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Information processing underlies the behavior of many species, including plants.
However, there remains uncertainty about how plants integrate and use informa-
tion, and whether this is analogous to animal cognition. We propose a concep-
tual and experimental framework, Plant Information Processing (PIP), that
draws from advances in comparative psychology. Our framework challenges
plants with increasingly complex processing tasks designed to reveal algorith-
mic patterns of information use. The PIP framework emphasizes not only behav-
ioral outcomes, but also the associated errors, limitations, and biases, which
reveal how information processing occurs in plants. This sequential, evidence-
based strategy sidesteps semantic debates and facilitates meaningful cross-
taxa comparisons that could advance the broader discipline of cognition.

Debate surrounding plant cognition

Evidence has emerged that plants resolve the universal biological problems of finding food,
avoiding predation, and reproducing through processes that include communication [1-3], adap-
tive plasticity [4], and context-dependent decision making [5]. These solutions exhibit parallels to
those exhibited by animals facing the same challenges (Figure 1) and are generally recognized as
behavior (see Glossary) among plant scientists [6-8] and behavioral scientists [9]. As plant
biologists integrate behavioral theory into their work [1,10,11], there is enhanced potential to
develop a general understanding of how distantly related organisms solve analogous problems.
Some degree of information processing is understood to generate plant behavior [10], but
considerable controversy emerges when that processing is compared to animal cognition
[12-17].

A primary reason for this controversy is the fact that the field of plant behavior is young [6]. A second
reason is that work in this field does not always link specific plant behaviors to both proximate
mechanisms and fithess consequences, though both are essential for understanding behavior
[18]. Third, a lack of neural tissue in plants can lead some to discount the potential for plants to ex-
hibit complex information processing, and an enthusiastic media landscape [19] has amplified con-
troversial claims about complex phenomena exhibited by plants, such as learning [20] and
resource sharing through mycorrhizae [21]. Such claims are often made prior to independent rep-
lication among species and laboratories [22] and can include controversial experimental designs
and inferences [21]. Finally, controversy also arises from those who view aspects of plant behavior
as rebranded versions of research in cellular biology and related fields, or that modern work in this
field exaggerates the importance of earlier ideas and experiments [16].

People problems have contributed to this debate in two ways. First, there has been confusion
about the importance of different types of research questions, as occurred previously in the fields
of animal behavior [23] and cognition [24]. Multiple types of understanding are needed to advance
novel hypotheses unconstrained by the second problem: research predisposition resulting from
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Highlights

Plants exhibit diverse behaviors in re-
sponse to life’s challenges, but asking
whether plant behavior results from
something akin to animal cognition
enthralls the public and exasperates
scientists.

Frustration occurs because, although
plant behavior requires the receipt, pro-
cessing, and integration of information,
there is little understanding or agreement
about how plant information processing
OCCurs.

We propose a framework to provide the
needed mechanistic information that
adopts emerging best practices in the
field of comparative cognition.

Combining this framework with specific
and sequential experiments has the po-
tential to alleviate semantic frustration
and allow for detailed understanding of
how plants use information. This funda-
mental knowledge has relevance for
both natural and managed ecosystems.
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one’s training environment, taxonomic specialization, disciplinary norms, perceptions of redun-
dancy, and turf encroachment. Combined, these issues can enable expression of belief over
data-centered debate [25]. These issues are resolvable with an evidence-based framework
that identifies outstanding questions which apply to both plant biology and animal cognition.

Considering PIP while embracing multiple levels of understanding and anticipating researcher
biases creates potential for a deeper understanding of plant biology, likely with diverse applica-
tions (Box 1). Accordingly, we outline the PIP framework — a structured approach to empirical
study that makes no a priori assessment of the hypothesis that plants possess cognition. Draw-
ing on emerging best practices in animal cognition, this framework consists of understanding
both similarities and differences in information-processing traits when diverse species en-
counter analogous biological challenges.

The PIP framework

Step 1. Develop information processing hypotheses

PIP begins by identifying an evolutionary relevant biological challenge (Figure 1), the suite of be-
haviors employed to address the challenge, and a set of alternative hypotheses that describe
the underlying structure of the putative information-processing system. These hypotheses
can span a diversity of levels of understanding and should make clear predictions for the exper-
imental results that could refute or support each hypothesis. Generating broad hypotheses is
made easier by the pioneering work of Tinbergen [23], who united studies of animal behavior,
and Marr [24], who identified three levels of study (Figure 1) to understand vision, which is
now broadly applied to cognition. Whereas Tinbergen'’s four questions distinguished among devel-
opment and cause (proximate), and evolutionary history and function (ultimate), Marr’s levels
included: (i) computational, with a focus on the underlying goal of information processing,
(i) algorithmic, emphasizing transformations and usage of information, and (i) implementational,
identifying the details of the proximate mechanisms.

In plant biology, there is an advanced understanding of plant physiology (comparable to proxi-
mate/implementation) and adaptive significance (comparable to ultimate/computational), but
there is a lack of development linking the two as per Marr’s algorithmic level: how information is
transformed and used. In developing alternative hypotheses about information processing sys-
tems, this level is the main target of the PIP framework, although identifying how information is
used will also feed discovery at the computational and implementational levels.

Generating those information processing hypotheses must overcome a central challenge in the
study of cognition, which is that multiple cognitive processes can generate a given behavior
[26-29]. This issue, easily illustrated for animals, is referred to as a many-to-one problem
[26]. For example, when a bear exploits a food patch, it might involve several underlying
processes, including olfaction [30], associative learning from cues in similar patches [31], social
learning [32], or remembering the positions and relative quality of patchy food resources [33].
These ‘many-to-one’ issues are compounded when researchers focus on a single hypothesis,
or level of understanding, based upon disciplinary norms or past work, rather than a suite of alter-
native hypotheses.

Developing alternative hypotheses for information-processing systems requires a broad under-
standing of the information sources that may be relevant to an organism faced with a specific
biological challenge. From that starting point, one can then develop hypotheses about cross-
species similarities in information processing, under what conditions there is information
integration, and what types of behavioral changes may be employed in response to the given
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Glossary

Animal cognition: the processes in
animals that underlie the perception,
processing, storage, and use of
environmental information (sensu [50]).
Behavior: an organism’s coordinated
response to a diversity of internal and
external cues (sensu [9]).

Information integration: how
organisms combine and weigh
information acquired from different
sources.

Information processing: in biology
and psychology, a term applied to
organisms, and in computer science to
information systems; it encompasses
cue/signal detection, information coding
and integration, decoding, transmission,
and subsequent uses of information.
Information-processing bias: the
differential weighting, or treatment, of
one information type over another.
Information-processing error: a
consistent and characteristic behavior
which may lower an organism'’s fitness;
it is generated by the way in which
information is sensed, processed,
integrated, or exploited.

Information processing-limitation:
the point at which an organism fails to
resolve a biological challenge through
lack of capacity to process either the
type, volume, or complexity of
information.

Information-processing system: the
connected network of information
processing traits that structure how
organisms process and use information.
Information-processing trait: a
repeated behavior that exposes how an
organism acts on information.
Many-to-one problem: any single
observed behavior can be generated by
multiple possible cognitive processes.
People problems: how scholarly
training, taxonomic specialism, and
philosophical and social beliefs can limit
the breadth of scientific hypotheses one
can imagine. The development of a suite
of potential informational hypotheses is a
critical step in the Plant Information
Processing framework.

Plant Information Processing (PIP)
framework: a three-step experimental
approach that generates alternative
hypotheses, conducts serial
experiments, and offers comparative
inferences about behavioral data to
identify consistent patterns of PIP in
response to diverse ecological
challenges.



Trends in Ecology & Evolution

¢? CellPress

Biological Behavioral Marr's level of understanding
challenge output Computational Algorithmic Implementational
Resources are | (A) (B) At what point Does an organism| What sensory and

predator cues

a function of

| attack risk?

distributed in 3 % does an use currentand | signalling systems
patches A organism long-term rates of | assess local patch
. abandon foraging returns | quality and how is
foragingina as a cue for patch [ that information
given patch to leaving? transmitted within
move to another? the organism?
Identify Do organisms Does the Which physiological
reliable increase defense | organism use the |Ssystems combine
expenditures as reliability of different attack-

multiple cues of
attack risk to

estimate overall
risk probability?

related stimuli into
internal signals that
generate defensive
responses?

Social groups
contain kin
and strangers

) N

Does an
organism modify
its
competitiveness
with neighbors as
a function of the
relatedness of its

Is the value of a
relatedness
estimate
differentially
weighted as a
function of an
organism'’s body

What physiological
systems allow for an
organism to track
neighbour identify?

energy state and
external risk?

neighbors? condition or overall
resource supply?
. Does an Do foraging How do sensory
Balance risk organism'’s decisions rely pathways tracking
assessnent  |actions maximize | upon decision external risk integrate
W'th. — long-term return | thresholds in with physiological
;rlgévatlona given internal assessing body  |substrates registering

condition and risk?

body condition to
generate behaviors?

Trends in Ecology & Evolution

Figure 1. Animals and plants exhibit analogous behavioral solutions to shared challenges. Organisms across kingdoms face shared ecological challenges
which can lead to analogous behavioral solutions. Here we identify plant and animal studies showing similar solutions, and we then offer general subsequent questions
that could be asked at multiple Marr’s levels of understanding [24]. (A) A brown bear, Ursus arctos, forages across discrete resource patches, reflecting optimal
foraging strategies in animals [51]. (B) Wheat, Triticum aestivum, proliferates roots in nutrient-rich zones, illustrating morphological plasticity in response to resources
distributed in patches [52]. (C) A woodchuck, Marmota monax, responds to an eastern chipmunk, Tamias striatus, alarm call, demonstrating heterospecific
eavesdropping in animals [53]. (D) A tobacco plant, Nicotiana attenuata, detects volatile organic compounds from damaged sagebrush, Artemisia tridentata, and
primes its own defenses, exemplifying plant-to-plant eavesdropping [54]. (E) Within social groups of Richardson’s ground squirrels, Urocitellus richarsonii, individuals
engage in fewer antagonistic interactions with kin than with strangers [55]. (F) Arabidopsis thaliana reduces leaf shading of kin relative to strangers [56]. (G) A hungry
three-spined stickleback, Gasterosteus aculeatus, takes greater foraging risks than a satiated one, showing state-dependent risk assessment [57]. (H) Mimosa pudica
exhibits prolonged leaf closure and predator avoidance under high light conditions, indicative of a trade-off between energetic state and predator avoidance [58].
Figure created in BioRender [Nagtegaal, B (2025) BioRender.com/2fuyurn].

challenge [27]. Some research areas, including communication [1] and plant root foraging [8], al-
ready have robust information at multiple levels of understanding and support developing highly
detailed information-processing hypotheses. For many other plant behaviors, simpler hypothe-
ses are needed.

Examples of profitable avenues of investigation could include: (i) distinguishing among local ver-
sus systemic sensory detection and information integration; (i) determining the conditions
under which there is integration or independent use of multiple types of information; (iii) assessing
information transfer and resilience of information processing to internal and external stressors;
(iv) distinguishing between sequential versus simultaneous use of multiple sources of information;
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Box 1. Applications of information processing to conservation and management

Recent advances in understanding animal cognition have revealed diverse applications for the conservation of threatened
species [59], reducing human-wildlife conflict [60], and husbandry of domestic animals [61]. A greater understanding of
PIP could support future applications to conservation, invasive species control, agriculture, and forestry.

Behavior is often the most immediate reaction of an animal to change in its environment, and typically begins with the per-
ception of a cue [59]. Human-caused cues may mislead animals about the quality of food resources or the safety of habitat,
leading to an ecological trap. Familiar examples include moths and baby turtles being instinctively attracted to light. Histor-
ically, this led them to foraging opportunities or a moonlit ocean, respectively, but now creates fatal hazards. Cues can be
manipulated to both deter animals, such as when recordings of rifles and predator calls are used to dissuade birds from
landing on hazardous substances, or attract them, such as when human-provided audible, visual, or scent decoys mimic
the presence of conspecifics to signal the suitability of habitat. Cues might be integrated with associative learning, such as
when dangerous animals are treated with mild pain stimuli to teach them greater wariness towards people [62].

The processes of habituation and sensitization have particular relevance to behavior-based conservation and manage-
ment of wildlife [63]. These two learning processes teach organisms, via repeated exposure, to ignore a cue without evo-
lutionarily relevant consequences (downweighting) and pay extra attention to a cue with high consequences (upweighting).
Habituation was employed when managers pre-exposed introduced mammalian predators to the mere scents of bird
species, generating habituation, prior to the introduction of several species of vulnerable ground-nesting native bird spe-
cies, substantially increasing the native birds’ reproductive success [64]. Sensitization is employed in conditioned taste
aversion when managers treat a palatable food source, like a crop or domestic animal, with a vomit-inducing drug to re-
duce consumption by wildlife [65].

The study of PIP is still too new to know what similar potential exists to manipulate plant behavior based on cues in their
environment. However, it is already known that plants are capable of detecting and producing diverse types of cues (e.g.,
resources, spectral properties, touch, volatiles and exudates, etc.) with consequences for individual performance and
species interactions. Further, there is a robust foundation of plant-centered interventions including genomic tools, volatile
emitters, and land management practices that exploit these cues.

and (v) determining the degree to which plants use memory and learning. Knowledge will advance
more quickly if the hypotheses have mutually exclusive predictions, as exemplified in the worked
example (see subsequent text and Figure 2).

Step 2. Conduct serial experiments to identify the traits of the information-processing system
PIP’s second step uses experimental series to challenge plants with increasingly complex biolog-
ical scenarios to develop subsequent hypotheses and identify the information-processing traits
that characterize each plant species. These observed behavioral responses should reveal both
solutions to the challenges and information-processing errors, biases, and limitations. In
comparative psychology, emerging best practices have shifted from merely documenting the be-
haviors associated with solving specific challenges to explicitly investigating how organisms pro-
cess information when solving these challenges [26-29].

An information-processing system’s structure is characteristic of the organism and it emerges from a
diversity of structural and algorithmic information-processing traits, analogous to how a whole plant
is composed of discrete structural and physiological traits. Because behavioral traits can be mea-
sured in experiments, but information per se cannot, a key goal of the PIP framework is to guide re-
search to measure the traits that best identify the structure of an organism’s information-processing
system [26]. This can often be revealed by the way an organism expresses information-processing
limitations, errors, and biases as part of its solution to a biological challenge (Box 2). Because infor-
mation traits emerge from the underlying physiology, but are not the physiology itself, they can be
measured among diverse taxa facing similar biological challenges. Having a ‘common language’
of information-processing traits is essential for comparisons between plants and animals.

Information-processing traits will be new for most plant biologists, but they are not difficult
to measure within existing experimental frameworks. For example, we later describe how a
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Figure 2. How the Plant Information Processing (PIP) framework could help to identify the information
processing underlying root foraging. (A) A visualization of patch preference, neighbor discount, and far-side
upweighting based upon prior research in sunflower [40]. (B) An example of how to test a reliability-based cue-weighting
hypothesis through experimental addition of nutrients and neighbor cues, combined with observation of root growth.
Here, nutrient and neighbor cues are varied factorially at high, intermediate, and low variances but identical means, with
variance generated by temporal pulsing (fast, regular, small pulses minutes apart = high reliability/low variance; slow,
stochastic large pulses hours apart = low reliability/high variance). (C) The reliability-based cue-weighting hypothesis
predicts gradual decreases in root growth with increasing cue variance. Within an experimental series, additional
treatments can be added (e.g., order and timing of injections, plant condition, etc.) to confirm that responses reflect
reliability. (D) To test the competitive gating hypothesis, one could vary the concentrations of nutrient and neighbor cues in
a factorial design. Cues are presented for a fixed duration prior to the presentation of the alternative cue. The competitive
gating hypothesis predicts categorical, step-like root growth in focal locations with hysteresis. Subsequent experiments
can include variable cue durations, the use of sub-threshold concentrations and variable plant condition to confirm positive
results. Figure created in BioRender [Nagtegaal, B (2025) BioRender.com/h3nvt69].

sunflower might be presented with two cue types, a nutrient patch and a neighbor, and how the
resulting behavior will be a product of how those two types of information are integrated. An in-
formation bias occurs if an organism up/downweighs one type of information when the second
type of information is also present (e.g., gives primacy to one cue over the second), rather than
a purely additive response. Each organism will also have a maximum number of information
types that they can integrate. This represents their information-processing limit and can be iden-
tified through challenging organisms with increasingly complicated scenarios. Depending upon
the underlying physiology, detection of a cue may cause behavioral shifts in an organism that
are maladaptive [34], representing an information-processing error. Errors acknowledge that nat-
ural selection cannot optimize every individual trait, including within the domain of information use.

Step 3. Use plant information-processing traits for comparative inference across taxa

The third step of PIP is to use the resulting information-processing traits to determine what gen-
eralizations can be applied across taxa for the alternative information-processing hypotheses
developed in Step 1. This comparative approach provides a more general understanding of
how plants use information to effect behavior. Because these traits define information use, not
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Box 2. Biases, errors, and limits: an animal example

One way to address the many-to-one mapping problem is by identifying information processing traits predicted by a sub-
set of the potential processes that generate behavior [26]. Imagine a bear walking toward a foraging patch when it encoun-
ters evidence of a large conspecific (e.g., a scent mark [66]). If the bear continues onto the patch when it is of high quality
but diverts to a different location when the patch is of moderate quality, there is evidence of an information-processing
bias. Here, although the bear has not yet reached the foraging patch, it downweights information on competition risk when
the potential reward is high. This information-processing bias is not predicted by smell, imprinting, or associative learning
alone as underlying cognitive processes, but rather by remembering the positions and relative quality of out-of-sight
patches [33]. Therefore, rather than simply documenting the problems an organism can solve, focusing on how informa-
tion is systematically upweighted or downweighted, depending on context, can provide valuable insights for testing cog-
nitive hypotheses. In addition to employing information-processing biases, one can leverage information-processing limits
in a similar fashion. By conducting experimental series, one can identify the limits of an organism’s processing abilities,
specifically the point at which an agent completely fails to solve a problem due to the type or complexity of the information
being processed. In such a series, an initial experiment tests whether an organism can solve a seemingly simple task, such
as exploiting food in a patch. Subsequent experiments include increased task complexity (e.g., the number of patches,
patches of differing quality, or the number of pieces of evidence that must be integrated to infer the probability of
predation/competition), continuing until the organism completely fails the task [28]. These limitations further constrain
the potential hypotheses regarding the mechanisms underpinning behavior, thus helping to address the many-to-one
mapping problem. Information-processing errors can also be beneficial. When organisms make consistent mistakes in
how they process information, even in the absence of task complexity overload, this can yield valuable insights into the
processes generating behavior, particularly if similarities in cognitive processes are observed between species. This is be-
cause there are generally many ways to make an error. Thus, if we observe the same errors in different species, it suggests
that a similar process underpins behavior.

underlying physiological mechanisms, they can support comparative studies to test hypotheses
about information use and cognition across taxa within, and potentially beyond, plants.

The simplest use of the PIP framework will be to help identify the information processing that un-
derlies specific behaviors for a given species. Though a species-level focus is useful for develop-
ing model systems, and has potential applications to conservation and agriculture, it does not
advance the comparative study of information processing. This broader goal requires similar
data for many species facing analogous biological challenges, such as occurs for comparative
psychology in the ManyPrimates and ManyBirds projects [35,36]. Information traits, once mea-
sured, can then be integrated into any comparative biology framework (e.g., mapping onto a phy-
logeny), within or across clades, to identify macroevolutionary patterns. Numerous analytical tools
already exist [37], so a ManyPlants project, using standardized and transparent protocols, involv-
ing multiple independent research groups, and adhering to best practices in open-science [38]
and data management [39], could rapidly advance the research in this area.

Comparative studies of information-processing systems in plants would ideally use standardized
equipment, growth conditions, treatments, and response variables among the studied species.
Comparative studies across diverse taxa, such as between plants and animals with simple ner-
vous systems that are similarly sessile, such as sea anemones, are more complex. Key to
these studies will be to identify a biological challenge that is encountered by these different spe-
cies (Figure 1), to design taxa-relevant experiments and to measure taxa-agnostic information
processing.

An example of applying the PIP framework to plants and non-plant organisms

To demonstrate how the PIP framework could be applied, we describe prior work studying the
root foraging behavior of a sunflower, Helianthus annuus [40]. This study examined how plants
modified root foraging in response the biological challenges of soil nutrient patchiness, the pres-
ence of a neighbor, and the spatial arrangement of nutrient patches and a neighbor. Foraging ef-
fort was estimated by measuring root length of plants within discrete soil locations over time.
Plants growing alone showed patch preference by proliferating roots within nutrient patches.
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Compared to plants grown without a neighbor, patches were downweighted when they were lo-
cated between the focal plant and a neighbor (neighbor discount) and upweighted when located
on the opposite side, farthest from the neighbor (far-side upweighting) [40] (Figure 2). In both
cases, these differential weightings are examples of information-processing biases. These results
suggested that sunflower integrates information about nutrients, neighbors, and location, but this
study does not reveal the algorithmic level mechanisms. The PIP framework could advance that
understanding by generating novel and rival algorithmic hypotheses with associated trait predic-
tions (Step 1). These particular results suggest two competing hypotheses: reliability-based cue-
weighting [41,42] and competitive gating [43-46].

The reliability-based, cue-weighting hypothesis posits that plants integrate nutrient and neighbor
information according to their variance. When both cues are reliable, responses reflect a stable in-
formation processing bias: growth tracks nutrient levels but is proportionally discounted by reliably
detected neighbors. When one cue is reliable and the other not, the reliable cue dominates, chang-
ing the information-processing bias: a reliable nutrient signal with unreliable neighbor information
yields less downweighting of nutrient patches, whereas a reliable neighbor signal with unreliable
nutrients produces more downweighting. This hypothesis further predicts that plants exhibit inter-
mediate degrees of downweighting in relation to the variability of nutrient and neighbor cues expe-
rienced. To test this, researchers might expose plants to the same average concentration of
nutrients over time, but vary their availability by pulsing nutrients at frequent, regular rates (high
reliability) and infrequent, stochastic ones (low reliability), identifying changes in root growth and
placement (Figure 2). In cases where neighbors are detected through root exudates [47], neighbor
activity could be similarly emulated through pulses of neighbor exudates. This variable form of cue
presentation is consistent with current perspectives on the complex rhizocrine system [48].

The second hypothesis, competitive gating, posits mean-based, categorical integration. Plants
evaluate the average neighbor signal and the average nutrient availability against thresholds, cre-
ating a series of information processing biases. Local root proliferation occurs only when the nu-
trient mean exceeds a sufficiency threshold and the neighbor mean remains below a suppression
threshold. With low neighbor means, growth shows a step-like increase when the nutrient suffi-
ciency threshold is met, while with high neighbor means, growth is suppressed, regardless of
the nutrient mean. This hypothesis would be supported by insensitivity in root growth and place-
ment at intermediate levels of nutrients or neighbor exudates (Figure 2). Competitive gating can
also produce a key information-processing bias, namely that thresholds vary because of experi-
ential history [43], producing a looping pattern of hysteresis that could be tested with the stepwise
addition and subsequent removal of neighbor cues over time.

Application of the PIP framework to the sunflower example engages specific hypotheses with
clear predictions of the information-processing traits observed under experimental conditions
[49], while potentially revealing further errors, biases, and limits to information processing. As ex-
amples of these concepts in the sunflower example, gating thresholds may occur at levels higher
or lower than the values supporting maximum plant growth (errors); and plants may fail altogether
to detect some combinations of cues (limits).

The PIP framework supports a comparative approach to understanding how information is proc-
essed across taxa. For example, a similar experimental design with nutrients and neighbors might
be applied to a sessile cnidarian, such as a sea anemone. Here, patches might consist of chemo-
attractant fields, and neighbors might be a polyp generating deterrent cues, both presented in
controlled spatial arrangements. Researchers could test for the same trait set: patch preference,
neighbor discount, far-side upweighting, graded versus categorical cue combinations under
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reliability and value manipulations, and hysteresis under conditions of approach versus retreat of
competitive cues. If an anemone and Helianthus share not just outcomes, but the same IP biases,
errors and limits, this would support the hypothesis of similar algorithmic structures in plants and
animals, despite vastly different systems for sensing, integrating, and acting on information.

Concluding remarks

Information processing underlies plant behavior, and understanding evolutionary patterns among
information-processing systems is the first step in making a science-based, rather than subjective,
assertion about the boundaries of cognition. Some of the risk scientists may feel about research in
this area can be alleviated by the effort to embrace the documentation of information processing
limits, biases, and errors observed in plants, rather than a focus on success and novelty alone.

Application of the PIP framework to studies on plant biology generates two key benefits: (i) testing
new hypotheses about how information processing occurs in plants will lead to novel insights at
all levels of understanding, and (i) quantifying a suite of information-processing traits in plants
contributes to comparative studies beyond plants. We believe that the comparative approach
of the PIP framework can support studies of evolutionary consequences, ranging from variation
in fitness among individuals to explanations of macroevolutionary patterns in the evolution of be-
havior and cognition (see Outstanding questions). Moreover, the PIP framework encompasses
more than just an academic exercise. Primary productivity by plants drives nearly all ecosystems
and food production; thus, we have great expectations that PIP will produce a better understand-
ing of how plants gather and process information with significant implications for agriculture and
conservation.

Acknowledgments

This work was supported by research grants awarded to J.F.C. from the V. Kann Rasmussen Foundation and the Natural
Sciences and Engineering Research Council of Canada. We thank Justine Karst and members of the Karst and Cahill
laboratory groups for thoughtful conversations throughout this project and the Erskine Fellowship Program at the University
of Canterbury, New Zealand, which facilitated the collaboration that led to this manuscript. We also thank three anonymous
reviewers and the handling editor for insightful and constructive feedback on the submitted manuscript.

Declaration of interests
No interests are declared.

References
1. Karban, R. (2021) Plant communication. Annu. Rev. Ecol. Evol. 11. McNickle, G.G. et al. (2009) Focusing the metaphor: plant root
Syst. 52, 1-24 foraging behaviour. Trends Ecol. Evol. 24, 419-426

2. Loreto, F. and D'Auria, S. (2022) How do plants sense volatiles 12. Bayne, T. et al. (2019) What is cognition? Curr. Biol. 29,
sent by other plants? Trends Plant Sci. 27, 29-38 R608-R615

3. Zu, P.J. et al. (2022) Plant-insect chemical communication in 13. Lyon, P. et al. (2021) Reframing cognition: getting down to bio-
ecological communities: an information theory perspective. logical basics. Phil. Trans. R. Soc. B Biol. Sci. 376, 20190750
J. Syst. Evol. 61, 445-453 14. Calvo, P. and Trewavas, A. (2021) Cognition and intelligence of

4. Dyer, AR. et al. (2010) The role of adaptive trans-generational green plants. Information for animal scientists. Biochem.
plasticity in biological invasions of plants. Evol. Appl. 3, 179-192 Biophys. Res. Commun. 564, 78-85

5. Novoplansky, A. (2009) Picking battles wisely: plant behaviour 15. Taiz, L. et al. (2020) Reply to Trewavas et al. and Calvo and
under competition. Plant Cell Environ. 32, 726-741 Trewavas. Trends Plant Sci. 25, 218-220

6. Silvertown, J. and Gordon, D.M. (1989) A framework for plant 16. Kingsland, S.E. and Taiz, L. (2024) Plant "intelligence" and the
behavior. Annu. Rev. Ecol. Syst. 20, 349-366 misuse of historical sources as evidence. Protoplasma 262,

7. Novoplansky, A. (2002) Developmental plasticity in plants: impli- 223-246
cations of non-cognitive behavior. Evol. Ecol. 16, 177-188 17. Hansen, M.J. (2024) A critical review of plant sentience: moving

8. Cahill, J.F. and McNickle, G.G. (2011) The behavioral ecology of beyond traditional approaches. Biol. Philos. 39, 13
nutrient foraging by plants. Annu. Rev. Ecol. Evol. Syst. 42, 18. Mayr, E. (1961) Cause and effect in biology. Science 134,
289-311 1501-1506

9. Levitis, D.A. et al. (2009) Behavioural biologists don't agree on 19. Schlanger, Z. (2024) The Light Eaters: How the Unseen World of
what constitutes behaviour. Anim. Behav. 78, 103-110 Plant Intelligence Offers a New Understanding of Life on Earth.

10. Novoplansky, A. et al. (2024) Exploring the complex information 290 p. Harper Collins Publishers

processes underlying plant behavior. Plant Signal. Behav. 19, 20. Gagliano, M. et al. (2016) Learning by association in plants. Sci.
2411913 Rep. 6, 38427

146  Trends in Ecology & Evolution, February 2026, Vol. 41, No. 2

Trends in Ecology & Evolution

Outstanding questions

What are the limits of receiving,
integrating, and acting on environmental
information in plants, and how do they
shape a broad theory of PIP?

Are information-processing systems in
plants similar or different from those
that underly what is referred to as cog-
nition in animal species?

Are there macroevolutionary drivers
underlying interspecific variation in
plant information-processing systems?

What are the ecological, physiological,
and phylogenetic drivers underlying
interspecific variation in information-
processing systems?

Is there substantial intraspecific
variation in PIP, and does any such
variation have consequences for natu-
ral selection?

How do different forms of PIP alter in-
terspecific interactions in ecological
networks (e.g., social, pollination, my-
corrhizal, trophic)?

How can an understanding of PIP be
harnessed to create agricultural or
conservation gains?

Can the information gathered from
addressing the questions above lead
to a consensus for terminology
across scientific disciplines focused
on understanding the mechanisms
underpinning behavior?
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