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Open top chamber and free air CO,
enrichment - approaches to investigate tree
responses to elevated CO,

Machacova K

Open Top Chamber (OTC) and Free Air CO, Enrichment (FACE) are currently
the prevailing approaches to study plant responses to elevated carbon dioxide.
Method-inherent characteristics of either method distinctively influence re-
sults. Advantages and disadvantages of both methods are reviewed here, lea-
ding to the conclusion that Open Top Chambers seem to be more suitable for
investigating the physiological responses of single trees to high levels of carbon
dioxide, while Free Air CO, Enrichment systems are more useful for studying
the effects of elevated carbon dioxide on whole forest ecosystems since they
have a large diameter, thus allowing to work with larger trees. Free Air CO, En-
richment systems also provide a natural microclimate, thus leading to ecologic-
ally more meaningful results. Methods involving Screen-Aided CO, Control
(SACC) are proposed as a compromise eliminating disadvantages and combining
advantages of both the Open Top Chamber and the Free Air CO, Enrichment
methods. Considering the wide variety of experiments under a range of addi-
tional environmental factors it is difficult to identify a typical bias that may be
inherent in the data generated by the Open Top Chamber and the Free Air CO,
Enrichment. Meta analysis of large number of past studies revealed that Open
Top Chamber experiments produce a stronger growth enhancing effect of car-
bon dioxide than Free Air CO, Enrichment experiments. Future comparative
discussion of Open Top Chamber and Free Air CO, Enrichment data needs to
take into account this potential bias to yield biologically meaningful interpreta-
tions.

Keywords: Open Top Chamber (OTC), Free Air CO, Enrichment (FACE), Tree re-
sponse to elevated CO,, Screen-Aided CO, Control, Chamber effect, Experi-
mental bias, Elevated CO, treatment

Introduction

Carbon dioxide (CO,) is the second most
abundant greenhouse gas after water vapour.
The concentration of greenhouse gases was
almost constant in the pre-industrial era
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(Spahni et al. 2005, Denman et al. 2007).
Due to anthropogenic activities such as bur-
ning fossil fuels and deforestation, the con-
centration of atmospheric CO, has risen dra-
matically from 280 to 380 ppm since the be-
ginning of the industrial revolution (Denman
et al. 2007).

Along with oceans and the atmosphere, ter-
restrial ecosystems play an important role as
a carbon reservoir in the natural carbon
cycle. Growing forests act as a carbon sink
by means of photosynthetic conversion of
carbon dioxide to plant biomass. Mature
forests are believed to show a neutral ba-
lance of photosynthetic carbon fixation and
CO, release by respiration (e.g., Graf Pan-
natier 2006). According to the latest studies,
the world’s remaining old-growth forests are
usually carbon sinks with positive net eco-
system productivity whereas only very few
studies show old forests with a negative net
carbon balance of the forest including soils
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(Luyssaert et al. 2008).

Most physiological studies have shown that
elevated CO, induces changes in tree growth
patterns, tissue structure and developmental
processes. It influences the rate of physiolo-
gical gas exchange resulting in enhanced net
carbon assimilation (e.g., Teskey 1997). Fur-
thermore, stomatal conductance is reduced
(Hattenschwiler et al. 2002) and Rubisco
properties are altered (Bowes 1993).
Moreover, elevated CO, may affect cell divi-
sion, expansion and patterning. Trees under
elevated CO, produce taller and thicker
stems, increase total leave area and foliar
starch concentration. In addition, shifts in
timing of developmental phases may be ob-
served (Bowes 1993, Pritchard et al. 1999,
Jach & Ceulemans 1999, Taylor et al. 2001).
Elevated CO, can also inhibit various deve-
lopmental effects of the hormone ethylene
(Sisler & Wood 1988) and has a marked im-
pact on soil nitrogen availability for plants
by increasing soil net nitrification (Carnol et
al. 2002).

Over the years, a variety of techniques has
been applied to study tree responses to ele-
vated atmospheric CO, at the plant organ,
entire trees, or ecosystems. Early studies on
the effects of elevated CO, were typically
done under controlled conditions in closed
chambers or greenhouses, such as: a) branch
and leaf chambers (Teskey 1997); b) phyto-
trons (Liu et al. 2004); c) controlled environ-
ment chambers (Kelloméki et al. 2000); or
variations thereof. A shortcoming of these
difficult methods is that they create an artifi-
cial environment compared to natural eco-
system conditions. Attempts to bring experi-
mental set-ups in a more natural context
have yielded more elaborate techniques that
tend to allow, to varying degrees, for an ex-
change with the natural environment. These
include: d) open top chambers (OTC - e.g.,
Vanaja et al. 2006); e) free air CO, enrich-
ment systems (FACE - e.g., Karnosky et al.
2001); and f) screen-aided CO, control
(SACC - Leadley et al. 1997).

OTC- and FACE-derived systems are
nowadays the most frequently used methods
to study tree responses to elevated CO, under
close to natural conditions (Leadley et al.
1997). In this review, the principles of these
two methods and the specific experimental
approaches of OTC and FACE will be ex-
plained. Their advantages and disadvantages
to individual research goals will be dis-
cussed. Screen-aided CO, control (SACC)
will be proposed as a possible compromise
eliminating disadvantages and combining
advantages of both OTC and FACE for
many research applications. The second part
of this review compares and validates the ef-
fects of elevated CO, on plant biomass, leaf
expansion, and photosynthesis obtained from
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OTC and FACE experiments aiming to
identify method inherent biases.

Description of the technology
Open Top Chamber (OTC)

Open Top Chambers consist of metal con-
structions with transparent vertical side-
walls (e.g., polyvinyl chloride, Plexiglas)
and a frustum on top. An opening in the
middle of the frustum allows an air exchange
to reduce temperature and humidity effects
in the chamber. CO,-enriched air is distri-
buted from a circular tube, and air blowers
ensure the uniform distribution of carbon di-
oxide within the chamber. The actual con-
centration of carbon dioxide within the OTC
is measured by a CO, analyzer and con-
trolled by computer supported regulation of
inlet valves (e.g., Jach & Ceulemans 1999,
Uprety et al. 2006, Vanaja et al. 2006).

Free Air
(FACE)

In FACE systems, CO, is transported by a
ring-shaped pipe surrounding the plot and is
distributed by vertically oriented pipes. The
dosage of the carbon dioxide depends on the
actual CO, concentration inside the plot and
climatic factors such as wind direction and
speed. The valves of the vertical pipes can be
closed and opened to adjust for changes in
wind direction. To minimise experimental
costs, CO,-enriched air can thus be released
only upwind (e.g., Hendrey et al. 1999, Hit-
tenschwiler et al. 2002, Handa et al. 2006,
von Felten et al. 2007).

CO, Enrichment system

Screen-Aided CO; Control (SACC)

Screen-Aided CO, Control consists of a
transparent polycarbonate sheet mounted on
a steel frame. CO, is dispensed within the
plot through a pipe with small holes attached
below the screen. A gap between the soil
surface and the distribution pipe, as well as
the open top of SACC allows temperature,
air humidity, and precipitation to equalize
between plot and the surrounding field.
Moreover, the gap enables small animals to
access the plot. In comparison to FACE-
methods, the total CO, consumption is re-
duced due to the plastic screen acting as a
windshield.

In OTC, FACE, and SACC, other factors
(e.g., the ambient and elevated concentration
of carbon dioxide, wind speed and direction,
air pressure, photosynthetically active ra-
diation, precipitation, air and soil tempera-
ture, soil moisture, and nutrient availability)
need to be measured to clearly separate the
influence of CO, concentration from the pos-
sible influence of the other factors.

Evaluation of chamber effects in
OTC and SACC plot

Closed side-walls and frustum in OTC cre-
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ate an artificial microclimate within the
chamber that may increase temperature, alter
humidity, photosynthetically active radiation
and precipitation, and exclude interacting
fauna and flora (Leadley et al. 1997, Uprety
et al. 2006). Therefore, it is important to va-
lidate the results from OTC with elevated
CO, by comparing with results from both
OTC under ambient CO, and open-air con-
trol plots. Compared to plants in open-air
control plots, Pinus taeda grown in cham-
bers (i.e., ambient CO,) showed a larger in-
crease in height and the number of primary
branches (Tissue et al. 1996). However, this
effect only became apparent after 15 month
of growth, pointing to the importance of the
control being included over the entire dura-
tion of the experiment. The severity of a
chamber effect is likely to vary between spe-
cies. This is illustrated in the work by Drake
et al. (1989) who noticed no difference
between plant growth of community of
Spartina patens, and mixed communities of
Scirpus olneyi, Spartina patens and Distich-
lis spicata grown in OTC under ambient CO,
and in open-air control plots. In contrast, dry
weight and shoot density of Scirpus olneyi
grown in OTC under ambient CO, were
higher than in the control plot. The reasons
for this can be: a) higher differences between
midday air temperature inside and outside
the chambers with Scirpus olneyi (2.7 £ 1.9
°C) in comparison to chambers with Spar-
tina patens (2.1 £ 1.2 °C) and mixed com-
munities of Scirpus olneyi, Spartina patens
and Distichlis spicata (1.2 = 1.4 °C - Drake
et al. 1989); b) more light coming from the
side into OTC because of damaged area sur-
rounding the OTC with Scirpus olneyi
(Drake et al. 1989).

Concerning SACC, no statistically signifi-
cant difference in biomass accumulation and
plant community composition between
SACC experimental plots and the screenless
control plots was found by Leadley et al.
(1997) under ambient CO, in natural tempe-
rate grasslands.

Advantages and disadvantages of
FACE and OTC

Earlier methods for investigating the ef-
fects of elevated CO, on trees tended to con-
centrate on a single component approach,
i.e., elevated CO, as the single altered factor
with other environmental conditions left un-
changed. In contrast, both OTC and FACE
methods are used with field conditions that
aim to include a natural microenvironment
and biotic interactions as part of the eco-
system studied. OTC and FACE differ, how-
ever, in their design. To choose which
system is best suited for a particular research
question, it is therefore important to consider
the advantages and disadvantages of these
methods.

FACE typically has a diameter between 1
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m to 30 m to study not only seedlings but
also mature trees (e.g., Hendrey et al. 1999,
Hittenschwiler et al. 2002). Nevertheless,
mature trees investigated in FACE usually
have a life history of growing under an am-
bient CO, concentration for a long time prior
until the experiment takes place (e.g., Hat-
tenschwiler et al. 2002), and there might be a
longer transition from a low to a high CO,
phenotype. On the other hand, OTC enables
easily growing of plants under elevated CO,
for their entire lifetime (e.g., Tissue et al.
1996). However, chamber size and project
duration limit working with large forest
trees. The construction of FACE does not
negatively affect the plot’s microenviron-
ment such as wind direction and speed, rain
fall, snow fall, radiation, or the influence of
insects. This enables the researcher to inve-
stigate the effects of elevated atmospheric
CO; on ecosystems under natural conditions
(e.g., Leadley et al. 1997).

One of the greatest disadvantages of FACE
experiments is the very high cost arising
from the high consumption of CO, during
fumigation. To lower the costs, transparent
polyethylene windshields can be applied in
the main wind direction (Héttenschwiler et
al. 2002), although they might influence the
plot’s microclimate negatively. An addi-
tional disadvantage is that short-term CO,
fluctuations may be larger than within
OTC’s experiments because wind has free
access to the experimental plot (Hendrey et
al. 1999).

In contrast to FACE, OTC systems have
lower costs per experiment due to a signifi-
cantly lower consumption of carbon dioxide,
because air exchange is reduced by the
closed side walls and frustum (see Vanaja et
al. 2006). In contrast to experiments where
the effects of elevated CO, on plants are
measured in the greenhouse, OTCs eliminate
artefacts such as the growth of the trees
being restricted by pots (Uprety et al. 2006,
Vanaja et al. 2006).

OTCs have typically a smaller diameter
than FACE. This makes them useful for
working with seedlings but not with tall ma-
ture trees. This is particularly disadvan-
tageous as the physiological response of
seedlings and mature trees to elevated CO,
concentrations can be very different
(Hendrey et al. 1999). A second major point
of criticism in OTC is the possible chamber
effects on microclimate, as outlined above.

In summary, OTCs are often used to in-
vestigate tree physiological responses to high
levels of CO; in the field under conditions
near to the local natural conditions, and are
thus in many cases superior to classical
greenhouse or laboratory experiments as ad-
dressed in the introduction (a, b, c) that per-
form tests under well controlled, though en-
tirely artificial conditions. While OTC ex-
periments are not as close to the natural con-
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ditions as FACE, they have the advantage of
lower cost.

FACE systems are valuable for the study of
forest ecosystems. They involve fewer ex-
perimental artefacts than may be observed
when using OTC, thus allowing studies that
are closer to the natural, unaltered microcli-
mate (Hendrey et al. 1999). The effects of el-
evated CO, in a FACE study can be ob-
served in relation to a wider range of va-
riables, such as changing weather conditions,
interactions among individual plants of one
or several tree species.

A compromise can be found in the method
of Screen-Aided CO, Control (SACC),
which can be used as an alternative to either
FACE or OTC alone (Leadley et al. 1997).
This approach enables the investigation of
tree responses to higher levels of CO, under
more natural conditions than in OTCs. In
contrast to OTCs, the temperature peaks in
midday are lower, rainfall and radiation are
less altered and the interaction between
plants and small animals is possible.
Moreover, the experimental costs should be
lower than for FACE (Leadley et al. 1997).

Comparison of OTC and FACE
results on tree CO, responsiveness

To validate results of the effects of elevated
CO; on tree growth and development, com-
parative studies of one effect using different
research approaches are necessary. Unfortu-
nately, there are only few published results
on biological effects of elevated CO, com-
paring individual plants of the same tree spe-
cies and of the same age, grown under simi-
lar growing conditions and identical CO,
treatments using both methods, OTC and
FACE.

Tissue et al. (1996) found that the response
of Pinus taeda L. seedlings grown under
elevated CO, in an OTC experiment changed
over the course of the experiment. Seedlings
were grown in OTCs under ambient CO,
(control trees) or elevated CO, (51.6 and
66.6 Pa) concentrations since germination.
Elevated CO, led firstly to rapid increase in
plant biomass. After 11 months of CO, ex-
position, the plant biomass of trees grown
under 51.6 Pa or 66.6 Pa CO, was 111 % and
233 % higher, respectively, than that of con-
trol trees grown under ambient CO,. During
the following months, the differences in bio-
mass accumulation between the plants grown
with CO, exposition or as control gradually
diminished in both treatments and disap-
peared in the 51.6 Pa CO,-treatment after 19
months. Trees grown at 66.6 Pa CO, were
during this time “only” 111 % larger than
control trees. The initial rapid increase of
total plant biomass response to elevated CO,
followed by its decline can be explained by
parallel changes in net assimilation rates
over the study period. CO--treated trees
showed higher photosynthetic rates than
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plants grown under ambient conditions.
However, the total Rubisco activity of trees
under elevated CO, was reduced in the first
year pointing to an acclimation effect in
plants exposed to elevated CO, (Tissue et al.
1996, Groninger et al. 1997). This photosyn-
thetic acclimation connected with reduced
levels of Rubisco proteins was also observed
in one-year-old needles of well-developed,
16-year-old Pinus taeda growing for approx.
2.5 years under elevated CO, in FACE
system that was established in the same
forest as the Pinus taeda seedling experi-
ment addressed above. This Rubisco accli-
mation can be associated with an elevated
content in soluble starch (Rogers & Ells-
worth 2002).

The response of leaf growth to elevated
CO; in hybrid poplar trees growing in OTC
and FACE was studied by Taylor et al.
(2001). Young hybrid poplar trees (Populus
X interamericana, P. x euramericana) sho-
wed a positive effect of elevated CO, on leaf
extension rate and total leaf area in all plants
irrespective of whether trees were grown in
OTC or FACE. However, the absolute rates
of leaf extension in FACE-grown plants
exceeded those of OTC-grown plants
(Taylor et al. 2001). According to Taylor et
al. (2001), the cause might have been diffe-
rent regimes of nitrogen, water, temperature
and light that are inherent to the different
systems. In contrast to the first year of FACE
experiment, in the second year, the leaf
extension rates by P. x euramericana grown
under elevated CO, decreased due to the ac-
climation effect under elevated CO..

Another way of comparing and validating
results of elevated CO, effects on trees ob-
tained from OTC and FACE experiments is
the synoptic analysis of an available body of
data using meta-analytical techniques. One
of the parameters typically studied is total
tree biomass. This response parameter to
elevated CO, ranged from a biomass reduc-
tion of 31 % to a 284% increase in biomass
in relation to the ambient CO, treatment
(Curtis & Wang 1998). A meta-analysis can
help interpreting such large differences, for
example by detecting additional effects such
as nutrient limitations. De Graaff et al.
(2006) found a significantly stronger CO, in-
duced increase in above-ground biomass in
plants grown in OTC as compared to plants
grown in FACE. These differences may
result from a bias in age and size of trees
used in either system. In OTC, mainly indi-
vidual seedlings and young trees are used
due to the size limitation of the chamber,
while FACE is applied with older and larger
trees in forests. The faster plant growth in
OTC may also be caused by CO, concentra-
tions found in OTC systems being typically
higher than those in FACE (Curtis & Wang
1998, De Graaff et al. 2006). Furthermore,
an altered stomatal CO, responsiveness cau-
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sed by short-term CO, fluctuations in FACE
is a possibility, which is however challenged
by Hendrey et al. (1999). Also OTC favours
in-chamber temperature peaks on hot and
sunny days thus potentially boosting photo-
synthetic rates and above-ground biomass
growth (Leadley et al. 1997). On the other
hand, the side walls and the frustum of the
OTC have a screening effect thus reducing
the available photosynthetic active radiation
(Uprety et al. 2006, Vanaja et al. 2006). Free
access of small herbivorous mammals into
FACE may cause browsing damage to trees,
whereas trees in OTC are better protected.

In summary, the body of work reviewed
here, suggests that the method of CO, treat-
ment can greatly influence the tree responses
that are measured, thus limiting the compa-
rability of data from either FACE or OTC.
To collect biologically more meaningful data
that are less biased by the choice of the ex-
perimental set-up, different experimental ap-
proaches should be applied in parallel, in-
cluding both seedlings and mature trees as
test objects. Furthermore, a comprehensive
documentation of other factors (e.g., wind
and light characteristics, precipitation, air
and soil temperature, soil moisture, nutrient
availability and potential chamber effects)
increases the information value and compa-
rability of data generated by either approach.

Meta-analytical techniques applied to re-
sults of past studies on tree responses to
elevated CO, are useful instruments for a
better understanding of CO, effects on
plants. For example nutrient availability
plays an important role for tree response to
elevated CO, (Jach & Ceulemans 1999). Ac-
cording to De Graaff et al. (2006), high ni-
trogen concentration in the soil significantly
increased the plant responses to elevated
CO; in form of an increased production of
aboveground plant biomass. Meta-analysis
can also be used to highlight differences in
responsiveness to elevated CO, between dif-
ferent types of plants. For instance, accor-
ding to the meta-analysis by De Graaff et al.
(2006), woody species show significantly
stronger responses in above-ground biomass
to elevated CO, than herbaceous species
which is in accordance with the data by
Ainsworth & Long (2005).

Conclusion

This review discusses potential Open Top
Chamber and Free Air CO, Enrichment sys-
tems as methods to investigate the effects of
elevated CO, on single mature trees and
seedlings. The OTC is useful for studying
mechanistic tree physiological responses to
elevated CO,, whereas FACE allows asses-
sing the effects of elevated CO, in entire
forest ecosystems. The method of Screen-
Aided CO, Control can provide an alterna-
tive by combining the advantages and eli-
minating the disadvantages of OTC and
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FACE.

Experimental bias differs between OTC
and FACE and thus comparability of data
generated by these methods is limited. In in-
terpretation and discussion of data from past
experiments this potential bias has to be con-
sidered to draw biologically more meaning-
ful conclusions. The experimental design of
future experiments must be based on the spe-
cific biological question rather than the
availability of either system.
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