
microzooplankton. Here, we keep the established name of the
compartment, “ciliates (C),” to denote all larger microzoo-
plankton in contrast to the smaller heterotrophic
nanoflagellates (H), without excluding other “larger”
microzooplankton such as dinoflagellates or rotifers. However,
in the PAME studies, heterotrophic dinoflagellates and rotifers
were not quantified, due to too small volumes analyzed.

During the experiments, two distinct size classes of ciliates
were observed, either notably larger or smaller than 30 μm in
body size (Jens Nejstgaard, pers. obs.). As ciliates of > 30μm body
size can feed on relatively large prey including other ciliates
(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 con-
sider IGP as plausible trophic link in configuration ig.

Further food webs including a feeding threshold for
mesozooplankton feeding on diatoms were tested alone and
in combination, but yielded worse fits and did not change the
findings from the configurations presented above (see
Supporting Information for details).

The model configurations represent different levels of com-
plexity in terms of numbers of parameters (Table 1;
Supporting Information Tables S3, S4). Forcing parameters
and the initial values remain fixed (Supporting Information
Table S2). In preliminary optimizations the growth efficiency
or yield values (YH,YC,YM) were always optimized to their

upper (YH ¼YC ¼0:4) and lower (YM ¼0:1) limits of physiolog-
ically reasonable values according to literature and expert
knowledge, and these parameters are not optimized.

Model calibration and assessment
The optimization algorithm used is the Matlab version of

the Covariance Matrix Adaptation Evolution Strategy algo-
rithm (CMA-ES; Hansen and Ostermeier 2001). CMA-ES gener-
ates random combinations of values for the parameters to be
optimized. For each combination, the model results are evalu-
ated against the observational data, using a cost function that
quantifies the model-data misfit. As preparation, the optimiza-
tion setup was tested by treating model results of a reference
solution as pseudo-data (identical twin data). This twin experi-
ment allowed us to consolidate the optimizer’s performance
and introduce refinements, here including UOP� in the cost
function. Sampling dates and respective observational uncer-
tainties of the original data are considered and all parameter
values that were used to generate the reference model results
(pseudo-data) were identified by the optimization.

The cost function J is calculated as

J ¼
XNt

i¼1

XNy

j¼1

yij�ηij xð Þ
� �2

σ2ij
, ð1Þ

with observations yij for y¼P,B,A,D,H,C,M,UOP� and model
data ηij at times i¼1,…, t of the observations. σ is taken as the
measurement uncertainty of the observations y. Since observa-
tional errors are not reported in the original publication,
values of σ are set to reflect minimal yet plausible observa-
tional error assumptions (e.g., a detection limit for PO3�

4 ;
Supporting Information Table S1). The identification of this
cost function’s minimum is tantamount to having found
maximum likelihood parameter estimates for a given model.

Similar to Thingstad et al. (2007), this study attempts to
identify a model configuration of minimum complexity that
simulates the essential dynamics involved in the microbial
food web. Accordingly, we apply the law of parsimony while
testing model configurations of different complexity. The sim-
pler models are nested subversions of the most complex
model configuration, which allows us to assess the models’
performances against each other. For the assessment we apply
the F-score as a metric (Ward et al. 2013; Schartau et al. 2017,

Table 1. Cost function values J, F-score (Supporting Information Eq. S14) using the most complex model igd2c as reference, and
threshold F-value of α¼0:05 for food webs of different complexity (Np number of optimized parameters).

Simulation Food web Np J F-score Threshold F

control As used in Thingstad et al. (2007) 14 528.15 7.83 3.24

ig C feeding on themselves (intraguild grazing) 15 454.20 8.51 4.01

d2c As in Larsen et al. (2015) with C feeding on D 15 458.99 8.01 4.01

igd2c Full model: C feeding on D and on themselves 16 376.78 — —
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cf. Supporting Information). An F-score below or equal to a
threshold value identifies the best and simplest (i.e., most par-
simonious) model with comparable performance. The thresh-
old values of F are computed for the α¼0:05 confidence level.

Ecosystem functions
Several ecosystem functions are estimated from the model

simulations. Net primary production (NPP) is calculated from
PO3�

4 uptake of A and D using a fixed molar C : P ratio of 106.
Net secondary production (NSP) of H, C, and M is calculated
from the assimilated part of ingestion (YI, with yield values
YH, YC, and YM) using a fixed molar C : P ratio of 50 (Larsen
et al. 2015). TTE from autotrophic production to
mesozooplankton (here copepods) is estimated as TTE¼
YMI=NPP (Supporting Information Eq. S15). The TL of
mesozooplankton is estimated from partial ingestion of diatoms
and ciliates as TLM ¼1þTLD ingestion Dð Þ=total ingestionþTLC

ingestion Cð Þ=total mesozooplankton ingestion, assuming TLD ¼1
for diatoms (D) and taking into account a variable TL (TLC) of
ciliates (C; Supporting Information Eqs. S16, S17).

Results
The PAME-I experiment
The best model

All optimized food webs simulate the observational data
well (Fig. 1), notably improving earlier projections (Larsen

et al. 2015, their fig. 8). According to the visual impression,
the model performances appear to be similar (no more than
40% deviation from the lowest cost function value of the most
complex model igd2c, see Table 1). A more notable spread in
simulated dynamics is only evident for copepods (Fig. 1;
Supporting Information Fig. S3). Using the most complex
igd2c model as reference, the F score for any simpler model
does not fall below the respective threshold (Table 1). In par-
ticular, models with each inherent feeding interaction, the
D – C feeding link and IGP, separately do not provide fits as
good (F-score exceeding threshold).

Food web structure
Despite reproducing the biomass observations similarly

well, the model configurations imply different underlying
food webs and dominant pathways. The four models fall
within two categories indicated by the strength of the ciliate-
copepod interaction. In the igd2c and d2c food webs, copepods
feed on ciliates, while in the control and ig food webs, cope-
pods almost completely rely on diatoms as food source (Fig. 2;
cf. Supporting Information Table S5 for the optimized parame-
ter values). The latter model solutions embody the “classic”
grazing food chain from diatoms to herbivorous copepods, in
the following referred to as chain-like food webs. In contrast,
the igd2c and d2c solutions are more mesh-like, with copepods
also feeding on ciliates. This distinction between chain-like
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Fig. 1. Simulated dynamics of observed variables (circles) during PAME-I and estimated phosphorus accumulation (UOP�) for configuration igd2c with
best fit to observations (red dashed line). Gray shading indicates the min–max envelope of the four simulations with different food webs (cf. Supporting
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and mesh-like food webs is clearly indicated by the maximum
TL of copepods (TLM) during the simulation (Table 2).

Ecosystem functioning
Both overall complexity and mesh- vs. chain-like food web

structure affect ecosystem functioning (Table 2). Recycling of
organic matter accumulating in the mesocosms increases by
more than a factor of four between the simplest and the most
complex food web. At the same time, microzooplankton pro-
ductivity and primary production (NPP) by ANFs and diatoms
increase. Via which group inorganic nutrients enter the plank-
ton community depends on the food web structure. Bacteria
take up the majority of the inorganic nutrients in the chain-
like webs, while in the mesh-like webs an increase in nutrient
uptake can occur successively, for example, from ANFs to

diatoms to bacteria. Food webs with simple and intermediate
complexity result in a similarly high amount of secondary
production by copepods and a high TTE, while the most com-
plex model has notably lower copepod production and TTE.

Resolving ciliate IGP in the igd2c web reduces copepod pro-
ductivity substantially (Table 2). This reduction coincides with
halved TTE while recycling and NPP double. Such an effect of
IGP is not apparent in the chain-like food webs.

Sensitivities to initial conditions and structural changes
Food web structure and certain trophic interactions, in par-

ticular IGP, determine sensitivities of projected ecosystem
functions to variations in plankton composition. With differ-
ent initial conditions, mesh- and chain-like food web struc-
tures remain clearly distinguishable by a different maximum

Fig. 2. Simulated nutrient and biomass fluxes (nmol PL�1) between variables integrated over the course of each optimized 13-d simulation. The weight
of the arrows is scaled according to the fluxes. Dashed arrows (as between ciliates [C] and mesozooplankton [M] in the control and ig configurations)
have near zero fluxes and are therefore hardly realized in the optimized simulations. The wavy arrow represents remineralization of dissolved and detrital
organic phosphorus (in the model explicitly resolved as UOP�). The cost function value J indicates the goodness-of-fit to the observational data.

Prowe et al. Ecosystem functions of plankton food webs

847



TL of copepods (max. TLM; Fig. 3). The mesh-like food webs
(d2c and igd2c) exhibit a variable maximum TLM, indicating a
substantial degree of omnivory, while the chain-like food
webs (control and ig) yield a maximum TLM close to 2 indica-
tive of pure herbivory. Here, the spread expresses that TLM in
the chain-like food webs is insensitive to variations in the rela-
tive proportions of heterotrophs and autotrophs in the initial
conditions in contrast to the mesh-like food webs.

The food webs sustain their different levels of
remineralization (Table 2; Fig. 3). For both chain- and mesh-
like systems, adding IGP increases the level and variational
range (spread) of possible remineralization. The same effect of
IGP, namely increasing both level and variability, is also evi-
dent for both NPP (Supporting Information Fig. S4) and
microbial loop production (NSP of H and C: NSPHþC; Fig. 4b;
cf. Supporting Information Fig. S5 for the corresponding prob-
ability density functions). In particular, NPP is far more vari-
able than the remineralization rate. Eventually, the more
complex food webs exhibit a more productive microbial loop,

but do not differ systematically in copepod produc-
tion (NSPM).

However, chain- and mesh-like webs differ in variability
and in their reaction to including IGP (Fig. 4c). The chain-like
webs react with a large spread of copepod production. In the
mesh-like food webs, copepod production is notably less vari-
able than in the chain-like webs, and decreases when consid-
ering microzooplankton IGP. This pattern is reflected in the
TTE (Fig. 4a). The efficiency of trophic transfer is, however,
not directly linked to the length of the food chain from pri-
mary producers to copepods, as food webs with same maxi-
mum TL can have distinctly different TTE (Fig. 3). Irrespective
of food web structure, a confined maximum TLM is associated
with high variability in TTE and copepod production (Figs. 3,
4), and vice versa.

The chain vs. mesh character of realized pathways in the
different model configurations determines which role trophic
cascades play in the simulations. The simplest chain-like food
web (control) directly links increases in primary production to

Table 2. Ecosystem functions across selected optimized simulations: NPP, NSP for copepods (mesozooplankton; M) and the microbial
loop (H + C), TTE and range of the TL of M for food webs of different complexity (total no. of parameters).

Configuration Type Complexity NPP NSPHþC NSPM Recycling TTEM TLM

No. of parameters μmol CL�1d�1 nmol PL�1d�1 % Min–max

control “chain” 20 8.95 2.22 0.21 19.30 5.0 2.00

ig “chain” 21 10.61 2.72 0.23 37.44 4.7 2.00

d2c “mesh” 21 10.83 2.75 0.22 38.14 4.4 2.26–2.72

igd2c “mesh” 22 13.70 4.82 0.14 87.71 2.2 2.20–2.59
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higher copepod production (Fig. 4). The more complex mesh-
like models show a weaker and more variable increase, with
the weakest increase found for the most complex food webs
that resolve IGP.

The variability of all ensemble simulations indicates the
sensitivity of ecosystem functioning for the different food
webs. The chain-like model food webs are most sensitive in
terms of ecosystem functions to changes in initial values com-
pared to the mesh-like models, indicated by the consistently
higher coefficient of variation (Table 3). The only exception is
the maximum TLM, which designates the rigidity of trophic
interactions in the chain-like models. While the lower TL
functions (primary and microbial loop production, recycling)
have sensitivity higher by about a factor of two, copepod pro-
duction, and to a lesser degree TTE, are distinctly more sensi-
tive in the chain-like than in the mesh-like models. Within
chain- and mesh-like food webs, adding IGP increases the sen-
sitivity of all ecosystem functions.

Discussion
The present study reveals effects of food web structure and

the underlying trophic interactions on ecosystem functioning

and sensitivity, starting from the established Minimum Micro-
bial Food Web model (Thingstad et al. 2007). The strength of
the approach lies in comparing models that are objectively
fitted to observations and present alternative explanations for
the same observations. Here, the trophic links, prescribed by
the model equations, specify the models’ complexity and pos-
sible pathways of mass flux. The models’ best fit to observa-
tions then determines major trophic links and with it flow
diversity that in turn may affect ecosystem properties like sta-
bility (Saint-Béat et al. 2015).

From parallel food chains to mesh-like food webs
The valuable PAME-I data present the opportunity to

understand in detail differences in mass fluxes within different
model food webs and their effects on ecosystem functioning.
In general, the more complex food webs host a higher nutri-
ent recycling capacity, which is linked to the enhanced pro-
ductivity of the microzooplankton in the microbial loop. As
the model assumes unassimilated organic phosphorous to
originate from grazing processes, any additional trophic link
supplies UOP� which ultimately fuels NPP. Which of the
osmotrophs, ANFs, diatoms or bacteria, takes up the inorganic

Table 3. Sensitivity of ecosystem functions (as in Table 2), expressed as coefficient of variation (standard deviation/mean of all ensem-
ble simulations; %) in ensemble simulations randomly varying initial conditions by � 20% for selected food webs.

Configuration CV (NPP) CV (NSPHþC) CV (NSPM) CV (recycling) CV (TTEM) CV (TLM)

control “chain” 16.00 9.76 29.08 5.41 19.99 0.08

ig “chain” 19.00 10.88 39.37 6.31 26.23 0.00

d2c “mesh” 9.31 4.41 8.37 2.54 9.31 2.78

igd2c “mesh” 10.60 5.39 11.21 4.37 10.65 9.61
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nutrients depends on the food web structure and its inherent
top-down control and is not purely bottom-up driven.

Chain-like food webs exhibit a high copepod production,
which is facilitated by a high TTE of the classical herbivorous
grazing food chain. In the mesh-like d2c food web, the same
amount of copepod production is fueled by diatoms and cili-
ates, although TTE is comparatively lower. In these model
solutions, the ciliates may benefit from higher diatom produc-
tion, but with the additional TL the mass transfer to copepods
becomes less efficient. When adding IGP, TTE is reduced sub-
stantially, as part of the ciliate production is consumed by cili-
ates and recycled rather than being transferred to the
copepods. In contrast, in the chain-like solutions copepods
benefit directly from the higher diatom production via the
classical grazing food chain with high TTE.

Our optimized simulations demonstrate that different food
webs can capture the observed dynamics equally well, ranging
from complex food webs to a classical diatom–copepod food
chain. The chain-like food webs disregard the hypothesis that
particularly small-celled diatoms in the experiment might
have been accessible to ciliates rather than only to copepods.
This additional trophic link gives the double pentagon model
of parallel food chains a mesh-like character and adds flexibil-
ity to the success of ciliates, which are a substantial part of the
copepod diet across different marine ecosystems (Calbet and
Saiz 2005). After calibration, our cost function values confirm
that the d2c model of Larsen et al. (2015) outperforms the
original chain-like food web model (control) for the PAME-I
setup. The conceptual idea of a food web with fully separate
food chains therefore seems oversimplified, given that marine
food webs tend to be diverse and complex rather than linear
with few dominant predators per TL (Hessen and
Kaartvedt 2014).

Food web sensitivity
Food web structure has a marked effect on sensitivity of

simulated ecosystem functions to changes in biological condi-
tions. The optimized model configurations involve two sce-
narios: inflexible chain-like food webs where copepods rely
only on diatoms and cannot feed substantially on ciliates
(Supporting Information Table S5), and mesh-like food webs
with a greater variety of food sources available to the top con-
sumers. This larger choice of available food sources is indi-
cated by the enhanced variability of the maximum TL of
copepods (TLM; Table 2; Fig. 3), which integrates the underly-
ing food web structure. It is a valuable indicator for shifts in
food web structure related to, e.g., global change (Saint-Béat
et al. 2018). In mesh-like systems, this larger variety of possi-
ble pathways increases variability of remineralization more
strongly than is possible in the chain-like systems. The larger
variability demonstrates that a complex model food web
responds less rigidly to perturbations than a simple one, and
diverging changes may occur via a range of possible pathways.

At the same time, food web complexity buffers higher TL
ecosystem functions like copepod production and TTE to
copepods. This buffering is evident from the correlation
between NPP and copepod production (Fig. 4). In the chain-
like webs, an increase in NPP implies higher copepod produc-
tion, as determined by the inherent classical diatom–copepod
food chain. The variability around this correlation (i.e., the
variable amount of NSPM at similar levels of NPP), is linked to
whether NPP is provided by diatoms or by ANFs unavailable
to copepods. This balance is determined by the initial biomass
of their predators, so that high ciliate and low copepod bio-
mass (high C0=M0 ratio) lead to a high diatom fraction of NPP
and vice versa (Fig. 5a,b). A high diatom fraction of NPP in
turn implies a high TTE in chain-like food webs, where a high
copepod production is linked to a low initial copepod bio-
mass. Food webs with a mesh-like structure, in contrast,
decouple TTE and copepod production from initial biomass
values (Fig. 5a,c). Highest copepod production is still achieved
in systems with high NPP (Fig. 4c), but productivity is no lon-
ger linked to the identity of the primary producer, and NPP is
partitioned more equally between flagellates and diatoms
(cf. NPP and the D fraction of NPP in Figs. 4a, 5b, respectively,
for similar TTE values). Both TTE and copepod production are
at the lower end of the range exhibited by the chain-like
models, as more and longer pathways through the food web
to copepods exist. The slightly declining TTE may dampen
effects of NPP change for copepods, while the increasing TTE
in chain-like webs enhances it. In mesh-like food webs, a high
initial copepod biomass yields slightly higher copepod pro-
duction than a low value (Fig. 5c).

Effects of adding IGP consequently depend on the food
web structure. Adding IGP to chain-like food webs increases
variability of NPP, microbial loop and copepod production by
affecting competition between diatoms and ANFs via top-
down control of ANFs. In food webs without IGP, webs with
distinctly different maximum TLM may be similarly efficient
in terms of trophic transfer (cf. food webs control vs. d2c).
When adding IGP to mesh-like food webs, part of the produc-
tion otherwise available to copepod feeding is rerouted to
remineralization instead, making trophic transfer less efficient.
This decrease arises although the food chain might be shorter,
as indicated by a lower maximum TLM. In the chain-like food
webs, adding IGP may decrease TTE by increasing production
in the separated microbial loop, with the option of reducing
diatom production through competition. IGP, as one example
of omnivory in plankton communities, is therefore a decisive
feature for modeling projections.

Intraguild predation
In our study, IGP expands the scope of prey, and thus the

level of omnivory, for ciliates. After model calibration, our
study reveals improved model fits to the observational data of
the Kongsfjorden plankton ecosystem when IGP is added to
the control (ig) and d2c (igd2c) models. This addition maintains
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a statistically reasonable balance between model complexity
and the improvements of model fits to the data. It is
supported by evidence for defined size ranges of high preda-
tion that indicate omnivory and IGP of microzooplankton in
the Fram Strait (Lampe et al. 2021), affecting both autotrophic
and heterotrophic flagellates, and likewise size ranges of small
ciliates and diatoms. Overall, the grazing of, for example, large
tintinnids on other smaller ciliates suggests IGP to become rel-
evant for models that treat microzooplankton as a single
functional type.

Considering IGP in models will affect the representation of
bottom-up and top-down controls, and its omission may
severely bias a model’s sensitivity to changes in community
composition. Our simulations confirm that IGP slows down
energy transfer to higher TLs while promoting NPP and
recycling, (Table 2; Wang et al. 2019). The underlying reduc-
tion of top-down control allows different energy pathways in
parallel through the food web to the top predator.

The crucial role of microzooplankton IGP has already been
demonstrated when simulating dynamics in mesocosm with
high levels of mixotrophic dinoflagellates (Su et al. 2018). In a
size-resolved one-dimensional plankton ecosystem model,
removing zooplankton IGP even compromises fish survival as
small- and medium-sized zooplankton may hide from fish in
deep waters without fearing predation by larger zooplankton
(Castellani et al. 2013). Adding IGP might also be reasonable
for heterotrophic nanoflagellates in the Minimum model
(Moustaka-Gouni et al. 2016), with effects likely within the
microbial (left-hand) loop.

Resolving IGP has likely been hindered by methodological
challenges to obtain observations for natural communities.
Reciprocal predation between similar-sized organisms, as evi-
dent for dinoflagellates and heterotrophic nanoflagellates (see
review by Hansen et al. 1994; Moustaka-Gouni et al. 2016), is
often neglected and complicates detection and quantification
of IGP. Also, zooplankton feeding is often measured as bulk

net “disappearance” of similarly sized groups in bottle incuba-
tions of natural prey (Nejstgaard et al. 2001). Dilution experi-
ments used to measure microzooplankton grazing may
include several types of predators and trophic cascades (Calbet
and Saiz 2013). Molecular analysis of gut content (Nejstgaard
et al. 2008) has a better potential to reveal IGP, especially if
including detection of prey types, for example, by
metabarcoding (Ray et al. 2016; Yeh et al. 2020). Molecular
analyses cannot detect cannibalism, though, and may not be
sensitive enough to detect feeding on taxonomically closely
related species. As limits remain, new high-resolution optical
approaches might allow in situ measurements of natural com-
munities in the future.

IGP dampens community responses to experimental envi-
ronmental perturbations (Moustaka-Gouni et al. 2016) and
might increase resilience to both environmental (bottom-up)
and biotic (top-down) changes in model projections, as would
generally be expected for more diverse food webs (Saint-Béat
et al. 2015). In our simulations, IGP makes trophic transfer
less sensitive to initial biomass changes and decouples TTE
from food chain length. As mesozooplankton production and
TTE are strong predictors of fisheries yields (Friedland
et al. 2012), model projections of such ecosystem services may
be affected by resolving IGP.

Trophic cascades
Trophic cascades can result in alternating shifts in the bio-

mass of adjacent TLs (Pershing et al. 2015) and a pronounced
cascading effect implies inter alia a direct strong link between
TLs, effectively channeling mass and energy up the food
chain.

Our results provide some hints how the role of trophic cas-
cades and may differ between simple and complex food webs.
The strong coupling of copepod production with NPP, the
ciliate-copepod initial biomass ratio and (inversely) copepod
initial biomass indicates the potential for dominant trophic

3 4 5 6 7
1

2

3

4

5

6

7

C
0
/M

0
 ini biomass

T
T

E
M

 (
%

)

a

0 20 40 60 80 100
1

2

3

4

5

6

7

D fraction of NPP (%)
T

T
E

M
 (

%
)

b

10 12 14 16
0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

M
0
 biomass

N
S

P
M

 (
µ

m
o
l 
C

 L
−

1
 d

−
1
)

c control

igd2c

Fig. 5. TTE from autotrophs to copepods depending on (a) initial ciliate to copepod biomass ratio (C0=M0) and (b) diatom fraction of primary produc-
tion in two simulations with chain-like (control) and mesh-like (igd2c) food web structure. (c) NSP of copepods (NSPM) correlation depending on initial
copepod biomass.

Prowe et al. Ecosystem functions of plankton food webs

851



cascades in the chain-like food webs. These food webs incor-
porate a separate even-length food chain in parallel to the
microbial pentagon web, and this separation will affect the
long-term response to both top-down and bottom-up forcing
(Wollrab and Diehl 2015). The comparatively weaker coupling
between NPP and copepod production in the more complex
mesh-like food webs indicates weaker trophic cascading com-
pared to food chains (Strong 1992; Polis and Strong 1996;
Schneider et al. 2012). A more complex food web was also
suggested to cause damped trophic cascades in another meso-
cosm experiment analyzed with the original Minimum model
(Pree et al. 2017). Food web complexity (hence omnivory) is
seen as one cause for the weaker evidence for cascades in
marine compared to freshwater systems (Hessen and
Kaartvedt 2014; Pershing et al. 2015), and omnivory is com-
mon in marine food webs (Thompson et al. 2007). The promi-
nence of trophic cascades will be highly relevant for model
projections of future ecosystem changes and effects of fisheries
(Bascompte et al. 2005; Frank et al. 2005; Maar et al. 2018).
An oversimplified food web structure, or one with unrealisti-
cally strong links between primary and copepod production,
may therefore overestimate ecosystem sensitivity and effects
on fisheries (Pahl-Wostl 1997; Saint-Béat et al. 2018).

Biogeochemistry and need for observations
The present analyses imply that choosing a specific food

web structure may predetermine projections of biogeochemis-
try to be governed either by vertical export or by rapid organic
matter recycling. In the Minimum model, the dominance of
vertical export of Si-ballasted detritus from diatoms and fecal
pellets vs. rapid recycling in the upper ocean relates to the bal-
ance between the “classical” food chain and the microbial
food web (Thingstad 2020). In our simulations, this balance is
indicated by the maximum TL of copepods (near 2 in simula-
tions with dominant food chain, higher in simulations with a
strong microbial loop). Considering trophic interactions like
IGP might further yield divergent biogeochemical flux esti-
mates by promoting recycling and NPP. As sensitivities of
model solutions, for example, to global change, will differ
while fitting biomass observations similarly well, traditional
model assessment may become considerably less conclusive.

Given the flexibility of trophic interactions in complex
models, our results document the complicacy in identifying
the most credible solution, which becomes invidious when
only biomass observations are available. This dilemma consti-
tutes a severe challenge for model projections of planktonic
ecosystems, in particular for vulnerable regions like the Arctic.
For example, a stronger retention of nutrients, by recycling in
the upper ocean, may prolong growth also of large phyto-
plankton such as diatoms towards autumn, which are a critical
food source for copepods before entering diapause in the deep
ocean (Falk-Petersen et al. 2009; Pond et al. 2012). Observa-
tions revealing trophic structure and interactions, such as
feeding rates (in particular for microzooplankton), δ15N and

potentially eDNA, as well as a consistent focus on measuring
traits (Kiørboe et al. 2018) are therefore of utmost importance.

Observations of trophic interactions are particularly rele-
vant on the global scale, where data used to assess models,
such as remote sensing estimates of NPP, may not suffice to
constrain microbial ecological effects on biogeochemistry. In
our simulations, “lower TL” ecosystem functions like NPP and
overall recycling are notably less sensitive to changes in food
web structure and trophic interactions than “upper TL” func-
tions like TTE. Rate measurements, for example, of bacterial
production, organic matter remineralization, or NHþ

4 utiliza-
tion are of great importance for unambiguously identifying
credible model solutions.

Nevertheless, implementing complex food webs into ocean
biogeochemical general circulation models is deemed neces-
sary for revealing effects of plankton ecology on ocean biogeo-
chemistry. Mixotrophy is a recent example for added trophic
complexity that is increasingly addressed experimentally and
in modeling (Stoecker et al. 2017), with effects on ecosystem
functioning such as ocean export production (Ward and Fol-
lows 2016). Adding different aspects of mixotrophy to the
Minimum model, in particular regarding ciliates or the distinc-
tion between autotrophic and heterotrophic flagellates, might
increase its realism, but may compromise its ability to resolve
fundamental aspects of theoretical ecology (Wollrab and
Diehl 2015; Våge et al. 2018; Thingstad 2020).

In general, such model approaches that consider traits and
trade-offs (Banas et al. 2016; Ward and Follows 2016; Serra-
Pompei et al. 2020), may yield model solutions that are more
confined and may thereby help reducing uncertainties in pro-
jections of changes in plankton composition and food web
structure and to assess the role of trophic complexity and flex-
ibility for ecosystem services (A. E. F. Prowe et al., unpubl.) at
times of rapid environmental change.

Conclusions
The present model simulations unravel important aspects

of the role of trophic interactions and food web structure for
ecosystem functioning. While different food web structures
can explain observational data of nutrients and plankton bio-
mass equally well, realized pathways of mass flux through the
system may vary substantially along a complex network of
potential trophic interactions, driven by trait composition and
standing stocks, and may be much more variable than appar-
ent from biomass observations.

Food web complexity in general and plankton omnivory,
as analyzed here in detail for microzooplankton IGP, govern
model sensitivity and ecosystem functions. IGP may increase
simulated (regenerated) primary production, lower the TTE,
and increase the maximum TL, depending on model structure
and the complexity of trophic interactions based on the same
observed plankton system. Differences are exacerbated when
testing models with different initial biomass of the plankton
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components, with simple food webs showing higher sensitiv-
ity, and thus larger uncertainty, than complex ones. Under-
represented trophic interactions deserve more attention and a
detailed trade-off based approach in experimental and model-
ing studies if we are to achieve a sound understanding of
future ocean ecosystems.

Data availability statement
Model data presented in this paper are available under

[https://hdl.handle.net/20.500.12085/3af155c8-6301-4958-9375-
9ee016565bed].
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