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Our current capacity to predict the
responses of ecosystem functions
under global change factors is lim-
ited. We propose new and more
efficient approaches to experimen-
tal design and modeling that utilize
interactions between ecosystem
functions to improve our under-
standing of their sensitivity to global
change factors.
Multiple global change factors are
influencing terrestrial ecosystems
Increased atmospheric carbon dioxide
concentrations, climate warming, and shifts
in rainfall patterns are examples of post-
Industrial Revolution global changes that
have profoundly affected the functioning
and diversity of terrestrial ecosystems [1].
Although these issues have generated sig-
nificant concern among scientists, politi-
cians, and the general public, various other
global changes beyond warming and
drought are also occurring, including wide-
spread alterations in land use, increases in
nitrogen deposition rates, biological inva-
sions, soil salinization, and surface ozone
concentrations [1,2]. Any of these global
changes has the potential to individually
affect ecosystem processes in a given
location, but as global changes rarely
occur in isolation, it is necessary to con-
sider the influence of multiple changes in
concert [3]. Unfortunately, our current ca-
pacity to explore the interactions (additive,
synergistic, or otherwise) among global
change factors is limited, reducing our
ability to predict the net effects on eco-
system functions [2].
Limitations to global change factor
experiments
Illustrating this issue, a recent review of
the sensitivity of terrestrial carbon cycles
to multiple global change factors deter-
mined that the vast majority of experi-
ments (>98% of studies) incorporated
only one or two factors, with a very small
minority of relevant studies considering
three or more factors simultaneously [4].
It should be noted that many of these
experiments determined that variations
in the studied global change factors pro-
duced consistent linear responses in car-
bon cycle processes, and that nonlinear
responses (including synergistic and an-
tagonistic interactions) between pairs of
global change factors were rare [4]. How-
ever, given the limitations in the extent of
the combinations studied, it is unknown
whether this outcome can be extrapolated
to three or more global change factors
operating simultaneously.

Carrying out experiments incorporating
multiple global change factors can ad-
dress this uncertainty, but the material
and financial resources required to estab-
lish and maintain these trials on a mean-
ingful scale is substantial, and this is likely
to be the predominant reason for the
current lack of such studies. Considering
that the short- and long-term results of
these experiments can fluctuate, the length
of time required to provide definitive results
is also unknown [5]. To address this uncer-
tainty, we propose new approaches to
experimental design and modeling that
utilize interactions between or among
ecosystem functions to improve our un-
derstanding of their sensitivity to global
change factors.

Plant productivity as an indicator of
critical thresholds in global change
factors
As an example, we considered the cas-
cade of effects from interacting global
change drivers to net primary productivity
(NPP), then to soil methane efflux which
Tre
is a critical ecosystem function [1]. NPP
and soil methane efflux are both affected
by various global change factors, such as
temperature and rainfall [6], but changes
in NPP can also affect soil methane efflux
[7]. Increased NPP enhances litterfall and
root exudation, providing more organic
material for methanogenesis [7]. Condi-
tions that decrease soil moisture tend to
support enhanced methane oxidation [6],
but if soil drying is sufficient to stress plants
(manifest as reduced NPP), soil atmo-
spheric ethylene concentrations increase,
thus reducing methane oxidation capacity
[8]. These interactions suggest that it could
be possible to use changes in NPP as an
indicator: when a combination of global
change drivers alters NPP beyond a certain
threshold, changes in other ecosystem
functions are more likely to occur. This
position is supported by Migliavacca et al.
[9] who showed that forest NPP can be
used to explain considerable variation in
multiple ecosystem functions.

High-resolution spatial estimates of NPP
are available from space-based spectral
observations, creating datasets that are
both vast and sensitive to global change
factors, which can also be spatially tracked
[1,2,7]. Site-specific data can be sourced
from historic and contemporary data from
a network of long-term biodiversity moni-
toring, and research networks provide an-
other avenue to link NPP and ecosystem
functions with multifactorial impacts of
global change on ecosystem functions.
This network incorporates 73 fixed long-
term biodiversity monitoring and research
plots, ranging in size from 2 to 120 ha,
which have been established around the
world (www.forestgeo.si.edu/sites-all).
These plots – located in Europe (four
plots), Asia (32 plots), America (28 plots),
Africa (five plots), and Oceania (four plots) –
provide comprehensive, dynamic vege-
tation field data, such as the individual
size, species, and spatial positioning of
each plant, and also local climate data
such as temperature, rainfall, and nitrogen
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Figure 1. Conceptual
illustration of the
pathway to simplifying
experiments assessing
the impact of multiple
global change factors
on a given ecosystem
function. In scenario 1,
the global change factors
of rainfall (R), temperature
(T), soil salinization (S),
and nitrogen deposition
(N) are divided into five
hypothetical levels (e.g.,
extent and frequency) to
address their interactive
effects on a given ecosys-
tem function. This creates
625 combinations that
need to be assessed and
replicated to produce suit-
able data. If the ecosys-
tem function in question is
influenced by net primary
productivity (NPP), then
scenario 2 could be
followed. In this case, the
impact of global change
factors on NPP can be
characterized by existing
field or remotely sensed
data, allowing only the
combinations of global
change factors that elicit
significant change in NPP
to be identified and tested
experimentally for that eco-
system function. The net
outcome of this scenario
is greatly simplified experi-
ments that will be more
affordable but still target
the critical thresholds of the
global change factors.

Trends in Ecology & Evolution
deposition can be recorded [10]. We
propose that data from the sites in this
network could be used to identify critical
thresholds in global change drivers based
on observed alterations in NPP at a given
site; these thresholds could then be used
to inform the design of manipulative global
change driver experiments at locations
similar to that site.

Whatever the approach, it is indisput-
able that ecosystem models that account
for the multifactorial impacts of global
change are needed. Recently, Rillig et al.
[2] constructed a multifactor model of
global change based on this principle,
simulating up to ten global change fac-
tors that affect ecosystem functions in
concert. In addition, biodiversity–ecosystem
function modeling allows for interactions
among species, as species diversity in-
creases through complementary effects
and selection effects [11]; similarly, we
can draw an analogy with the multifacto-
rial nature of global change, with observa-
tions of complementary effects, selection
effects, and other interactions [12]. This
method can be applied through the use
of spectral data that are also increas-
ingly available from space-based obser-
vations [7].

Simplifying global change factor
experiments by incorporating
plant data
On the basis of the large amount of field
vegetation dynamic data provided by the
long-term biodiversity monitoring and re-
search network, and the newly developed
remote sensing technology, we are confi-
dent that sufficient observational data will
be available to model and identify critical
thresholds in multiple global change fac-
tors simultaneously. This information can
then be used to design more efficient tri-
als and experiments that test precise
combinations of the levels of global change
factors, greatly reducing the effort and
cost required to undertake this research
(Figure 1).
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Concluding remarks
We acknowledge the need and urgency to
study the impact of multiple global change
factors simultaneously on ecosystem func-
tioning [2–4]. Through the pathways outlined
here (exploration of the interactions among
ecosystem functions, the long-termbiodiver-
sity monitoring and research network, and
model development), we can further improve
our understanding of themultifactorial effects
of global change on ecosystem functions.
We believe that, as we work towards this
5

goal, we will become increasingly accurate
in predicting changes in ecosystem function-
ing under multifactorial scenarios of future
global change.
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