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Why mixotrophy flourished
In water but rarely on land

Albert Calbet*

Institut de Ciencies del Mar (ICM-CSIC), Barcelona, Spain

Mixotrophy, the ability to combine photosynthesis with heterotrophic acquisition
of carbon or nutrients, is now recognized as a central feature of aquatic microbial
food webs and a recurrent strategy in several protist and simple animal lineages.
By contrast, terrestrial ecosystems host only a narrow set of mixotrophic plants,
and no animal is known to rely substantially on endogenous photosynthesis or
plastids over its life cycle. Here | argue that this asymmetry is not paradoxical once
mixotrophy is viewed through three coupled filters: ecological state spaces,
evolutionary accessibility and physiological feasibility. | outline how these filters
differ between water and land, how they jointly compress the adaptive zone for
mixotrophy after terrestrialization, and how they generate explicit, testable
predictions for future empirical and theoretical work on dual nutritional strategies.
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Introduction

In aquatic ecosystems, mixotrophy has shifted from being treated as a minor curiosity
to a central organizing principle of plankton ecology. Surveys, experiments and models now
show that many marine and freshwater protists combine photosynthesis with prey
ingestion, or periodically acquire plastids or phototrophic symbionts, forming a diverse
“mixoplankton” guild that blurs the classical autotroph-heterotroph dichotomy (Flynn
et al., 2019; Mitra et al., 2014; Millette et al., 2023). These organisms can reallocate effort
between light-driven carbon fixation and prey-derived carbon and nutrients, with
consequences for microbial loops, bloom dynamics and carbon export (Mitra et al,
2014; Leles et al., 2021).

More broadly, mixotrophy encompasses a spectrum of strategies that combine
phototrophy with alternative nutritional pathways, including osmotrophy, symbiotrophy,
parasitism, or externalized heterotrophic interfaces (Selosse et al.,, 2017; Duhamel et al.,
2018; Mitra et al., 2016). In this manuscript, however, the focus is deliberately placed on the
coupling of photosynthesis and phagotrophy, because this form of mixotrophy shows the
strongest contrast between aquatic and terrestrial realms and provides the clearest
mechanistic link between resource geometry, evolutionary accessibility, and physiological
feasibility (Flynn et al., 2019; Mitra et al., 2023).

This perspective is grounded in ecological stoichiometry, in which mismatches between
the supply of carbon, nitrogen, phosphorus and other essential elements constrain growth
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and shape trophic strategies (Sterner and Elser, 2002). Trait-based
and state-space models show that dual nutrition is selectively
favored precisely under such stoichiometric and energetic
imbalances, for example when light is plentiful but dissolved
nitrogen or phosphorus are scarce, or when microbial prey
remain available during periods of low light (Berge et al.,, 2017;
Edwards, 2019; Moeller et al., 2024). Under realistic costs and trade-
offs, mixotrophs can maintain positive growth where strict
phototrophs are nutrient-limited and strict phagotrophs are
carbon- or energy-limited, thereby expanding their realized niche
and reshaping community structure from the organismal to the
community scale (Edwards, 2019; Millette et al., 2023; Mitra et al.,
2016; Schenone et al., 2024).

Against this aquatic backdrop, the terrestrial distribution of
mixotrophy is strikingly narrow. Land plants have evolved partial
heterotrophy repeatedly, but mostly via three externalized routes:
mycoheterotrophy or partial mycoheterotrophy, where carbon and
nutrients flow through fungal networks; hemiparasitism, where
haustoria tap host resources while photosynthesis is retained; and
carnivory, where captured prey alleviate nutrient limitation in poor
soils (Selosse et al., 2017; Tesitel et al., 2018; Ellison, 2006; Lin et al.,
2025). These clades occupy small fractions of plant diversity and are
strongly associated with deep shade, nutrient-poor soils or crowded
understories (Hynson et al.,, 2016; Castaldi et al., 2023).

Animals show an even sharper asymmetry. Some aquatic
metazoans—most famously corals and other cnidarians—
host photosymbionts that provide substantial carbon and
nutrient subsidies (Venn et al,, 2008; Liao et al., 2025). A few
molluscs, notably sacoglossan sea slugs, sequester chloroplasts
(“kleptoplasts”) from algae and maintain them for weeks to
months (Cartaxana et al., 2017; Cartaxana et al.,, 2021; Cruz and
Cartaxana, 2022). On land, the pea aphid Acyrthosiphon pisum
represents an intriguing but limited case: light-dependent electron
transfer and ATP synthesis can be mediated by carotenoids in its
integument (Valmalette et al, 2012), yet this falls far short of
plastid-based photosynthesis and appears to provide at most a
modest energetic supplement. No terrestrial animal is known
whose energy budget is substantially supported by endogenous
photosynthesis over its life cycle.

Selosse et al. (2017) captured part of this contrast in the “grand
ecart” hypothesis, emphasizing that both realms generate
mismatches between light and mineral nutrients, but terrestrial
mixotrophy occupies only a few highly constrained niches. Here, I
extend that perspective by asking a simple question with broad
implications: why did mixotrophy become ubiquitous and
functionally central in photic waters, but remain exceptional and
small-bodied after terrestrialization?

I argue that the answer lies in three coupled filters:

1. Ecological filter (state space). Water repeatedly decouples
light, nutrients and prey in ways that make dual acquisition
profitable, whereas on land this kind of decoupling is rarer
at the scale of individual organisms.

2. Evolutionary filter (accessibility). Aquatic mixotrophy was
repeatedly accessible to phagotrophic protists via plastid
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acquisition and photosymbiosis. Land plants, having lost
phagotrophy early, could re-enter mixotrophy only via
externalized heterotrophic interfaces.

3. Physiological filter (volatility and scaling). Terrestrial light
and water regimes increase oxidative and desiccation costs
of auxiliary photosystems, and in animals surface-area-
limited photosynthesis cannot easily meet volume-linked
metabolic demand.

Taken together, the ecological state space created by water, the
evolutionary accessibility of phagotrophy-based pathways, and the
physiological constraints imposed by volatility and scaling act in
concert to favor the repeated emergence and persistence of
mixotrophy in aquatic systems, while rendering it rare, indirect,
or strongly constrained on land, even where ecological opportunity
exists. Below, I develop each filter in turn and then discuss how they
combine into a cross-realm framework with explicit predictions and
open questions.

Ecological filters: resource state spaces
in water and on land

Aquatic photic environments place organisms in a resource
geometry that repeatedly makes dual acquisition profitable. In the
euphotic zone, light, dissolved nutrients and prey biomass are only
loosely coupled across depths, seasons and microhabitats.
Stratification concentrates light near the surface but traps
macronutrients at depth; upwelling and mixing episodically inject
nutrients into illuminated layers; and bacteria and small
phytoplankton persist as particulate targets even when dissolved
nutrients are depleted (Unrein et al., 2014; Berge et al,, 2017;
Edwards, 2019). The result is a mosaic of “imbalanced regimes”
in which strict phototrophs can be carbon-replete yet nutrient-
starved, whereas strict heterotrophs can be nutrient-replete but
energy-limited when prey encounter or quality declines.

State-space and trait-based models show that mixotrophs gain a
selective edge precisely in these regimes because they can substitute
between light-driven carbon fixation and prey ingestion for
nutrients and, in some cases, carbon (Hartmann et al., 2012;
Berge et al., 2017; Edwards, 2019; Moeller et al., 2024). In
simulations where trade-offs are imposed between investment in
phototrophic and phagotrophic machinery, mixotrophs outperform
both specialists across broad swaths of aquatic conditions, especially
at intermediate sizes where diffusion, light harvesting and prey
encounter are simultaneously feasible (Berge et al., 2017; Moeller
et al., 2024). These results echo earlier work on the role of
mixotrophic protists in the biological carbon pump, but recast it
in a more formal trait-based framework (Mitra et al., 2014).

Field studies broadly corroborate this ecological “wet
advantage”. In oligotrophic subtropical gyres and stratified lakes,
mixotrophic nanoflagellates and dinoflagellates often dominate
where light is sufficient but dissolved inorganic nutrients are low
and microbial prey persist (Edwards, 2019; Millette et al., 2023;
Figure 1). Comparable dominance and plasticity of mixotrophic
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FIGURE 1
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Resource state space for aquatic and terrestrial mixotrophs. Conceptual three-axis diagram showing how light availability, mineral nutrient availability
and prey/partner availability shape where different mixotrophic strategies are expected to thrive. Aquatic mixoplankton occupy a broad, mid-light
region at low mineral nutrients and moderate to high prey availability, where dual use of photosynthesis and phagotrophy is profitable. Photosymbiotic
animals (e.g. corals and sponges with algal symbionts) are placed in similarly high-light, low-nutrient but relatively prey-rich conditions, where
symbiont photosynthesis can substantially subsidize heterotrophic feeding. On land, mycoheterotrophic plants occur under low light but relatively
high below-ground partner availability, hemiparasites in high-light habitats with reliable host access, and carnivorous plants where light is ample but
soils are extremely nutrient-poor and animal prey are available. Together, these distributions illustrate that water offers a wide “plateau” of profitable
mixotrophic conditions, whereas terrestrial mixotrophs occupy a few narrow ridges of strong, persistent resource decoupling.

Aquatic
mixopla

protists have been documented in Polar and subpolar waters, where
extreme seasonality in light and persistent nutrient-light
decoupling favor dual nutritional strategies despite cold
temperatures (Norbury et al,, 2019; Gast et al., 2007; Sogaard
et al., 2021).

Experiments show rapid plastic shifts toward grazing under
nutrient stress and toward photosynthesis under prey scarcity,
consistent with optimal switching along a phototrophy-
phagotrophy continuum (Millette et al.,, 2023; Gonzalez-Olalla
et al., 2019). Warming and ultraviolet radiation modulate this
balance but generally do not eliminate the advantage of duality
under nutrient-light mismatch; instead, they shift mixotrophs
along the continuum of reliance (Gonzalez-Olalla et al., 2019).
Evidence from freshwater ecosystems reinforces this view. In
stratified lakes, mixotrophic nanoflagellates and dinoflagellates
often dominate under conditions of high light availability, low
dissolved nutrients and persistent bacterial prey, particularly
during summer stratification (Laybourn-Parry et al., 2000; Jones,
2000). Experimental and field studies have repeatedly shown that
mixotrophs outcompete strict phototrophs under nutrient
limitation and strict heterotrophs under prey or energy limitation,
mirroring patterns observed in marine systems (Kamjunke et al.,
2006; Katechakis and Stibor, 2006; Princiotta et al., 2023).

On land, comparable three-way decoupling is rarer at the scale
of individual plants and animals. Terrestrial primary producers
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experience chronic nutrient limitation, but potential prey are not a
continuously suspended three-dimensional resource; they are
localized and patchy. Carbon limitation is often alleviated by
atmospheric CO, diffusion and canopy structure, not by ingesting
prey. As a result, heterotrophic supplements tend to be favored only
where one resource is both strongly and persistently limiting and
where mechanical opportunities exist to tap alternative pools: deep
shade with access to fungal carbon networks, highly oligotrophic
soils where animal prey can be trapped, or competitive
communities where parasitic haustoria can reliably access host
tissues (Ellison, 2006; Selosse et al., 2017; Tesitel et al., 2018).

The distribution of terrestrial plant mixotrophs fits this pattern
(Figure 1). Mycoheterotrophic and partially mycoheterotrophic
orchids and ericaceae are concentrated in shaded forests and
nutrient-poor habitats, where stable fungal carbon pools
compensate for light limitation (Hynson et al., 2016; Selosse et al.,
2017). Hemiparasites often occur in species-rich, high-light
communities where host connections alleviate water or nutrient
stress rather than carbon limitation (Tesitel et al., 2018).
Carnivorous plants are disproportionately found in nutrient-
impoverished wetlands, where prey capture relieves nitrogen and
phosphorus limitation but typically contributes modestly to total
carbon gain (Ellison, 2006; Lin et al., 2025).

Benthic aquatic habitats may appear, at first glance, to be the
marine environments most closely resembling terrestrial systems.
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Although light is spatially structured and often strongly attenuated
near the sediment-water interface, benthic environments retain key
aquatic features such as persistent hydration, high microbial prey
availability, and relatively buffered thermal and irradiance regimes.
These conditions sustain dense microbial and protistan
communities and favor trophic interactions broadly similar to
those of pelagic systems, despite stronger spatial heterogeneity
(Fenchel, 1969; Azam and Malfatti, 2007; Glud, 2008).
Consequently, the ecological filters acting on benthic mixotrophs
more closely resemble those of pelagic environments than those of
land (Epstein, 1997; Battin et al., 2016).

In summary, the state space in which internal dual acquisition is
profitable is broad, frequently encountered and three-dimensional
in the photic ocean, but narrow and habitat-restricted on land. This
ecological filter does not make terrestrial mixotrophy impossible,
but it confines it to a few “ridges” of strong, persistent resource
decoupling, whereas in water the same geometry forms an
extensive plateau.

Evolutionary filters: phagotrophic
gateways and walled body plans

Ecology sets the stage, but evolutionary history determines
which strategies are accessible. In aquatic microbes, the dominant
paths to mixotrophy—constitutive phototrophy plus phagotrophy
in the same cell, kleptoplasty and stable or semi-stable
photosymbioses—are all built on an ancestral capacity to capture
and process prey. Phagotrophy is the gateway through which
plastids and phototrophic symbionts repeatedly entered
eukaryotic cells (Archibald, 2015; Miyagishima, 2023).

Endosymbiotic events and serial plastid acquisitions, largely
mediated by phagotrophic hosts, spread photosynthesis across the
eukaryotic tree (Archibald, 2015; Mansour and Anestis, 2021).
Within these phototrophic lineages, a rich spectrum of
mixotrophic strategies evolved as ancestral phagotrophic toolkits
were modified rather than abandoned, leading to the modern
diversity of mixoplankton (Flynn et al., 2019; Mitra et al., 2023;
Mansour and Anestis, 2021). In aquatic settings, high encounter
rates with phototrophic prey create many opportunities for
selection to favor plastid retention, symbiont management or
trophic switching whenever ecological payoffs are positive
(Edwards, 2019; Moeller et al., 2024).

Land plants, by contrast, entered terrestrial ecosystems with a
very different cellular legacy. The green plant lineage (Streptophyta)
derives from algae in which strong cell walls and glucan-rich matrices
supported multicellularity and increasing reliance on external
nutrient uptake well before full terrestrialization (Bowles et al.,
2023). True phagotrophy appears to have been greatly reduced or
lost; the ancestral toolkit emphasized photoautotrophy and
extracellular interfaces, such as cell walls and symbioses, rather than
intracellular prey capture (Bowles et al.,, 2023). Once multicellular
development became organized around walled cells, evolutionary re-
entry into intracellular phago-mixotrophy would have required
dismantling core developmental and structural constraints.
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This history helps explain why terrestrial plant mixotrophy
rarely involves reclaiming a protist-like dual nutrition. Later-
evolving plant mixotrophs acquire heterotrophic supplements via
externalized interfaces that preserve the walled body plan: carbon
and nutrients flow through mycorrhizal fungi in mycoheterotrophs
(Julou et al., 2005; Hynson et al., 2016; Suetsugu et al., 2020),
through haustorial connections in hemiparasites (Tesitel et al.,
2018), or via externally digested prey in carnivorous plants
(Ellison, 2006; Lin et al, 2025). In many of these species,
heterotrophy primarily relieves nutrient limitation while
photosynthesis remains essential for reproductive success,
consistent with the view that they occupy narrow ridges of state
space where one limiting axis is extreme rather than a broad dual-
nutritional regime (Tesitel et al., 2018; Castaldi et al., 2023).

Terrestrial animals present a complementary case. They have
retained phagotrophy, but multicellularity, differentiated immunity
and complex development mean that plastid or algal integration
requires stable, regulated endosymbiosis at tissue and organismal
scales (Venn et al., 2008; Liao et al., 2025). Aquatic animals have
achieved this only in a limited set of lineages, such as cnidarians and
sponges with endosymbiotic dinoflagellates, and a few molluscs or
simple worms with photosymbionts or kleptoplasts (Venn et al.,
2008; Cartaxana et al,, 2017; Cruz and Cartaxana, 2022). These
partnerships show that animal tissues can host photosynthetic
machinery, but they also reveal that maintaining functional
photosystems without full access to algal nuclear support is
difficult and often transient (Schmitt et al., 2014; Cartaxana et al.,
2021; Havurinne et al., 2021).

Physiological filters: volatility, scaling
and the cost of duality

Even when ecological payoffs and evolutionary routes align, life
on land imposes a fundamentally physiological third filter.
Photosynthesis is energetically generous, but it is also intrinsically
risky: whenever absorbed light exceeds downstream metabolic use,
photosystems generate reactive oxygen species. Aquatic photic
environments buffer this risk by keeping cells hydrated,
moderating temperature fluctuations and attenuating light with
depth, which allows photoprotection and repair to operate
continuously (Murchie and Niyogi, 2011; Derks et al., 2015).

Terrestrial environments, by contrast, repeatedly expose
phototrophs and any potential hosts of photosymbionts to intense
and rapidly fluctuating irradiance, temperature swings and episodic
dehydration. Work on terrestrial plants shows that fluctuating light
and desiccation amplify oxidative stress, forcing large investments
into non-photochemical quenching, antioxidant systems and repair
cycles that reduce net carbon gain (Murchie and Niyogi, 2011;
Derks et al., 2015; Zhang et al., 2021). Desiccation is especially
problematic for intracellular photosymbioses or plastids, because
drying disrupts electron transport, concentrates solutes and triggers
bursts of reactive oxygen species that can damage both host and
symbiont unless elaborate protective systems are in place
(Holzinger and Karsten, 2013; Gasulla et al., 2021). Lichen
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photobionts exemplify how much photoprotective machinery and
structural buffering are required to keep photosystems functional
under repeated drying and high irradiance (Beckett et al., 2021).

For free-living land plants, these costs are high but manageable
because the entire architecture—cuticles, stomata, vascular tissues and
growth form—is tuned to water management and photoprotection
(Bowles et al., 2023; Chauhan et al., 2023). For a would-be
mixotrophic plant or animal attempting to maintain photosystems
as an auxiliary module, however, the same volatility can become a
disproportionate liability if photosynthesis is not the core metabolic
engine. The rarity of stable photosymbioses on land, and their
confinement to buffered microhabitats such as lichens, shaded bark
surfaces or persistently moist soils, fits this picture (Beckett et al., 2021;
Chauhan et al., 2023).

Body-plan scaling sharpens the constraint in animals.
Photosynthetic carbon gain scales with exposed surface area,
whereas metabolic demand scales with volume and is further
elevated on land by locomotion against gravity, thermoregulation
and water-balance costs. Biophysical analyses of hypothetical “green
animals” and real photosymbiotic metazoans show that even in
water, plastid-supported nutrition is only substantial in very thin,
low-demand organisms and usually functions as a starvation buffer
rather than a primary energy source (Rauch and Redelberger, 2017).

Reef-building corals illustrate how these constraints can be
temporarily overcome in aquatic settings. Colonial cnidarians
host very high densities of intracellular dinoflagellate symbionts
(Symbiodiniaceae) in a thin layer of tissue wrapped around a
calcareous skeleton. In clear, warm, oligotrophic waters,
translocated photosynthate from the symbionts can meet most of
the host’s daily carbon requirements, while nocturnal suspension
feeding and dissolved nutrient uptake supply nitrogen and
phosphorus that sustain both partners. Corals are therefore
strongly mixotrophic: they rely on light for the bulk of their
carbon, but heterotrophic feeding is crucial to close nutrient
budgets and to buffer short-term light stress (Venn et al., 2008).
At the same time, the geometry that makes this strategy feasible—
thin tissues with high surface area relative to living biomass and
intimate coupling between host and symbiont—also makes it
vulnerable: modest increases in temperature or light can
destabilize photosystems and trigger bleaching, underlining how
narrow the tolerance window is for metazoan mixotrophy. A very
similar logic applies to photosymbiotic sponges and other reef
holobionts: dense microbial or algal symbionts in thin tissues or
canal systems can provide substantial carbon subsidies in clear,
oligotrophic, well-flushed waters, while heterotrophic pumping and
filtration supply nitrogen and phosphorus. As with corals, these
systems are highly productive yet physiologically fragile, with
relatively narrow thermal and light tolerance windows.

Kleptoplastic sacoglossan sea slugs make this explicit. Stolen
plastids remain photosynthetically active for weeks to months and
measurably extend survival during starvation in some species
(Cartaxana et al.,, 2017, Cartaxana et al., 2021). Yet plastids lack
access to the algal nucleus and its repair machinery, so their
performance decays over time and must be renewed by repeated
ingestion of algal prey (Schmitt et al., 2014; Havurinne et al., 2021;

Frontiers in Ecology and Evolution

10.3389/fevo.2026.1755631

Maeda et al., 2021). Genomic and physiological work shows that
even in long-term retaining species, plastids are not fully integrated
organelles; their persistence depends on plastid-intrinsic resilience
and host adaptations that limit oxidative damage (Havurinne et al.,
2021; Eastman et al,, 2023). Experiments manipulating light and
food indicate that photosynthesis can extend survival in the absence
of algal prey but rarely supports growth or reproduction on its own
(Cartaxana et al., 2017; Laetz and Wigele, 2017; Cartaxana et al,,
2021). The geometry of these animals—flat, leaf-like and slow-
moving—maximizes surface area relative to volume and keeps
demand low, underscoring how tightly their body plan is tuned to
the narrow window in which kleptoplasty is worthwhile (Rauch and
Redelberger, 2017).

Taking these threads together, aquatic photosymbioses and
kleptoplasty suggest that metazoan mixotrophy is already near the
edge of feasibility in water (Venn et al., 2008; Cruz and Cartaxana,
2022; Rauch and Redelberger, 2017). Transplanting the same
strategies into air would intensify irradiance peaks, introduce
frequent dehydration and increase basal metabolic costs, shifting
the supply-demand balance further against internal photosynthesis.
Under terrestrial conditions, physiological economics tend to favor
either full commitment to photosynthesis with robust water
management, or full commitment to heterotrophy with no
photosystems to protect. Dual strategies persist mainly when
heterotrophic supplements are externalized (fungi, haustoria,
traps) or when microhabitats remain persistently wet and buffered.

Discussion

The cross-realm asymmetry in mixotrophy is less a paradox than
the outcome of three interacting constraints: where organisms sit in
resource state space, which trophic tools their lineages bring into that
space, and how the physical environment sets the costs of running
those tools. In water, light, dissolved nutrients and prey are decoupled
often enough—and prey are continuously encounterable—that dual
internal acquisition frequently pays off, especially for small and
intermediate protists. On land, similar three-way decoupling is rare
at the scale of individual plants and animals and tends to be confined
to deep shade, nutrient-poor soils or other extreme niches. At the
same time, aquatic microbial lineages evolved in the immediate
neighborhood of the phagotrophic “gateway” into mixotrophy,
whereas land plants committed early to walled multicellularity and
externalized uptake interfaces, making re-entry into intracellular
mixotrophy highly improbable. Add to this that terrestrial volatility
and surface-area/volume scaling make auxiliary photosystems
expensive to protect unless they are central to metabolism, and the
pattern becomes unsurprising: mixotrophy occupies a wide plateau in
the photic ocean but only a few narrow ridges on land (Archibald,
2015; Selosse et al., 2017; Bowles et al., 2023; Tesitel et al., 2018).

Seen this way, terrestrial “exceptions” look less like anomalies
and more like expected survivors where these constraints intersect
favorably. Mycoheterotrophs, hemiparasites and carnivorous plants
sit in habitats with strong resource decoupling and exploit
externalized interfaces—fungal networks, haustoria, digestive
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traps—rather than rebuilding a phagotrophic cell (Julou et al., 2005;
Ellison, 2006; Suetsugu et al., 2020). Kleptoplastic sea slugs,
photosymbiotic cnidarians and carotenoid-based light-harvesting
aphids similarly mark the feasibility edge for animal mixotrophy:
they show that animal tissues can host or exploit photosystems for
ecologically meaningful benefits, but only under very specific
geometries and environmental conditions, and usually as a
starvation buffer rather than a primary energy source (Venn
et al.,, 2008; Rauch and Redelberger, 2017; Valmalette et al., 2012;
Eastman et al,, 2023). In that sense, the question is not why “green
animals” failed to spread on land, but why dual strategies did so well
in the ocean.

The same framework has clear implications for future change. In
the sea, warming and stronger stratification are expected to deepen and
prolong nutrient-light decoupling in many regions, expanding the
volume of state space where light is available, dissolved nutrients are
scarce and microbial prey persist (Leles et al., 2021; Millette et al., 2023;
Moeller et al., 2024). Deep lakes further strengthen the analogy with the
oceanic case in the context of climate change. Ongoing warming has
intensified and prolonged thermal stratification in many deep lakes,
increasing the vertical decoupling of light and nutrients and reducing
nutrient resupply to surface waters, while episodic mixing events
continue to occur seasonally or interannually (Sommer et al., 2012;
O'Reilly et al., 2015). At the same time, microbial communities persist
throughout the water column and exhibit strong vertical and seasonal
structuring, maintaining a continuous pool of potential prey despite
enhanced stratification (Salcher, 2014). Together, these climate-driven
changes generate recurrent ecological windows in which dual
nutritional strategies may be favored, positioning deep lakes as
inland analogues of a warming, increasingly stratified ocean.

Supporting this, trait-based and ecosystem models predict that
sustained decoupling of light, nutrients and prey will favor organisms
that can switch between phototrophy and phagotrophy, with
cascading consequences for trophic transfer, mean organism size
and vertical carbon flux (Edwards, 2019; Ward and Follows, 2016).
Complementary adaptive-evolution and experimental studies show
that mixotrophic phytoplankton can respond to warming by shifting
their metabolic balance toward greater grazing and reduced
photosynthesis, potentially altering their ecological and
biogeochemical roles under future climates (Lepori-Bui et al.,
2022). Recent theoretical work using adaptive-dynamics and trait-
based frameworks further predicts that rising temperatures should, in
many cases, select for increased investment in heterotrophy by
mixotrophs, amplifying impacts on trophic transfer and carbon
cycling unless constrained by prey depletion (Gonzalez et al., 2022;
Barbaglia et al.,, 2024). If these projections hold broadly, the “wet
advantage” of mixotrophy could strengthen under climate change,
making dual nutrition increasingly central to plankton ecology
and biogeochemistry.

On land, many climate scenarios point in the opposite direction
for auxiliary photosystems. More frequent and intense droughts,
heat waves and light extremes are likely to increase oxidative and
desiccation stress on any photosynthetic machinery that is not
backed by a fully optimized plant-style water management and
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photoprotection architecture (Murchie and Niyogi, 2011; Gasulla
et al,, 2021; Chauhan et al., 2023). This should tighten the
physiological filter against internal duality and restrict plant
mixotrophy even more strongly to buffered refugia: cool, moist
forests with stable mycorrhizal networks; nutrient-poor wetlands
where carnivory pays despite volatility; or closed canopies where
fungal carbon can reliably substitute for light. Shifts in forest
composition, mycorrhizal associations and soil nutrient regimes
may redistribute these opportunities geographically, but are
unlikely to generate broad new adaptive zones for intracellular
mixotrophy in plants or photosymbiosis in terrestrial animals.

Testing and refining this picture will require bringing cross-realm
comparisons into the same quantitative frameworks. One priority is
“state-space mapping” that couples local measurements of light,
inorganic nutrient supply, prey or partner availability and moisture
persistence to independent estimates of mixotrophic reliance (for
example, stable-isotope-derived carbon fractions or prey uptake
rates). Such datasets could reveal whether terrestrial plant
mixotrophs truly occupy a narrow, high-decoupling tail of a shared
resource geometry, as suggested here, or whether the effective
resource axes themselves differ so much between realms that they
are only partly comparable (Edwards, 2019; Selosse et al., 2017). A
second priority is route-resolved comparative phylogenetics: coding
carbon acquisition mechanisms as intracellular versus externalized
would allow tests of how irreversible the loss of phagotrophy has been
in plants, and whether loss of photosynthesis in both protists and
plants is typically preceded by a mixotrophic stage (Bowles et al.,
2023; Tesitel et al., 2018).

Finally, physiological experiments that deliberately push the
limits of duality will be key. Exposing aquatic mixotrophs or
synthetic photosymbioses to controlled “terrestrialized” volatility
regimes—fluctuating high light, episodic desiccation, large
temperature swings—could quantify when auxiliary photosystems
stop paying their way, complementing biophysical models that scale
photosynthetic supply and metabolic demand for realistic body
plans (Murchie and Niyogi, 2011; Rauch and Redelberger, 2017).
Together with climate-aware models of resource state space, such
work would turn the question “why did mixotrophy mostly stay wet
and small?” into a broader predictive framework—one that not only
explains current distributions but also anticipates how dual
strategies will respond as oceans stratify, continents dry and the
boundaries of habitability shift.
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