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SUMMARY

Global change frequently disrupts the connections among species, as well as among species and their envi-
ronment, before themost obvious impacts can be detected. Therefore, we need to develop a unified concep-
tual framework that allows us to predict early ecological impacts under changing environments. The concept
of coupling, defined as the multiple ways in which the biotic and abiotic components of ecosystems are
orderly connected across space and/or time, may provide such a framework. Here, we operationally define
the coupling of ecosystems based on a combination of correlational matrices and a null modeling approach.
Compared with null models, ecosystems can be (1) coupled; (2) decoupled; and (3) anticoupled. Given that
more tightly coupled ecosystems displaying higher levels of internal order may be characterized by a more
efficient capture, transfer, and storage of energy and matter (i.e., of functioning), understanding the links be-
tween coupling and functioningmay help us to accelerate the transition to planetary-scale sustainability. This
may be achieved by promoting self-organized order.
INTRODUCTION

Ecosystems are currently being simultaneously affected by mul-

tiple anthropogenic global changes such as land-use intensifica-

tion, climate change, biological invasions, excessive use of

biocides and fertilizers, N deposition, and elevated atmospheric

CO2.
1,2 These global changes affect plant, faunal, and microbial

biodiversity and communities across all trophic levels,2 which

may severely compromise the ability of ecosystems to maintain

multiple functions and services, and to withstand future global

change.3 These perturbations can also disrupt the connections

among species, as well as between species and their environ-

ment, with far-reaching consequences for the future trajectory

and functioning of entire ecosystems.4,5 Actually, it is nowwidely

accepted that the disappearance of particular taxa is frequently

preceded by the loss of ecological connections on which these

taxa depend.4 However, classic statistical methods that, for

example, compare means and standard deviations using p
values may not have enough resolution to detect these changes,

particularly in the short term. Hence, it is essential to develop

tools derived from unified conceptual frameworks that allow us

to predict the early changes in communities and ecosystem

properties and functions under changing environments.6 The

concept of coupling, recurrently used by many disciplines and

inextricably linked to the energetics of interconnected sys-

tems,7–10 may provide such a framework.

Here, we start paving the way toward the development of a

unified framework for the concept of coupling in ecology. We

also discuss the importance of losing coupled connections

among species/communities, among species/communities

and their abiotic environment, and among biogeochemical cy-

cles across contrasting terrestrial and aquatic ecosystems under

global change. In addition, we also discuss the consequences of

these losses in terms of ecosystem functioning, widely regarded

as a measure of the rate of energy/matter exchange within a

given system,11 and thus for the provisioning of services. Finally,
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we explore howwemay be able to use information on changes in

biotic, biotic-abiotic, and biogeochemical couplings to guide the

regeneration of sustainable ecosystems,12 as well as the future

of ecological intensification of agroecosystems.13–15 In doing

so, we provide a roadmap toward a more unified manner of

understanding how the multiple and highly dynamic coupled

connections that are established among the biotic and abiotic

compartments of ecosystems define how these ecosystem

function (i.e., how they exchange information, energy, and mat-

ter), how they respond to global environmental changes, and

how they can be engineered toward sustainability.

DEFINING ECOSYSTEM COUPLING ACROSS SCALES

The term coupling has a long history in science, being commonly

used by many disciplines such as physics, chemistry, engineer-

ing, biology, and Earth sciences to refer to a range of concepts

that always seem to have in common the interdependency of

two or more parts of a whole system for its functioning.7–10 As

such, the concept of coupling is always inextricably linked to

the exchange of energy and/or matter.16,17 For example, it is

well established that the metabolism of all living organisms de-

pends on the precise coupling of a myriad of chemical reactions

involving millions of molecules.10,18 In Earth sciences, the term

coupling has been used most frequently to refer to the interde-

pendency among the different elemental cycles (for example,

C, N, and P) that define the biogeochemistry of our planet,9

and also to how the atmosphere-ocean-land subsystems are

linked to one another through the exchange of energy and mat-

ter.19 Actually, the coupling of ecological systems has been an

implicit assumption of ecosystem scientists since the times of

Vernadsky, Lindeman, and Odum,20,21 and even Humboldt and

Darwin.22–24 However, to date there is still a lack of a common

definition and unified conceptual framework for this term. For

example, in terrestrial ecology, the term coupling has often

been assimilated with changes in the elemental stoichiometry

of plants25,26 and soils,27,28 while in aquatic ecology the term

coupling usually refers to changes in food-web dynamics

involving the benthic-pelagic systems.29,30 More recently, Risch

et al.31 used the term coupling to refer to the degree of spatial co-

occurrence among communities, and of communities with their

abiotic environment, both aboveground and belowground,

within alpine grasslands. However, the concept of coupling in

ecology has not been formally defined and tested in a system-

level integrative way, preventing its wider applicability.

Here, we define the term coupling as the multiple ways in

which the biotic and abiotic components of ecosystems are

orderly connected across space and/or time. This definition

also implies a tight link between such ordered connections and

the energetics of complex systems. Day-to-day examples of

these couplings include the associations typically found be-

tween vascular plants and mycorrhizal symbionts,32 plants,

and soil pH and texture,33,34 and the interdependencies among

the C, N, and P cycles, which are determined by the chemical

reactivity of molecules containing those elements and by the

metabolism of living organisms.35 Of course, we acknowledge

that, as defined here, the level of coupling will be highly depen-

dent on the scale at which it is investigated, and thus the impor-

tance of the spatial and/or temporal scale considered may also
952 One Earth 4, July 23, 2021
vary according to intrinsic characteristics of the coupled compo-

nents (e.g., lifespan and size in the case of biotic components).

Thus, it seems reasonable to suggest that, to properly define

how systems are coupled, we may need to refer simultaneously

to several scales, as represented in spatial and temporal correlo-

grams. Identifying which spatial and temporal scales are more

relevant to define how systems are coupled must thus precede

the study of coupling itself, and sometimes a compromise scale

of study may need to be selected when the couplings between

components that vary greatly in size/time span are evaluated

(e.g., plant-microbe interactions across a field site; Box 1).

Despite some inherent similarities, we believe that our pro-

posed concept of coupling goes beyond, and differs from,

ecological network or food-web theory, because it takes the

focus away from trophic and non-trophic interactions, and/or

biogeochemical processes. Instead, it moves the focus toward

the role of spatial and temporal self-organization of ecosys-

tems.43 Thus, our definition of coupling is also highly linked to

the concept of homeostasis, which refers to the ability of sys-

tems to self-regulate and stay away from a more disordered

state of lower energy status,44 with a self-reorganization and

self-regulation that can operate at different scales, or even simul-

taneously across scales. Actually, if coupling is maintained

invariably unchanged across scales (i.e., coupling is scale

invariant), this will lead to what we define as fractal coupling, a

concept that may actually be critical to understanding how the

brain works45 and that may also share commonalities with the

model of allometric scaling.46

Importantly, this self-reorganization is driven by three main

forces (Figure 1A): (1) the inevitable underlying laws of both

large-object and small-particle physics (e.g., atomic properties

of chemical elements, gravity, quantum mechanics), which set

the limits of how the components of ecosystems, and their con-

stituent elements, may interact with one another at different

spatial scales (i.e., from the infinitesimally small to the nano, mi-

cro, and macro scales)47; (2) the metabolism, nutritional

demands, stoichiometric constraints, and behavior of individual

organisms,43 all of them associated with the niche breadth of the

species to which these organisms belong48; and (3) the underly-

ing mechanisms that define how communities are structured,

including competition, facilitation, and symbiosis,49 which are

directly related to the realized niche of those interacting

species.50

By moving the emphasis away from inter- and intra-specific

interactions, or from simple environmental correlational associa-

tions, toward the key role of spatial and temporal self-organiza-

tion and self-sustainability of ecosystems at different scales and

the physical, chemical, and biological factors driving them, our

newly proposed concept of coupling in ecology provides a novel

integrative framework for understanding and making sense of

the multiple positive and negative associations typically found

within and between organisms and environmental properties,

and their implications for the functioning of ecosystems.51,52 In

other words, within the framework of coupling, we are interested

in understanding how systems are ordered, how that order is

achieved and/or maintained away from a hypothetically more

disordered state, and what that means in terms of ecosystem

functioning. This must always be a reflection of how energy/mat-

ter are stored and/or move through and in and out of the



Box 1. Beyond terrestrial plants: Applying the concept of coupling to soils and plant-soil systems

Most of the current evidence of spatially and temporally coupled ecosystems is based on terrestrial plant communities, while we

knowmuch less about changes in the spatial and temporal couplings of the soil subsystem. This can be attributed to obvious rea-

sons, such as the fact that plants cannotmove and are thus easier toworkwith, and that the spatial scale at whichwe canworkwith

them is amenable to simple human observation. However, it is well known that soil microorganisms are tightly coupled to their

physicochemical environment through a continuous flow of electrons, making this a particularly promising field of research. For

example, the abundance and community composition of soil invertebrates and microbes are widely known to be driven by (i.e.,

coupled to) climatic conditions, soil properties such as soil pH and organic matter content, and vegetation type.36 As a result of

these couplings, invertebrate and microbial communities, including bacteria, archaea, fungi, and protists, drive the functioning

of soils worldwide through their direct and indirect control on nutrient cycling, ecosystem C storage, and greenhouse gas

fluxes.37,38 However, we still lack a clear understanding of themechanisms through which changes in biotic and biotic-abiotic cou-

plings may mediate the response of spatially and temporally coupled soil communities to global environmental change. However,

given that changes in the structure and activity of soil communities may determine changes in ecosystem functioning,39,40 detect-

ing the subtle effects of perturbations on such soil systems can be of great, but perhaps underappreciated, importance. Unraveling

this will require the synchronous collection of spatially explicit ecological data at a spatial and temporal scale that are simulta-

neously relevant for microbes, soil invertebrates, plants, and also the many ecosystem-scale processes that depend on

them.39 Continuous monitoring of permanent fine-scale, highly replicated, and spatially explicit sampling designs (e.g., grids) in

the context of ongoing and future global change manipulation experiments and coordinated networks is likely to be one of the

best options to approach this type of question.41,42
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system.11 The mechanisms involved in the process of achieving/

maintaining that ordered state must necessarily comply with the

rules of the second law of thermodynamics (i.e., the entropy prin-

ciple) and be a combination of those previously mentioned three

main forces.

MEASURING COUPLING

The next natural question would be how to measure such cou-

plings.53 Operationally, one possible way to define coupling is

based on the mean strength of pairwise associations/correla-

tions in absolute value among biotic (i.e., including plant, animal,

microbial species/communities), abiotic (e.g., precipitation/wa-

ter, soil pH, chemicals, texture), and elemental (i.e., C, N, P, K,

etc.) properties/constituents of ecosystems31,54 (Figures 1 and

2). The consideration of correlations, which reflect order, in ab-

solute value is critical to this concept given that the focus is on

the ability of ecosystems and their properties to self-organize,

regardless of the positive or negative sign of those correlations.

Importantly, this approach may be applied to spatial data (i.e.,

correlations between two or more ecosystem attributes across

space; hereafter, spatial coupling), as well as to temporal data

(i.e., correlations between two or more ecosystem attributes

across time; hereafter, temporal coupling).

One approach could involve the use of Spearman rank correla-

tions, which are robust to lack of data normality and, most impor-

tantly, are based on order. When spatially explicit information is

available, then the Tjøstheim’s rank correlation coefficient56 may

also be a suitable alternative. Moreover, the widespread consid-

eration of non-linear associations (e.g., quadratic or even cubic

relationships) may also prove critical for the future study of

ecosystem coupling, as demonstrated by Ochoa-Hueso.55 The

mean strength of coupling (i.e., as defined by the mean of all cor-

relation coefficients in absolute value across the coupling matrix)

should then be compared against a confidence interval derived

from a randomly generated null model calculated using the

same dataset (Figures 1B and 2A). A two-tailed statistical signifi-
cance at the level of choice (e.g., p < 0.05, p < 0.01, etc.) can then

be established based on permutations.

Ecosystem coupling indices of individual ecosystem proper-

ties/constituents can also be calculated by considering only

those correlations involving that specific property/constituent.

Considering a two-tailed significance is also a critical aspect of

perhaps unappreciated importance because, within this defini-

tion, systems can be less coupled than what it is expected by

chance (Figure 1B). Paradoxically, this may actually be inter-

preted as a kind of order, or perhaps, better defined, of anti-or-

der. We then define the coupling states that fall above the

confidence envelope as coupled, those that fall within the enve-

lope as decoupled, and those that fall below that envelope as

anticoupled. These decouplings and anticouplings are best

exemplified by thinking of some flats shared by students, in

which elements may normally be found in a disordered state

(i.e., decoupled) and occasionally, for example after a wild party,

more disorganized than what it is expected by pure chance (e.g.,

the possibilities of finding a shoe in the sink increase after the

party). Alternative approaches that have already been used in

the ecological literature to estimate ecosystem coupling are

summarized in Table 1.

THREE PROPOSED FORMS OF COUPLING IN
ECOSYSTEMS

Biotic coupling
The concept of coupling, as we have now defined it, is broad

enough to accommodate any type of biotic, biotic-abiotic, or

biogeochemical connections within ecosystems.63 When only

biotic connections are considered, we define this as biotic

coupling (Figures 1 and 2). Biotic connections, regardless of their

sign (i.e., positive or negative), are crucial for ecosystem resis-

tance,64 which is typically associated with the ability of ecosys-

tems to withstand environmental stress without a change in

ecosystem functioning.65 In practical terms, this type of coupling

can be used to investigate the associations between organisms
One Earth 4, July 23, 2021 953
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Figure 1. Mechanistic representation of the
relationship between ecosystem coupling
and biodiversity loss under global change
scenarios
(A) Conceptual representation of biotic, biotic-
abiotic, and biogeochemical coupling.
(B) The three main proposed ways to be coupled
based on a null modeling approach.
(C) On the left-hand side, different biotic ecosystem
components are tightly coupled through the central
role of the plant community. Environmental degra-
dation (for example, due to climate change and
nutrient enrichment) decouples the relationships
between plants and the pollinator and mycorrhizal
fungi due to a warming-driven phenological
mismatch and excessive N and P in the soil,
respectively. In this situation, biodiversity has not
changed yet, and community-level effects may still
not be detectable, but there is already a net loss of
biotic ecosystem coupling. This may be shown by
alterations in the spatial and temporal distribution
patterns of those organisms. On the right-hand side,
the pollinator and fungal species have already dis-
appeared from the ecosystem because of the loss
of coupling of their relationship with plants, resulting
in a net biodiversity loss and a significant commu-
nity change, with potentially relevant functional im-
plications.
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at different taxonomic resolutions (e.g., phylum, class, genus) or

at the functional group level (e.g., producers, primary con-

sumers, primary predators, top predators, and detriti-

vores).32,55,66 Biotic ecosystem coupling can also be used to

evaluate the coordinated/uncoordinated response of interacting

constituents of multi-trophic communities to global change.55,67

Such interacting constituents may be linked through different

types of associations, including mutualisms (e.g., pollination,

symbiotic N fixation, P mobilization, and habitat modification)
954 One Earth 4, July 23, 2021
and antagonisms (e.g., competition, pre-

dation, herbivory, parasitism, pathoge-

nicity) that often occur between microbes,

plants, and animals.24,52

Biotic-abiotic coupling
The composition and functioning of all

ecosystems on Earth are also highly con-

strained by the filtering forces imposed by

the environmental conditions to which

communities of interacting organisms

are exposed. Thus, coupling can also be

defined based on connections among bi-

otic (e.g., soil communities) and abiotic

(e.g., soil physical-chemistry, climatic

conditions) properties of ecosystems.68,69

We define this as biotic-abiotic coupling

(Figures 1 and 2). Actually, assuming

such coupling is implicit to the modeling

and mapping of the distribution and abun-

dance of many organisms on Earth as a

function of environmental drivers such as

mean annual precipitation, temperature,

soil texture, pH, etc. Biotic-abiotic

coupling is predicted to be a stronger
determinant of ecosystem structure and functioning than biotic

coupling at longer timescales given the prominent role of envi-

ronmental conditions in controlling the abundance, diversity,

and metabolism of species globally.70,71 This implies that, in

the case of biotic-abiotic connections, when subtle deviations

are expected it may be more relevant to look for temporal de-

viations of a coupled pattern, while evaluating spatial effects

may be more suitable for biotic coupling. This may also mean

that a loss of biotic-abiotic coupling due to a disturbance or



A

B

Figure 2. Measuring and representing coupling
Example of changes in ecosystem coupling due to an increase in N deposition based on data published by Ochoa-Hueso.55 In the (A), coupling is represented as
the average of pairwise Pearson correlations within each N treatment level. Solid circles indicate p < 0.05, and open circles indicate p > 0.05, compared with null
models based on 999 random permutations of the same dataset (gray shaded area). In (B), coupling is represented as a undirected network.
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stress may have more obvious and sudden implications for the

functioning of ecosystems than the loss of biotic coupling, but

this has not been formally explored yet. For example, a sudden

acidification of soils due to mining drainage will instantaneously

have catastrophic effects on the structure, composition, and

functioning of ecosystems, while the effects of the loss of biotic

interactions due to community mismatches may be more sub-

tle.39 In our proposed framework, simply referring to ecosystem

coupling means that all biotic and biotic-abiotic couplings are

considered simultaneously (Figure 2).
Biogeochemical coupling
The consensus is unanimous that the global biogeochemical cy-

cles (e.g., C, N, P, S, Si, Ca, K,Mg, and trace elements) are tightly

linked through an almost endless range of chemical, physical,

and biotic processes, which together drive the functioning of

our planet, including the generation of environmental conditions

conducive to life itself.72 For example, the C and P cycles are

strongly linked through the process of plant photosynthesis,

which fixes atmospheric CO2 and light into energy that is stored

into C- and P-rich molecules (i.e., sugars and ATP).72 Similarly,

the water, C, and mineral cycles are linked through the process

of chemical weathering.72 Within our proposed framework,

biogeochemical coupling means that only spatial and/or tempo-

ral relationships among individual chemical elements are evalu-

ated9,54 (Figures 1 and 2).
Using our proposed concept of spatial biogeochemical

coupling across 16 chronosequences from contrasting biomes

with soil ages ranging from centuries to millions of years,

Ochoa-Hueso et al.61 showed that topsoil element coupling is

maintained consistently high (i.e., above the null model enve-

lope) over geological timescales globally. This study also

demonstrated that multiple complementary mechanisms

contributed to explain this pattern. For example, greater plant

richness resulted in the spatial decoupling of topsoil elements,

which was attributed to the selective depletion of a range of

essential nutrients from soils.73,74 Similarly, a greater proportion

of fungi compared with bacteria in soils broke the spatial

coupling of chemical elements in soils. This was attributed to

more developed fungal networks that act as highways for the

movement of mineralized elements,75 thus redistributing them

across the space. In contrast, the content of mineral-free organic

matter in soils, thus unprotected from biological decomposition,

was associated with more spatially coupled biogeochemical cy-

cles, consistent with the tight stoichiometric control of living or-

ganisms on their tissues.76 Moreover, Ochoa-Hueso et al.61

showed that elements with heavier atomic mass were naturally

more decoupled and unpredictable in space than thosewith ligh-

ter mass, and that only the coupling of C, N, and P deviated from

this predictable pattern, which led these authors to suggest that

this anomaly may be an undeniable fingerprint of life in terrestrial

soils (Figure 3A). The lack of equilibrium in specific chemical el-

ements and molecules in the atmosphere of planets has been
One Earth 4, July 23, 2021 955



Table 1. Examples of previously proposed ways of evaluating/considering coupling in ecosystems

References

Biotic/biotic-

abiotic/

biogeochemical Method

Brief description

of method

Brief description of

variables considered Main results

57 biotic flow diagrams polynomial

regressions

N and P contents in

phyto- and zooplankton

the strength of coupling increases

with increasing trophic

state across three large lakes
58 biotic food-web

modeling

spatially implicit

food-web models

trophic groups large animals play an

important role contributing

to ecosystem stability
55 biotic/biotic-

abiotic/

ecosystem

multiple

pairwise

correlations

mean of correlation/regression

coefficients among axes of

multivariate communities. Mean

of correlation/regression

coefficients between axes of

multivariate communities and

physicochemical properties.

Greater correlation coefficients

reflect greater coupling

axes of multivariate

communities, including

plants, above- and

belowground invertebrates,

and microorganisms;

and soil properties like

pH, soil organic matter

N deposition disrupted

(here used as a synonym

for decoupling) the

network of interactions

among biotic and

abiotic constituents

31 biotic/biotic-

abiotic/

ecosystem

multiple

pairwise

correlations

mean of correlation/regression

coefficients among axes of

multivariate communities. Mean

of correlation/regression

coefficients between axes of

multivariate communities and

physicochemical properties.

Greater correlation coefficients

reflect greater coupling

axes of multivariate

communities, including

plants, above- and

belowground invertebrates,

and microorganisms; and

soil properties like pH,

soil organic matter,

and bulk density

size-dependent loss of

animals led to altered

couplings. Changes in

functioning were linked

to changes in coupling

15 ecosystem gray correlation

matrix

greater correlation reflects

greater coupling

forest stand and

economy-related

variables

coupled forestry

systems are more

economically profitable
59 ecosystem coupling

coordination

degree model

calculations of

sequential indices

soil, plant, and

livestock subsystems

diversified restoration practices

are important for ecosystem

coupling and functioning in

degraded alpine meadows
27 biogeochemical stoichiometric

soil ratios

pairwise proportions total/organic and

available C, N, and P

stoichiometric ratios change

across a global aridity gradient

due to variations in the

physicochemical and biotic

control across the gradient
60 biogeochemical vector length

and angle

length = square root (sqrt) (x2 + y2)*

Angle = degrees (atan2(x, y))

*x = relative C- vs P-acquiring

enzymes; y = relative N- vs

P-acquiring enzymes;

atan2 = four-quadrant

inverse tangent

soil ecoenzymes

linked to C:N:P

cycling

the intrinsic linkages of

biological C-, N-, and

P-acquiring enzymes

were broken at the

aridity threshold of 0.70

54 biogeochemical multiple pairwise

correlations

mean of Spearman rank

correlations among multiple

(13) chemical elements in

absolute value. Greater

correlation coefficients reflect

greater coupling

available

soil elements

elevated CO2 decoupled the

characteristic spatial

association pattern among

available chemical elements

61 biogeochemical multiple pairwise

correlations

mean of Spearman rank

correlations among multiple

(19) chemical elements in

absolute value. Greater

correlation coefficients reflect

greater coupling

total soil elements a high level of soil element

coupling was a common

feature in ecosystems across

geological timescales. Atomic

mass and ecological context

(biotic and abiotic) were the

main driving forces of coupling

(Continued on next page)
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Table 1. Continued

References

Biotic/biotic-

abiotic/

biogeochemical Method

Brief description

of method

Brief description of

variables considered Main results

53 biogeochemical Earth system

modeling

comparison of

different coupling

assumptions

C, N, and P pools and

fluxes in plants and soils

the mode of coupling

biogeochemical cycles had

effects on the simulated

biogeochemistry of

ecosystems, and these

varied depending on context

(e.g., succession versus

response to elevated CO2

concentrations and warming)
62 biogeochemical community land

model with

prognostic

C and N

merging the biophysical

framework of the

community land

model with C and N

dynamics of the

model Biome-BGC

C and N

ecosystem pools

considering the close

coupling between C and N

cycles leads to altered

behavior for several critical

feedback mechanisms

operating between the

land biosphere and the

global climate system
25 biogeochemical stoichiometric

plant ratios

meta-analysis of

multi-element

pairwise proportions

Plant N, P, K, Ca,

Mg, S, Mn, Fe,

and Al contents

Plant element couplings

are affected by soil

nutrient availability and

plant nutrient demand

under climate change
26 biogeochemical stoichiometric

plant ratios

meta-analysis of

pairwise proportions

Plant N and

P contents

decoupling of the P and

N biogeochemical cycles

in terrestrial plants

under global change

To be included in this table, authors need to unequivocally refer to the term ‘‘coupling’’ in their studies.
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classically proposed as a potential indicator for life elsewhere.77

Thus, we speculate that our proposed concept of coupling could

also be particularly promising for detecting the fingerprint of life

on other planets.61 To further introduce this concept, we used

published data fromMartian regoliths collected by the Sojourner

rover from theMars Pathfinder mission (i.e., 10 elements from six

regolith samples) and, very interestingly, we found that the

biogeochemical coupling of the evaluated elements followed

the expected trend based on the atomic mass of elements

(Figure 3B).

Based on our proposed definitions, we posit that our concepts

of biotic, biotic-abiotic, and biogeochemical ecosystem cou-

plings go beyond the proportions between two types of organ-

isms (e.g., bacterial/fungal ratios, grasses/forbs ratios), pairwise

correlations between organisms, species, and communities, and

their physicochemical environment (e.g., soil bacteria and pH), or

stoichiometric relationships between two chemical elements

(e.g., C/N ratio) that have so far often been used to define the

coupling of ecological systems in the currently available litera-

ture. They do so by allowing us to consider simultaneously mul-

tiple pairwise associations that are summarized in a single metric

that can then be compared against a null model, which provides

an unequivocal reference state. This will allow us to better

embrace the complexity of working with multiple elements,

physicochemical properties, and organisms in different ecosys-

tems ranging from marine to terrestrial environments.54 It is

important, however, to understand what such a measure can
tell us and what it cannot. In this sense, our integrated index

and conceptual framework is designed to give us critical infor-

mation about how ordered, disordered, or even antiordered a

system is compared with a reference state, while it is not de-

signed to distinguish between direct coupling and indirect cou-

plings and/or to detect causative links. Therefore, we suggest

that, if coupling is represented as a network (e.g., Figure 2B), it

should be visualized as undirected circular networks in which

no topological features can be inferred and where the width of

connecting lines is proportional to the correlation coefficients.

ECOSYSTEM COUPLING AND FUNCTIONING

It is generally assumed that more coupled ecosystems have a

more efficient processing, cycling, and transfer of energy and

matter within and between trophic levels and across ecosystem

compartments,79 although further investigations are still needed

to support this notion within the ecological literature. This may

have to do with the fact that ordered states of systems are al-

ways able to capture, store, and dissipate more energy than

disordered versions of that system, as imposed by the strict

laws of thermodynamics.80 The implication is that ecosystems

with strong coupling may be more sustainable and display a

more efficient functioning than less tightly coupled ecosys-

tems.23,66 Of course, we acknowledge that weak biotic interac-

tions have previously been identified as important for ecosystem

functioning as they can serve as stabilizers of a given
One Earth 4, July 23, 2021 957



A B Figure 3. Biogeochemical coupling and
atomic mass of elements in Earth soils and
Martian regolith
Relationship between atomic mass and element
coupling (A) in soils across 16 chronosequences,
redrawn using data contained in Ochoa-Hueso
et al.,61 and (B) in Martial regolith analyzed by the
Sojourner rover from the Mars Pathfinder mission78

(R2 = 0.44; p = 0.02). In (A), C, N, and P are repre-
sented as yellow diamonds, and the solid line is the
fitted line for all elements excluding C, N, and P. The
error bars in (A) indicate 95% confidence interval.
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community,81–83 particularly when communities are dominated

by omnivorous species.84 However, we argue that tightly

coupled ecosystems (i.e., those that are highly structured across

space and/or time, as previously defined by the null modeling

approach, and that are thus maintained away from entropy)

may also be based on weak and/or infrequent direct interactions

among organisms of their constituent species.

Coupling, as we define it here, is an emergent property of eco-

systems that are connected through the exchange of energy/

matter among the living and non-living parts of the system.

This view is, thus, compatible with the importance of weak biotic

interactions, which are normally interpreted as such in the

context of trophic networks.82,83 For example, wolves and aspen

do not interact directly, yet their populations are highly struc-

tured across space and time due to their strong coupling through

the impact of wolves on elk, be it through direct predation or by

altering their herd behavior.85 Moreover, these trophic and non-

trophic impacts of wolves on elk also create soil fertile patches

that are non-randomly distributed across the system, either

through concentration of urine and dung deposition or through

concentration of carcasses, consequently increasing the rate

of spatial and temporal heterogeneity, and thus of order, within

the system.86 The overall coupling of the wolf-elk-aspen-soil

system is an important driver of the composition and ecosystem

functioning of boreal forests.86,87 Thus, we suggest that greater

ecosystem coupling within and among communities and their

environment may generally lead to more efficient ecosystem

functioning.

Investigating the links between the coupling of multiple

ecosystem properties and functioning in a changing world is

one of the expected fields of research derived from our proposed

concept of ecosystem coupling (Figure 4). For example, the loss

of the dynamic coupling among soil taxa may coincide with

reduced soil C uptake,66 and major leaching of nutrients from

ecosystems.88,89 This phenomenon is currently the case in

high input-output agriculture based on artificial fertilizers and

chemical crop protection.88,90 However, observational and
958 One Earth 4, July 23, 2021
experimental evidence that explicitly sup-

ports the importance of ecosystem

coupling for ecosystem functioning is

currently very limited.31,59,91 This can be

partially attributed to the scarcity of syn-

chronous, real-world data on a wide range

of relevant ecosystemproperties and func-

tions sampled with sufficient spatial and/or

temporal resolution or, perhaps even more

likely, to the lack of a sufficiently integrative

framework. Thus, we suggest the potential

importance of reconceptualizing some of
the currently existing information in the context of our newly pro-

posed framework.45 Considering fine-resolution information

within an integrative framework and reconceptualization like

ours may be essential to detect small changes in ecosystem

coupling and functioning that can be the result of anthropogenic

disturbances.

For example, a study in subalpine Swiss grasslands applying

our concept of ecosystem coupling and its link to functioning

demonstrated that those biological communities that were

more tightly coupled spatially were also those that had greater

N mineralization and respiration rates.31 Similarly, in a study

across global drylands, sites characterized by lower functioning

had weaker biogeochemical spatial coupling.92 However, in the

latter study,92 spatial coupling was calculated at the global scale

due to the lack of within-site spatial replication that would be

needed to adequately quantify ecosystem coupling at the site

level, as we propose here. Taken together, these two studies

provide some of the first insights into how coupling between bi-

otic and abiotic components of ecosystems might affect their

functioning. Although empirical validation of the coupling-func-

tioning relationship is still largely lacking, these two examples

provide the motivation for proposing that we may be able formu-

late strategies that promote coupling within ecosystems with the

aim of restoring, or even enhancing, their functioning.31,59 More-

over, it is likely that not all couplings are equally important for the

functioning of ecosystems.24 Therefore, identifying keystone

connections that maintain coupled ecosystems should be a pri-

ority in studies that link the concept of coupling to that of biodi-

versity-ecosystem functioning.

ECOSYSTEM COUPLING AND GLOBAL
ENVIRONMENTAL CHANGE

Our concept of coupling, highly indicative of how ecosystems

are spatially and/or temporally structured, could be particularly

useful for the early detection of subtle global change effects on

the organization of different elements within and across
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ecosystems.24,68 As an example, a study in a Mediterranean

shrubland reported lack of responses in many ecosystem biotic

and abiotic components after 5 years of simulated N deposition,

but it detected a clear loss in coupling of biotic and biotic-abiotic

connections55 (Figure 2). In this study, considering simulta-

neously all biotic and biotic-abiotic couplings (i.e., ecosystem

coupling) resulted in the clearest pattern. Another study found

lower biogeochemical coupling under elevated CO2, despite of

the lack of evident effects on nutrient availability.54 Interestingly,

the authors of the latter study also found that some of the nutri-

ents evaluated, such as P and B, became more decoupled than

what is expected by chance (i.e., anticoupled as defined here)

under elevated CO2, although this effect was season dependent.

Although the implications of these anticouplings are still poorly

explored and understood, we anticipate that this will be a rele-

vant aspect to consider in future ecological research, particularly

in the context of the simultaneous evaluation of the different

coupling types (i.e., biotic, biotic-abiotic, and biogeochemical).

The easiest interpretation of the loss of coupling of multiple bi-

otic and abiotic variables under global change is that the values

of different ecosystem components and properties are moving

into different directions in the n-dimensional ecological space,

and thus toward a more entropic configuration, in response to

disturbance or stress.55 Strong responses of particular compo-

nents of terrestrial ecosystems (e.g., soil P content) to a given

global change driver (e.g., N additions) could also result in impor-

tant decoupling processes by releasing this element from the

control of other biotic and abiotic ecosystem properties. This

generally results in a reduced correlation with other biotic and

abiotic ecosystem properties and an overall disorder of spatial-

temporal dynamics of the ecosystem relative to a control or

reference state.54,55 The magnitude and trajectory of the

response will depend on the initial state of the ecosystem prop-
erties/constituents, i.e., the history of the

ecosystem, which is driven by both evolu-

tionary, filtering, and neutral processes.93

Mechanistically, in the case of entire

communities, decoupling may be ex-

plained by changes in mutualistic and

antagonistic connections leading to a

change in the presence and/or abundance

of individuals.39,94–96 This change in con-

nections can further be augmented by

altered phenological and behavioral differ-

ences, as well as by different sensitivities

of the community or ecosystem properties

to the new environmental conditions. Loss

of coupling between organisms that form

above- and belowground food webs, for

example as caused by differential re-

sponses to climate warming due to their

different sensitivities, could be particularly

noteworthy.39 Of course, the decoupling of
some ecosystem constituents may also occur in parallel with the

recoupling of other ecosystem constituents, which may not lead

to a net loss of coupling. In this case, the main question to

address would be whether alternative coupling configurations

are able to support comparable rates of ecosystem functioning.

Focusing on how ecosystems are coupled could be particu-

larly useful for experimental ecologists dealing with field-based

manipulation experiments in highly spatially and temporally het-

erogeneous ecosystems, as is often the case.97 In addition, the

approach of ecosystem coupling may be highly applicable to

global change experiments, from nutrient additions and climate

change to land-use and agricultural intensification and across

markedly different ecosystem types (Boxes 1, 2, and 3; Figure 4).

However, systematic evidence for the impacts of global change

on ecosystem coupling is still lacking, and it will need to be pro-

vided by future synthesis studies aimed at re-evaluating and rec-

onceptualizing the generality in the response of coupling metrics

to experimentally manipulated drivers.98,99 Experimental net-

works of local manipulation studies involving nutrients (e.g.,

Nutrient Network), climate change (e.g., Drought Network), di-

versity (e.g., TreeDivNet), and disturbance (e.g., DragNet) offer

interesting possibilities to test these ideas under a variety of field

conditions.24 Moreover, given that our proposed framework is

based on two characteristics shared by all ecosystems ([1] the

biotic, biotic-abiotic, and biogeochemical couplings that are at

the core of energy and matter pools and fluxes within ecosys-

tems79,91; and [2] that ecosystems are naturally heterogeneous

across space and time [i.e., the existence of gradients]), calcu-

lating coupling may allow the development of widely applicable

and transferable indicators of change that are highly comparable

across global change drivers and ecosystem types (Figure 4).

Many of the current consequences of global change are due to

low-intensity impacts that accumulate over many years or even
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Box 2. Extending the concept of ecosystem coupling to aquatic systems

In freshwater systems, trophic dynamics may be more tightly coupled than in terrestrial systems thanks to the prominent role of

water as a carrier of electrons, protons, and other forms of matter and energy.57 For example, species in the detritivore web, such

as bacteria and bacterivores, are usually strongly coupled with the herbivore part of the food web (phytoplankton, zooplankton).29

Also, different sub-habitats (benthic, riparian, pelagic) are frequently strongly coupled in freshwater systems, both spatially58 and

temporally.29 As a result of these strong temporal and spatial couplings, trophic cascadesmay bemore common in aquatic than in

terrestrial systems. Despite these trophic cascades, it is often surprisingly hard to pinpoint how disturbances, such as those from

anthropogenic stressors, affect simple metrics of change, such as alpha diversity, abundance, or overall structure and functioning

of freshwater systems.100,101 Therefore, improved characterization of spatial and temporal coupling metrics in aquatic environ-

ments may aid in understanding how dynamic shifts, such as those imposed by anthropogenic stressors, affect the functioning

of entire aquatic systems. This requires extensive efforts to monitor the biotic, abiotic, and biogeochemical components of fresh-

water ecosystems in both a spatial and temporal manner. For example, one study by Barmentlo et al.100 showed how suchmanip-

ulative experiments can be carried out, and how impacts of ubiquitous stressors such as pesticides or eutrophication can act both

on the biotic coupling of communities as well as on the functions that are being carried out. This study showed that coupling of

aquatic invertebrate communities, evaluated as the percentage of strong correlations of total correlations, can be degraded after

the application of an insecticide relative to the control state, even months after the insecticide was removed from the system.100

However, the addition of a fertilizer showed an increase in coupling, thus illustrating that the addition of a stressor does not neces-

sarily decrease the coupling within a community in aquatic systems.100
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decades and that often result in a subtle reordering of commu-

nities.114,115 Examples of this include the increasing CO2 con-

centrations in the atmosphere, which has been related to a

slow spatial reorganization of understory plant communities in

Australian woodlands,116 and the continuous deposition of N in

many countries,117 which led to a consistent reorganization of

communities, soil eutrophication and acidification, and the loss

of biodiversity across Europe.118 Assessing ecosystem coupling

may thus allow us to identify ecosystem changes in response to

low-intensity perturbations at a much shorter timescale than

when using more classic statistical approaches. This would

require manipulation or observational studies including multiple

spatial replicates and temporal data points to detect early

changes in the organization of ecosystems. Coupling may also

contribute to predicting how new evolutionary forces shape the

responses of community composition and ecosystem func-

tioning under ongoing global change.119

Reconciling short-term versus long-term temporal changes in

ecosystem coupling in response to low-intensity perturbations

remains challenging. For example, using environmental gradi-

ents including multiple temporal or spatial replicates, it could

be predicted that, under increasing climatic stress conditions

(e.g., drier climates), ecosystems would become increasingly

coupled, unless a disruption threshold is eventually crossed

and the coupling of the system collapses to a state of less en-

ergy/order.120 Such increasing coupling preceding the collapse

would be a reflection of the greater within-site spatial heteroge-

neity in terms of soil fertility and plant distribution that typically

characterize dryland ecosystems.121 Hence, greater coupling

at drier sites may be indicative of more energy- and matter-con-

servative adaptive strategies and also greater mutualism, but not

necessarily of greater functioning per se. However, extreme

drought or land-use change might also be predicted to have

the opposite effect (i.e., sudden decoupling) as a result of

short-term multispecies community rearrangements.120 This

type of sudden loss of coupling between above- and below-

ground invertebrate communities was indeed shown in an

Australian grassland in response to short-term drought.68
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Whether global change leads to greater or lower coupling may

also depend on the nature of the environmental stress. Based on

the available evidence so far, we speculate that global changes

associated with release of ecological constraints such as

nutrient enrichment and elevated CO2 may consistently lead to

loss of biotic coupling due to reduced reliance on symbiotic

and/or facilitating connections,54,55,122 at least in the short

term. Moreover, global changes associated with release of

ecological constraints may also consistently lead to losses of

soil and plant chemical coupling associated with a selective

search and depletion of newly limiting resources, including water

and nutrients.54,55,122 In contrast, global change drivers associ-

ated with more stressful conditions such as extreme drought

may lead to either greater ecosystem coupling as an adaptive

response or to loss of coupling due to a system collapse. Unrav-

eling this is relevant because adapting both highly coupled eco-

systems and human societies to rapid environmental changes

requires understanding the role of multiple types of biotic, bi-

otic-abiotic, and biogeochemical connections in stabilizing and

destabilizing community composition and ecosystem func-

tioning.119,123 The way in which ecological communities,

environmental properties, chemical elements, and ecosystem

processes are spatially and temporally organized may be useful

to inform about changes in such coupling.124 Moreover, given

that energy stores and fluxes within and across ecosystems

may be unequivocally linked to their emission pattern of electro-

magnetic radiation (i.e., the equivalent to an electromagnetic

fingerprint), we speculate that the potential evaluation of

changes in planetary-level coupling might be best achieved by

focusing on how narrow bands of electromagnetic radiation

are coupled to one another using spatially explicit satellite-

derived data.

The systematic evaluation of ecosystem coupling could also

be used to detect, and then monitor, when ecosystems change

from one stable state to another one.125 In fact, it has been sug-

gested that the weakening of ecological connections may result

in greater chances of ecosystems transitioning to an alternative

stable state.64,69,120 This also has promising implications in



Box 3. Using the concept of coupling to bridge the gap between terrestrial ecosystems and human health

The concept of holobiont organisms make human beings true living ecosystems in which the approximately one billion eukaryotic

cells that form part of our bodies and the approximately 10 billion microbial cells that live in and on us are deeply interlinked.102 This

also applies to any other multicellular species, including plant103 and animal species.104Moreover, we know that humanwell-being

is linked to the correct functioning of these microbial communities, which help us, for example, to digest the food we eat and to

produce certain vitamins and hormones.105,106 Thus, if it were of universal applicability, the concept of coupling, in turn intimately

linked to the concepts of order and energy/matter fluxes, should also apply to such living ecosystems and their state of health/dis-

ease. The fact that the word disorder is frequently used as a synonym of disease is highly evocative of this parallelism. Supporting

this, recent studies have suggested that Alzheimer and other neurodegenerative dementias may not be a brain disease but a pro-

gressive system-level network disorder by chronic network stress and dyshomeostasis,107,108 including the dysregulation of (the

biochemical coupling of) transition metals such as Fe, Cu, and Zn.109 This dysregulation may actually be linked to air pollution and

other environmental stresses110 in a similar way by which air pollution can decouple ecosystems. Moreover, there is also compel-

ling evidence of the role of the loss of coupling of microbial communities inhabiting the human gut as a mechanism to explain the

overall malfunctioning of the human body. This includes dysbiosis associated with changes in the relative abundance of Bacter-

oidetes versus Firmicutes, which is a well-established indicator of obesity and type 2 diabetes.105,106,111 Such deviations are usu-

ally reported in the form of altered microbial ratios, but we speculate that they may actually be better evaluated in the form of an

altered spatiotemporal coupling between the two phyla (i.e., Bacteroidetes versus Firmicutes), or, perhaps even better, of the two

phyla in relation to the rest of the dominant bacterial phyla foundwithin our guts, whichmay provide the reference state to compare

with. Other diseases that may be particularly linked to decoupling aremultiple sclerosis112 and cancer.113 Cancer, for example, has

been associated with higher levels of intracellular (i.e., cytoskeletal) disorganization. Thus, we suggest that our spatial and tempo-

ral ecosystem coupling approach could help us to better detect subtle changes in the functioning of the human body and to estab-

lish quick and successful early-response measures. For example, sequential blood/feces tests analyzed within our proposed

framework of temporal coupling may reveal important maladjustments in the metabolism of sick patients that otherwise may

go undetected when test values are solely checked against a predefined range. If this were true, it would mean that we could

also look for strategies that promote coupling within our own organisms; for example, through the identification and manipulation

of generalist and specialist microbial couplers that could take the form of a next generation of probiotics. The main difference

would be that these microbial strains would be selected based on their ability to recouple our bodies, a feature that is actually

known to be critical for an efficient metabolic functioning, and not necessarily only based on their specific metabolic functions.

Strikingly similar to this suggestion, it has been suggested that a better understanding of the network of interactions leading to

tumorigenesis may lead to the next generation of cancer treatments aimed not necessarily at killing the cancer but at restoring

the natural order and tissue function.113
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restoration practices such as topsoil removal that deliberately

disrupt ecological connections allowing the reassembly of net-

works and biogeochemical processes, initiating a transition to-

ward a potentially more ecologically coupled, and thus energet-

ically efficient, target state.126,127 Here the key concept would be

adaptation through relaxation. In other words, some couplings

within the system are relaxed by topsoil removal, and that allows

the self-reconfiguration of the system toward the desired config-

uration, which may involve the favoring of preferential energy

pathways. In the case of sustainable agroecosystems, a greater

soil biogeochemical and biotic coupling may mean greater pro-

ductivity and protection against pests and diseases through a

more reliable supply of a range of essential nutrients from re-

cycled organic matter, greater photosynthesis, and a more

developed network of fungal hyphae and natural enemies.128

RECOUPLING ECOSYSTEMS TO RESTORE
FUNCTIONING: A HYPOTHESIS ON ECOSYSTEM
RESILIENCE

Life can be broadly defined by its unique ability to create more

life from itself, its astonishing ability to self-organize and re-

assemble through the creation of new interactions and links,

and to evolve. This is all connected to the incessant flow of elec-

trons through redox gradients across the Earth ecosystems.
Thus, a key question about life from the perspective of coupling

is how the spontaneous recoupling and spatiotemporal reorgani-

zation of previously decoupled ecosystems takes place once the

disturbance or environmental stress stops. We refer to this as

ecosystem coupling resilience, which we define as the ability

of ecosystem properties and organisms to reconnect with

each other after a given disturbance. Hence, a potential path

to prevent or modify the outcome of undesired transitions in

stressed ecosystems could involve the promotion of certain

key ecological and biogeochemical couplings that could help

land or conservation managers to pull such endangered systems

away from their critical boundaries129 (Figure 4).

We may also potentially be able to restore degraded ecosys-

tems to desirable levels of biotic, biotic-abiotic, and biogeo-

chemical coupling by favoring certain spatially ordered patterns

toward a more efficient capture, flow, and storage of energy and

matter, thus increasing both the resistance and resilience of eco-

systems against undesired state changes.79,124 Different mea-

sures could be applied to steer the recovery of ecosystem

coupling and to favor more functional spatial patterns. As a gen-

eral rule, such measures should likely involve the creation of gra-

dients that spontaneously drive the flux of energy and matter

(and thus of electrons) across the gradient. In turn, this would

create other gradients, thus reactivating the spontaneous recov-

ery loop. More specifically, greater ecosystem coupling in
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drylands may be favored by inoculating microbial communities

with a greater ability to produce extracellular polysaccha-

rides.130 This greater coupling may also contribute to create a

more densely connected network of hyphae131 in what is known

as the fungal loop.130 More fungal biomass has also been asso-

ciated with a greater ability of plants to generate islands of

fertility underneath them in drylands worldwide.132 These islands

are known for their importance to maintain high levels of

biodiversity in harsh environments and to speed up ecosystem

recovery,132 while the presence of shrubs is also linked to the

characteristic spatial and functional pattern of drylands.92 Like-

wise, in aquatic ecosystems, recovery of ecosystems from the

negative effects of insecticides has been associated recently

with the restoration of coupling.100

Ecosystem coupling promoting microbiome inoculation may

be particularly well suited to restoring degraded ecosystems,

such as abandoned open-air mines, sites exposed to heavy

pollution, and/or in places where wars and/or weapon testing

have affected the landscape. The ability to seed the fast recovery

of ecosystems with the inoculation of microbial and invertebrate

communities, thereby speeding up ecosystem and biogeochem-

ical coupling, may also be particularly useful in places where

massive land clearing has set the ecosystem for greater risk of

suffering floods or landslides. Moreover, our proposed concept

of coupling may also be useful to speed up the transition from

agrochemical-based to nature-based sustainable farming, thus

reducing the time to convert conventional into a more organic,

or regenerative, type of agriculture.14 Similarly, it has also been

suggested that more tightly coupled forest plantations may be

more ecologically and economically sustainable than conven-

tional decoupled ones.15 Whether coupling-promoting inocula-

tion can improve aquatic ecosystem coupling has not been

studied to date, but the positive examples from other systems

show its potential and thus may require further exploration

(Box 2). However, implementing all this would require mecha-

nistic understanding of how, why, and under what circum-

stances parallel changes in ecosystem coupling and spatial

patterns determine changes in the behavior of ecosystems and

what this means in terms of energy flux (i.e., functioning;

Figure 4). The urgency to act in the context of the current plane-

tary environmental challenges means that time is now ripe to

combine the integrative approach proposed here with practical

restoration and regeneration programs to define functional

coupling levels while at the same time contributing to developing

mechanistic theory that links all types of couplings (i.e., biotic, bi-

otic-abiotic, and biogeochemical) to functioning.59

Using the concept of coupling to assess the recovery of eco-

systems calls for the identification of organisms or groups of or-

ganisms with special abilities to reconnect ecosystems under

general or particular environmental conditions.13,133 We define

these organisms as specialist and generalist couplers, respec-

tively. Thesemay be a special type of ecosystem engineers,69,134

keystone taxa,89 and/or foundation species.135 The identification

of such taxa may be achieved more effectively through a combi-

nation of field- and laboratory-based approaches.13 Certain

actinobacterial and mycorrhizal strains,136–139 or even nema-

tode,32,140 and protistan34,141 taxa may be candidates as

specialist and generalist couplers. We may also be able to iden-

tify certain types of biotic-abiotic connections that are particu-
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larly needed to boost the recovery of system-level coupling.

This may involve the inoculation of ecosystems with specialist

and generalist microbial couplers alongwith dead organicmatter

mixed with expandable clay minerals (e.g., bentonites, montmo-

rillonites), which are known to promote key ecosystem functions

such as N mineralization and nutrient conservation,72,142 as well

as to enhance the viability of added microbes.143 Moreover,

these inoculants could be added along with seeds from the

desired target plant communities. Ideally, once they become es-

tablished, these communities along with their functional and

structural properties should be able to self-propagate across

entire ecosystems, thus boosting coupling and recovery. Moni-

toring the coupling of these incipient interactions could also be

a way to investigate the success of ecosystem restoration.

Although, for obvious reasons, the texture and organic matter

content of soils will not instantly change due to the inoculation,

a positive feedback loop may occur leading to enhanced C fixa-

tion due to plant photosynthesis, clay-forming weathering due to

active microbial life-mineral interactions, and finally C stabiliza-

tion.144 Such C stabilization and formation of humic substances

may, in turn, promote the growth of the inoculatedmicrobial cou-

plers, hence reinforcing the positive loop.
CONCLUSIONS AND FURTHER CHALLENGES

Here, we started paving the way toward a unifying framework

for the concept of coupling in ecology, whose use was previ-

ously widespread but poorly defined, and proposed that the

changes in the spatial and temporal coupling of biotic, biotic-

abiotic, and biogeochemical connections may be a universal

and predictive measure of Earth ecosystems experiencing

stress, including that originated from global change impacts.

However, our coupling metrics, based on system-level correla-

tions in absolute value, are likely highly influenced by the

spatiotemporal scale of analysis, and may thus benefit from

the simultaneous consideration of different scales, as repre-

sented by correlograms. We also define three coupling states

of ecosystems based on a null modeling approach: (1) coupled,

(2) decoupled, and (3) anticoupled. Moreover, we suggest that

these changes in coupling, which are inextricably linked to al-

terations in the spatial and temporal patterns of ecosystems,

and thus to how ecosystems are ordered/disordered, should

be linked to shifts in ecosystem functioning (i.e., fluxes of en-

ergy and matter). Based on its universality, we speculate that

our coupling concept could also be translated to a range of dis-

ciples, from medicine (Box 3) to planetary science, where it

could be used to investigate the fingerprint of life elsewhere.

Most importantly, this new framework will allow us to under-

stand the causes of order/disorder across ecosystems and

thus help us to develop and apply the right tools to restore

the health and functioning of Earth ecosystems.
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