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ABSTRACT

Within aquatic ecosystems, heterotrophic, mixotrophic and autotrophic plankton are entangled in a complex network of competitive, predatory
and mutualistic interactions. “Browning,” the increase of colored dissolved organic matter (CDOM) from terrestrial catchments, can affect
this network of interactions by simultaneously decreasing light availability and increasing organic carbon and nutrients supplies. Here, we
introduce a conceptual, process-based numerical model to investigate the effects of browning on a microbial food web consisting of heterotrophic
bacterioplankton, bacterivorous phago-mixoplankton, autotrophic phytoplankton and the resources light, inorganic phosphorus and DOM.
Additionally, we explore how the investment in autotrophic vs. phagotrophic resource acquisition influences mixoplankton performance. Several
model predictions are in broad agreement with empirical observations under increasing CDOM supply, including increased bacterial biomass
and inorganic phosphorous, decreased light penetration, the potential for a unimodal phytoplankton biomass response and a local minimum in
mixoplankton biomass. Our results also suggest that mixoplankton with a high investment in phototrophy perform best in many conditions but
that phosphorous acquisition via prey is crucial under high light-low nutrient conditions. Overall, our model analyses suggest that responses to
altered CDOM supply are largely determined by systematic changes in the relative importance of nutrient vs. energy limitation of each plankton

group.

KEYWORDS: plankton network; mixoplankton; primary production; browning; CDOM,; terrestrial carbon; dissolved organic carbon

INTRODUCTION

In many areas, fluxes of “colored” dissolved organic material
(CDOM) to aquatic ecosystems from the surrounding water-
shed have been impacted by climate change and anthropogenic
activities altering land cover (Kritzberg et al, 2020; Blanchet
et al,, 2022; Riike et al, 2024). Importantly, elevated CDOM
levels increase attenuation of photosynthetically active radiation
(PAR, 400-700 nm) within the water column, altering the light
regime, a phenomenon termed “coastal darkening” or “brown-
ification.” The influx of organic material can also act as a car-
bon or nutrient subsidy depending on the source and molecular
structure of the material, which determines how bioavailable it
is to microbial populations (Klug, 2005; Kritzberg et al., 2006).
Importantly, altered resource regimes from increased CDOM
loading can impact planktonic bacteria and primary producers
with the potential to shift community structure and ecosystem
functioning (Jones, 1998; Jansson ef al., 2000; Williamson et al.,
2015; Mustaffa et al., 2020; Senar et al., 2021). Further, reduc-
tions in biomass of higher trophic levels have been reported to
occur in systems where increased CDOM levels were correlated
with reduced biomass of primary producers (Karlsson et al,
2015).

Previous research has suggested a unimodal relationship
between primary production and dissolved organic carbon
(DOC), the primary component of CDOM (Seekell et al,
2015a). This pattern is driven by the positive effect of low
DOC concentrations through nutrient subsidy up to the point
where the negative effect of light limitation prevails (Seekell
et al., 2015b). CDOM-associated nutrients are made available
to primary producers through photochemical and microbial
processes. Bacterioplankton are important degraders of CDOM,
with the ability to indirectly stimulate primary productivity
by acting as net nutrient mineralizers; however, they can also
suppress primary productivity under resource conditions that
shift their role to net nutrient competitors (Joint et al., 2002;
Klug, 2005). This relationship is mediated by bacterioplankton
resource preferences. In general, labile sources of carbon
and phosphorous are more readily taken up than recalcitrant
CDOM-associated resources. Further intertwining associations
between these planktonic groups, primary producers generate a
pool of highly bioavailable carbon that can serve as an important
energy source for bacterioplankton (Baines and Pace, 1991).
CDOM:-related shifts in these processes and relationships have
important implications for energy and nutrient fluxes within
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aquatic ecosystems (Cotner and Biddanda, 2002; Karlsson et al.,
2015).

The group of organisms considered planktonic primary
producers are characterized by a range of trophic strategies, from
pure autotrophic resource acquisition (autotrophic phytoplank-
ton) to a mix of autotrophic and phago-heterotrophic resource
acquisition (bacterivorous phago-mixoplankton). Historically
underrepresented in ecological studies, mixoplankton are of
considerable interest when attempting to elucidate the effects
of CDOM on aquatic ecosystems, as their trophic strategy
generates linkages between bacterial production and potential
primary productivity. In many aquatic systems, both clear water
and highly CDOM impacted, the common occurrence and
importance of mixotrophic flagellates are well established (Flynn
et al., 2013; Mitra et al., 2014; Selosse et al., 2017; Stoecker et al.,
2017; Le Noac’h et al., 2024), along with their potential to exert
a strong top-down control on bacterioplankton (Simek et al.,
2001; Schmidtke et al., 2006; Unrein et al., 2007). Further, DOC
has been shown to indirectly stimulate mixotroph populations
through increased bacterial prey production (Wilken et al,
2018). The ability of mixoplankton to obtain nutrients through
multiple pathways (uptake of dissolved inorganics and phagotro-
phy of bacterial prey) may allow them to better withstand the
reduced light conditions associated with browning and to some
extent, compensate for reductions in primary productivity by
more heavily light dependent autotrophs. However, studies have
suggested the importance of light as a mediator of bacterivory
in mixoplankton (Ptacnik et al., 2016; Fischer et al., 2017) and
the significance of synergisms between photosynthetic carbon
fixation and inorganic phosphorous acquired via predation
(Mitra and Flynn, 2023). Therefore, it is still unclear how these
highly connected networks of microbes may be impacted by
browning.

In work presented here, we use a conceptual, process-based
model to investigate how a network of autotrophic phytoplank-
ton, mixoplankton and bacterioplankton responds to a gradient
of CDOM and phosphorous loading and how these responses
are mediated by resource dynamics. Additionally, we consider
how the mixoplankton’s relative investment in autotrophic vs.
phagotrophic resource acquisition influences model dynamics.
As alterations in CDOM and nutrient supply to aquatic ecosys-
tems are ongoing in many regions, understanding how these
processes influence plankton networks is critical for evaluation
of potential climate change impacts and development of resource
management strategies for environments in flux.

METHODS
Model description

To address our study questions related to the influence of
resource supply on plankton network interactions, we extend
and analyze a conceptual, process-based model describing the
dynamics of autotrophic phytoplankton, phago-mixotrophic
phytoplankton (hereafter called mixoplankton) and heterotrophic
bacterioplankton Le Noac’h et al., 2025). The model is process-
based in that it explicitly describes the consumption and
regeneration of four energy and nutrient sources that are
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Fig. 1. Model structure where processes include: (i) attenuation of
light (I) by terrestrial CDOM (Cr); (ii) attenuation and
consumption of light energy for carbon fixation by autotrophic
phytoplankton (A) and mixoplankton (M); (iii) excretion of labile
carbon (Cr) by autotrophic phytoplankton and mixoplankton due to
excess photosynthetic product under nutrient limitation; (iv)
consumption of mineral nutrient (P) by heterotrophic
bacterioplankton (B), mixoplankton and autotrophic
phytoplankton; (v) excretion of excess mineral nutrient by
mixoplankton under energy limitation; (vi) consumption of bacteria
by mixoplankton; (vii) consumption of labile carbon by bacteria;
and (viii) consumption of terrestrial CDOM by bacteria.

potentially growth-limiting to one or more plankton popu-
lations, ie. solar irradiance, labile organic carbon, CDOM
and mineral phosphorus (Fig. 1). The model is conceptual
in that it makes a number of simplifying assumptions about
resource acquisition, transformation and regeneration, such as
fixed phosphorus:carbon ratios of organismal biomass, discrete
switches between energy and nutrient limitation of growth along
resource gradients and instant mineralization of dead biomass
and excreted organic nutrients. The model thus sacrifices
physiological detail for analytical tractability and the possibility
to gain general, conceptual understanding of the mechanisms
that drive system responses to the investigated environmental
drivers, i.e. external input of CDOM and mineral nutrients.

The model

The model describes the rates of change of the following state
variables in a well-mixed water column with uniform depth
(zmax): irradiance (I), the carbon biomasses of autotrophic
phytoplankton (A), mixoplankton (M) and heterotrophic
bacterioplankton (B), the concentrations of labile (Cp) and
CDOM carbon (Cr) and the concentration of dissolved inor-
ganic phosphorous (P). The dynamics of these state variables
are described with differential equations and solved using
MATLAB’s function for stiff ordinary differential equations
(version 2021b, odelS, error tolerance 1e-9). Model equations
are listed in Table I and a list of symbols, definitions, values and
units of the state variables and parameters is provided in Table IL
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The processes incorporated into these equations are described
below and summarized in Fig. 1.

Four of the state variables experience influxes from outside.
Irradiance enters the water surface with incoming intensity
Ip, while inorganic phosphorus, CDOM and bacteria enter
the water column proportional to the water exchange rate
D/zyax and the incoming concentrations Pj,, Cr, and By,
respectively. Irradiance (Table], equation (1)) is attenuated
vertically by phytoplankton, mixoplankton, CDOM and water
with attenuation coefficients ky, ky;, k7 and ky, respectively,
where attenuation by mixoplankton is proportional to the
autotrophic investment, o, described below. All other state
variables (A, M, B, Cr, C and P) are lost from the system
at the water exchange rate D/z,,. The plankton populations
experience additional losses proportional to their combined
metabolic and mortality loss rates (14, I or Ip).

The growth of all three populations can be either energy
or nutrient-limited, as described by minimum functions of
their specific growth rates. Note that in cases where bacterial
and mixoplankton growth is nutrient-limited, we assume that
heterotrophically acquired organic nutrients are converted into
growth withoutlosses, whereas only a fraction of ingested carbon
is converted into energy limited growth to account for the
energetic costs of growth.

The specific growth rate of autotrophs is defined as the
minimum of either the light or mineral phosphorus-dependent
growth rate integrated over the depth of the water column
(TableI, equation (2)). Both growth rates are described by
Monod terms (Monod, 1949) with maximum growth rate (pa),
resource concentration (I or P) and a half saturation constant
(Ha or Spa, respectively), where the integral over the vertical
light gradient is solved explicitly (Table I, equation (2)).

Similarly, the specific growth rate of mixoplankton is defined
as the minimum of either the energy or phosphorus-dependent
growth rate, where (photosynthetic) energy and mineral
nutrients are acquired in the same way as by autotrophs, but
also through ingestion of bacteria (Table I, equation (3)). The
energy-dependent growth rate is thus the combination of growth
from photosynthesis and ingestion of bacterial carbon, while
the phosphorus dependent growth rate is the combination
of growth from mineral phosphorus uptake and ingestion of
bacterial phosphorus. The relative importance of these pathways
depends on the mixoplankton’s fractional investment ¢ into
phototrophy and mineral nutrient uptake, and the reverse
fractional investment (1-c) into phago-heterotrophy, as well
as on the conversion efliciencies of ingested bacterial carbon
cgm and phosphorus qg/qu into mixoplankton growth (where
qp and gy are the phosphorus:carbon ratios of bacteria and
mixoplankton). The ingestion of bacteria itself is described by a
type 3 functional response (Wilken et al., 2010; Princiotta ef al.,
2016; Ghyoot et al., 2017) with maximum ingestion rate Jgpr and
half saturation constant Sgy,.

Finally, bacterial growth is also defined as the minimum
of energy or phosphorus-dependent growth. Bacteria obtain
energy from labile carbon and CDOM, while phosphorous
substrates include mineral phosphorus and organic phosphorous
associated with CDOM (Table I, See equation (4)). Carbon
substrates are ingested with maximum rates Jrp for labile

carbon and frJp for CDOM, half saturation constant Scp and
converted into bacterial growth with efficiencies ¢rp and crp,
respectively. We assume fT <1 and crg < c1p to account for
the recalcitrant nature of CDOM making it more difficult to
take up and metabolize. Phosphorus is ingested in mineral form
with maximum rate Jpg and half saturation constant Spg and in
organic form as a fraction gr of the ingested CDOM, both of
which are converted into the phosphorus dependent bacterial
growth rate proportionally to the bacterial carbon:phosphorus
ratio 1/qp. In addition to losses from dilution, metabolism and
background mortality, bacteria experience losses from predation
by mixoplankton, as described in the previous paragraph.

The rate of change of the mineral phosphorus concentration
is the balance of external inputs minus losses from dilution at
rate D/ 2,4y, instant recycling from organismal background mor-
tality and metabolism, as well as uptake and/or excretion by
plankton organisms (Table I, equation (5)). While the minimum
functions in equation (5) look complex, they represent the net
effects on mineral nutrient uptake or excretion of the above-
described growth processes and therefore contain only familiar
functions and parameters. Thus, while autotrophs always take up
mineral phosphorus in proportion to their (energy or nutrient-
limited) growth rate, bacteria and mixoplankton do so only when
their growth is phosphorus-limited. When growth is energy lim-
ited, bacteria and mixoplankton take up more organic phos-
phorus from assimilated CDOM and ingested bacteria, respec-
tively, than needed to complement their potential mineral nutri-
ent uptake. This results in reduced mineral phosphorus uptake
by bacteria and mixoplankton and sometimes even in a net excre-
tion of re-mineralized surplus organic phosphorus.

The rate of change of the concentration of CDOM carbon is
the balance of external inputs minus losses from dilution at rate
D/Zyax, as well as uptake by bacteria as described above (Table I,
equation (6)). Because bacteriause CDOM both as a carbon and
anutrient source, this rate is the same whether bacteria are energy
or phosphorus limited. In the former case, all CDOM carbon is
used for growth, whereas in the latter case, any surplus carbon
not needed for growth is respired.

The rate of change of the labile carbon concentration is the
balance of excretion by autotrophs and mixoplankton, uptake
by bacteria and dilution at rate D/z,,,, (Table I, equation (7)).
We assume that autotrophs and mixotrophs excrete labile carbon
only when their growth rates are nutrient-limited, in which case
they excrete a fraction ear, or epr, respectively, of their poten-
tial surplus carbon assimilation, in excess of their carbon needs
for phosphorus limited growth. The remaining fraction (1-ear,
1-ep) of this potential surplus assimilation is not accounted
for, assuming that it is respired or not realized (through partial
decoupling of photochemical reactions from carbon fixation).
Finally, we assume that bacteria take up and assimilate labile
carbon more easily than CDOM carbon. Thus, under nutrient-
limited growth, when bacteria ingest CDOM to maximize their
phosphorus uptake, they do not assimilate all of the accompa-
nying carbon. Rather, they cover their carbon needs partly or
entirely from uptake of labile carbon. In contrast, when bacterial
growth is energy-limited, bacteria take up labile carbon at a rate
JeuCr/ (CL + frCr + SCH), as explained in the paragraph on
bacterial growth.
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Table I1: Symbols, definitions, values and units of the state variables and parameters

Variables/  Definition Value Units Source or justification
parameters
A Biomass of autotrophic phytoplankton gCm™3
M Biomass of phago-mixoplankton gCm™3
B Biomass of heterotrophic bacteria gCm™3
I(z) PAR at depth z pmol photons m™2 s~
p Inorganic phosphorous concentration gPm™3
Cr Labile C concentration gCm™3
Cr Terrestrial CDOM concentration gC m~3
o Effort spent by mixotroph on 0<a<l1 dimensionless Fixed strategy (i.e. does not vary
photosynthesis and mineral nutrient uptake over time)
Bin Concentration of bacteria in influx 0.001 gC m—3 Set to a low value that stabilizes
dynamics
CBM C conversion efficiency of mixotroph 0.5 Dimensionless Personal communication
(feeding on bacteria)
CLB Conversion efficiency of labile C by bacteria 0.5 Dimensionless crg < czg (CDOM is of lower
cTB Conversion efficiency of CDOM-carbon by 0.3 Dimensionless quality than labile C)
bacteria
Crin Concentration of terrestrial CDOM in 0-120 gC m—3 Possible range in nature
influx
D Water exchange rate coefficient 0.035 md! Yields a water residence time of
~30 days
€eAL Fraction of potential surplus C production 0.1 Dimensionless Assumes that the realized surplus C
excreted as labile C by autotrophs production is 10%
eML Fraction of potential surplus C production 0.1 Dimensionless Potential surplus C production
excreted as labile C by mixoplankton (when growth is nutrient-limited)
fr Uptake efficiency of CDOM by bacteriaasa 0.2 Dimensionless Assumes that the uptake rate of
fraction of uptake efficiency of labile C large CDOM molecules is lower
than the uptake rate of small labile
carbon molecules
Hy Half-saturation constant of light-dependent 80 pmol photons m™2s™1  Vasconcelos et al., 2019
growth of autotrophs
Hum Half-saturation constant of light-dependent 80 pmol photons m™2 s~ Same as an autotroph
growth of mixoplankton
Ip PAR at lake surface 300 wmol photons m™2s™!  Approximate average summer
irradiation averaged over a full daily
cycle
IBMm Maximum ingestion rate of bacteria by 3.0 d-! Menon et al., 1996
mixoplankton
JiB Maximum uptake rate of labile C by bacteria 6 d-! Yields a maximum C-limited
bacterial growth rate of c;p#Jr g =3
JrB Maximum uptake rate of inorganic P by 0.11 gbg lcd™! Yields a maximum nutrient-limited
bacteria bacterial growth rate of q1/gp*JB
+Jre/q =24
ka Light attenuation coefficient of autotroph 0.3 m?Cg! Vasconcelos et al., 2019
kat Light attenuation coefficient of 0.3 m?>Cg! Same as an autotroph
mixoplankton
kr Light attenuation coefficient of CDOM 0.2 m?Cg™! Vasconcelos et al., 2019
kw Light attenuation coefficient of clear water ~ 0.02 m~! Hass and Davisson, 1977
Ia Metabolic and mortality loss rate of 0.15 da-! Vasconcelos et al., 2019
autotroph
I Metabolic and mortality loss rate of bacteria  0.25 d-! Personal communication
Im Metabolic and mortality loss rate of 0.15 d-! Same as an autotroph
mixoplankton
pa Maximum light- and inorganic P-dependent 1.5 d! Vasconcelos et al., 2019
growth rate of autotrophs
PM Maximum light- and inorganic P-dependent 1.5 da-! Same as an autotroph
growth rate of mixoplankton
qa P to C quota of autotroph 0.012 gbglcC Vasconcelos et al., 2019
0.025 Le Noach MS
qs P to C quota of bacteria 0.05 gPg!lC Vrede, 1998

(continued)
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Table II: Continued

Variables/ Definition Value Units Source or justification

parameters

am P to C quota of mixoplankton 0.025 gPg!C Same as an autotroph

qr P to C quota in CDOM 0.00176 gP g_1 C Vasconcelos et al., 2019

Piy, Concentration of inorganic P in influx 0-0.2 gPm™3 Possible range in nature

SaM Half-saturation constant of bacteria 0.25 gC m™3 Menon et al., 1996
consumption by mixoplankton

Sca Half-saturation constant of uptake by 0.03 gCm™3 Modified from Jansson et al., 2006
bacteria

Spa Half-saturation constant of inorganic 0.003 gP m~3 Vasconcelos et al., 2019
P-dependent growth of autotrophs

SpB Half-saturation constant of inorganic P 0.0008 gPm™3 Simek et al., 2006
uptake by bacteria

Spm Half-saturation constant of inorganic P 0.003 gPm™3 Same as an autotroph
-dependent growth of mixoplankton

Zmax Depth of the mixed water column 7 m Assumed

The last column lists empirical sources or explanations/justifications for the chosen values.

Simulation analyses

All model simulations were run to equilibrium; therefore, the
initial conditions had no impact on reported model results. The
specific period of time that each set of simulations was run for is
reported below. Unless otherwise stated, the value of mixoplank-
ton autotrophic investment () was set to 0.5, representing equal
effort invested in the acquisition of resources through predation
of bacteria versus autotrophy, as previously described. A maxi-
mum water column depth (z,,4x) of 7 m was used for all reported
simulations. To check the robustness of results against changes
in water column depth, we also ran analyses with z,,,, set to 3 m.
The resulting trends were qualitatively similar and are therefore
not reported.

To illustrate transient system dynamics, as well as the stabi-
lizing influence of CDOM supply (Cri,) and mixoplankton (M)
presence on the interaction between autotrophs (A) and bacteria
(B), we first show single time series simulations that were run
under low phosphorous supply (P;, = 0.025 g P m~3) and with
four different model structures. The model structures are (i) M
absent and Cry, at zero, (ii) M absent and Cr;, at 50 gC m~3,
(iii) M present and Cry, at zero and (iv) M present and Cr;, at
50 g C m 3. We report model dynamics through simulated day
1000.

Using the full model with all state variables present, we
subsequently explore equilibrium conditions across CDOM and
phosphorous supply gradients, generating bifurcation plots for
visual analysis. Supply gradients were accomplished by varying
the incoming concentrations of CDOM and mineral phosphorus
from 0 to 120 g C m™> and from 0 to 0.2 g P m™3, respectively.
Both gradient ranges were broken into 201 increments that,
when crossed, yielded a total of 40 401 different CDOM
and phosphorous supply conditions used for simulations. The
densities, concentrations and states reported in these plots
were taken from the simulated day on which equilibrium
was reached (defined as the point when the Euclidian norm
of the solution vector was <le-8). Plots were generated for
all state variables and for the growth limiting resource of
each biotic population. Additional plots show the fractional

contribution of bacteria to the phosphorous and carbon
assimilated by mixoplankton.

To better understand the effect of autotrophic investment ()
on mixoplankton abundance, we ran simulations across the pre-
viously described resource gradient but using either decreased
(0.2) or increased (0.8) values of o (default value =0.5). We
generated bifurcation plots to visualize mixoplankton biomass,
resource limitation and the contribution of resources obtained
from bacteria to mixoplankton growth.

RESULTS

Effects of mixoplankton and CDOM on the stability of
system dynamics

Under relatively low nutrient supply (P;, = 0.025 g P m™~3) and
in absence of both a mixoplankton population and CDOM sup-
ply (Criy =0), system dynamics are intrinsically unstable and
shift between two states (Fig. 2a). In one state bacterial growth
is suppressed by strong carbon limitation and bacteria, therefore,
cannot control inorganic phosphorous. This allows autotrophs
to sequester most of the system’s phosphorous and subsequently
become nutrient-limited and start releasing surplus photosyn-
thate as labile carbon. This, in turn, relieves bacterial carbon
limitation, allowing bacteria to gain control of inorganic phos-
phorous and deplete it to levels where autotrophs decline and
stop excreting labile carbon. In this state, bacterial growth contin-
ues until the labile carbon stock is depleted and the population
starts to decline, thus releasing control of the dissolved inorganic
phosphorous pool and initiating the next cycle.

Introduction of mixoplankton (in absence of CDOM)
strongly stabilizes system dynamics (Fig.2b). Under this
scenario, mixoplankton suppress the autotroph-bacteria cycles
by controlling bacterial biomass at low levels through predation.
Bacteria are then unable to reduce phosphorous to levels that
would cause autotroph starvation, which, in turn, promotes
a stable production of labile carbon that supports bacterial
growth. The addition of CDOM (in absence of mixoplankton)
also stabilizes the system, yet through a different mechanism
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Fig. 2. Time series plots illustrating the stabilizing effect of mixoplankton (b & d) and terrestrial CDOM (c & d) on model dynamics, which
are unstable under low nutrient supply (P;, = 0.025 g P m™ for all simulations) when mixoplankton is absent and CDOM supply is at zero
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(Fig. 2¢). In this case, phosphorous originally bound to CDOM
accumulates in the system during transient dynamics and
releases autotroph phosphorous limitation in a two-step process:
Added CDOM initially supplements bacterial growth, but
is subsequently mineralized into the inorganic phosphorous
pool via bacterial metabolism and mortality, most of which,
after a series of transient oscillations, becomes sequestered in
autotroph biomass. Equilibrium is reached when autotroph
biomass becomes high enough to induce light limitation, thus
bringing the production of labile carbon to an abrupt halt.
Under these conditions, bacterial production becomes strongly
carbon-limited (maintained exclusively by CDOM supply),
which prevents bacteria from reducing mineral phosphorus to
levels that would initiate further oscillations.

When both mixoplankton and CDOM are present in the sys-
tem, the above two mechanisms combine to suppress transient
oscillations (through mixotroph grazing of bacteria) and yield
high, light-limiting levels of autotroph biomass (supported by
phosphorus originating from CDOM) (Fig. 2d). Bacteria are

kept at low densities by mixoplankton, and (energy limited)
mixoplankton are kept at low densities by the combination of
low bacterial prey density and strong shading from autotrophs.
In conclusion, since mixoplankton and CDOM are present in
nearly the entire CDOM and nutrient supply space that will be
explored in subsequent sections, the system always reaches a sta-
ble point and we focus our analyses on the resulting equilibrium
states.

Effect of CDOM and inorganic phosphorous on biotic
state variables
When the full range of the CDOM supply gradient is considered,
the following overarching response patterns to browning emerge
(Fig. 3). If we disregard regions of no change (dotted areas in
Fig. 3), light availability and labile carbon concentration both
decrease (Fig. 3¢, j) and bacterial biomass and mineral phospho-
rus concentration both increase (Fig. 3c and i) with increasing
CDOM supply. In contrast, autotroph biomass is unimodally
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related to CDOM supply, except at very high levels of min-
eral nutrient supply where autotroph biomass only decreases
with browning (Fig. 3a). Finally, while CDOM concentration
and mixoplankton both increase monotonically with browning
when mineral phosphorus supply is very high, they show more
complex responses to browning when mineral phosphorus sup-
ply is lower (Fig. 3b and h). Notably, for most levels of mineral
nutrient supply, mixoplankton shows a U-shaped response to
browning (Fig. 3b).

The three plankton populations thus show distinctly different
responses to browning. These different responses are, however,
intimately related and can be largely understood from knowl-
edge of which resource type (energy vs. nutrient) limits popu-
lation growth rates at a given combination of external CDOM
and mineral phosphorus supply. If we ignore extreme scenarios
where the supply of CDOM and mineral phosphorus is too low
to allow persistence of all three plankton populations (region
near the origin in Fig. 3a—c), the system will, with increasing
CDOM supply, go through several distinct states that differ in
terms of which plankton populations and resources increase,
decrease or stay constant. We illustrate this with the default
example where mixoplankton investment in photosynthesis is
intermediate (o = 0.5). We first focus on a transect of increasing
CDOM supply at low mineral nutrient supply (scenario 1 in
Figs 3d—f and 4) before we describe the patterns occurring at
higher mineral nutrient supply (scenarios 2 and 3 in Figs 3d-f, §
and S1). Analytical derivations supporting the generality of the
predicted patterns are given in Appendix S1 with a summary
provided in Table S1.

Scenario 1. At relatively low mineral phosphorus supply
(scenario 1 in Fig. 3d-f), growth of all three plankton pop-
ulations is phosphorus limited if CDOM supply is also low
(below solid white lines in Fig. 3). Under these circumstances,
stable coexistence of all three populations entails that both
mineral phosphorus and bacteria are controlled at fixed levels by
autotrophs and mixoplankton, respectively, because the nutrient-
dependent specific growth rates of autotrophs and mixoplankton
must balance their constant specific losses. Consequently,
both mineral phosphorus concentration and bacterial biomass
remain constant, whereas autotroph and mixoplankton biomass
increase with increasing CDOM and, thus, increasing organic
phosphorus supply (region below solid white lines in Fig. 3a—c, ;
Cry, <10 g C m~> in Fig. 4a-d). While the additional
organic phosphorus from CDOM is initially consumed by
bacteria, it becomes ultimately sequestered in protist biomass.
Increased protist biomass, in turn, increases light attenuation
(Figs 3j and 4f) until a threshold CDOM input is reached, at
which light availability becomes so low that the specific growth
rate of mixoplankton becomes energy limited (Fig. 3e and solid
lines in Fig. 3a—c and g-1; Cr;, > 10 g C m ™3 in Fig. 4i).

Mixoplankton become energy-limited at a much lower

CDOM supply than autotrophs and bacteria (Figs 3d—fand 4g-i).

This is due to half of their resource acquisition effort being
geared toward bacterial predation, a good source of phosphorus
(because of high bacterial P:C ratio) but a poor source of energy
(because of low bacterial biomass and relatively low conversion
efficiency). In the parameter region below the solid line in Fig. 3,
where mixoplankton are phosphorous limited, ~50% of their

phosphorus but <20% of their energy comes from bacteria
(Fig. 3k-1). Mixoplankton thus obtain >80% of their energy
from photosynthesis but with a photosynthetic effort only half
that of autotrophs. This, in turn, explains why autotrophs and
bacteria become energy-limited at much higher levels of CDOM
supply, where increased self-shading limits autotroph growth,
shutting down the bacteria’s labile carbon source as further
described below.

Once energy is limited, mixoplankton can only persist in the
system under increasing CDOM supply if their energy intake
from the consumption of bacteria compensates for reduced pho-
tosynthesis. This requires a weakening of the control of bacte-
rial biomass by mixoplankton. As long as autotroph and bacte-
rial growth remain nutrient-limited, biomass of both, therefore,
increase with CDOM (= organic phosphorus) input, whereas
the energy-limited mixoplankton population decreases in most
of this parameter region (area between solid and broken lines in
Fig. 3a—c; 10 < Cr, <74 g C m™? in Fig. 4a—c). The decrease
in mixoplankton is a consequence of reduced photosynthesis
(caused by increased shading from autotrophs, Figs 3j and 4f)
that cannot be fully compensated by energy acquisition from bac-
teria (note that bacterial biomass is one order of magnitude lower
than mixoplankton biomass). The increase in autotroph biomass
and concomitant shading with increasing CDOM supply con-
tinues until a threshold is reached at which the specific growth
rate of autotrophs becomes (light) energy limited (Fig. 3d and
broken lines in Fig. 3a—c, g-1; Cr;, > 74 ¢ C m™3 in Fig. 4g).

From thereon (region between broken and dash-dotted lines
in Fig. 3), no excess photosynthate is produced (labile carbon
goes to zero, Fig. 3g), and autotrophs can only persist in the
system if light availability does not change with further increases
in CDOM input (dotted area in Fig. 3j; 74 < Cr;, <110 g C
m ™3 in Fig. 4f) because the light-dependent specific growth rate
of autotrophs must balance their constant specific losses. Con-
stant light availability under increasing CDOM supply implies, in
turn, constant bacterial biomass (mixoplankton control bacteria
such that the energy intake from constant photosynthesis and
constant ingestion of bacteria balances constant specific losses,
Figs 3cand 4b) and concomitant increasesin CDOM concentra-
tion (because constant bacterial biomass cannot consume all of
the additional CDOM input, Figs 3h and 4e) and mixoplankton
(because a higher CDOM concentration leads to higher specific
bacterial growth, which must be balanced by higher bacterial pre-
dation from mixoplankton, Figs 3b and 4c). Finally, since higher
CDOM supplyleads to higher light attenuation from more mixo-
plankton and CDOM, the biomass of autotrophs must decrease
to maintain a constant light environment (Figs 3a and 4a).

This decline in autotroph biomass continues up to a threshold
in CDOM supply at which the autotroph population goes extinct
(dash-dotted line in Fig. 3a; Cr;, > 110 g C m™ in Fig. 4a).
From thereon, increased light attenuation from CDOM can no
longer be compensated by decreased autotroph biomass. With
increasing CDOM supply, light availability therefore declines
(Figs 3j and 4f), bacterial biomass increases (fueled by more
CDOM, Fig. 3¢, Fig. 4b) and mixoplankton decrease slightly
(because increased ingestion of bacteria cannot fully compensate
for reduced photosynthesis, Figs 3b and 4c). In the hypothetical
limit of infinite CDOM supply, bacteria and mixoplankton
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will either reach asymptotic biomass levels (if mixoplankton
can persist in near-complete darkness on bacteria alone) or
mixoplankton will go extinct (if some level of photosynthesis
is required for mixoplankton persistence).

Scenario 3. When mineral phosphorus supply is sufficiently
high (scenario 3, R;, > 0.18 g P m™3 in Fig. 3d—f), all three
plankton populations are already energy-limited in the complete
absence of external CDOM. Under these conditions (Cr;,, = 0,
lower right corner in Fig. 3a—c, g), autotrophs suppress both bac-
teria and mixoplankton, because bacteria lack an energy source
(no labile carbon is excreted when autotroph production is light-
limited) and, consequently, mixoplankton cannot compensate
their inferiority in competition for light by feeding on bacteria.
Gradually increasing CDOM supply will then allow the estab-
lishment of a bacterial population that increases to a thresh-
old beyond which a mixoplankton population can be sustained
(dotted line in Fig. 3a—c; Cr;, = 15 g C m™ in Fig. Sb—c).
Once all three energy-limited populations can coexist, scenario
3 produces the same system responses to increasing CDOM
supply as does scenario 1 under energy limitation (dotted area
in Fig. 3cand j); i.e. autotroph biomass declines, light availabil-
ity and bacterial biomass remain constant and CDOM, mineral
phosphorus and mixoplankton increase (Fig. 3a-c, g-i; 15 <
Criy <110 g C m™3 in Fig. 5).

Scenario 2. Finally, when mineral phosphorus supply is inter-
mediate (0.11 <R;, <0.18 g¢ P m™3, scenario 2 in Fig. 3d—f),
only the growth of mixoplankton is energy limited in the absence
of CDOM input (Cr;, = 0 in Fig. Slg-i). System responses
to browning are then a continuation of scenario 1 in the lower
range of CDOM supply, where growth of bacteria and autotrophs
is still nutrient-limited, and scenario 3 in the upper range of
CDOM supply, where all three populations are energy-limited.
The transition between these response patterns is, however,
discontinuous at the CDOM supply threshold where bacteria
become energy-limited abruptly (Fig. S1h), producing a very
narrow range of alternative states and a discontinuous dip in
mixoplankton biomass that requires a considerable further
increase in CDOM supply to be recovered (Figs 3b and S1c).

Effects of the mixoplankton’s investment in autotrophy
Shifting the mixoplankton’s investment in autotrophy away from
the default value of @ = 0.5 has two main effects. First, lower
investment in autotrophy (lower &) moves the boundary at
which mixoplankton switches from phosphorus to energy limi-
tation toward lower CDOM and phosphorus supply (Fig. 6¢-d).
This can again be explained by the fact that mixoplankton
predation suppresses bacteria to very low densities, making them
a scarce energy source but still a decent phosphorus source
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(because of the high bacterial P:C ratio). For example, in the
region where mixoplankton is energy limited and autotrophs are
phosphorus limited (between solid and broken lines in Fig. 6),
mixoplankton with o = 0.2 obtain >95% of their phosphorus
but only 50-60% of their energy from bacteria (Fig. 6e and g).
The latter cannot be compensated by the low photosynthetic
effort, leading to a switch from phosphorus to energy limitation
of mixoplankton at very low CDOM and phosphorus supplies
(Fig. 6¢). In contrast, mixoplankton with a high photosynthetic
effort (¢ =0.8) become energy limited at similar CDOM-
nutrient supply regimes as do autotrophs (Fig. 6d).

Second, higher investment in autotrophy (higher o) yields
higher mixoplankton biomass over the entire CDOM-phosphorus
supply space (Fig.6aandb), and increases the contribution
of mixoplankton to total protist biomass M/(M+A) in the
resource supply space where mixoplankton and autotrophs
coexist (Fig. 7). Both observations suggest that, in our model,
competition for (light) energy from autotrophs can strongly
limit mixoplankton biomass. In contrast, the reverse com-
petitive effect of mixoplankton on autotrophs is relatively
weak, as indicated by two lines of evidence. First, higher
mixoplankton biomass at higher o has only a weak negative
effect on autotroph biomass (data not shown). Second, the
mixoplankton’s autotrophic investment has an almost negligible
effect on where autotrophs switch from nutrient to energy
limitation in the CDOM-phosphorus supply space (broken lines

in Fig. 6). The latter implies that the CDOM-phosphorus supply
region in which mixoplankton shows a primarily negative to
neutral response to increasing CDOM supply (region between
solid and broken lines in Figs 3b and 6a-b) is largest when
mixotrophic investment in autotrophy is smallest. While the
exact size and shape of this region depend on details of the
protists’ traits (as expressed in model parameters), we can
generally conclude that mixoplankton performs comparatively
poorly under CDOM-phosphorus supply regimes where its
growth is energy-limited while the growth of autotrophs is
phosphorus limited.

DISCUSSION
Mixoplankton nutritional strategies

By varying the mixoplankton’s investment into photosynthesis
o, we could explore mixoplankton nutritional strategies that are
more-or-less reliant on autotrophic resources (inorganic phos-
phorous and light) versus heterotrophic resources (prey car-
bon and phosphorus). This yielded a very clear, overarching
result: owing to both the low abundance and the low carbon-
to-phosphorous ratio of bacteria, mixoplankton becomes more
easily energy limited (Fig. 6c) and overall less competitive when
its foraging effort on bacterial prey is increased at the expense of
photosynthetic investment (Figs 3b and 6a and b). These results
suggest that a strong investment in carbon acquisition through
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bacterivoryis notideal in most environments and support empir-
ical work showing bacterivorous mixoplankton to be most com-
petitive under high light, low nutrient conditions, where they
obtain carbon through photosynthesis and nutrients from prey
(Ptacnik et al.,, 2016; Fischer et al., 2017). The latter is exactly the
CDOM and nutrient supply conditions under which our model
predicts mixoplankton to dominate protist biomass (region near
origin in Fig. 7). Such synergistic relationships, where the cou-
pling of photosynthesis with phagotrophy allows for elevated
growth, have been demonstrated as important to mixoplankton
competitive fitness (Flynn and Mitra, 2023; Mitra and Flynn,
2023).

Our model results also suggest that phosphorous from
bacterial prey is important for mixoplankton growth regardless
of the autotrophic investment value. This is evidenced by the

elevated proportion of phosphorous acquired by mixoplankton
from bacterial prey to sustain growth under conditions where
autotrophs are limited by inorganic phosphorous (region below
the dashed white line in Figs 3land 6gand h). Though poor
mixotroph performance in this region is ultimately due to energy
limitation, bacterial phosphorous is important for meeting the
necessary quota to sustain the population’s energy-limited
growth. For example, mixoplankton obtain ~65-75% of their
phosphorous from bacteria in the region where autotrophs
are phosphorous limited (region below the dashed white line
in Fig.3i). If not for the acquired bacterial phosphorous,
mixotrophs would likely not meet the P quota necessary to
sustain energy-limited growth. This is in line with empirical
studies demonstrating that phosphorous acquired from prey
is important for mixoplankton growth or survival, especially
under conditions of inorganic phosphorous scarcity (Caron et al.,
1993; Nygaard and Tobiesen, 1993; Floder et al.,, 2006). Had our
model allowed for decoupling of the carbon and phosphorous
autotrophic investment, such that it could be high for energy
acquisition but low for phosphorous acquisition, mixoplankton
phosphorous limitation might have been minimized through
bacterivory, while simultaneous high levels of photosynthesis
minimized energy limitation. In such a case, we suspect results
may have shown higher mixoplankton biomass than was
achieved.

Under the range of conditions tested, our results support
mechanisms suggesting the most advantageous bacterivorous
mixoplankton nutritional strategy to be one where carbon/en-
ergy is acquired through photosynthesis and phosphorous
through predation. Further supporting these conclusions,
physiological mixoplankton modeling work by Mitra and
Flynn (2023) and Flynn and Mitra (2023) demonstrated
that prey carbon was less important than prey phosphorous
for mixoplankton growth under light saturating conditions.
Such intersections between results from different modeling
approaches are important as they point toward what are likely
robust and generalizable system processes. It should be noted
that different from our conceptual model, the detailed physi-
ological model incorporates both photoacclimation processes
and variable internal stoichiometry into mixoplankton growth
determinations. Consideration of these processes in the context
of an ecological model is certainly merited as they would alter
the growth determinations of both protist groups (autotrophs
and mixoplankton). We discuss these further below.

Influence of browning and eutrophication on
network interactions
The model generates patterns along a large gradient in CDOM
loading, which are broadly in line with empirical observations.
To provide context for our model predictions, natural aquatic
systems are considered “brown” when total organic carbon
reaches 10 g m~3 (Blanchet et al., 2022); however, lakes have
been reported to reach levels near 50 g m™3 (Kritzberg et al.,
2020). Within the CDOM supply range investigated in our
model system, ambient CDOM concentration reaches a high
of 11.8 g m™> under the highest level of CDOM loading
(120 g m™3). Interestingly, under low to intermediate (but not
under high) mineral phosphorus supply, the model predicts
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Fig. 7. The equilibrium contribution of mixoplankton to total protist biomass (A+M/M) over a gradient of mineral phosphorous (P;,) and
terrestrial CDOM (Cryy, ) supply, with the mixoplankton’s investment in autotrophy set at (a) 0.2, (b) 0.5 and (c) 0.8.

a highly nonlinear, non-monotonous relationship between
CDOM loading and ambient CDOM concentrations (Fig. 3h).
This complex relationship is generated by variation in bacterial
degradation of CDOM under difterent carbon and phosphorous
supply conditions. Specifically, when both CDOM and mineral
phosphorus supply are low to intermediate, bacterial growth
is primarily supported by labile carbon that was excreted
by phosphorus-limited autotrophs (Fig.3g), leading to the
accumulation of elevated concentrations of more recalcitrant
CDOM. In contrast, under conditions of higher CDOM and/or
higher phosphorus supply, the combination of elevated bacterial
biomass (Fig. 3¢c) and a strongly reduced availability of labile
carbon forces bacteria to rely on CDOM as their primary energy
source, leading to increased bacterial degradation and relatively
low ambient CDOM concentrations. Supporting the processes
described here, work by Kritzberg et al. (2006) in experimental
lake systems has shown that under conditions of low productivity
and elevated CDOM, bacterial biomass is increasingly supported
by allochthonous carbon over autochthonous sources and Kragh
et al. (2008) demonstrated the potential for increased bacterial
degradation of humic DOC with increasing phosphorous supply.

Several other model-generated patterns along the gradient of
increasing CDOM supply are in agreement with empirical obser-
vations, including decreased light, increased inorganic phospho-
rous and bacteria and a shift to mixoplankton dominance of pro-
tist biomass under high CDOM supply. Thus, Tranvik (1988)
observed in south Swedish lakes that bacterial biomass increased
over a DOC range of 5-30 g m™3. Whole-lake experiments in
Wisconsin demonstrated that increased CDOM (over the range
~4-17 g m™3) could reduce light (Carpenter ef al,, 1998) and
Ask et al. (2009) demonstrated a trend of decreasing light pene-
tration with increasing allochthonous DOC in northern Swedish
lakes. In temperate Canadian lakes, Senar et al. (2021) found
that elevated terrestrial CDOM in the range of 8-12 g m™> was
associated with reductions in light, increased nutrients and a
transition from autotroph to mixoplankton dominance. At simi-
lar ambient CDOM concentrations ~10 g m~3 (occurring neara

loading concentration of 110 g m?) , our model results show the

decline of autotrophs and a concomitant shift to mixoplankton
dominance.

Also, in qualitative agreement with empirical observations,
as well as with earlier theoretical work (Kelly et al, 2018;
Vasconcelos et al, 2018), our model predicts a unimodal
relationship between CDOM loading and autotroph biomass,
except under high phosphorous supply where the response
is strictly negative. In northern Swedish lakes, Bergstrém and
Karlsson (2019) indeed observed a unimodal relationship
between phytoplankton biomass and CDOM concentration,
with a peak in biomass near 11 g m™—> of DOC. While our
work predicts peak biomass at much lower ambient CDOM
concentrations, there are multiple potential explanations for
this incongruency. The study of Swedish lakes considers all
Chla-containing biomass, including mixoplankton, which may
compensate for pure autotrophs under low light conditions.
In addition, we do not consider photo-acclimation processes,
which may lead to underestimation of phytoplankton biomass
in the model under low light conditions. Bergstrom and
Karlsson (2019) also demonstrated that the occurrence of the
unimodal relationship they observed was dependent on trophic
status, whereas, in lakes with eutrophic conditions and high
phytoplankton biomass, CDOM loading had only a negative
impact, as light availability was the main control on growth
such that addition of organic nutrients from CDOM did not
increase biomass. Such findings further the notion that nutrient
limitation is a prerequisite for positive CDOM supply effects
on phytoplankton biomass and the potential for a unimodal
relationship to occur. We note that model patterns between
ambient CDOM concentrations and phytoplankton biomass
were more complex than simple linear or unimodal relationships
in many cases, but still support the potential for observation
of a unimodal relationship in natural systems sampled across
multiple resource gradients.

Over the full range of CDOM loading we found the mixo-
plankton response complex and dependent on multiple factors.
The striking occurrence of alocal mixoplankton minimum along
the CDOM loading gradient is the result of interactions between
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multiple network components, with underlying mechanisms
that depend on phosphorus supply. At low phosphorus supply,
the onset of a decline in mixoplankton occurs at the CDOM
supply level where mixoplankton become energy-limited and
start to suffer from increased shading by autotrophs (Fig. 4c). In
contrast, at intermediate phosphorus supply, mixoplankton are
energy-limited over the entire CDOM gradient but experience
a discontinuous drop at the CDOM supply level where labile
carbon production becomes negligible and bacterial production
becomes abruptly and strongly energy-limited, and therefore
cannot sustain a larger mixoplankton population (Fig. Slc).
Under both of these phosphorus supply regimes, as the CDOM
supply is further increased, the mixoplankton population begins
to recover due to decreased shading from autotrophs and
increased bacterial production with a new but less desirable
carbon source. These biomass patterns, defined by an approx-
imate “U” shape over the CDOM supply gradient, have, to our
knowledge, not been reported in previous modeling or empirical
studies. Indirect evidence that this pattern may indeed occur
in natural systems comes from an empirical study of boreal
Canadian lakes, where mixoplankton biomass was reported to
show a “U” shaped relationship with CO, (Hansson et al., 2019).
In these same systems, CO, was reported to be highly correlated
with CDOM.

Considering mixotroph biomass patterns across the phospho-
rous supply gradient, the model generally predicts mixoplankton
biomass to decrease or hold constant as the system is eutrophied.
In an analysis of data from 1652 North American lakes, Le
Noac’h et al. (2024) identified lake trophic state as the primary
indicator of mixoplankton (bacterivores and others) abundance.
Here, light was found to be a relatively weak predictor of
mixoplankton abundance. Our theoretical study supports these
results, as model predictions show a complex relationship
between light and mixoplankton abundance, where the effect
of light depends on factors driving its availability. When light
limitation is caused by elevated autotroph biomass due to
enrichment, mixoplankton abundance is low, but when light
limitation is caused by CDOM, mixoplankton are able to
dominate the system. Such complexities likely contribute to the
low predictive power of light for mixoplankton abundance across
large environmental gradients in natural systems.

In creating a general and tractable ecosystem model, our
framework was limited and some aspects of cellular physiology,
including photoacclimation and variable stoichiometry, were
not considered. From empirical work, we know that the
stoichiometry of phytoplankton can fluctuate widely to accom-
modate processes such as luxury uptake of resources, storage of
photosynthetic products and changes in Chla content (Sterner
and Elser, 2002). Such cellular mechanisms are important
factors for autotrophic biomass accumulation. In addition, we
do not consider crustacean or micro-zooplankton grazers in the
network presented here. These organisms can potentially exert
strong top-down control on phytoplankton biomass (Sommer
et al., 1986; Carpenter et al., 2001; Sommer et al., 2012) and
introduce additional complexity to trophic network interactions
(Ptacnik et al., 2004). How each of these factors might influence
model processes is difficult to deduce, given the complexity
that arises under our current framework. Their consideration,

including how they may differ between phytoplankton and
mixoplankton organisms, are interesting avenues for future
exploration.

CONCLUSION

Simulations along a dual CDOM and inorganic phosphorous
supply gradient revealed predictable changes in the abundances
of the different plankton populations and their resources. Model-
produced patterns along the CDOM supply gradient that are in
general agreement with empirical observations include increased
bacterial biomass inorganic phosphorous with CDOM supply,
decreased light penetration with elevated CDOM and potential
for a unimodal phytoplankton biomass response. Results pre-
sented here also demonstrate the complex relationships under-
lying these responses and the usefulness of theoretical systems
for dissection of complex network processes. Further, our find-
ings provide insight into mechanisms that may underlie suc-
cess of different mixoplankton life history strategies observed in
nature across environmental gradients of browning and eutroph-
ication, which reinforce the important role mixoplankton play
creating a bridge or “shortcut” (Ptacnik ef al., 2016) between
bacterial production and autotrophic primary production. Con-
tinued efforts to better understand impacts of phago-mixotrophy
among the plankton are important given the ability of these
organisms to increase trophic linkages and generate complex sys-
tem feedbacks, especially in the face of continued anthropogenic
and climate change related disturbances.
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