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Replication, modeling and upscaling
Even though FACE technology has allowed for consider-
able expansion of our observational ability, such spatio-
temporal dimensions only cover a fraction of forest
ecosystem functionality. Thus, one of the main issues in
experiments investigating the effect of climate change on
plants is how the information collected can be used for
predictions on a larger scale. This aspect is particularly
relevant to trees because the knowledge of the response of
forest ecosystems to future environmental conditions is of
primary concern for life on the planet [32]. Contrary to
experiments on grasses and crops where the size of the
CO2-enriched area can be reduced to increase the number
of experimental plots, we recommend that experiments on
forests will be at least 30 m in diameter to contain a
representative proportion of the ecosystem and take into
account heterogeneities in the canopy and soil. We also
recommend that the number of necessary replicates be
determined through rigorous statistical analysis, and
not driven solely by convenience, logistics or cost. Plot-
to-plot heterogeneity (particularly soil properties) must be
evaluated to establish the number of plot replicates. For
example, hierarchical Bayesian models have the capacity
for utilizing heterogeneous data sets from imperfectly
replicated studies with both known and unknown sources
of variability, permitting integration of information from
different scales [33]. The design of the sites and exper-
iments and their outputs should be closely integrated with
modeling approaches, including systems biology and eco-
system and climate change modeling. This will maximize
the predictive power of the data and further its integration
with the formulation and testing of models. To increase the
comparability between experiments and modeling, we also
recommend that future experiments employ regression-
based experimental designs rather than analysis of var-
iance-based designs.

Another aspect needs to be considered: CO2 experiments
that have been established in forest ecosystems so far have
imposed a significant increase in CO2 concentration which
is unlikely to reflect the natural increase of CO2 concen-
tration over a specific period of time. We propose studies
using CO2 gradients in the open field, establishing a

minimum number of six to eight plots each having a
different CO2 concentration. This approach simulates
growth conditions over a continuous CO2 gradient between
the plots rather than discrete levels and thus should be
methodologically refined in favor of gaining mechanistic
understanding of nonlinearity in system CO2 response.

Location and technological aspects
Most of the FACE experiments have been performed in
predominant biomes in the United States of America and
Europe because of funding and logistics but not in import-
ant biomes, such as tropical and boreal forests, that cover
large parts of the globe. In particular, our knowledge on the
response of tropical forests to elevated CO2 and climate
change is minimal [34], whereas for boreal forests we have
gained some limited information from open top chamber
experiments only [35]. These biomes should, therefore, be
considered high priority locations for future experiments.
Formulating a transcontinental agreement possibly
funded by an international institution could, in the end,
be a mechanism to establish a suite of large-scale exper-
iments in understudied but critical ecosystems such as the
tropical and the boreal forests mentioned above.

It is known that one of the limits to establish large
facilities in such ecosystems is the cost of CO2 to carry out
the fumigation, in particular for its transportation from the
source to the experimental site. To drastically reduce the
experimental costs, predominately related to the costs of
providing CO2 itself, we recommend establishing future
experimental sites close to an available CO2 source such as
a fertilizer plant (Figure 2). Geological CO2 resources that
exist at several locations around the world and that are
utilized commercially for CO2 are easily accessible. Official
agreements with a major European mining company to
access large quantities of pure gaseous CO2 at no cost
already exist in Caprese Michelangelo in central Italy,
where a single well is capable of producing more than
900 tons of CO2/h [36]. Waste CO2 from industrial or
bio-industrial processes such as alcohol distillation could
be more widely utilized. Such facilities have already been
used in a crop FACE in the USA [37]. Using sources such as
sugar cane biorefineries close to tropical forest sites is also

Figure 2. Natural versus artificial CO2 sources to be considered for future experiments on forests to contain CO2 costs.
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possible. In addition, CO2 emitted from industries or power
stations is a commodity that might be used for large-scale
experimentation. Quality might pose a problem on the one
handbecauseof thepresenceofpollutantsor tracegases, but
on the other hand because a constant stable isotopic signal
(d13C) value, which is useful for future research programs
tracking carbon through the environment, is only present in
high-quality samples.However, it seemsunlikely that large-
scale CO2 experiments will be realized in the future if a
drastic reduction of CO2 costs will not be achieved.

We also recommend that FACE facilities should be
located in association with other studies. Examples include
colocation with eddy flux tower facilities or location in
areas where biological diversity is actively being manipu-
lated. For many countries which balance between food and
non-food production, the importance of modern biomass
related research cannot be underestimated.

Concluding remarks and recommendations
The scientific community and policy makers have recog-
nized that the impact of elevated CO2 concentrations on
forest ecosystems deserves particular attention in relation
to the other driving forces of climate change. Large-scale
and long-term experiments are necessary to establish a
comprehensive approach that takes into account the entire
ecosystem with all interactions and feedback mechanisms.

FACE studies should proceed beyond descriptive
science and recognize the shift to a mandate to understand
and predict the consequences of atmospheric and climatic
change on the process and ecosystem level to contribute to

the design of appropriate strategies to respond to this
change.

Furthermore, in Figure 3 we summarize a list of priori-
ties and recommendations that need to be considered by
both scientists and funding organizations for future
research on forest ecosystems in the context of climate
change.
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