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Understanding ecosystem responses to global change have long challenged
scientists due to notoriously complex properties arising from the interplay be-
tween biological and environmental factors. We propose the concept of ecosys-
tem synchrony - that is, similarity in the temporal fluctuations of an ecosystem
function between multiple ecosystems - to overcome this challenge. Ecosystem
synchrony can manifest due to spatially correlated environmental fluctuations
(Moran effect), exchange of energy, nutrients, and organic matter and similarity
in biotic characteristics across ecosystems. By taking advantage of long-term
surveys, remote sensing and the increased use of high-frequency sensors to as-
sess ecosystem functions, ecosystem synchrony can foster our understanding
of the coordinated ecosystem responses at unexplored spatiotemporal scales,
identify emerging portfolio effects among ecosystems, and deliver signals of
ecosystem perturbations.

Ecosystem dynamics under global change

The Anthropocene is an era of unprecedented planetary upheaval, associated with rapid biodi-
versity loss [1] and dramatic changes in ecosystem functioning (see Glossary) [2]. Understand-
ing and anticipating ecosystem responses in the future, however, remains hampered by the fact
that environmental perturbations are acting across different levels of biological organization, at
multiple spatial extents (e.g., local, regional, or global), and with varying magnitudes, durations,
and frequencies. Meeting this challenge requires studying ecological dynamics through a prism
that illuminates the processes driving the conversion and translocation of energy and materials
in ecosystems over time [3].

Ecosystem processes are the complex physical, chemical, and biological interactions that link or-
ganisms to their environment, culminating in what are known as emergent properties [4]. Despite
considerable research, our mechanistic understanding of these entangled interactions is still often
limited. This has led to calls for more dedicated investigations of ecosystem function dynamics,
referring to the performance of an ecosystem resulting from one or multiple ecosystem processes
operating over time [5]. Although quantifying the impacts of global change on ecosystem func-
tioning across space and time is associated with well-recognized challenges, scientists answer-
ing this call will be better poised to predict the future state of ecosystems.

Spatial synchrony has been the focus of increasing attention when studying the long-term persis-
tence of populations and community stability in response to global change [6-8]. During the past
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50 years, scientific investigations of population synchrony have helped to better understand the
effects of environmental perturbations on population dynamics and related risks to species
extinction [9-11]. Changes to population synchrony have also been shown to scale up to higher
organizational levels, for instance by impacting community structure and persistence, ultimately
affecting meta-population and meta-community stability [6,8,12—14]. Despite providing substantial
insights into the ecology of species, much less attention has focused on the critical emergent prop-
erties of ecosystems, including dynamic responses expressed over multiple spatial and temporal
scales. To address this need, the present study seeks to advance the concept of ecosystem
synchrony. Specifically, we demonstrate how ecosystem synchrony may represent a powerful
and integrative property to understand the spatiotemporal extents of coordinated ecosystem dy-
namics that emerge from the complex interplay between biotic and abiotic factors.

Ecosystem synchrony to understand ecological dynamics

We define ecosystem synchrony as the similarity in the temporal fluctuations of a given ecosys-
tem function among multiple ecosystems. Ecosystem synchrony is characterized by the direction
and the magnitude of the variations in this ecosystem function (Box 1) [11]. Two ecosystems can
display positive synchrony (i.e., ecosystem function dynamics are in-phase), negative synchrony
(i.e., ecosystem function dynamics are out-of-phase), or asynchrony (i.e., nonsimilarity in the
fluctuations) (Box 2). Following ecological theory and previous investigations on population and
community synchrony [14—16], we hypothesize that positive ecosystem synchrony will be more
likely with increasing biotic and abiotic similarity among ecosystems.

Ecosystem synchrony is expected to emerge from three primary mechanisms: (i) the Moran ef-
fect [10] which is caused by spatially autocorrelated fluctuations in environmental conditions
(e.g., climatic conditions); (ii) the fluxes of energy, nutrients, and organic matter between ecosys-
tems, including the dispersal of organisms that, through their response traits, drive critical func-
tions in ecosystems [17]; and (iii) similarities in biotic characteristics that describe the number,
the nature (e.g., predatory and mutualistic), and the strength of interactions between organisms
which are known to influence the above-mentioned fluxes [18]. Consequently, ecosystem syn-
chrony ultimately emerges from the synchrony found in hydrological, geomorphological, and bio-
geochemistry processes [11,19] and in biological dynamics at lower levels of biological
organization (e.g., populations and communities [8,13,14]). Ecosystem synchrony is thus em-
bedded within the meta-ecosystem framework because it integrates the ideas of shared envi-
ronmental conditions and fluxes between ecosystems [20-22].

Investigating ecosystem synchrony can help enhance our knowledge of the underlying mecha-
nisms driving ecological dynamics [23]. From a conceptual perspective, ecosystem synchrony
represents a level of aggregation that allows addressing changes in both additive (e.g., sum of
all species biomass in an ecosystem) and nonadditive (e.g., water use efficiency) ecosystem
properties. Previous studies on metacommunity stability have already discussed the concept of
spatial synchrony regarding additive properties [6,8], suggesting that similar results could be ob-
tained regardless of the level of aggregation (i.e., at community or ecosystem level). The concept
of ecosystem synchrony should apply more broadly (and depart more strongly from the concept
of community synchrony) to nonadditive ecosystem properties owing to the complex interplay
between biotic and abiotic factors and the fluxes of energy, nutrients, and organic matter that
are difficult to represent solely using lower levels of biological organization. These properties
cover primary productivity, nutrient cycling, recycling, and stocking of organic and mineral mat-
ters processed in soil, sediment, water, and at their interface [24]. From a more practical perspec-
tive, it can be challenging to account for all the organisms involved in a particular ecosystem
process, such as the entirety of food web to assess energy fluxes or the complete microbial
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community involved in matter recycling, whereas ecosystem synchrony can be derived from
integrative monitoring and quantification of ecosystem functions. For example, the recycling of
organic matter can be investigated using measurements of decomposition rates, variations in
nitrogen or phosphorus concentrations, and gas exchange (e.g., methane and CO,) at the inter-
face between sediments and the water column or in soils [25,26]. Alternatively, ecosystem func-
tions can be inferred indirectly. For instance, measurements of the diel cycle of dissolved oxygen
(Oy) concentration in aquatic ecosystems reflects the overall contribution of heterotrophic and
autotrophic organisms to ecosystem metabolism [27].

Ecosystem synchrony represents a novel opportunity to investigate the spatial extent of coordi-
nated ecosystem dynamics which was originally addressed through approaches such as
distance-decay of synchrony among populations [9,15]. While comparing ecological synchrony
between populations and communities from different types of ecosystems and from different
realms can be challenging due to taxonomic and functional traits differences, ecosystem syn-
chrony provides a new way for comparing ecosystems across space. For instance, ecosystem
metabolism can be calculated based on changes in O, and CO, concentrations to reflect the rel-
ative balance between primary production and heterotrophic respiration in all ecosystem types
[4,28]. While ecological synchrony measured at lower levels of biological organization is a long-
standing history thanks to long-term monitoring programs (e.g., BioTIME database; [29]), the
quantification of ecosystem synchrony is now possible thanks to the development of spatially ex-
tensive programs that monitor ecosystem functions. This includes broad sensor arrays and large-
scale deployment of remote sensing approaches (e.g., satellite images) (Figure 1) [30] allowing the
measurement of ecological parameters relevant to ecosystem functions at large scale.

Ecosystem synchrony also provides a unique opportunity to assess the temporal extent of coor-
dinated ecosystem dynamics by studying changes in ecosystem functioning at variable time
scales (e.g., hours, days, months, seasons, and years) which are paramount to address new
questions related to the stability, resilience, and resistance of ecosystems [31]. The methodology
and sensors used to collect time series of ecosystem functions and investigate levels of syn-
chrony can be adjusted regarding their duration and frequency to follow the characteristics of
the studied function and the time scale of interest (Box 2). For instance, data collected from
remote sensing or monitoring programs that span several decades can be used to explore
long-term changes (e.g., under press perturbations) on ecosystem synchrony. The use of sensor
arrays that collect high frequency data (Figure 1C) usually over shorter time periods, can shed
light on near-term changes on synchrony patterns (e.g., under pulse perturbations). Overall, the
frequency, duration and spatial scale at which data can be made available through emerging
technologies [32,33] must warrant revisiting existing notions but also open avenues to investigate
emerging questions in ecology. These advances can provide new insights regarding the time
scale at which some ecological processes (e.g., hourly or diurnal variations in O, concentrations)
change relative to what is known from low-frequency historical data that are classically used in
population and community synchrony analyses [9,14].

Alteration of ecosystem synchrony by perturbations

Heightened focus on the coupled spatiotemporal dimensions of ecosystem functioning provided
by ecosystem synchrony is a marked departure from long-standing investigations of single eco-
system responses to a given perturbation [31]. Explicit consideration of multiple ecosystems pro-
vides opportunities to identify the spatial extent of perturbations affecting ecosystem dynamics,
and can help highlight temporal divergences in the natural cycles of ecosystem functioning
(i.e., temporal extent) that are challenging to address when studying ecosystems in isolation
[16,20,21]. In addition, ecosystem synchrony may help pinpoint portfolio effects [34] offered
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Glossary

Desynchronization: decreasing of the
initial degree of ecosystem synchrony
between two ecosystems.

Ecosystem functioning: physical,
chemical and biological processes in an
ecosystem resulting from the total
activity of biodiversity therein

(e.g., decomposition, metabolism, and
energy flows).

Ecosystem synchrony: similarity in the
temporal fluctuations of an ecosystem
function between multiple ecosystems.
Frequency (in signal analyses):
number of events of a reiterating pattern
per unit of time.

Meta-ecosystem: group of
ecosystems related by flows of energy,
materials and organisms across
ecosystems (i.e., includes all kinds of
spatial flows among systems) and/or
submitted to the same environmental
conditions.

Moran effect: synchrony in biological
dynamics across several sites due to
positive covariations in temporal
fluctuations in the environment.

Period (in signal analyses): the
shortest duration after which the
elementary pattern reproduces itself
identically.

Portfolio effect: ecosystem
fluctuations are compensated by
heterogeneous responses at the meta-
ecosystem level, allowing for overall
stability in the face of perturbation.
Synchronization: increasing of the
initial degree of synchrony between two
ecosystems.


move_f0005

Trends in Ecology & Evolution ¢? CellPress

Box 1. A vocabulary for ecosystem synchrony

Ecosystem synchrony can be characterized by considering the direction and the amplitude of variations when comparing a time series from two ecosystems. Positive eco-
system synchrony corresponds to the synchrony of an ecosystem function between two ecosystems exhibiting in-phase dynamics (Figure IA,B). By contrast, negative eco-
system synchrony corresponds to the synchrony of an ecosystem function between two ecosystems exhibiting out-of-phase dynamics (i.e., inverse trends in the function of
interest) (Figure IC,D). In both cases, the magnitude of the dynamic of a given ecosystem function can either be similar (Figure IA,C) or different (Figure IB,D), ultimately
contributing to the degree of ecosystem synchrony.
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Figure I. Vocabulary of ecosystem synchrony (A, B, D, E) and asynchrony (C) based on the direction and magnitude of the dynamic fluctuations of the
same ecosystem function measured in two ecosystems (broken and unbroken lines). Synchrony/asynchrony are illustrated using a correlation with: 1 =
highest positive synchrony with highly similar amplitude, —1 = highest negative synchrony with highly similar amplitude and O = asynchrony. In signal analyses,
positive correlations represent in-phase dynamics, while negative correlations represent out-of-phase dynamics.

by multiple ecosystems facing perturbations. In fact, the averaging of ecosystem functions across
meta-ecosystems might promote variance dampening in ecosystem functioning across large
time scales, thus enhancing stability at the meta-ecosystem scale. Overall, the use of ecosystem
synchrony represents a promising approach to unravel coordinated ecosystem responses to
global change, to identify the alteration drivers and paths by which local ecosystem functioning
influences ecosystem stability at larger scales [14,16] and to provide warning signals allowing
to anticipate profound ecosystem changes [35,36].
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Box 2. Quantifying ecosystem synchrony

Aligned with previous investigations of population and community synchrony, a standardized estimate of ecosystem syn-
chrony can be quantified using correlative methods (e.g., Spearman’s correlation) to indicate out-of-phase dynamics
(i.e., negative correlation coefficient) versus in-phase dynamics (i.e., positive correlation coefficient) (Table I). This approach
is sensitive to the nonlinearity and/or the nonmonotony of the relationship and should preferentially be used in preliminary
investigations with time series of similar lengths. These limitations can be overcome using other approaches such as dy-
namic time warping that aims at aligning time series across all feasible temporal alignments. Dynamic time warping can
manage time distortions and varying velocity in dynamic changes found in time-dependent data [45]. In addition, time se-
ries of ecosystem functions represent temporal signals characterized by their period and their frequency. Time series can
be transformed in the frequency domain to identify temporal patterns in signals detectable at different temporal scales
using methods such as wavelet analyses. Wavelet analyses help to highlight different levels of synchrony depending on
the frequency of variation considered (e.g., hourly or seasonal variations). Finally, autoregressive models such as multivar-
iate autoregressive state-space models (MARSS) [46] that consider the temporal autocorrelation in the processes hidden
in observed time series can also be used to estimate the magnitude and drivers of synchrony (Table I). These two last
methods are well adapted to long-term time series (i.e., monitoring programs) and/or time series with a high frequency
of measurement (i.e., sensor arrays), ultimately paving the way toward a finer scale of analysis of ecosystem dynamics.

Table I. Methodological approaches to quantify ecosystem synchrony

Type of analysis Description and application for ecosystem synchrony

Correlation and crosscorrelation Measures monotonous linear (Pearson) or nonlinear (Spearman) similarity
[37,47-50] between two time series
Facilitates comparison among different studies
Accounts for the entire time series or across a sliding time window
Reveals time-lags relationships using cross-correlation statistics
Example: identify the strength and direction of changes in the covariation of
an ecosystem function between ecosystems

Dynamic time warping Computes the minimum path (distance) between two time series based on
[61,52] the temporal matching of similar elements
Provides reliable estimates of the association between time series, especially
when they differ in shape and phase
Suit for analyzing time series with different lengths
Example: identify the ecosystem synchrony from time series with different
frequency of sampling

Wavelet analyses Converts time series from a time-value system to a timescale (frequency)
[63-55] system, thus computing an analysis of frequency change in the time domain
Allows to quantify the period of the synchrony and handle multiple periods
(e.g., both short-term and long-term synchrony in a signal)
Simultaneously extracts local spectral and temporal information from the
time series
Example: identify the different temporal extent at which ecosystem syn-
chrony is impacted

Auto-regressive models Class of dynamic linear model and vector autoregressive model that directly

(e.g., MARSS) models temporal autocorrelation

[66-58] Tests the effect of various factors on synchrony to identify process and
mechanisms

Detects time lags in synchrony

Example: discriminate anthropogenic mechanisms from natural mechanisms
modifying ecosystem functioning after identifying synchrony in the hidden
processes of their dynamics

Global change can affect ecosystem synchrony through modifications of physical
(e.g., temperature) and chemical (e.g., pollution) environmental conditions, together with changes
in biotic components. The biotic characteristics of ecosystems can be altered through mecha-
nisms such as community reassembly (e.g., native species replacement by non-native species),
dispersal limitation caused by habitat fragmentation, changes in species interactions, or biomass
redistribution across trophic levels (e.g., overexploitation of top predators) [15,37-39]. These
changes may directly and indirectly modify biochemical cycles, energy conversion and energy
fluxes within and among ecosystems, influencing the initial level of synchrony between
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Figure 1. High-frequency monitoring to assess ecosystem functions. (A) Satellite remote sensing to measure
primary production in forests. (B) Benthic incubation cloche to quantify gas exchanges between the sediment and the
water column. (C) Autonomous dissolved oxygen sensor to measure lake metabolism. (D) CO, flux sensor to measure
soil respiration in savannah. (E) Dissolved oxygen sensor to assess ecosystem metabolism in experimental
mesocosms (Aquatic Metatron, Moulis, France). (B, C, and E) Image source: CNRS. (D) Sensor image source:
https://www.campbellsci.ca/eosfd.

ecosystems. In some cases, perturbations can induce desynchronization of ecosystems
(i.e., decreasing in the initial level of synchrony) that can ultimately lead to their asynchrony. In
other cases, these perturbations can lead to the synchronization (i.e., increasing in the initial
level of synchrony) of ecosystems that originally displayed limited level of synchrony.

The alteration of ecosystem synchrony can be detected via changes in the amplitude of the dy-
namics of an ecosystem function (Figure 2A) [37]. For example, heat waves can cause abrupt in-
creases in O, consumption [40], ultimately modifying the hourly amplitude of the balance between
CO, and O, without altering the diurnal frequency of the lake metabolism cycle. Synchrony

Trends in Ecology & Evolution, December 2024, Vol. 39, No. 12 1085
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Figure 2. Using ecosystem synchrony to assess the spatial and temporal extents of the impacts of global change on ecosystems. Different examples
of desynchronization induced by global change factors such as (A) heat waves [40], (B) drought events [41], and (C) habitat degradation [43]. In these illustrations,
metabolism is a proxy of the balance between respiration and oxygen production, water use efficiency is the balance between gross primary productivity and
evapotranspiration, and carbon cycle is a simplification of the balance between fixed and released carbon and methane. These examples are defined in the case
of a positive initial synchrony (with similar amplitude and mean of the time series) of a given ecosystem function between two ecosystems: a reference ecosystem

(in black) and an impacted ecosystem (colored).

alteration can also emerge from a time lag in the dynamics of an ecosystem function (Figure 2B).
For instance, Ji et al. [41] demonstrated that drought events can induce a time lag of several
months in the water use efficiency of terrestrial ecosystems at the global scale. Lastly, synchrony
alteration can be detected from changes in the frequency of variations in a given ecosystem func-
tion (Figure 2C) [42]. For example, seasonal carbon flows in mangroves during the wet, dry and
windy seasons are altered by human-induced flooding of mangroves, triggering decreases in
CO, emissions and increases in methane emissions through amplified methanogenesis [43].
These examples highlight that ecosystem synchrony can provide significant advances to under-
stand the mechanisms (e.g., biotic changes at lower levels of biological organization) and the time

scale associated to the alteration of ecosystem functioning.
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Finally, the alteration of ecosystem synchrony by a perturbation can exhibit different temporal
persistence and thus have varying consequences for ecosystem dynamics. Ecosystems hy-
pothesized to exhibit high levels of synchrony (e.g., spatially close with same environmental
constraints) can already be desynchronized by ongoing perturbations when analyzing the
time series (Box 3). In this case, it is not possible to assess the dynamic of desynchronization.
Differently, when the alteration of ecosystem synchrony occurs during ecosystem monitoring,
its duration can vary, reflecting different consequences of perturbations on ecosystem dynam-
ics. In some cases, the phase of alteration of ecosystem synchrony can be transitory and eco-
systems return to their original level of synchrony, demonstrating their resilience [31]. In other
cases, the alteration of ecosystem synchrony can last despite removing the perturbation
which can reflect a change in ecosystem state (i.e., regime shift) [44].

Box 3. Ecosystem synchrony in a lake meta-socio-ecosystem

In south-western France, a network of gravel pit lakes located within 250 km? (Figure IA) faces variable levels of anthropic per-
turbations such as biological invasions [59], recreational fisheries [60,61] and production of renewable energies [62]. This lake
network represents a meta-socio-ecosystem [63] that provides an opportunity to determine whether the level of ecosystem
synchrony differs between geographically close ecosystems. Lakes are equipped with high-frequency sensors quantifying
the concentration of dissolved oxygen (see illustration in Figure 1C in main text). These data were used to calculate the synchrony
(correlation) in dissolved O, concentration in three lakes located 50 km apart and facing similar climatic conditions. Interestingly,
these lakes can exhibit strong positive synchrony (Lakes 1 and 2; rho = 0.68, P < 0.001), negative synchrony (Lakes 1 and 3;
rho =-0.11, P <0.05), or asynchrony (Lakes 2 and 3; rho = 0.04, P = 0.45) (Figure IB). This preliminary observation supports
the idea that ecosystem synchrony is not driven only by the spatial distance or the environmental similarity between lakes and
could be influenced by local perturbations or local differences in biotic settings (e.g., difference in community composition).
Investigating ecosystem synchrony could allow understanding the mechanisms driving shifts in ecosystem functioning and
provide robust basis to improve freshwater ecosystem management at the meta-socio-ecosystem level by identifying lakes,
or group of lakes, displaying similar synchrony levels. It could also provide new perspectives to understand the additivity,
synergy, or antagonism of the impacts caused by local (e.g., fish stocking, floating photovoltaic, pollution), regional (e.g., heat
waves, biological invasion), and global (e.g., climate imbalance) environmental changes on ecosystem properties.

(8)
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Figure I. Different levels of ecosystem synchrony between lakes. (A) Geographical distribution of the three studied
lakes and aerial picture of a network of gravel pit lakes in south-western France, and (B) temporal dynamic in daily dissolved
oxygen concentrations monitored in the three studied lakes in 2023 using high frequency sensors. The correlation between
each pair of lakes is provided in each panel.
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Concluding remarks

Ecosystem synchrony is an emerging property to better understand coordinated ecosystem dy-
namics and quantify the multidimensional impacts of global environmental changes on ecosys-
tem functioning. We propose that it opens new avenues of research into the causes and
consequences of ecological dynamics operating across diverse environmental gradients (see
Outstanding questions). From a theoretical perspective, ecosystem synchrony may shed light
on the mechanisms driving ecosystem dynamics and their coordinated responses, ultimately im-
proving our ability to understand ecosystem stability beyond local contexts and at finer temporal
resolution than in previous studies. From more applied perspectives, ecosystem synchrony may
help identifying the drivers and the persistence of ecosystem alterations. The level of ecosystem
synchrony may depend on the nature of ecosystems, the amount of fluxes across them and the
geographic bounds defined for their comparison, which could be more challenging to identify in
specific instances (e.g., what strictly characterizes the limit between two forests?). As a conse-
quence, the manner in which ecosystem synchrony (or asynchrony) promotes or deteriorates
meta-ecosystem stability desires further inquiry.
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Outstanding questions

What is the relative contribution of
the different mechanisms by which

perturbations affect ecosystem
synchrony?
How is ecosystem synchrony

influenced by the interactive facets of
global change (i.e., cumulative, syner-
getic, antagonistic effects)?

Do the general level of ecosystem
synchrony and its response to global
change differ between ecosystem
types and size (e.g., freshwater vs. ma-
rine or small vs. large lakes)?

What are the consequences of
changes in the level of synchrony for
meta-ecosystem stability?

Does the synchrony of different
ecosystem functions differ within a
local ecosystem?
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