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Abstract Shelford’s law of tolerance is illustrated by a
bell-shaped curve depicting the relationship between envi-
ronmental factor/factors’ intensity and its favorability for
species or populations. It is a fundamental basis of ecology
when considering the regularities of environment impacts
on living systems, and applies in plant biology, agriculture
and forestry to manage resistance to environmental limit-
ing factors and to enhance productivity. In recent years, the
concept of hormesis has been increasingly used to study the
dose-response relationships in living organisms of differ-
ent complexities, including plants. This requires the need
for an analysis of the relationships between the hormetic
dose-response model and the classical understanding of
plant reactions to environments in terms of Shelford’s law
of tolerance. This paper analyses various dimensions of the
relationships between the hormetic model and Shelford’s
tolerance law curve under the influence of natural envi-
ronmental factors on plants, which are limiting for plants
both in deficiency and excess. The analysis has shown that
Shelford’s curve and hormetic model do not contradict but

Project funding: This study did not receive any financial support.

The online version is available at http://www.springerlink.com.

Corresponding editor: Zhu Hong

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s11676-021-01312-0.

< Elena A. Erofeeva
ele77785674 @yandex.ru

Department of Ecology, Lobachevsky State University
of Nizhny Novgorod, 23 Gagarina Pr, Nizhni Novgorod,
Russian Federation 603950

instead complement each other. The hormetic response of
plants is localized in the stress zone of the Shelford’s curve
when adaptive mechanisms are disabled within the ecologi-
cal optimum. At the same time, in a species range, the eco-
logical optimum is the most favorable combination of all
or at least the most important environmental factors, each
of which usually deviates slightly from its optimal value.
Adaptive mechanisms cannot be completely disabled in the
optimum, and hormesis covers optimum and stress zones.
Hormesis can modify the plant tolerance range to envi-
ronmental factors by preconditioning and makes limits of
plant tolerance to environmental factors flexible to a certain
extent. In turn, as a result of tolerance range evolution, quan-
titative characteristics of hormesis (width and magnitude of
hormetic zone) as well as the range of stimulating doses,
may significantly differ in various plant species and even
populations and intra-population groups, including plants at
different development stages. Using hormetic precondition-
ing for managing plant resistance to environmental limiting
factors provides an important perspective for increasing the
productivity of woody plants in forestry.

Keywords Hormetic dose—response - Environmental
limiting factor - Plant stress - Phenotypic plasticity -
Adaptive response

Introduction

Most plant species cannot avoid adverse impacts in a vari-
able environment (Doley 2017). Therefore, adaptation
to environmental stressors holds an important role in the
survival of both herbaceous (Wu et al. 2007) and woody
(Liittge and Buckeridge 2020) plants. Plant resilience to
environment challenges, especially to deviations of abiotic
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factors (temperature, soil moisture, light, mineral nutrition
etc.,) from the optimum, is crucial for successful growth and
development as well as productivity (Sanghera et al. 2011;
Wani et al. 2016; Wagqas et al. 2019); this is all applicable to
tree species in forestry (Niinemets 2010).

Shelford’s law of tolerance (Shelford 1931) is illustrated
by a bell-shaped curve depicting the relationship between
environmental factor/factors’ intensity and its favorability for
species or populations. It is a fundamental basis of ecology
when considering the regularities of environmental impacts
on living systems (Odum and Barrett 2004), and applies in
plant biology (Hatfield and Prueger 2015), agriculture (Zinn
et al. 2010; Badr et al. 2020) and forestry (Greenberg et al.
2015; Tan et al. 2017) to manage plant resistance to envi-
ronmental limiting factors and to enhance plant productivity.

In recent years, the concept of hormesis has been increas-
ingly used to study the dose—response relationships in liv-
ing organisms of different complexities (Agathokleous and
Calabrese 2020a). The current literature provides sufficient
evidence of hormetic responses in plants both with various
anthropogenic factors (e.g., ground-level ozone, nanoma-
terials, pesticides, antibiotics) (Agathokleous et al. 2017,
2020d; Agathokleous and Calabrese 2020a) and natural
environmental factors, such as temperature (Agathokleous
et al. 2018), soil moisture, and mineral nutrition (Agathok-
leous et al. 2019a). This suggests the need for an analysis
of the relationships between the hormetic dose—response
model and the classical understanding of plant reactions
to the environment in terms of Shelford’s law of tolerance.
Some authors have addressed this issue to some extent for
temperature- induced hormesis in plants (Agathokleous et al.
2018), but a detailed analysis of this aspect has not been
conducted. To this end, this review analyses various dimen-
sions of the relationships between the hormetic model and
Shelford’s tolerance law curve under the influence of natural
environmental factors on plants, which are limiting for plants
both in deficiency and excess. Understanding these patterns
provides a perspective for hormesis to increase the resistance
of trees to environmental limiting factors in forestry.

Shelford’s tolerance law

In 1840, Justus Liebig suggested the law of the minimum,
according to which the environmental limiting factor for
the success of a species is one close to the necessary mini-
mum. For example, grain yields were limited by essential
elements which were lacking in the soil (Odum and Barrett
2004). The tolerance principle was a further elaboration of
Liebig’s idea. The law of tolerance or environmental maxi-
mum, first developed by Shelford (1913), states that ‘the
success of a species, its number, sometimes its size, etc.,
are determined largely by the degree of deviation of a single
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factor (or factors) from the range of optimum of the species’.
Hence, an environmental limiting factor for any species can
be minimal or maximal, the range between which determines
the species endurance (tolerance) to this factor. This prin-
ciple was shown by Shelford in animal studies (1931) and
developed by Ronald Good (1931) in plant biology.

Graphically, the tolerance law is illustrated by the Shel-
ford’s curve (Fig. 1), which represents the dependence of
the species response (factor favorability for the species) on
environmental factor/factors’ intensity and is described by
the Gauss function (Lynch and Gabriel 1987; Hatfield and
Prueger 2015).

Population size and density (or species abundance) are
most often used as indicators of the favorability of environ-
mental factors (Costamagno et al. 2016; Faith and Lyman
2019), as well as growth indicators which are applied to
plants (Hatfield and Prueger 2015). Thus, an environmental
tolerance curve for a population or species gives its fitness
as a function of the environment (Lande 2014).

Several zones are allocated for the tolerance curve (Shel-
ford 1913; Faith and Lyman 2019) (Fig. 1):

1. The zone of ecological optimum is the range of the most
favorable values of the factor, where the most optimal
growth, survival and reproduction are observed (Lynch
and Gabriel 1987). The population size is maximum
in this zone (Faith and Lyman 2019). In the optimum
zone, adaptive mechanisms are disabled and energy is
only consumed on fundamental life processes such as
growth and reproduction, amongst others (Kuznetsov
et al. 2016; Shilov 2019).

2. Zones of physiological stress are ranges where a spe-
cies can survive as a result of the activation of adapta-
tion processes to stressful values of the factor (Faith and
Lyman 2019). In addition to fundamental life processes,
energy is spent on adaptation (Kuznetsov et al. 2016;
Shilov 2019). Therefore, there is a decrease in basic bio-
logical functions (reproduction, growth) and in popula-
tion size, which increases as the factor deviates from the
optimum (Helaouét and Beaugrand 2009; Costamagno
et al. 2016).

3. Zones of intolerance are ranges of environmental factor
values that make it impossible for a species to survive
(Faith and Lyman 2019).

The species tolerance range to an environmental factor
(or ecological valence) is the range between minimal and
maximal values of the environmental factor within which the
species is able to survive (Shelford 1913; Faith and Lyman
2019). This range is defined by a set of tolerance ranges
for all individuals of the species and is always wider than
the individual tolerance (Lynch and Gabriel 1987; Faith and
Lyman 2019). Environmental factors whose values are close
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to the limits of the tolerance range are environmental limit-
ing factors for species. Limiting factors have a crucial role
in the geographic distribution of plant species, including
woody plants; they determine species ranges as well as their
abundance and density, cover, growth rate and biomass. For
instance, they can affect the maximum forest stand response
(e.g., stand density and percentage tree cover) under a given
site’s environmental conditions (Greenberg et al. 2015).

A number of principles were also formulated to comple-
ment the tolerance law (Odum 1971): (1) Tolerance ranges
to different environmental factors have different widths for
the same species; (2) Species with wide tolerance ranges to
major environmental factors (referred to as eurytopic spe-
cies) tend to have larger geographic distributions than those
with narrow tolerances (referred as stenotopic species); (3)
The suboptimal value of one environmental factor may nar-
row the tolerance ranges for other factors; (4) If even one
factor goes beyond the tolerance range, then despite the
optimal values of other factors, individuals still face death;
(5) During development, the width of the tolerance range
to environmental factors changes. This range is commonly
narrower for the reproduction period.

Tolerance range Critical range

Plant hormesis upon exposure to natural
environmental factors

Hormesis is an adaptive response to stress factors, manifest-
ing in a biphasic manner and is characterised by stimula-
tion (trait/traits are higher than in controls) at low doses,
and inhibition (trait/traits are worse than in controls) at high
doses (Calabrese 2008; Agathokleous and Calabrese 2020a).

The hormetic dose-response relationship may have two
forms (Calabrese and Blain 2009): (1) the most frequently
observed inverted U-shaped curve representing low-dose

Biological

HORMESIS

Stimulatory effects
7 (Hormetic zone)

reponse

< 10-fold

Adverse effects

Level of environmental
challenge

Fig. 2 Hormetic dose-response relationship (Agathokleous and
Calabrese 2020a, with changes)
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stimulatory and high-dose inhibitory responses (Fig. 2); (2)
the U-shaped curve representing a decrease in damage at low
doses and an increase in damage at high doses.

The hormetic curve was demonstrated to have com-
mon quantitative features in different groups of organisms
including plants (Calabrese and Blain 2009; Calabrese 2008;
Agathokleous and Calabrese 2020a) (Fig. 2). The hormetic
zone of the curve is allocated as a range of doses having a
stimulating effect relative to the control. This zone is sug-
gested to be characterised by two quantifiable indicators
(Calabrese 2008): (1) the width of the stimulating dosage
range which is usually less than 100-fold. But for about 2%
of the dose responses, this width exceeds 1000 times; (2)
the maximum value of the stimulating effect (maximum
response), expressed as a percentage of the control, which
typically is 130-160% of the control value. But the maxi-
mum response can (rarely) reach 200% of the control (Cala-
brese and Blain 2009; Agathokleous and Calabrese 2020a).

It is considered that the hormetic stimulating effect
should be taken into account starting from 110% of the con-
trol value (Calabrese and Blain 2009). In addition, the maxi-
mal dose which does not have a damaging effect is allocated
(no-observed adverse effect level—NOAEL). The hormetic
zone is generally below the NOAEL (Fig. 2).

A literature analysis revealed that natural environmen-
tal factors subjected to Shelford’s tolerance law can also
induce plant hormesis. As early as the nineteenth century
and at the beginning of the twentieth century, numerous
data were obtained concerning the hormetic effects of some
plant macronutrients (Ca, Mg, K, N) and micronutrients
(Cu, Zn, Fe, Mn) on growth and a number of other indica-
tors (Calabrese and Baldwin 1999). Findings from subse-
quent studies (Calabrese and Blain 2009; Erofeeva 2014;
Sanchez-Zabala et al. 2015) (Table 1) confirmed the abil-
ity of plant macro- and micronutrients to cause hormesis
in various plants, including different environmental plant
groups such as heavy metal hyperaccumulators (Kiipper
et al. 1999; Tang et al. 2009) (Table 1). Essential elements
increased growth indexes, root/shoot ratios, yield as well as
chlorophyll content, while reducing lipid peroxidation rates
relative to controls (Table 1). These effects were observed
with a mild increase in the content of macro- and microele-
ments in the soil or nutrient solution compared to the control
level (Table 1). Analysis of literature data did not reveal
plant hormesis under a mild decrease in mineral nutrition.
An increase in root/shoot ratios and chlorophyll content are
considered as important indicators of hormetic stimulation
in plants (Agathokleous et al. 2019a, 2020b).

In fact, the law of tolerance applies to environmental
factors that are limiting in both deficit and excess (Shel-
ford 1913), many of which are considered as abiotic fac-
tors of plants (air and soil temperature, soil moisture,
light, mineral nutrition). Therefore, only these factors are

@ Springer

analysed in this review. However, not all environmental
factors have this feature. For example, many pollutants
(herbicides, nanomaterials, human and veterinary pharma-
ceuticals, amongst others) are not necessary for the vital
activity of an organism, including plants, (Agathokleous
and Calabrese 2020a), with the exception of the pollutants
required by plants in small doses as essential nutrients
(for example, Cu, Zn, Mn, Mo and others) (Tripathi et al.
2015).

Hormetic stimulatory effects on various plant traits
(growth, photosynthesis, peroxide homeostasis, yield,
etc.,) were also found for elevated soil and air tempera-
tures, carbon dioxide excess in the air, deficit and excess
soil moisture and light intensity, as well as for changes in
the spectral composition of light (Table 1). The hormetic
effects of abiotic factors were also shown for woody plants.
For example, a hormetic-like response was found in Betula
alnoides Buch. Ham. ex D. Don and Pinus sylvestris L.
under elevated soil nitrogen, in Camptotheca acuminate
Decne. in response to a deficiency of light intensity, in
Eucalyptus tereticornis Sm. with exposure to elevated
CO, in the air and in various species of woody plants in
response to higher air temperature (Table 1).

Only soil moisture and light intensity caused hormesis
under deviations from the control (control corresponded to
the optimum in Table 1, i.e., normal environmental condi-
tions for this species) in both directions (in deficiency and
excess) (Table 1). Apparently this is due to the significant
interest of most researchers in studying the certain type
of factor deviation from the optimum in order to increase
plant productivity (excessive mineral nutrition, elevated
air and soil temperatures, etc.). At the same time, from the
concept of hormesis, it follows that a moderate deviation
(any mild stress) in any direction from the control value
(i.e., normal environmental conditions for this species)
can cause hormetic stimulation in plants (Agathokleous
and Calabrese 2020a).

It should be emphasized that the optimal values of plant
traits observed in the optimal zone are not the highest.
Hormetic stimulation causes an increase in plant traits
(for example, the rate of growth and photosynthesis, the
content of photosynthetic pigments, etc.) above the opti-
mum (Table 1). This is due to adaptive processes and as a
result, energy consumption for this stimulation. This also
applies to plant stimulation by abiotic factors to increase
productivity. Long-term adaptation costs are energetically
unprofitable for a species. Therefore, the value of the envi-
ronmental factor/factors in the optimum zone seems to be
the best environment for the species because in this case,
energy is only used for fundamental life processes, such
as growth and reproduction, etc., and there are no adapta-
tion costs.
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In the majority of cases, the hormetic curves found
for abiotic factors had an inverted U-shape. These were
observed only for plant traits, in which the decrease rela-
tive to the control is considered as a positive influence of
environmental factors (fluctuating leaf asymmetry, the rate
of lipid peroxidation) (Table 1).

Hormesis location on Shelford’s curve

As shown above, there is ample evidence of the ability of
environmental factors subjected to Shelford’s law to cause
hormesis both in herbaceous and woody plants (Table 1).
Hence, a question arises concerning the relationship between
the hormetic model and Shelford’s curve. Historically, the
phenomenon of animal and plant hormesis was studied in the
most detail in fields of toxicology and ecotoxicology (Cala-
brese and Baldwin 1999; Calabrese 2008), where research-
ers commonly dealt with toxicant excess and did not con-
sider the whole tolerance range of living organisms to toxic
agents. Although some elements are necessary for living
organisms in small doses, such as Cu, Zn, Mn, Mo, their
deficiency causes stress (Tripathi et al. 2015). On the other
hand, studies of environmental limiting factors in ecology
did not consider the phenomenon of environmental horme-
sis (Helaouét and Beaugrand 2009; Greenberg et al. 2015;
Hatfield and Prueger 2015; Tan et al. 2017). As a result,
paradoxically, accurate experimental data showing the loca-
tion of hormesis on Shelford’s curve does not currently exist.
Nevertheless, this review analyses this important issue using
indirect evidence.

Hormesis is well- established to be closely related to
the phenomenon of stress in living things (Calabrese 2008;
Agathokleous and Calabrese 2020a). According to the
author of the stress concept, Selye (1974), stress is a sum of
non-specific biological responses to stimuli or events that
are perceived as threatening and tend to disrupt homeostasis.
Thus, stress is a set of changes in the body, both adaptive
and sometimes maladaptive, that occur when exposed to any
environmental factor requiring adaptation and is termed a
stressor. Selye (1975) suggested a method to distinguish two
types of stress: eustress (a positive stress), which is induced
by moderate stressors and characterised by adaptive pro-
cesses enhancing a resistance to the stressor, and distress
(a negative stress), induced by severe stressors and having
maladaptive changes along with adaptive ones.

Recent studies in the field of hormesis also consider the
hormetic stimulating effect in connection with the con-
cept of eustress (Agathokleous et al. 2019a, 2020c). The
stimulating effect of hormesis is currently considered as a
non-specific adaptive response to low doses of the stressor.
The low-dose stress occurs in the low-dose zone (i.e., in the
hormetic zone) of the hormetic dose—response model and

accordingly, high-dose stress is in the high-dose area of the
hormetic curve. Low-dose stressors are suggested to cause a
mild increase in the activity of non-specific protective mech-
anisms, including those in plants, such as reactive chemi-
cal species, stressful hormones and antioxidant defense, as
well as synthesis of stress proteins (e.g., heat shock proteins)
(Agathokleous et al. 2020c). Hence, the hormetic stimulat-
ing effect (i.e., hormetic zone) can correspond to eustress in
Selye’s terminology, and the inhibiting effect of hormesis
can correspond to distress (Jocelyn 2003).

As mentioned above, adaptive mechanisms are assumed
to be disabled within the ecological optimum zone of Shel-
ford’s curve (Kuznetsov et al. 2016; Shilov 2019). Given the
activation of such processes under hormesis and its relation-
ship with stress, it is highly likely that the hormetic response
is localised in the stress zone of Shelford’s curve (Fig. 3a), at
least for the conditions of laboratory and open-field experi-
ments that are controlled to a significant extent.

For natural conditions, the hormesis position within
Shelford’s curve is not as clear as in experiments due to
the complexity of determining the optimum in a changeable
environment. In natural ecosystems, plants are simultane-
ously exposed to multiple environmental factors and they
can never all be in the optimal zone (Chapin et al. 1987,
Greenberg et al. 2015; Shilov 2019). In addition, the influ-
ence of interacting factors can be observed. For example,
plant damage from high light levels increases dramatically
due to low soil humidity and high air temperature (Chapin
et al. 1987).

Therefore, in a species range, the ecological optimum
is suggested to be the most favorable combinations of all
or at least the most important environmental factors, each
of which usually deviates slightly from its optimal value
(Shilov 2019). Another issue in identifying the optimum in
natural conditions is the fact that environmental factors are
not stable for a long time and have periodic and non-peri-
odic changes. Periodic changes caused by the rotation of
the Earth around its axis and its movement around the Sun,
include seasonal and diurnal fluctuations perceived by the
plant’s circadian system (Panter et al. 2019). For example,
these include circadian and seasonal fluctuations in light,
temperature and humidity. Therefore, some authors dis-
tinguish a dynamic (astatic) optimum along with the clas-
sic ecological optimum, with constant values of factors.
The dynamic optimum is a set of certain dynamic envi-
ronmental characteristics which are optimum conditions
for the life of an organism in natural habitats (Verbitsky
and Verbitskaya 2007; Kuznetsov et al. 2016). It has been
shown that periodic fluctuations of abiotic factors, which
are similar to natural ones, improve the state of organisms,
including plants, in relative to constant optimal conditions.
For instance, fluctuations in air temperature within the
natural range of night and day temperatures accelerated
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the growth of cucumber compared to that under a constant
temperature (Kuznetsov et al 2016). Similarly, natural
changes of light stimulated the process of photosynthesis
in algae (Walsh and Legendre 1983; Flameling and Krom-
kamp 1997). In turn, cyclical changes in the environment
never strictly have the same pattern. Their cyclical pattern
is always accompanied by non-periodic stochastic fluctua-
tions (He et al. 2018). For example, circadian changes of
temperature and humidity strongly depend on the weather
in the same season. Even greater variability is observed for
the seasonal course of environmental factors under climate
change (Walker et al. 2019).

Plants, like other organisms, have a more or less perma-
nent hereditary resistance to periodic fluctuations of condi-
tions within their species range because they are predictable.
For example, deciduous woody plants in temperate condi-
tions successfully survive low negative temperatures during
cold seasons, which is impossible for evergreen tropical tree
species which die at non-freezing low temperatures because
of their lack of the mechanisms to allow cold acclimation
(Sanghera et al. 2011). Some trees in temperate condi-
tions tolerate extremely low temperatures of up to —80 °C
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>
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—
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.
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Fig. 3 Hormesis location on Shelford’s curve under a disabled and
b non-disabled adaptive mechanisms within the ecological optimum.
The hormetic response of plants is localised in the stress zone of the
Shelford’s curve when adaptive mechanisms are disabled within the
ecological optimum (a). At the same time, in a species range, the eco-
logical optimum is the most favorable combination of all or at least
the most important environmental factors, each of which usually devi-
ates slightly from its optimal value. Adaptive mechanisms cannot be
completely disabled in the optimum, and hormesis covers optimum
and stress zones (b)
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(Betula nigra L., Acer saccharum Marsh., Tilia americana
L., Salix nigra Marsh.) and even — 120 °C (Larix sibirica
Ledeb.) (Strimbeck et al. 2015). Apparently that is why these
changes in environment in the optimal zone do not activate
inducible adaptive processes, i.e., hormesis. Moreover, it
is possible that periodic fluctuations may be necessary for
the optimal level of plant life processes (i.e., the state of the
plant organism corresponding to the optimal factor/factors)
because plants have adapted to them during evolution.

At the same time, non-periodic changes in the environ-
ment cannot be accurately predicted, so plants can adapt to
them only through induced hormetic adaptive mechanisms
(i.e., using biological plasticity or phenotypic plasticity)
which, unlike constant adaptations, are activated by envi-
ronmental stress factors. Phenotypic plasticity is suggested
as one of the major means by which plants can cope with
environmental factor variability (Gratani 2014; Agathokle-
ous et al. 2019b).

Therefore it seems that in real environmental condi-
tions, the ecological optimum with ideal values of all fac-
tors is never realised or is rarely observed. This means that
hormesis is always within the ecological optimum, at least
its hormetic zone, if we consider the favorability of the lead-
ing environmental factors for the species within its range
(Fig. 3b).

The permanent presence of constant and random fluctua-
tions in the environment requires fine-tuning of the regu-
lation of plant hormesis, since long-time excessive adap-
tation costs are not energetically beneficial to the plant. It
is possible that the quantitative characteristics of hormesis
(width and magnitude of hormetic zone), as well as the asyn-
chronous manifestation of the stimulating hormetic effect in
plants (when it is observed for some traits and absent for oth-
ers) (Erofeeva 2014; Agathokleous et al. 2019c¢), are largely
determined by this fact.

To clarify the location of hormesis on Shelford’s curve
in plants of natural ecosystems, further detailed targeted
research is required which takes into account all aspects of
the variability of the natural environment.

Hormesis effect on the tolerance range in plants

In terms of the hormesis concept, low doses of an envi-
ronmental factor having a stimulating hormetic effect can
increase the resilience of living organisms to subsequent,
more severe stressors. This phenomenon is known as pre-
conditioning or priming (Calabrese 2008; Martinez-Medina
et al. 2016; Agathokleous et al. 2020c). Preconditioning is
observed in plants under the influence of various abiotic
factors (drought, frost, heat and others) subjected to Shel-
ford’s law (Walter et al. 2013; Martinez-Medina et al. 2016).
Low-dose impacts increase plant resilience to subsequent,
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more severe exposures to the same abiotic factor or to other
environmental stressors. In the latter case, there is cross-
tolerance or cross-adaptation, since resistance to one stressor
induces tolerance to other stressors (Foyer et al. 2016).

It follows that due to preconditioning, hormesis can
affect the width of the tolerance range in plants to a spe-
cific environmental factor or even to other factors when
they affect after the low dose exposure. Moreover, it has
been suggested that the preconditioning effect can be pre-
served in a number of plant generations via epigenetic
processes (Agathokleous and Calabrese 2020a). For exam-
ple, in Arabidopsis thaliana (L.) Heynh., mild heat and
moderate excess of some micronutrients (e.g., Cu and Ni)
increased the next generation’s resistance to high doses of
these factors (accordingly, to high temperature and high
salt concentrations of these metals) and even enhanced
resilience to another stressor (NaCI) (Whittle et al. 2009;
Rahavi et al. 2011). In addition, low-dose stress at the
embryonic stage may increase stress tolerance throughout
adult life, as shown in animal studies (Costantini et al.
2014; Lopez-Martinez and Hahn 2014; Agathokleous and
Calabrese 2020a).

These facts show that preconditioning can cause a shift
of the stress zone to the area of higher and/or lower doses
relative to the optimum, and hence increases the plant tol-
erance range to this factor (Fig. 4). Thus, hormetic precon-
ditioning makes the limits of plant tolerance to environ-
mental factors flexible to a certain extent, which enhances
the resistance of plants to subsequent severe stressors not
only in this generation, but also in a number of subsequent
generations (Agathokleous and Calabrese 2020a).

Environmental limiting factors whose values are close
to the limits of a species tolerance have a crucial signifi-
cance for plant productivity, including that of woody spe-
cies (Greenberg et al. 2015). In this regard, the manage-
ment of plant resistance to limiting factors using hormetic
preconditioning provides an important perspective for
increasing the productivity of woody plants in forestry.

Dependence of hormesis quantitative
characteristics on plant tolerance range

The tolerance ranges (i.e., ecological valencies) to vari-
ous environmental factors form during the evolutionary
processes of plant adaptation to environments of a species
range, that is, as a result of natural selection (Mickelbart
et al. 2015), including tree species (Korner et al. 2016).
Therefore, the question arises whether the quantitative char-
acteristics of hormesis (width and amplitude of the hormetic
zone), as well as the range of stimulating doses, differ in
plant species having various tolerance ranges to the same

environmental factor, i.e., whether these quantitative features
of hormesis are species-specific.

Hormesis is suggested to be a manifestation of biologi-
cal plasticity (or phenotypic plasticity) which is ‘the ability
of a biological organism to modify its functioning at any
level (biological, physiological, morphological) via adap-
tive responses activated in response to environmental stimuli
(Agathokleous et al. 2019b). In turn, biological plasticity is
part of phenotypic plasticity, i.e., the ability of a genotype
to produce different phenotypes (Pigliucci et al. 2006), both
adaptive and maladaptive, under different environmental
conditions. It is known that the ability of species to use phe-
notypic plasticity changes during the evolutionary process
(Fusco and Minelli 2010).

This indicates that the capacity of plant species to respond
by hormetic hyperactivation of defense systems to moder-
ate environmental stress can also change during evolution.
Consequently, the quantitative characteristics of hormesis,
including hormetic dosage range and the qualitative features
of the molecular hormetic mechanisms, may differ in vari-
ous plant species as well as in populations and subpopula-
tion groups. In a recent review, Agathokleous et al. (2019b),
based on data concerned with organic toxicant effects on
plants (Belz et al. 2018; Belz and Sinkkonen 2019), sug-
gested that the hormetic response of high-risk subpopula-
tions occurs at dosage levels lower than in normal-risk sub-
populations and at higher doses in low-risk subpopulation.
They also believe there is no single biological mechanism
of hormesis in plants.

Another confirmation of plant hormetic response evolu-
tion is that hormesis depends on the state of the genome
and epigenome and is defined, in particular, by non-lethal
mutations, recombination of genes, i.e., the emergence of
new genotypes, as well as epigenetic regulation including
epigenetic memory (Agathokelous and Calabrese 2020a).
This means that the parameters of hormesis and apparently
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Fig. 4 Shift of plant tolerance range limits induced by hormetic pre-
conditioning. Hormetic preconditioning can cause a shift of the stress
zone to the area of higher and/or lower doses relative to the optimum,
and hence increases the plant tolerance range to the environmental
factor
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the probability of its occurrence can change over a number
of generations during the evolution of plants and differ in
various species.

Based on the above, it can be assumed that the width of
the hormetic zone, range of stimulating doses and possibly
the amplitude of the stimulating effect, will be enhanced
with an increase in the tolerance range to the environmental
factor in the course of plant evolution (Fig. 5).

There is some evidence to support this assumption. For
example, in Arabis paniculata Franch., which is a hyperac-
cumulator of zinc, this microelement excess in the range
of 1223-2447 uM caused hormetic stimulation of growth
because of a species-specific ability to accumulate the metal
without harm to the body (Tang et al. 2009). At the same
time, in plants with lower zinc resistance, these concentra-
tions induced severe stress and significantly reduced growth
(Pisum sativum L., ryegrass, Populus deltoids W. Bartram ex
Marshall, Datura spp. and others) (Tsonev and Lidon 2012).
Another zinc hyperaccumulator, Thlaspi caerulescens (Lej.)
Lej. and Court. had hormetic stimulation of growth at Zn
soil content of 400-2000 ug/g (Kiipper et al. 1999), while
this concentration range caused a stress-induced growth
decrease in more sensitive species (Artemisia annua L.,
Betula pendula Roth., Betula pubescens Ehrh. and others)
(Tsonev and Lidon 2012).

Optimum
level

Response

Factor intensity !

Factor
favorability

Hormesis

Optimum

Stress Stress

zone

Factor
favorability

Intensity of
environmental factor

Narrow tolerance range

Fig. 5 Quantitative characteristics of hormesis in plant species with
different tolerances to the environmental factor. An increase in the
plant tolerance range during evolution can cause a shift of hormesis
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In addition, our calculations have shown that an increase
in the plant species tolerance range during evolution occurs
due to an increase in two stress zones, or one of the stress
zones and the optimum at the same time (Fig. 6). Since
hormesis can fully or partially locate in stress zones, an
increase in stress zones during plant evolution can enhance
plant ability to hormesis (Fig. 5). It can be assumed that the
greatest ability for hormesis should be in eurytopic plant
species that have wide ranges of tolerance to many environ-
mental factors.

Hormesis and tolerance range during plant
development

The analysis of literature data has shown that a hormetic
response is observed at different stages of plant develop-
ment from seedlings to reproductive plants in herbaceous
and woody species (Table 1). This raises the question of
whether plant capacity for hormetic reactions can change at
different stages of development.

As mentioned above, the width of the tolerance range
changes throughout development in living organisms (Odum
1971). In higher plants, the lowest tolerance to environmen-
tal stress is observed at the juvenile and reproductive stages.
For instance, high temperature stress tolerance of many

Response

Optimum
level

Factor intensity

Hormesis

1 Optimum

Intensity of
environmental factor

Wide tolerance range

to the region of higher/lower doses relative to the optimum, as well as
an increase in the width and amplitude of the hormetic zone
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Fig. 6 Dependence of the tolerance range for the germination soil
temperature of seeds in a grain crops and b vegetables on the Shel-
ford’s curve zone width. (*—p-level for the determination coefficient
(R?), **__p-level for the correlation coefficient (r). We used data on
the temperature tolerance of the germination of seeds of various plant
species (Albert 2016). The list of plant species and the source data
are presented as Supplementary material (Table S1, Table S2). The
normality of the distribution was checked using the Shapiro—Wilk test
(Statistica 10). Using simple regression (Statistica 10) and Spearman
correlation (Primer of Biostatistics 4.03), a statistically significant
relationship between the width of the tolerance range and the zones
of Shelford’s curve was found only for the cases shown in the figure)

crops (e.g., wheat, maize, rice, and soybean) is greatest
during early vegetative stages and decreases progressively
during flowering and early seedling stages (Djanaguiraman
and Prasad 2014). Similar data was also obtained for low
temperature stress (Zinn et al. 2010) and drought (Badr et al.
2020). In woody plants, an increase in stress resistance (and
hence the width of the tolerance range) during development
was found from a seedling to a mature tree (Kreuzwieser
and Rennenberg 2014; Niinemets 2010). This is suggested
to be due to the greater pool of non-structural carbohydrates
in adult trees covering plant metabolic requirements under
stressful environments, which allows them to quickly restore
the loss of biomass, as well as to initiate a greater activ-
ity of protective systems, in particular antioxidant defense

(Niinemets 2010). In addition, different phenophases of
woody plants can also differ in their stress tolerance (Ste-
phenson et al. 2003), i.e., they can have different tolerance
ranges to environmental factors.

Hence plants’ ability to respond hormetically to mild
stressors can also change during development which may
be manifested in the following ways. First, the position of
hormetic zone on Shelford’s curve may change because of
a shift in the optimum and stress zones throughout devel-
opment. For instance, for most plant species, vegetative
stages usually have a higher optimum temperature than for
reproductive stages (Hatfield and Prueger 2015). Secondly,
it is possible to change the quantitative characteristics of the
hormetic curve. Under the narrowing of the tolerance range
in more stress-sensitive stages, the width of the stimulat-
ing zone may also decrease. In addition, it is possible to
observe an amplitude change of the stimulating effect. It
can be assumed that this indicator will be higher at the most
mature stress-resistant stages due to the most highly formed
protective mechanisms. In the future, these issues require
detailed experimental analysis in different plant species
under the action of various environmental factors.

Conclusion

This review has demonstrated that Shelford’s curve and
the hormetic model do not contradict but complement each
other. The hormetic response of plants is localised in the
stress zone of the Shelford’s curve when adaptive mecha-
nisms are disabled within the ecological optimum. At the
same time, in a species range, the ecological optimum is
the most favorable combination of all or at least the most
important environmental factors, each of which usually devi-
ates slightly from its optimal value. In this case, adaptive
mechanisms cannot be completely disabled in the optimum,
and hormesis covers the optimum and the stress zone. Quan-
titative characteristics (width of optimum and stress zones,
etc.,) of the tolerance curve are formed during the evolu-
tionary process of plant adaptation to certain environmental
conditions in a species range. These characteristics are not
absolutely rigid because of the need to adapt also to random
changes in the environment that cannot be accurately pre-
dicted. Therefore, plants have a changeable component of
adaptation, named phenotype plasticity, of which hormesis
is a part. This indicates the ability of hormesis to modify the
plant tolerance range to environmental factors, in particular
due to preconditioning. In turn, hormesis is also affected by
the evolutionary process since the protective systems that
provide the hormetic stimulating effect are controlled geneti-
cally and epigenetically. Hence, the quantitative characteris-
tics of hormesis, as well as the qualitative aspects (for exam-
ple, the features of the molecular mechanisms of hormesis)
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may differ in different species and even in populations and
intra-population groups, as well as at different stages of
plant development. This may affect the ability of hormesis
to modify a plant’s tolerance range. In this review, I have
highlighted the most important aspects of the relationships
between the hormetic model and Shelford’s tolerance law
curve. A detailed experimental analysis has yet to be carried
out. Undoubtedly, this will be of particular importance to
the development of methods for managing plant tolerance
to environmental limiting factors, including in forestry, as
well as for understanding the fundamental regularities of
adaptation processes.
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