
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 582: 15–31, 2017
https://doi.org/10.3354/meps12330

Published November 6

INTRODUCTION

A poorly studied subject in marine ecosystem mod-
eling is the quantification of the role of high molecu-
lar weight organic macromolecules and exopolymeric
carbohydrates in biogeochemical cycles and the bio-
logical structure of food webs. These colloidal macro-
molecules constitute a major fraction of the dissolved
organic matter (DOM) continuum once they are pro-
duced by dissolved organic carbon (DOC) excretions
from cells during phytoplankton blooms and sloppy
feeding by zooplankton (Passow 2002, Verdugo et al.

2004, Wurl et al. 2011). They are also released in high
proportions during dense jellyfish blooms in jelly-
dominated planktonic food webs (Condon et al. 2011,
Tinta et al. 2012). Generally, they are unused in eco-
system models and are considered to belong to the
refractory DOM pool, even though their transforma-
tion into particulate organic matter (POM) is impor-
tant for our understanding of organic matter cycling
in the oceans (Verdugo et al. 2004).

According to observations, transparent exopolymer
particles (TEP) are formed mainly by coagulation of
dissolved carbohydrates excreted predominantly by
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phytoplankton communities. Due to their high sticki-
ness, they act as a glue matrix for other solid and bio-
genic particles and thus play a central role in trans-
forming DOC into particulate form (Passow 2002,
Verdugo et al. 2004). While larger aggregates facili-
tate stronger sedimentation of POM, smaller ones
having positive buoyancy may provide supplemen-
tary food for heterotrophs when they are colonized
by bacteria and phytoplankton cells. Occasionally, in
the case of very sticky large-sized aggregate forma-
tions over phytoplankton cells, they may reduce food
quality and zooplankton feeding efficiency due to
lower prey encounter rates and higher energetic
costs of feeding (Malej & Harris 1993, Fonda Umani
et al. 2007). Briefly, observations suggest a critical
role of TEP aggregates in biogeochemical element
cycling and food web structuring within the upper
layer of the water column, but their mechanistic
understanding is an overlooked aspect of ecosystem
models. Incorporating TEP aggregates as part of a
food web model has yet to be accomplished.

Another poorly studied aspect of marine ecosystem
modeling is the impact of particle aggregation
dynamics on food web functioning. Food web models
tend to exclude aggregation dynamics and generally
underestimate the export flux of particles to the
deep sea. On the other hand, aggregate models are
focused on more realistic estimations of particle
export flux with limited interest in their impacts on
food web structure except in a few studies (Kriest &
Evans 1999, Jackson 2001, Karakas et al. 2009). More
generally, aggregate models consider a continuous
size spectrum of aggregates that are formed by colli-
sion between detritus particles or collision of detritus
particles with live phytoplankton and bacterial cells,
and these aggregates are represented by size-depen-
dent collision rates and sinking speeds (Riebesell &
Wolf-Gladrow 1992, Jackson & Lochmann 1992,
Jackson 2001, Kriest 2002, Burd & Jackson 2009,
Karakas et al. 2009, Barkmann et al. 2010). Burd
(2013) noted that representing aggregates using 2
size classes had the capability of reproducing main
features of more sophisticated size spectrum models.
The discrete size class modeling approach appears to
be more suitable for regional and global-scale appli-
cations of biogeochemical models (Gehlen et al.
2006, Druon et al. 2010) due to inherent complexity
and heavy computational demands of the size spec-
trum models. The 2 size class TEP aggregates also
reproduced particle concentrations measured by a
mesocosm experiment with reasonable accuracy
(Ruiz et al. 2002), and a similar approach was
employed for modeling TEP aggregations during

short-term Emiliania huxleyi mesocosm bloom
experiments (Engel et al. 2004, Joassin et al. 2011).
No other models of TEP aggregate dynamics involv-
ing their coagulations with biotic and abiotic con-
stituents of the food web exist in the literature, and to
my knowledge, studies on their interactions within
food webs are missing entirely.

As stated by Verdugo et al. (2004), quantitative
support for the critical role of TEP aggregates (macro -
gels, in more general terms) in facilitating more
effective particle sedimentation to the deep sea and
increased food availability for macrozooplankton has
not yet been provided by integrated models of gel
formation and particle dynamics. The present study
serves this purpose and describes the coupling of
aggregation dynamics with a multi-trophic pelagic
food web model under 2 different aggregation mod-
eling approaches. The first approach allows for direct
collision of live phytoplankton and bacterial cells
with detritus particles. The second considers pro -
duction of TEP aggregates from dissolved organic
nitrogen (DON) sources and formation of abiotic and
biotic aggregates by the coagulation of TEP with
detritus particles and phytoplankton/bacterial cells,
respectively. The integrated model is used to exam-
ine how food web structure in the absence of aggre-
gations may be modified by the aggregation pro-
cesses. The model is configured for the mesotrophic
ecosystem of the Marmara Sea in the Turkish Straits,
which is characterized by successive relatively strong
phytoplankton and zooplankton blooms and there-
fore offers an ideal site for the release of colloidal
DOM from different sources. The main observed
physical-ecological characteristics of the Marmara
Sea are provided in the Supplement at www.int-res.
com/ articles/ suppl/ m582 p015 _ supp. pdf.

An outline of the food and aggregate web models is
first described below. Subsequently, a series of model
 simulations are presented to explore likely impacts of
aggregation dynamics on the annual food web. The
main focus of the study is to facilitate mechanistic
understanding of the integrated system of food and
aggregate webs rather than reproducing a particular
observed event.

MODEL AND SIMULATIONS

Model description

The model considers the 1-dimensional, vertically
resolved structure of the water column within the
central part of the deep Marmara basin and com-
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prises 3 interacting modules: the physical, the nitro-
gen-based biogeochemical, and the particle aggre-
gate modules (Fig. 1a,b). The physical module, based
on the Princeton Ocean Model, was used to retrieve
information on vertical diffusivity, temperature, and
density at each time step. The biotic components of
the biogeochemical module include bac teria, 3
phytoplankton, 4 zooplankton, and 1 small pelagic
fish compartments, whereas the abiotic components
comprise particulate organic nitrogen, labile and
semi-labile components of DON, ammonium, and
nitrate forms of dissolved inorganic nitrogen (DIN),
and dissolved oxygen (Table 1). The equations are
based on the nitrogen-limited Black Sea model
(Oguz et al. 2000, 2001, 2008), and details of the
model formulation are given in the Supplement at
www.int-res.com/articles/suppl/ m582 p015 _ supp. pdf,
with the parameter values provided in Tables S1−S4.
A 3-dimensional application of the biophysical model
(in the absence of an aggregate module) recently

documented how the buoyant jet emanating from the
Strait of Istanbul drives a complex circulation and
enhanced plankton production in the Marmara Sea
(Oguz 2017).

As shown by the food web structure in Fig. 1a, the
main features of the biochemical model may be sum-
marized as follows. DIN is fixed by phytoplankton,
which then supports food for heterotrophs that are
grazed by carnivores. While most organic matter is
transformed to DIN to support recycled phytoplank-
ton production, part of the particulate matter remin-
eralization as well as exudation by phytoplankton
cells and sloppy feeding by zooplankton constitute
the DON pool. Its uptake in bacterial production and
consumption of bacteria by microzooplankton forms
the microbial loop as a pathway supporting the food
web structure.

The N-based food web model is extended to repre-
sent the aggregation dynamics in terms of DON,
although the C-rich TEP formation and aggregation
processes would be represented more realistically by
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Fig. 1. (a) Integrated model structure, which consists of the
classical food web (red), the microbial loop (green), and the
transparent exopolymer particle (TEP)-based aggregate
web (blue). The ‘Nutrients’ compartment comprises ammo-
nium and nitrate; Phyto: diatoms, dinoflagellates, and small
phytoplankton; Macrozoo: mesozooplankton, Noctiluca, and
Mnemiopsis; Microzoo: microzooplankton; Fish: small pe -
lagic fish; Ba: bacteria; PON: particulate organic nitrogen;
TEPS (TEPL): small (large) size class TEP aggregates. A frac-
tion of the dissolved organic nitrogen (DON) source sup-
ports formation of TEPS that then support TEPL aggregates.
The biotic aggregate group (BG) is formed by coagulation of
phytoplankton/bacteria with TEPS and TEPL, which also
support the abiotic aggregate group (AG) by coagulation
with detritus. The aggregate group DP2 is formed by coagu-
lation of BG and AG particles. TEP are recycled back to
DON through their dissolution. BG and AG aggregates are
recycled within the food web as a result of mortality and re-
mineralization, respectively. AG particles also sink to the
deep sea as in the case of original detritus particles. (b)
 Alternative aggregate formation of DP1 aggregates formed
by coagulation of detritus with phytoplankton and bacterial 

cells

Model
Variable Abbreviation

Biogeochemical model
Bacterioplankton Ba
Phytoplankton group; diatoms PD

Phytoplankton group; dinoflagellates PF

Small phytoplankton group PS

Microzooplankton (mostly ciliates) ZS

Mesozooplankton (dominated by copepods and ZL

cladocerans)
Heterotrophic dinoflagellate species Noctiluca ZN

scintillans
Gelatinous carnivore species Mnemiopsis leidyi ZG

Pelagic planktivorous fish ZF

Particulate organic nitrogen Dn

Labile form of dissolved organic nitrogen (DON) DONL

Semi-labile form of DON DONS

Dissolved inorganic nitrogen; ammonium Na

Dissolved inorganic nitrogen; nitrate Nn

Dissolved oxygen DO

Aggregate web model
Small size TEP aggregate group TEPS

Large size TEP aggregate group TEPL

Abiotic aggregate group formed by coagulations AG
of detritus with TEPS and TEPL

Biotic aggregate group formed by coagulations BG
of phytoplankton and bacterial cells with TEPS

and TEPL

Aggregate group formed by coagulations of DP1
detritus with phytoplankton and bacterial cells

Aggregate group formed by coagulations of BG DP2
and AG particles

Table 1. State variables of the integrated model system. TEP: 
transparent exopolymer particles
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a model that is based on both N and C variables
(Druon et al. 2010). The particle aggregate module
comprises 2 different aggregation processes. One of
them is based on coagulations of detritus particles
with live bacteria and phytoplankton cells, which
are hereafter referred to as DP1 particles (Fig. 1b).
This implies that all particles are grouped within one
particulate pool instead of a continuous size spec-
trum representation. The relevant equations describ-
ing this type of aggregation process are given in the
Appendix (Eqs. A2−A5).

The second type of aggregation process involves
the formations of small and large size class TEP
aggregate groups denoted by TEPS and TEPL, re -
spectively, and their coagulations with detritus par -
ticles and live phytoplankton and bacteria cells
 forming the abiotic (AG) and biotic (BG) aggregate
groups, respectively. The additional coagulations of
AG and BG particles constitute the so-called DP2
particles as an alternative to DP1 particles (Fig. 1a).
The aggregate web interacts with the microbial loop
by consuming a fraction of the DON source for the
generation of TEP aggregates and solubilization of
TEP and remineralization of particle aggregates
(Fig. 1a). In addition, both AG and DP2 particles are
subject to fast sedimentation to deeper levels.

The aggregate groups BG, AG, and DP2 are also
represented in the form of single pools. This ap -
proach is a major simplification of the aggregation
dynamics as compared to the more sophisticated size
spectrum approach. The aggregation processes are
therefore modeled simply using fixed rate constants
instead of coagulation kernels that account for parti-
cle sizes and fluid dynamic effects. Similarly, sinking
velocity does not account for its dependence on par-
ticle sizes. Particle stickiness is also not directly
addressed. In addition, TEPS particles are derived
directly from the DON source (Ruiz et al. 2002, Burd
2013) by skipping, for simplicity, the intermediate
step of submicron size polysaccharide formation as
modeled explicitly by Engel et al. (2004). Equations
governing the TEP-based aggregation dynamics and
their interactions with the biogeochemical model are
given in the Appendix (Eqs. A6−A12). Because mod-
eling the aggregation dynamics is closely linked to
the way in which the DON pool is represented in the
ecosystem model, DON dynamics are also described
in the Appendix (Eqs. A14 & A16).

The model covers the upper 200 m water column
that is resolved by 35 vertical levels with finer vertical
spacing of ~2−3 m within the upper 50 m. The initial
temperature and salinity fields are specified by their
climatological January profiles (Fig. S1 in the Supple-

ment). The idealized initial nitrate profile is character-
ized by a concentration of 0.5 mmol N m−3 within the
upper 20 m, 9.0 mmol N m−3 below 50 m, and its linear
change in between, similar to the winter profile shown
in Fig. S3. The initial oxygen concentration is set to a
default value of 50 µM for the entire water  column,
but forms its observed vertical structure (Fig. S3) soon
after the beginning of the model integration in re-
sponse to the air−sea flux, primary produc tion, and re-
mineralization processes. Other state variables are
initialized by a small constant value of 0.01 mmol m−3.
The physical model is forced by the climatologically
derived mean daily wind stress and heat flux (Fig. S6).
The photosynthetically available radiation is provided
by half of the daily climatological short wave radiation
(Fig. S6). All of the biological fluxes are set to 0 at the
surface and bottom boundaries in addition to the lack
of  lateral nitrate flux from the Black Sea.

The second-order Leapfrog time difference and
centered space difference are used to discretize the
equations. The vertical differencing is implicit to
avoid computational instabilities generated by the
use of small grid spacing. The separation of solutions
associated with the Leapfrog time differencing is
avoided by applying a time filter to the solutions at
each time step. A time step of 300 s is used for the
numerical integration of equations. The internal
model dynamics set by the equations builds up the
equilibrium state of the model after sufficiently long
time integration. The equilibrium state being inde-
pendent from specific details of the initial conditions
becomes established typically by the fifth year of the
model integration. However, all simulations were run
for 20 yr to make sure that the equilibrium state
remains stable. The results are presented using the
model data from the 19th and 20th years.

Design of simulations

The coupled model involves a large number of
parameters, many of which are poorly constrained by
the observations. Their values are therefore tuned by
an extensive number of sensitivity studies; however,
a description of the sensitivity experiments is beyond
the scope of the present study. The list of simulations
is summarized in Table 2. Simulation S1 provides the
reference state of the annual food web structure in
the absence of aggregates. Its features are compared
with those modified in the presence of aggregation
processes. Simulation S2A repeats S1 using the iden-
tical parameter settings, but in the presence of direct
collision between detritus and phytoplankton/bacteria
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cells leading to particle aggregates (DP1). Alterna-
tively, Simulation T2N repeats the reference case
(S1), adding only the formation of an additional 2 size
classes of TEP aggregates using a constant DON
source specification over the year. Simulation T2A
ex tends T2N by including coagulation of TEP with
detritus particles to form abiotic aggregates (AG) and
with phytoplankton/bacteria to form biotic aggre-
gates (BG). Simulation T2C includes additional colli-
sions between AG and BG aggregates to form DP2
aggregates. Simulation T2D repeats T2C using an
alternative DON source specification of TEP in terms
of half of the total phytoplankton exudation. Compar-
ison of the characteristics of DP1 and DP2 aggregates
confirms the relative efficiency of 2 different aggre-
gation processes and their impacts on the main food
web structure.

RESULTS AND DISCUSSION

Annual food web structure in the absence of
aggregations

Water column stratification characteristics

The temperature and density transects in Fig. 2
show considerable temporal and vertical changes
within the upper 50 m water column. The mixed
layer deepens from a thickness of 10 m in August to
25 m in December as a result of the intensification of
atmospheric cooling, and subsequently maintains a
vertically uniform water mass structure with a tem-
perature of 7°C and a density of 20.7 kg m−3 until
mid-March (Fig. 2a,b). Gradual warming then starts
eroding the winter mixed layer and establishes the

seasonal thermocline and surface
waters at 24°C and 14 kg m−3 in
July. These pronounced seasonal
changes, however, do not extend
below 25 m due to the strong pyc-
nocline with density changes in
the range of 21−28 kg m−3 and
temperature changes of 8−14°C
between 25 and 45 m depths. The
vertical oxygen structure attains
almost uniform concentrations of
~250 µM within the upper 25 m
and ~50 µM below 45 m but un -
dergoes strong changes (almost
200 µM at 20 m) across the pycno-
cline throughout the year (Fig. 2c).
The relatively high oxygen con-

centration of the surface layer is supported by
air−sea flux and photosynthesis, while a reduction in
oxygen con centrations across the pycnocline arises
from the  consumption of oxygen during the intense
remineralization process. These features of water col-
umn prop erties agree well with the monthly meas-
urements (see Figs. S1 & S3 in the Supplement) pro-
vided by Beşiktepe et al. (1994), Polat & Tuğrul
(1995), Polat et al. (1997), Yilmaz et al. (2005), and
Isinibilir et al. (2008).

Biological properties integrated over the euphotic
layer

Fig. 3 shows the main characteristics of the annual
food web structure in terms of its vertically inte-
grated characteristics over the upper 45 m depth
(comprising the upper layer and the pycnocline) in
the absence of aggregates. The total phytoplankton
biomass starts increasing by early November to its
highest level of nearly 35 mmol N m−2 in February as
a result of the contributions from both diatom and
dinoflagellate production (Fig. 3a). Their biomass then
declines gradually in spring and summer, whereas
small phytoplankton biomass follows an opposite
trend towards its peak biomass of 20 mmol N m−2 in
October. Bacterial biomass is relatively low during
winter (~10 mmol N m−2), rises to ~15 mmol N m−2 in
April, and maintains this level in summer.

The zooplankton community responds immediately
to the seasonal changes in phytoplankton biomass
(Fig. 3b). The micro- and mesozooplankton biomass
as well as the Noctiluca biomass increase to their
spring peaks (April−May) around 35 mmol N m−2 and
decline subsequently during summer−autumn. Their

19

Simulation Description ΩT βS βD, βP βA βC

S1 No aggregation 0 0 0 0 0
S2A Direct aggregation 0 0 0 0 0.01
T2N TEP-based aggregation 0.1 0.18 0 0 0
T2A TEP-based aggregation 0.1 0.18 0.05 0 0
T2C TEP-based aggregation 0.1 0.18 0.05 0.01 0
T2D TEP-based aggregation 0.5×Exud 0.18 0.05 0.01 0

Table 2. Summary of simulations described in the text. The value of ΩT refers to
the allocation of the total dissolved organic nitrogen (DON) source to transparent
exopolymer particle (TEP) formation. The value ‘0.5×Exud’ implies that 50% of
the exudation release of phytoplankton is used as the DON source in TEP forma-
tion. βS: aggregation rate of TEP particles, βD: aggregation rate of detritus particles
with TEP, βP: aggregation rate of phytoplankton and bacterial cells with TEP, βA:
aggregation of abiotic and biotic particles, and βC: aggregation of detritus with
phytoplankton and bacteria. βS is expressed as d−1 whereas units for all other 

parameters are (mmol N m−3)−1 d−1
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lowest levels in autumn coincide with an equally
high Mnemiopsis biomass peak. The abrupt rise in
the Mnemiopsis biomass is initiated by its reproduc-
tion period by the end of July, whereas the abrupt
decline in Mnemiopsis biomass in November toward
its background winter values represents the impact
of strong predation pressure from its main predator
Beroe ovata. As the model does not include Beroe
explicitly, predation pressure is parameterized by an
increasing mortality loss of Mnemiopsis during
autumn (Eq. S6f in the Supplement). The decline in
small pelagic fish during the high gelatinous biomass
phase occurs due to the consumption of fish larvae
and juveniles by Mnemiopsis.

The annual biological structure is triggered by the
new production-based phytoplankton biomass growth

in response to increased buoyancy-induced vertical
mixing driven by the cooling process. This growth
is evidenced by the rise in levels of total DIN (nitrate+
ammonium) concentrations to more than 5 mmol N
m−3 before its complete exhaustion within the upper
20−30 m layer (Fig. 4a). Temporal nitrogen accumu-
lation within the range of 5−7 mmol N m−3 across the
pycnocline layer (25−40 m range) during spring
(March−May) arises predominantly from the remin-
eralization of particulate nitrogen.

The biological structure during the rest of the year
develops based on the combined impacts of highly
efficient nutrient recycling (bottom-up control) and
prey−predator interactions (top-down control). While
it is reasonable to expect increasing biomass of meso-
zooplankton and Noctiluca because of their feeding

20

Fig. 2. Depth versus time variations of (a) temperature (°C), (b) density in terms of sigma-t (density − 1000 kg m−3), and (c) total
dissolved oxygen concentration (µM) within the upper 50 m of the water column during the last 2 successive years of the model
integration of the reference simulation. Months are also shown along the time axis. The vertical red lines signify 6-monthly 

divisions of the time axis
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on diatoms, dinoflagellates, and detritus material, the
synchronous winter increase in microzooplankton
biomass points to a strong bacterial consumption as
inferred by relatively low winter levels of bacterial

biomass (Fig. 3a). The lack of small phyto-
plankton due to its unfavorable growth
characteristics in low light−low temperature
conditions of winter months (Fig. 3a) makes
bacteria a sole prey item for microzooplank-
ton. High level biological production in the
system is also evidenced by the develop-
ment of peak detritus concentration of
around 2 mmol N m−3 within the water col-
umn (Fig. 3c) in spite of detritus sinking at
10−20 m d−1 (Eq. A13) and elevated levels of
dissolved organic and inorganic nutrient
concentrations in response to intense remin-
eralization processes (Fig. 4a,b). The in -
crease in detritus concentration in Fig. 3c
follows the rise in total phytoplankton bio-
mass, and its abrupt decline in April−May
coincides with the highest mesozooplankton
and Nocti luca bio mass, as well as losses due
to remineralization and sinking. A strong
role of top-down control in the system is evi-
dent by the concurrent rise in small phyto -
plankton biomass during the decline phase
of the Mnemiopsis biomass (November−
December), even though the ecological con -
ditions are not particularly favorable for their
growth. Relatively high Noctiluca biomass
development with respect to mesozooplank-
ton over the year is an indication of ecologi-
cally degraded food web structure.

Vertical structure of biological characteristics

A common feature of biomass distribu-
tions (Fig. 4d−i) is their pronounced sea-
sonal changes within the upper 25 m and
year-long production near the base of the
pycnocline (at 25−40 m depths) in response
to the availability of relatively high DIN
and DON concentrations at these depths (Fig.
4a,b). However, they do not extend below 40
m into the hypoxic lower layer due to the
light and oxygen limitations. Phytoplankton
biomass around 1.5 mmol N m−3 prevails
over the upper 20 m layer  during Febru-
ary−March and deepens later to wards the
pycnocline, with a biomass of 1.0 mmol N
m−3, while maintaining a lower biomass of

~0.5 mmol N m−3 within the upper layer during sum-
mer (Fig. 4d). The subsurface spring− early summer
production takes place based on high nitrogen avail-
ability accumulated tem porally at these depths due to

21

Fig. 3. Temporal variation in integrated biomass (mmol N m−2) of the food
web components over 45 m depth for Simulation S1 (in the absence of an
aggregate web): (a) total phytoplankton (black), diatoms (red), dinofla-
gellates (light blue), small phytoplankton (blue), bacteria (yellow), biotic
aggregate (purple); (b) mesozooplankton (red), microzooplankton (blue),
Noctiluca (light blue), Mnemiopsis (green), and small pelagic fish (yel-
low); and (c) detritus (red) concentration (mmol N m−3) averaged over the
45 m layer; the horizontal black, blue and light blue lines represent TEP
concentrations and their aggregates that are absent in this simulation.
Time axis corresponds to the last 2 successive years of the model integra-
tion. Months are also shown along the time axis. The vertical lines signify 

3-monthly divisions of the time axis
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its recycling (Fig. 4a). Bacteria, microzooplankton,
meso zooplankton, and Noctiluca attain similar
annual biomass structures characterized by high
patches during April based on the recycling of DIN
and DON. While the others deplete in summer, Noc-
tiluca biomass >0.8 mmol N m−3 and up to 1.5 mmol
N m−3 in April− May prevails throughout the year.
Mnemiopsis biomass starts building up by the end of
July, attains its peak level of 0.9 mmol N m−3 in Octo-
ber, and declines in No vem ber to a winter back-
ground level of 0.1 mmol N m−3.

The winter phytoplankton bloom period is followed
by high detritus concentrations up to 1.8 mmol N m−3

in March, and its declining phase continues up to the
end of June to its summer−autumn background con-
centrations (Fig. 4c). As evident in Fig. 4a,b, its peak
concentration phase is followed by increasing DON

concentrations up to 5 mmol N m−3 within the upper
20 m and increasing subsurface DIN concentrations
up to 7 mmol N m−3. The remineralization process
continues up to July, and the DIN and DON concen-
trations revert to their background levels afterwards
as the detritus concentrations also drop to low levels.
These features agree with observed profiles (Polat &
Tuğrul 1995, Yilmaz et al. 2005).

Annual food web structure in the presence of
coagulations of detritus particles with live -

phytoplankton and bacteria cells

Repeating Simulation S1 in the presence of coagu-
lation of detritus particles with live phytoplankton
and bacterial cells (Simulation S2A) results in ~40%

22

Fig. 4. (above and following page) Depth versus time variations of (a) dissolved inorganic nitrogen (nitrate plus ammonium)
concentration, (b) labile fraction of dissolved organic nitrogen (DON), (c) particulate organic nitrogen (detritus), (d) total
phytoplankton, (e) mesozooplankton, (f) microzooplankton, (g) Noctiluca, (h) gelatinous species (black) and small pelagic fish
(blue), and (i) bacterial biomass for Simulation S1. Values are expressed in mmol N m−3. Time axis corresponds to the last 2
successive years of the model integration. Months are also shown along the time axis. Note that the depth scale is 0–60 m in 

Fig. 4a–c and 0–50 m in Fig. 4d–i
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Fig. 4 (continued)
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reduction in the annual food web structure
(Fig. 5). The loss in standing stock phytoplank-
ton and bacteria biomass arises from negative
impacts of the coagulation process on food
web structure. Continuous transfer of phyto-
plankton and bacterial biomass to particulate
form in the form of DP1 aggregates and their
subsequent sinking weakens the bottom-up
food supply to macrozooplankton groups and
leads to weaker DON and DIN cycling that
eventually supports lower recycled phyto-
plankton, bacteria, and detritus productions.
Consequently, the model equilibrium state is
characterized by reduced biomass in all food
web components ( less than ~20 mmol N m−2)
as well as lower detritus and aggregate con-
centrations (less than ~1 mmol N m−3). These
results in dicate a strong adverse impact of
aggregation processes on the overall food web
dyn amics under the same parameter set of the
unaggregated model simulation.

The annual structures of both DP1 aggregate
concentration and food web biomass are tightly
related to the choice of the aggregation rate
constant, βC. In order to make this aggregation
rate comparable to the TEP-based aggregation
rate, the order of magnitude analysis suggests
a value on the order of 0.01 (mmol N m−3)−1 d−1

as used in Simulation S2A. Lower values (e.g.
0.005 [mmol N m−3]−1 d−1) tend to weaken the
ag gregation process and result in lower aggre-
gate concentrations, but reproduce the annual
food web biomass structure, which is more
compatible with the unaggregated version.
Higher values (e.g. 0.05 [mmol N m−3]−1 d−1)
tend to impose stronger sinks in the phyto-
plankton/bacteria and detritus equations, and
therefore reduce their biomass/concentrations,
and subsequently result in lower aggregate
concentrations. There fore, efficiency of this ag-
gregation process together with a realistic food
web structure is limited to a narrow range of
op timum  values around 0.01 (mmol N m−3)−1 d−1.

One way to improve the level of aggregate
production is to indirectly compensate the loss
of nitrogen from the system due to the coagu-
lation process. This may be achieved by in-
creasing the contribution of semi-labile DON
sources from the  default value of 25 to 35%
with a compensatory 10% reduction in the refractory
(unused) DON source. This modification enhances
efficiency of the labile pool and leads to a more pro-
ductive microbial loop as indicated by increased bac-

teria and microzooplankton biomass (not shown) and
thus an improved annual food web structure by 25%
higher biomass, detritus, and aggregate concentra-
tions. Reducing the half saturation constant of the
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Fig. 5. Temporal variation in integrated biomass (mmol N m−2) of the
food web components over 45 m depth for Simulation S2A, which
repeats the reference simulation (S1) in the presence of collisions of
 detritus particles with live phytoplankton/bacterial cells: (a) total
phytoplankton (black), diatoms (red), dinoflagellates (light blue),
small phytoplankton (blue), bacteria (yellow), biotic aggregate (pur-
ple); (b) mesozooplankton (red), microzooplankton (blue), Noctiluca
(light blue), Mnemiopsis (green), and small pelagic fish (yellow); and
(c) detritus (red) and total aggregate DP1 (light blue) concentrations
averaged over the 45 m layer (mmol N m−3); the horizontal black, blue
and green lines represents TEP concentrations and their aggregates
which are absent in this simulation. Time axis corresponds to the last
2 successive years of the model integration. Months are also shown 

along the time axis
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DON uptake of bacteria from its default value
of 0.45 mmol N m−3 to 0.3 mmol N m−3 (imply-
ing a more effective DON uptake process) also
provides a similar improvement (not shown).
Thus, direct physical coagulations of detritus
particles with live phytoplankton and bacte-
ria may reproduce the observed annual food
web structure, but only with a modified pa-
rameter set of the model that implies some-
what different ecological conditions. On the
other hand, the modified parameter set results
in unrealistically high biomass values and
an over-productive system in the absence of
aggregations.

Annual food web structure in the presence
of TEP-based aggregation processes

According to observations, the TEP forma-
tion process prevails most intensely during the
declining periods of dense phytoplankton
blooms, but DOC production by sloppy feeding and
other processes may also support its formation during
the rest of the year. It is therefore reasonable to as-
sume that TEP production prevails throughout the
year (Wurl et al. 2011). Simulation T2N repeats the
unaggregated food web simulation by specifying ΩT =
0.1, which implies that 10% of the total DON source is
used for the formation of TEP aggregates throughout
the year. While 75% continues to support the labile
and semi-labile pools as before, this additional
fraction was kept as a part of the refractory pool in the
absence of TEP aggregation dynamics. This modifica-
tion does not  result in  noticeable changes in the an-
nual food web structure except slightly higher peak
bacterial biomass due to higher DON availability in
the system and dissolution of TEP. TEP aggregates
form the  annual structure, with peak concentrations
up to 1.0 mmol N m−3 during the declining phase of
winter diatom and dinoflagellate blooms and mini-
mum values of 0.4 mmol N m−3 during autumn (Fig. 6).

When coagulation of TEP aggregates with live
phytoplankton/bacterial cells (forming BG) and with
detritus particles (forming AG) is switched on (in
Simulation T2A), TEP concentrations decline to
<0.2 mmol N m−3, and detritus concentrations fall
below 2.0 mmol N m−3 at the expense of AG concen-
trations up to 1.5 mmol N m−3 (Fig. 7). Thus, a total of
3.5 mmol N m−3 particle concentration due to detritus
and TEP in the former simulation is redistributed as
2.0 mmol N m−3 detritus and 1.5 mmol N m−3 AG con-
centrations. In addition, the new simulation provides

up to 25 mmol N m−2 BG concentration within the
45 m layer that exceeds those of diatom and dinofla-
gellates, and its peak concentration occurs roughly
3 mo later than the peak winter blooms. Although
bacterial biomass is used in part for the formation of
BG aggregates, it is slightly higher than in the refer-
ence Simulation S1. All of these features imply a pos-
itive nonlinear feedback response of the TEP aggre-
gate dynamics on the food web structure as opposed
to a negative nonlinear response of the  former alter-
native aggregation process.

The reason for maintaining a realistic food web
structure under the TEP-based aggregation process
is related to a minor but efficient role of TEP aggre-
gate concentrations. TEP-based aggregation is pro-
portional to the product of aggregation rate (on the
order of 0.1 [mmol N m−3]−1 d−1), phytoplankton
 biomass (on the order of 1 mmol N m−3), and TEPL

concentration (on the order of 0.1 mmol N m−3) that
results in a value on the order of 0.01 mmol N m−3 d−1.
This value is roughly an order of magnitude smaller
than the corresponding value specified for the direct
collision of particles and also lower than the mortality
losses of phytoplankton/bacteria. Such relatively
low TEP-based AG and BG aggregation processes
therefore do not impose strong losses in the phyto-
plankton, bacteria, and detritus concentrations in
Eqs. (A10−A12), and their biomasses remain compa-
rable to their values in the absence of aggregation.

Including additional coagulation processes between
AG and BG particles (Simulation T2C) further in -
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Fig. 6. Temporal variation in detritus (red) and total transparent exo -
polymer particle (TEP) aggregate (blue) concentrations (mmol N m−3)
averaged over the upper 45 m depth for Simulation T2N, which ex-
tends the unaggregated simulation (S1) by incorporating the pres-
ence of 2 size classes of TEP aggregates; the lines in light blue and
purple colors represent the biotic and abiotic aggregates of TEP
which are absent in this simulation. Time axis corresponds to the last
2 successive years of the model integration. Months are also shown 

along the time axis
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creases particle aggregate concentrations from ~1.5
to ~2.0 mmol N m−3 with a compensatory decrease in
BG concentration from its peak values of 25 mmol N
m−2 to nearly 15 mmol N m−2 (roughly 0.3 mmol N m−3

as an average of the upper 45 m layer; Fig. 8a−c),
indicating availability of a year-long alternative food
source for macrozooplankton even if it is consumed
partially in the aggregation process. The choice of a
moderate aggregation rate 0.05 (mmol N m−3)−1 d−1

gives rise to DP2 aggregate concentrations formed by
coagulations of AG and BG aggregates as high as
2 mmol N m−3 simultaneously with a year-long BG
concentration around 10−15 mmol N m−2. Comparing
Fig. 8a−c with Fig. 3a−c of the food web structure in
the absence of aggregation dynamics shows only
minor differences characterized at most by 5 mmol N
m−2 reductions in integrated biomass.

While Simulation T2C assigns a rela-
tively weak, persistent DON source for TEP
aggregate formation, the complementary
Simulation T2D specifies half of the daily car-
bon excess-based phytoplankton exudation
for TEP formation that prevails predomi-
nantly over the winter season. This choice
reveals an even higher AG concentration up
to 3.5 mmol N m−3 (Fig. 8d), while the annual
food web remains unaffected. This type of
aggregate and food web structure, however,
cannot be obtained by means of more restric-
tive alternative aggregation processes.

CONCLUDING REMARKS

Marine microgels formed by colloidal
DOM macromolecules represent one of the
most dynamic pools of organic carbon in the
ocean. Although their aggregation is central
to many food web processes, their role is
completely ignored and rarely included in
food web models. The present study intro-
duces a 1-dimensional, vertically resolved,
and moderately complex nitrogen-based
food web model coupled to an aggregate
web model. The integrated model is used to
examine likely impacts of aggregation pro-
cesses on the food web structure in general
and on the export flux of particles and food
sources in particular. Following Engel et al.
(2004), Druon et al. (2010), and Burd (2013),
this study offers a simplified approach as
a first step towards improving current food
web models by incorporating TEP-based

aggregation and its effects. Despite its simplifica-
tions, the integrated food and aggregation dynamics
constitute a novel aspect of the model.

The food web model in the absence of aggregation
processes successfully reproduces major observed
features of the annual food web structure of the
mesotrophic interior Marmara Sea ecosystem. The
aggregation process involving direct collisions of
detritus particles with live phytoplankton and bac -
terial cells (the so-called DP1 aggregates), as often
employed in previous aggregation models, alters this
food web structure by considerably reducing phyto-
plankton and macrozooplankton biomass peaks over
the year if the model parameter setting of the un -
aggregated model is kept unchanged. The reduc-
tion arises due to the continual loss of biogenic mate-
rial by aggregate formation and sinking below the
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Fig. 7. Temporal variation in integrated biomass (mmol N m−2) of the
food web components over 45 m depth for Simulation T2A, which re-
peats the unaggregated Simulation S1 in the presence of biotic (BG)
and abiotic (AG) aggregates: (a) total phytoplankton (black), diatoms
(red), dinoflagellates (light blue), small phytoplankton (blue), bacteria
(yellow), biotic aggregate (purple); and (b) detritus (red) and total
 aggregate AG (light blue) concentrations averaged over the 45 m
layer (mmol N m−3); the lines in green and blue colors represent the
small and large TEP aggregate concentrations, respectively, and the
black line signifies their sum. Time axis corresponds to the last 2
 successive years of the model integration. Months are also shown 

along the time axis
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euphotic layer. Altering some parameters of the DON
pool and the microbial loop, however, may increase
performance of the aggregation process and provide
a more realistic food web structure. However, in the
absence of aggregation processes, this revised set of
parameters produces an over-productive (and unre-
alistic) food web structure with respect to the default
parameter set. Similar adverse changes in the food
web structures also arise in the biogeochemical mod-
els of Kriest & Evans (1999) and Jackson (2001).

The alternative TEP-based aggregation model
 follows a different approach. It makes use of high
molecular weight organic macromolecules and exo -
polymeric carbohydrate fractions of the DOM pool
that are unused in the food web model. They support
2 size classes of TEP used as glue for  coagulations
of phytoplankton and bacterial cells (biotic, non-
sinking aggregates) and detritus particles (abiotic,
sinking aggregates) and their coagulations for form-
ing DP2 particles. DP2 aggregate concentrations may
exceed their DP1 counterpart concentrations by 2 to
5 times. On the other hand, the food web structure
remains practically unaffected because the existing
labile and semi-labile, low molecular weight frac-
tions of DON continue to support the food web struc-
ture as in the absence of TEP-based aggregations.
Therefore, introduction of TEP-based aggregation
dynamics imposes no ad verse impact on the food
web structure and does not require any modification
in the model parameters. However, the simulations
with the TEP-based aggregations described here
exclude the case of mucilage-type events of highly
sticky large sized aggregate formations that are
known to alter the food web structure.

Integrating both aggregate models into the food
web model does not confer an apparent advantage in
terms of particle aggregations. The apparent disad-
vantage of direct collisions of detritus particles with
live phytoplankton and bacterial cells outweighs the
positive contribution of the TEP-based aggregations
and therefore results in relatively low aggregate con-
centrations and degenerate food web structures as in
the case of Simulation S2A (Fig. 5).

Different choices of TEP sources lead to aggregate
concentrations in the range 1.0−3.5 mmol N m−3.
Assuming a C:N ratio of about 15 for TEP (Mari et al.
2001), their values up to ~50 mmol C m−3 agree well
with values measured in open-ocean systems (Wurl
et al. 2011, Jennings et al. 2017), in coastal systems
(Mari et al. 2001), and in mesoscosm experiments
(Ruiz et al. 2002, Engel et al. 2004). Their coagulation
with live phytoplankton and bacterial cells gives rise
to biotic aggregate concentrations (BG) comparable
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Fig. 8. Temporal variation in integrated biomass (mmol N
m−2) of the food web components over 45 m depth for Simula-
tion T2C, which extends Simulation T2A by incorporating the
presence of coagulations of biotic (BG) and abiotic (AG) ag-
gregates to form DP2 aggregates: (a) total phytoplankton
(black), diatoms (red), dinoflagellates (light blue), small phyto -
plankton (blue), bacteria (yellow), biotic aggregate (purple);
(b) mesozooplankton (red), microzooplankton (blue), Nocti -
luca (light blue), Mnemiopsis (green), and small pelagic fish
(yellow); and (c) detritus (red) and total aggregate DP2 (light
blue) concentration (mmol N m−3); the lines in green and blue
colors represent the small and large TEP aggregate concen-
trations, respectively, and the black line signifies their sum.
(d) Detritus (red) and total aggregate DP2 (light blue) con-
centration (mmol N m−3) for Simulation T2D, which differs
from T2C by the transparent exopolymer particle (TEP)
source (see Table 2). Time axis corresponds to the last 2 suc-
cessive years of the model integration. Months are also 

shown along the time axis
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to a diatom and dinoflagellate biomass of ~20 mmol
N m−2 over the 45 m deep euphotic layer as an addi-
tional food source. Taking the default value for
aggregate sinking speed of 10 m d−1 as a first approx-
imation, the range of maximum values of aggregate
sinking flux in the euphotic layer corresponds to 10 to
35 mmol N m−2 d−1. This range agrees well with those
estimated by more sophisticated size spectrum mod-
els (e.g. Kriest 2002, Karakas et al. 2009).

TEP-based aggregation processes constitute a major
pathway of converting high molecular weight frac-
tions of DOM to POM, and are a better alternative for
facilitating both the export flux of particles to the
deep sea (as quantified by concentrations of abiotic
aggregate groups), and for providing a supplemen-
tary food source for macrozooplankton (as quantified
by concentrations of biotic aggregate groups). At
the same time, the TEP-based aggregation processes
intro duce only minor adverse changes in the annual
food web structure even for the case of much higher
production and sinking of aggregates. This feature
of the model introduces the flexibility of coupling/
decoupling of the food and aggregate web modules.
The present study therefore demonstrates the feasi-
bility of extending food web models by their coupling
with a simplified TEP-based aggregation model.
These features of macrogels have been revealed by
observations, but their quantitative support is given
for the first time in the present study.
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Modeling particle aggregation dynamics

The rate of change of each of the state variables of the
aggregation model is expressed by

(A1)

where X denotes the state variable, u is the 3-dimensional
fluid velocity, FX denotes the sum of horizontal and vertical
diffusion terms represented similar to those in the circula-
tion model, and R(X) denotes the collection of source-sink
terms described below.

The relevant equation for the source-sink terms involv-
ing physical coagulation of detritus particles with live
phytoplankton/bacteria in the absence of TEP dynamics
(DP1 aggregate concentrations; Fig. 1b) is expressed, in
terms of aggregates (Dn + Ba) and (Dn + Pk), following
Druon et al. (2010) in the form

(A2)

The corresponding source-sink terms of the detritus,
phytoplankton, and bacterial biomass equations are modi-
fied due to the aggregation processes by

(A3)

(A4)

(A5)

where βC denotes the aggregation rate, and R(Dn), R(PX),
R(Ba) represent the source-sinks terms of detritus, phyto-
plankton, and bacterial concentrations in the absence of
aggregation dynamics as given by the equations in the
Supplement at www.int-res.com/articles/suppl/ m582 p015_
supp. pdf.

The equations for the collections of source-sink terms
of the TEP-based aggregation model are given below
(A6−A12). They describe coagulations of small and large
size class TEP aggregates (denoted by TEPS and TEPL)
with phytoplankton/bacterial cells and detritus particles to
support live biotic aggregates (BG) and abiotic particle
aggregates (AG), respectively, and their coagulation to

form DP2 aggregates (Fig. 1a). The development of 3 and
4 size class TEP aggregates did not provide appreciable
improvement on the results as indicated previously (Ruiz
et al. 2002). In Eq. (A6), a fraction of the total DON source,
ΩT DONsource, is allocated for TEPS production. It may be
either a constant value or vary during the year depending
on the intensity of phytoplankton exudation and zooplank-
ton sloppy feeding. Setting ΩT = 0 decouples the TEP-
based aggregation dynamics, and this DON fraction is
retained in the refractory pool and therefore does not con-
tribute to the food web structure.

The functional response of TEPS is represented in the
hyperbolic form instead of its more typical linear form due
to its better control on the size of aggregate groups as often
invoked in food web models for the representation of prey
consumption. As the temporal rate of change of TEPS con-
centration is reduced by aggregation with other TEPS par-
ticles and with particles of the TEPL group as well as their
dissolution in Eq. (A6), they appear as the source terms for
the TEPL group in Eq. (A7). These 2 aggregation processes
are characterized by the same rate constant (βS) but differ-
ent half saturation constants with KS > KL implying a
slower and weaker aggregation rate of TEPS particles. Eqs.
(A6) and (A7) also include the additional loss terms due to
their aggregations with detritus particles (the AG group)
and with phytoplankton/bacterial cells (the BG group),
and the corresponding source terms are included in Eqs.
(A8) and (A9a). Eq. (A9b) combines BG and AG aggre-
gates to form coagulation of some detritus with organisms
and TEP, as observed in natural environments and
denoted by DP2 aggregates. From an ecological point of
view, the distinction between BG and AG may not make
sense since natural aggregates always comprise their com-
binations. The distinction is made in the model to quantify
explicitly the relative amounts of sinking abiotic (AG) and
non-sinking biotic (BG) contributions. The detritus, bacte-
ria, and phytoplankton equations (Eqs. A10−A12) are
modified by including the loss terms associated with TEP-
based aggregations. In Eqs. A6–A12 and A14, λS denotes
the dissolution rate of TEP aggregates, εn the remineraliza-
tion rate of abiotic aggregates and mBG the mortality rate of
biotic aggregates.
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When summed, all of the terms in Eqs. (A6−A12) cancel
each other except the DP2 sinking term. By setting DP2
particle flux at the bottom boundary to its surface value,
the summation of this term over the water column also
vanishes. Similarly, the DON source term in Eq. (A6) is
compensated by the equivalent loss in the DON source
given by the coefficients ΩS and ΩL in Eq. (A16) below.
Thus, Eqs. (A6−A12) form a conservative system.

The sinking of aggregates is parameterized by the con-
centration-dependent sinking velocity expressed as for the
case of detritus sinking in the food web model (Oguz et al.
2001) by

(A13)

where X denotes any aggregate concentration, and wX is
its sinking velocity, with wXmin denoting its background
value. The value of wXmin is set to 10 m d−1 for abiotic par-
ticle aggregates and 5 m d−1 for biotic aggregates, whereas
TEP aggregates are assumed to be neutrally buoyant. This
parameterization allows for doubling the sinking speed at
high concentrations and implicitly assumes faster sinking
of particles at higher concentrations (~20 m d−1) due to
their more effective packaging. A more realistic parame-
terization of aggregate sinking speed requires its repre-
sentation as a function of particle density, size, and poros-
ity. Nevertheless, the range of sinking speed provided by
Eq. (A13) is consistent with the mixed layer values of aver-
age settling velocity estimated by size spectrum models
(e.g. Karakas et al. 2009).

No TEP measurements are available for the Marmara
Sea. The aggregate web model parameters were therefore
taken from the literature and then optimized by the sensi-
tivity studies to provide solutions that fall into the observa-
tion ranges reported elsewhere. The present study speci-
fies their default values as βS = 0.18 d−1, βD = βP = 0.05

(mmol N m−3)−1 d−1, and βA = βC = 0.01 (mmol N m−3)−1 d−1

based on the sensitivity studies and the order of magnitude
analysis of the terms. AG particles are remineralized at the
same rate as detritus particles (εn = 0.05 d−1), whereas TEPS

and TEPL particles disintegrate to DON at a rate of λS =
0.02 d−1, and the mortality rate of biogenic aggregates is
set to mBG = 0.05 d−1, which is the same as that of diatoms
and dinoflagellates. The model is not strongly sensitive to
choices of their default values.

Coupling of aggregation processes to DON dynamics

Modeling the aggregation dynamics is closely linked to
the way in which the DON pool is represented in the eco-
system model. The total DON source is expressed by

(A14)

which includes the contributions from the phytoplankton
exudation as a fraction of the primary production (the first
term on the right hand side), the zooplankton sloppy feed-
ing expressed by the (1 − β) fraction of the overall unassim-
ilated material (the second term), the bacterial mortality
(the third term), the (1 − λ) fraction of detritus and particle
aggregate remineralizations (the fourth term), the DOC ex-
cretion of Mnemiopsis leidyi during its bloom phase at a
rate rG (the fifth term), and the solubilization of TEP aggre-
gates (the last term). In the above formulation, (1 − λ) frac-
tions of detritus and aggregate remineralizations are ac-
complished within the DON pool while the rest, assumed to
represent the highly labile fraction of DON with fast turn-
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over rates on the order of several days, directly remineral-
izes to the ammonium pool (Druon et al. 2010). The primary
production and zooplankton grazing formulations are pro-
vided by Eqs. S2a and S6a in the Supplement.

According to observations, during the phytoplankton
growth phase cells produce DOM by the exudation of
labile, low molecular weight organic compounds in the
form of a passive diffusion across the outer cell membrane
with a Redfield C:N ratio of ~7. This exudation process is
expressed by a constant fraction (κ1 = 0.05) of the primary
production. During the decaying phase of the bloom (i.e.
under nutrient stress), large quantities of high molecular
weight DOC with C:N ratios in the range of 10−25 are
released in the form of polymeric carbohydrates. Follow-
ing Anderson & Williams (1998), the exudation parameter
of this process is expressed by

(A15)

where f(N) is the total nitrogen limitation term (Eq. S2d in
the Supplement) with its lowest value set to 0.2. Setting
κ20 = 0.1, the exudation parameter κ2 may increase up to
0.4, consistent with the observations. This contribution
applies only for diatoms and dinoflagellates. In reality, this
carbon excess-based carbohydrate exudation takes place
at C:N ratios much higher than a Redfield value of 6.6 and
therefore requires introducing the DOC dynamics even in
its simplified form (e.g. Druon et al. 2010). The present
model, however, does not include the DOC dynamics and
therefore assumes that this process follows the Redfield
ratio as part of the DON dynamics. In the present model,
the colloidal exudation term is included in the DON source
without the corresponding sink in the phytoplankton equa -

tion as given by Anderson & Williams (1998). Alternatively,
Jackson (2001) also included this term in the phytoplank-
ton equation. However, the model results are not sensitive
to this choice.

The total DONSource is divided between the labile and
semi-labile pools at constant fractions, ΩL and ΩS, where
50% is retained in the labile pool (ΩL = 0.5), 25% in the
semi-labile pool (ΩS = 0.25). However, the model allows
transfer of DON from the semi-labile to the labile pool as a
result of the hydrolysis process (Eq. A16). In the presence
of TEP aggregation dynamics, an additional 10% (ΩT = 0.1)
is assigned for TEPS production, and the contribution of the
refractory pool then amounts to 15%. Otherwise, the con-
tribution of the refractory pool becomes 25% of the total
DON source. Thus, with or without TEP formations, the
food web structure is always controlled by 75% of the total
DON source, and it therefore remains unaffected by the
additional DON consumption used for TEP formation. This
type of splitting of the total DON source is somewhat arbi-
trary and may vary depending on the characteristics of the
ecosystem structure under consideration. DON equations
are expressed by

(A16)

where the semi-labile DONS is hydrolized to its labile form
(DONL) at the rate rSL with f (DONS) introducing its time
and depth dependence, and DONL is consumed by
 bacteria represented by the term GB(DONL) as given by
Eq. (S4b) in the Supplement.
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