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SUMMARY

Plants and ecosystems worldwide are exposed to a wide range of chemical, physical, and biological factors of
global change, many of which act concurrently. As bringing order to the array of factors is required in order to
generate an enhanced understanding of simultaneous impacts, classification schemes have been developed.
One such classification scheme is dedicated to capturing the different targets of global change factors along
the ecological hierarchy. We build on this pioneering work, and refine the conceptual framework in several
ways, focusing on plants and terrestrial systems: (i) we more strictly define the target level of the hierarchy,
such that every factor typically has just one target level, and not many; (ii) we include effects above the level of
the community, that is, there are effects also at the ecosystem scale that cannot be reduced to any level below
this; (iii) we introduce the level of the landscape to capture certain land use change effects while abandoning
the level below the individual. We discuss how effects can propagate along the levels of the ecological hierar-
chy, upwards and downwards, presenting opportunities for explaining non-additivity of effects of multiple fac-
tors. We hope that this updated conceptual framework will help inform the next generation of plant-focused

global change experiments, specifically aimed at non-additivity of effects at the confluence of many factors.
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INTRODUCTION

Ecosystems and plants worldwide are affected by a wide
range of environmental conditions, including factors of
human-caused global environmental change (Sage, 2020).
These global change factors tend to not occur in isolation
but rather appear together (Bowler et al., 2020; Coté
et al., 2016; Gunderson et al., 2016; Jackson et al., 2021;
Paine et al., 1998), making the systematic study of the
simultaneous impacts of a large number of factors/
stressors a necessity (Orr et al., 2020). Owing to several
reasons, including logistics, and more fundamentally, the
combinatorial explosion problem (that is, the number of
treatment combinations rapidly increasing with the num-
ber of factors considered), experimental work on such
multiple impacts on plants is not very common. Experi-
mental work on soil has shown that an increasing number
of factors (from zero to ten) causes progressively
worsening effects on soil processes and biodiversity
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(Rillig et al., 2019). This study employed a combinatorial
design, using random draws from a pool of factors to
generate an experimental gradient in factor number, de-
emphasizing factor identity, and composition. Very similar
effects have also been found for plants, exemplified by
experimental work on Arabidopsis (Zandalinas, Fritschi,
et al., 2021; Zandalinas, Sengupta, et al., 2021), tomato
(Pascual et al., 2023), soybean (Pelaez-Vico et al., 2023),
rice and maize (Sinha et al., 2022), and also for plant com-
munities experimentally exposed to up to six factors of
global change (SpeiRBer et al., 2022). More recently, a
global observational study has also found the signature of
a number of factors in the biodiversity and ecosystem
function data encompassing over 200 different ecosys-
tems (Rillig et al., 2023). These studies collectively high-
light the frequent co-occurrence of factors, that joint
effects of many factors leave a signature on plants, soils,
and ecosystems, and that a renewed research focus on
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studying the effects of numerous concurrently acting fac-
tors is of great importance.

An important step toward making sense of the wide
range and diversity of factors is to classify them according
to first principles because this places the divergent set of
stressors in a common framework and context. Such a clas-
sification has recently been accomplished for a broad set of
30 factors/stressors with abstract plant/ soil systems at the
local scale in mind (Rillig, Ryo, et al., 2021). Beyond the use-
fulness of such a classification in devising new research
questions about the diversity and divergence of factors, and
in science communication, this exercise also revealed the
potential utility of using this information for predicting
experimental results (Rillig, Ryo, et al., 2021). Subsequently,
a comprehensive analysis of classification approaches for
stressors/factors, following the systematic 5W1H approach
of information gathering (5W1H: what, when, where, who,
why, and how), offered additional modes by which global
change factors can be arranged and understood in terms of
their similarity (Orr et al., 2022).

Classification approaches also need to explicitly take
into account that stressors may manifest themselves at dif-
ferent levels of the ecological hierarchy (Orr et al., 2022).
This perspective was not included in the earlier classifica-
tion approach (Rillig, Ryo, et al., 2021), but was introduced
in a seminal paper (Simmons et al., 2021) that distinguished
the action of different factors of environmental change
along the ecological hierarchy. We here build on this analy-
sis, focusing explicitly on plants as focal organisms, and
considering a different configuration of ecological hierar-
chies that also explicitly includes the landscape level.

Our overall goal is to use such organizational princi-
ples for global change factors to offer a path toward better

understanding the effects of an increasingly diverse suite
of these drivers on terrestrial ecosystems, and in particular
on plants.

FACTORS OF GLOBAL CHANGE ENTERING AT DIFFERENT
LEVELS OF THE ECOLOGICAL HIERARCHY

The traditional view of stressor effects (exemplified in eco-
toxicology) assumes that such factors affect organisms at
the cellular/biochemical level and that effects then propa-
gate up along the ecological hierarchy (de Souza Machado,
Wood, et al., 2019). While this is true for many factors,
clearly this is not the case for all. Examining a broad range
of factors affecting plants and terrestrial ecosystems, it
becomes apparent that indeed by far most factors unfold
their proximate effect at the level of the individual plant
(Table 1); that is, they affect physiology, biochemistry, or
cellular processes in plants. They could for example be
resources, abiotic factors, or toxins (Rillig, Ryo, et al.,
2021). Accordingly, measurements taken at this level cap-
ture such responses, including biomass, and physiological
and stress responses. It seems clear that by far most exper-
imental studies on plants address this level as well (Felton
& Smith, 2017). This is because this is the de facto targeted
level, and because of ease of experimentation compared to
other levels in the hierarchy. Any such effects can then
propagate up the level of the hierarchy, unless there are
buffering effects and compensatory mechanisms that pre-
vent this from happening (Connell & Ghedini, 2015).
However, there are also other factors at play that
enter into the ecological hierarchy above the level of the
individual (Simmons et al., 2021), including population,
community, ecosystem, and landscape (Table 1). What we
mean by that, is that these other factors exert their

Table 1 Global change factors (examples) and the different levels of the ecological hierarchy at which their effects manifest, as well as the

plant-related parameters that are typically measured at each level

Ecological level at
which factor

Response variables (or indicators) typically

Global change factor (examples) manifests measured
Habitat fragmentation; changes to landscape-level configuration  Landscape/ Connectivity; configuration of landscape elements;
of ecosystems Macrosystems dispersal
(regions)
Habitat conversion (for example from grassland to urban Ecosystem Primary production; nutrient and energy fluxes;

garden or agricultural field), degradation; fire (stand-
replacing); Microplastic (physical effects)
Invasive plants

Overharvesting (e.g. clearcutting, or use of medicinal or
ornamental plants)

Elevated atmospheric CO,; N deposition; warming; drought;
flooding; artificial light at night (ALAN); UV-radiation; salinity;
heavy metals; pesticides; microplastic (chemical effects);
nanoplastic; per- and polyfluorated alkyl substances (PFAs)
and other classes of organic chemical pollutants

ecosystem structure

Community Competitive or facilitative interactions; community
(assemblage, composition and diversity
food web)
Population Population size and spatial structure; also:
evolutionary responses
Individual Biomass; physiological responses; molecular/

biochemical responses; toxic effect relationships
(dose-response)

© 2023 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 117, 1781-1785

95U9D17 SUOWILIOD dA1IERID B (el dde au Ag peueAoB a1e Sl YO ‘8sN Jo SN 10} Aleig1aUIUO AB]1/ UO (SUO1IPLIOI-PUR-SUWLIBYWI0D™AS | 1M A eg]1]Bu 1 JUO//ScL) SUORIPUOD PUe SWS | 8U338S * [7202/70/80] U0 Aleid1Taulluo AB]IM ‘60S9T [/ TTTT 0T/10p/Ww0o A9 | ARelq 1jput|uoy/:Sany Wo.j papeojumod ‘9 ‘v20e ‘XETESIET



proximate impacts by definition at these levels above the
individual and that how they enter into this hierarchy can-
not be reduced to the level(s) below.

For example, the factor habitat fragmentation only
appears at the level of the landscape or region, which we
introduce into our scheme of hierarchies for this purpose,
as it makes no sense to apply it to levels below, since what
is being fragmented is a landscape or region; for example
by building a road in a rainforest. Similarly, habitat conver-
sion or degradation occurs at the scale of ecosystems, such
as for example the removal and replacement of all vegeta-
tion in the context of urbanization, or the conversion of a
forest to agricultural land. In this case, the entire system is
being re-engineered, and this effect cannot be understood
to act directly at a level above or below the ecosystem. A
special case is certain pollutants like microplastic, which by
means of being particles, can affect direct physical changes
to the soil (de Souza Machado, Lau, et al., 2019), thus
directly affecting an ecosystem property (soil structure).
Likewise, invasive plants are by definition an addition to the
species pool, and thus directly pertain to the level of com-
munity (Simmons et al., 2021). At the level of population,
factors that directly affect the number of individuals takes
shape, such as local overharvesting of plants.

There are some key differences to the scheme offered
before (Simmons et al., 2021). First, we here focus on
plants and terrestrial systems. Second, we only identify
one target level for each factor, following the definition of
factor action defined above, whereas in the previous any
global change factor was conceptualized as affecting many
different levels in the ecology hierarchy. There may be few
exceptions, like flooding will primarily directly affect the
individual plant, but if a large-scale flood occurs it could
impact dispersal or fragment habitats, thus entering at the
landscape scale. Third, we here include factors whose
effects manifest at the level of the ecosystem (and above)
directly, which was not included in the previous conceptual
model, where impacts of global change drivers stopped at
the level of the community. Finally, we add the level of the
landscape to accommodate land use change effects that
play out at this scale, while merging the levels of ‘metabo-
lism/ physiology’ and ‘individual’.

The above classification organized by ‘level of entry’
of a factor of course does not imply that the factor or
stressor does not have ripple-on effects at level(s) above
or below it. Quite the opposite is the case, for example,
habitat fragmentation can very much affect community
composition (through changes in dispersal limitation),
eventually even trickling down to affecting populations
and individual organisms. Likewise, changes that affect
individuals can propagate up to affect populations (given
effects on reproduction or mortality), communities (as gov-
erned by species interactions), and potentially also ecosys-
tem process rates, as mediated by functional similarity
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(Eisenhauer et al., 2023). Using the example of climate
extremes, this upward effect propagation from the level of
plant individuals to the ecosystem has been discussed pre-
viously (Felton & Smith, 2017). It is thus important to
emphasize that in the proposed ordering system we are
not speaking about final effects, but about proximate levels
at which a factor is acting or for which it is defined in the
first place. Effect propagation in both directions—upward
and downward (see Figure 1)—will mean that effects con-
verge at certain levels, where they can contribute to non-
additive overall effects.

The classification also makes no assumption about
the scale of occurrence of a factor or stressor: while all fac-
tors discussed here are global in scope, they may be more
local or regional in occurrence and severity, such as nitro-
gen deposition (Vitousek, 1994). As a regionally occurring
factor, nitrogen deposition affects plants at the level of the
individual, since it is a resource. And elevated atmospheric
CO,, a factor that is very much global in distribution and
occurrence, as an atmospheric factor relatively well-mixed,
unfolds its proximate effects also at the level of individual
plants, since CO, is a resource for plants.

THE WAY FORWARD

We believe embracing our scheme helps understand multi-
factor impacts on plants for several reasons. At the most
basic level, it is important to realize the distribution of factors
acting at different levels of the ecological hierarchy, since
just studying responses at the individual level will miss sev-
eral key drivers whose effects manifest above this level, at
the population, community, ecosystem or landscape. We see
four main points on which to focus in future research.

(i) Understanding non-additivity of effects—The fact that
different factors not only differ in a variety of mecha-
nisms of action, traits, and organismal targets (Orr
et al., 2022) but that they also enter into the ecological
hierarchy at different levels, means that this is a poten-
tial additional source of non-additivity of effects (Fig-
ure 1) to consider and explore (Simmons et al., 2021),
beyond synergistic or antagonistic effects that occur at
the scale of the individual plant (Rillig, Lehmann,
et al., 2021). Identifying the mechanisms underpinning
such effect non-additivity should be a major research
focus.

(ii) Adjusting the scope of experiments—Factors that enter
above the level of the individual are logistically much
more challenging to study and thus there is likely less
experimental evidence for effects, and increasingly
studies will tend to shift to observational approaches,
since experiments at the landscape level are logistically
challenging or impossible. However, it will be increas-
ingly important to design ambitious experiments that
explicitly take into account the different entry points of
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Effect propagation: down

Landscape to community

Example: Habitat fragmentation
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Example: Chemical factor
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A

Figure 1. Effect propagation (downward and upward) is an important feature to consider in a framework that explicitly considers effects materializing at differ-
ent levels of the ecological hierarchy. On the left, landscape level effects (factor: habitat fragmentation, in this case creating of a dispersal barrier) lead to a plant
species A (or its key symbiont, such as a pollinator) no longer reaching a certain habitat. Within this habitat, due to this landscape-level reconfiguration, the tar-
get plant species will disappear, leading to community compositional change. On the right side, effects propagate up from the level of the individual to the com-
munity, via changes in population. In this case, a chemical pollutant negatively affects plants of species B, causing changes in vital rates and growth; these
translate to population-level changes and eventually, the relative abundance of this plant species B will decrease in the target community. In these two exam-
ples, effects converge at the level of the community, where they can interact, for example, plant species A could have been lost from the community due to hab-
itat fragmentation, and perhaps this was a main competitor of plant species B affected by chemical pollution.

effects and their propagation. Useful tools for achieving
this will be innovative mesocosm experiments (coupled
with process models); an example of an approach at
the ‘landscape’ scale is the ‘Metatron’, an experimental
infrastructure that includes 48 connected habitat
patches (Legrand et al., 2012).

(iii) Identifying sources of resilience—Across the different
levels of the ecological hierarchy, researchers will by
necessity assess different response variables (Sim-
mons et al., 2021). The fact that different parameters
are measured means that responses cannot be directly
compared in terms of effects and their attenuation
across the different levels of the ecological hierarchy.
For example, in terms of multi-factor impacts on
plants, at the individual level, researchers will measure
plant growth, survival, and physiological responses
(Zandalinas, Sengupta, et al., 2021), but at the level of
the plant community the focus by necessity shifts to

(iv)

primary production and community composition
(SpeiBBer et al., 2022). Effects at different levels of the
same driver could be compared by using effect size
estimates; this way, attenuation or exacerbation across
the different levels could be assessed. This will permit
improved understanding of effect propagation across
the different levels and will allow us to identify sources
of resilience to external drivers residing at the different
levels (Thorogood et al., 2023).

Detecting the first emergence of effects—Signals of
global change may first emerge at levels other than
the one at which they primarily act, depending on at
which level of the hierarchy the signal of global
change emerges from the noise (Gamelon et al., 2023).
Work on birds has shown that this emergence can hap-
pen at a higher level than that of the primary level
(Gamelon et al., 2023): in this case, for climate change,
the signal was first apparent at the level of the
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population, not at the level of the individual (traits,
vital rates), where this factor primarily acts. It is
unclear if this type of effect emergence can happen
more broadly for other factors of global change, their
interaction, and specifically, also for plants.

CONCLUSIONS

Plants in various different contexts (including agriculture,
urban, and natural ecosystems) are exposed to a multitude
of factors of global change, and we need to embrace this
reality in the next generation of global change experi-
ments. Adopting this view of multiple concurrent drivers
acting on plants necessitates an appreciation of several of
these global change drivers manifesting at the level above
the individual plant, generating additional potential
sources of non-additivity of effects, and facilitating thinking
about resilience residing at different levels of the
hierarchy.
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