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Plants are known to be highly respon-
sive to environmental heterogene-

ity and normally allocate more biomass 
to organs that grow in richer patches. 
However, recent evidence demonstrates 
that plants can discriminately allocate 
more resources to roots that develop in 
patches with increasing nutrient levels, 
even when their other roots develop in 
richer patches. Responsiveness to the 
direction and steepness of spatial and 
temporal trajectories of environmental 
variables might enable plants to increase 
their performance by improving their 
readiness to anticipated resource avail-
abilities in their immediate proximity. 
Exploring the ecological implications 
and mechanisms of trajectory-sensitivity 
in plants is expected to shed new light on 
the ways plants learn their environment 
and anticipate its future challenges and 
opportunities.

Natural environments present organisms 
with myriad challenges of surviving and 
reproducing under changing conditions.1 
Depending on its extent, predictability 
and costs, environmental heterogeneity 
may select for various combinations of 
genetic differentiation and phenotypic 
plasticity.2-6 However, phenotypic plastic-
ity is both limited and costly.7 One of the 
main limitations of phenotypic plasticity 
is the lag between the perception of the 
environment and the time the products 
of the plastic responses are fully opera-
tional.7 For instance, the developmental 
time of leaves may significantly limit the 
adaptive value of their plastic modification 
due to mismatches between the radiation 
levels and temperatures prevailing during 
their development and when mature and 
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fully functional.8,9 Accordingly, selection 
is expected to promote responsiveness to 
cues that bear information regarding the 
probable future environment.9,10

Indeed, anticipatory responses are 
highly prevalent, if not universal, amongst 
living organisms. Whether through 
intricate cerebral processes, such as in 
vertebrates, nervous coordination, as 
in Echinoderms,11 or by relatively rudi-
mentary non-neural processes, such as 
in plants12 and bacteria,13 accumulating 
examples suggest that virtually all known 
life forms are able to not only sense and 
plastically respond to their immediate 
environment but also anticipate prob-
able future conditions via environmental 
correlations.10

Perhaps the best known example of 
plants’ ability to anticipate future condi-
tions is their responsiveness to spectral 
red/far-red cues, which is commonly 
tightly correlated with future probabil-
ity of light competition.14 Among others, 
plants have been shown to respond to cues 
related to anticipated herbivory15,16 and 
nitrogen availability.17 Imminent stress is 
commonly anticipated by the perception 
of a prevailing stress. For example, adapta-
tion to anticipated severe stress was dem-
onstrated to be inducted by early priming 
by sub-acute drought,18 root competition19 
and salinity.20

Future conditions can also be antici-
pated by gradient perception: because 
resource and stress levels are often chang-
ing along predictable spatial and tempo-
ral trajectories, spatio-temporal dynamics 
of environmental variables might convey 
information regarding anticipated growth 
conditions (Fig. 1). For example, the order 
of changes in day length, rather than day 
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Besides the direction of change, it is 
hypothesized that plants are also sensitive 
to the steepness of environmental trajec-
tories (Fig. 1). This might be especially 
crucial in short-living annuals, which are 
expected to only be responsive to trajec-
tories steep enough to be indicative of 
changes in growth conditions before the 
expected termination of the growth season 
(Fig. 1).

Studying responsiveness to environ-
mental variability is pivotal for under-
standing the ecology and evolution of any 
living organism. However, until recently 
most attention has been given to the study 
of responses to stationary spatial and 
temporal heterogeneities in growth con-
ditions. Exploring the ecological impli-
cations and mechanisms of trajectory 
sensitivity in plants is expected to shed 
new light on the ways plants learn their 
immediate environment and anticipate its 
future challenges and opportunities.

Acknowledgements

The study was supported in part by a 
research grant from the Israel Science 
Foundation to A.N. This is publication 
no. 708 of the Mitrani Department of 
Desert Ecology.

References
1.	 Caldwell MM, Pearcy RW, Eds. Exploitation of 

Environmental Heterogeneity by Plants. New York: 
Academic Press 1994.

2.	 Bradshaw AD. Evolutionary significance of pheno-
typic plasticity in plants. Adv Genet 1965; 13:115-55.

3.	 Schlichting CD. The evolution of phenotypic plastic-
ity in plants. Annu Rev Ecol Syst 1986; 17:667-93.

4.	 Alpert P, Simms EL. The relative advantages of plas-
ticity and fixity in different environments: when is it 
good for a plant to adjust? Evol Ecol 2002; 16:285-97.

5.	 Levins R. Evolution in changing environments. New 
Jersey: Princeton University Press 1968.

6.	 Sultan SE. Phenotypic plasticity for plant develop-
ment, function and life history. Trends Plant Sci 
2000; 5:537-42.

7.	 DeWitt TJ, Sih A, Wilson DS. Costs and limits of phe-
notypic plasticity. Trends Ecol Evol 1998; 13:77-81.

8.	 Givnish TJ. Ecological constraints on the evolution 
of plasticity in plants. Evol Ecol 2002; 16:213-42.

9.	 Aphalo PJ, Ballare CL. On the importance of infor-
mation-acquiring systems in plant-plant interactions. 
Funct Ecol 1995; 9:5-14.

10.	 Novoplansky A. Picking battles wisely: plant behav-
iour under competition. Plant Cell Environ 2009; 
32:726-41.

11.	 Suarez-Castillo EC, Medina-Ortiz WE, Roig-Lopez 
JL, Garcia-Arraras JE. Ependymin, a gene involved 
in regeneration and neuroplasticity in vertebrates, is 
overexpressed during regeneration in the echinoderm 
Holothuria glaberrima. Gene 2004; 334:133-43.

12.	 Trewavas A. Aspects of plant intelligence. Ann Bot 
(Lond) 2003; 92:1-20.

availabilities.29 Allocation to roots in poorer 
patches might seem maladaptive if only 
stationary nutrient levels are accounted for, 
and indeed-almost invariably, plants are 
known to allocate more resources to organs 
that experience higher (non-toxic) resource 
levels (reviewed in ref. 33). Accordingly, 
the new findings suggest that rather than 
merely responding to the prevailing nutri-
ent availabilities, root growth and alloca-
tion are also responsive to trajectories of 
nutrient availabilities (Fig. 1).10

Although Shemesh et al.29 demon-
strated trajectory-sensitivity of individual 
roots to temporal gradient of nutrient 
availabilities, it is likely that this sensi-
tivity helps plants sense spatial gradients, 
whereby root tips perceive changes in 
growth conditions as they move through 
space.34 Interestingly, because the trajec-
tory-sensitivity was observed when whole 
roots were subjected to changing nutrient 
levels, it is likely that trajectory sensitiv-
ity in roots is based on the integration 
of sensory inputs perceived by yet-to-be-
determined parts of the root over time, 
i.e., temporal sensitivity/memory (e.g. 
reviewed in ref. 35), rather than on the 
integration of sensory inputs at different 
locations on the same individual roots 
(i.e., spatial sensitivity).

length itself, are known to assist plants in 
differentiating fall from spring and thus 
avoid blooming in the wrong season.21 In 
addition, responsiveness to environmental 
gradients as such, i.e., sensitivity to the 
direction and steepness of environmental 
trajectories, independently from the sta-
tionary levels of the same factors, has been 
demonstrated in higher organisms, such as 
the perception of acceleration in contrast to 
velocity;22 and the dynamics of skin tem-
perature in contrast to stationary skin tem-
perature;23 where the adaptive value of the 
second-order derivatives of environmental 
factors is paramount. Similar perception 
capabilities have also been demonstrated 
in rudimentary life forms such as bacteria 
(reviewed in refs. 13 and 24) and plants.25,26 
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trajectories might assist organisms to both 
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lize the more promising patches in their 
immediate environment.27,28

In a recent study, Pisum plants have 
been demonstrated to be sensitive to tem-
poral changes in nutrient availabilities. 
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improving nutrient levels than to roots 
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Figure 1. Trajectory sensitivity in plants. The hypothetical curves depict examples of spatio- 
temporal trajectories of resource availability, which might be utilized by plants to increase forag-
ing efficiency in newly-encountered patches. When young or early-in-the-season (segment 1–2), 
plants are expected to allocate more resources to roots that experience the most promising 
(steepest increases or shallowest decreases) resource availabilities (e.g., allocating more resources 
to organs in INC-1 than INC-2). In addition, plants are predicted to avoid allocation to roots expe-
riencing decreasing trajectories (DEC, segment 1–2); although temporarily more abundant with 
resources, such DEC patches are expected to become poorer than alternative patches in the lon-
ger run (segment 2–3).29 However, responsiveness to environmental trajectories is only predicted 
where the expected period of resource uptake is relatively long, e.g., when plants are still active in 
segment 2–3, a stipulation which might not be fulfilled in e.g., short-living annuals with life span 
shorter than segment 1–2.
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