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Fig. 10.1. Open-top chambers (first designed by Heagle et al. (1973) for
agricultural crop studies), as shown here being used for studies of O; and/or CO,
effects on eastern white pine (Pinus strobus) (left) and trembling aspen (Populus
tremuloides) (right), continue to be useful for studies of the impacts of greenhouse
gases on forest trees. While these chambers provided more realistic growth
conditions than did greenhouse or laboratory chambers, the ambient environment
of open-top chambers has been characterized as being significantly different from
the environmental conditions outside these chambers (Olszyk et al., 1980; Heagle
et al., 1988; Janous et al., 1996; Van Qijen et al., 1999).

(Liquidambar styraciflua) in Tennessee, USA (Gunderson et al.,, 1999; Norby, 1999),
and tree plantations in Panama (Potvin, personal communication).

Three additional FACE systems have been subsequently developed in Europe.
Miglietta et al. (1997) developed a mini FACE system (8 m diameter) in Italy,
which has been used for studies of CO, effects on agricultural crops and for stud-
ies of small trees (Tognetti et al., 1999). The second recent FACE design is that of
the POPFACE, also in Viterbo, Italy, which is being used for studies of CO, effects
on hybrid poplars (Scarascia-Mugnozza, unpublished). The third European FACE
system is that developed near Munich, Germany, for study of O, impacts on
mature European beech (Fagus sylvatica) and P. abies (Haeberle et al., 1999).

10.1.2 Greenhouse gases and forests: ‘FACING’ the future

We are in the midst of a global experiment with forest ecosystems, as CO, and
other greenhouse gases are increasing in approximately the same fashion as the
world’s population. Because most studies of tree responses to elevated concen-
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FACE Systems 301

trations of greenhouse gases have been done with young trees and in chambers
with artificial environments, it is very difficult to predict the impacts of elevated
greenhouse gases on forest ecosystems. Because of the design flexibility of FACE
systems, scientists can now expose whole stands of mature forest trees and we
are not limited to studying seedlings. Similarly, because of the large spatial scales
of the FACE rings (diameters of 20~30 m or more are possible), scientists can
now address stand and community-level studies of forest ecosystems exposed to
experimentally manipulated atmospheric chemistry. Finally, for the first time,
scientists have a realistic vehicle for testing hypotheses about carbon and nutri-
ent cycling, water movement and litter decomposition on intact forest systems,
in situ. Thus, the FACE systems are allowing a ‘window’ into the future chemi-
cal climate to which forests will be exposed.

A second major research area that FACE technology can address is carbon
sequestration. With the increasing interest in carbon credits related to tree
planting, it is quite startling how little we know about the capacity of forests to
* sequester carbon. For example, at what age do new plantations change from
being carbon sources to sinks? Will carbon sequestration in forests increase or
decrease in response to greenhouse gases? Will stresses related to insects, diseases,
drought, temperature changes or pollution overwhelm the generally positive
growth responses demonstrated by forest trees growing in elevated CO,? FACE
studies will allow scientists to answer these questions, as this approach enables
the analysis of whole-tree and system responses under the characteristic mul-
tifactorial scenarios of typical forest sites.

10.1.3 Current FACE systems being used for forest ecosystem studies

Currently, there are seven operational FACE systems of various types and sizes
in use for the study of the impacts of greenhouse gases on forest trees (Table
10.1). The longest running free-air exposure system is in Finland, where the
impacts of O; on young B. pendula, P, sylvestris and P, abies trees have been stud-
ied for the past 8 years (Wulff et al., 1992; Paakkonen et al., 1993). The main
purpose of this facility was to examine the impacts of 0, on trees growing in an
environment closely mimicking the natural forest (Paakkonen etal,1993).

A second system to study the 0, impacts on forest trees has recently been
developed in Germany (Haeberle et al 1999). In contrast to other FACE sites,
this German system uses thin-walled diffusion tubes for gas dispersal in the
canopy of a mixed forest stand of 40-60-year-old (about 25 m high) trees of P
abies and E sylvatica trees (Fig. 10.4).

The first FACE/forest system in North America was developed to study the
impacts of elevated CO, on large (15-year-old) trees of a nearly pure P. taeda
stand in the Duke Forest, North Carolina (Fig. 10.5; Hendrey et al., 1999). This
system has three rings of elevated atmospheric CO, (200 p.p.m. over ambient)
that is administered 24 hours per day and year around
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Plot diameter

Enrichment

Start of
fumigation

CO,-enriched
air at vertical
vent pipes.

3 ambient
rings (blower)
control)

BNL design

30m

Ambient +
200 p.p.m;
24 h day™'

August 1996

rings, 3 elevated
CO, + O, rings,
3 ambient rings
(blower control),
2 ambient rings

BNL design,

injection of CO,- injection of CO,-

enriched air at

(blower
control), 2
ambient rings

BNL design,

enriched air at

vertical vent pipes vertical vent
with modifications pipes

for O, (Dickson
et al., 2000)

30m

560 p.p.m. (day
only)

August 1997
(CO,); May 1998
(all treatments)

25m

565 p.p.m. (day)
and 645 p.p.m.

{night)
April 1998

IATA-CNR
design, pure
CQ, injection
from laser-
drilled holes
through
flexible pipes

22m

550 p.p.m.
(day only)

june 1999

rings (blower
control), 2
ambient rings

BNL design,
injection of
CO,-enriched
air at vertical
vent pipes

24m
550 p.p.m.

March-April
1999; running
of prototype
FACE ring

2 ambient
fumigation
blocks

O, release

under the
ambient
(control) and’
2x ambient
ozone regimes

O, release

from perforated from perforated

vertical
vent pipes

3.5m

1.6-1.7 x
ambient

Numerous
studies, started
in 1991

Teflon tubes,
being
suspended
through the
canopy
(developed
and operated
by Werner and
Fabian,
unpubfished)

15m

2 x ambient;
{0, <150
p.p.b.)

April 2000
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+ The Oak Ridge, Tennessee, USA FACE experiment was constructed in a 10-
year-old L. styraciflua stand (Fig. 10.6). This study uses the BNL design modified
by having 24 vertical vent pipes (VVPs) around the periphery instead of the 36
VVPs as used in the Duke Forest, and is examining the impacts of elevated CO,
on this closed-canopy deciduous forest. Fumigations are done during the grow-
ing season at ambient plus 565 p.p.m. during the day and 645 p.p.m. at night
(Gunderson et al., 1999; Norby, 1999). ’

The only current CO, FACE study of forest trees in Europe is the POPFACE
study initiated in 1999 (coordinated by Scarascia-Mugnozza et al., unpublished).
This European Union project, located in Viterbo, Italy, is examining the impacts
of elevated atmospheric CO, on different poplar clones in an agroforestry sys-
tem. The aim is to quantify the sequestration capacity of high-density forest
plantations within Europe. Enrichment of the elevated rings is made during the
growing season with daytime-only fumigations at 550 p.p.m. In contrast to
other CO, FACE projects that have initiated CO,, fumigation in the midst of a nor-
mal harvest rotation, this study is exposing the trees to elevated or ambient CO,
for the entire rotation (Fig. 10.7).

The first FACE site under development in the Tropics is located in Central
Panama where a prototype CO, FACE ring was established and tested for 1 month
in 1999 (Fig. 10.8). This system used the BNL design and was functional even
under high wind speeds (winds averaged 4.5 m s~ with peaks up to 9 m s71),

The largest FACE facility, and the only one to include a full factorial experi-
ment with elevation of two greenhouse gases (CO, and O,), is the FACTS-II (Aspen
FACE) project located at Rhinelander, Wisconsin (Karnosky et al., 1999; Dickson
et al., 2000; Fig. 10.9). This study uses the BNL FACE design modified to include
larger exit ports on the vertical vent pipes, emission of gases in the opposite direc-
tion of the rings, and baffles to redirect the gases into the rings. The baffles were
modified from Walklate et al. (1996). The modifications were made to accommo-
date O, dispensing from the vertical vent pipes, as some dilution was necessary so
that trees near the vertical vent pipes were not killed by the high O, levels.

10.2 Early FACE/Forest results
10.2.1 FACE performance

Micrometeorological measurements made at FACE facilities suggest that FACE
systems provide a microclimate very similar to that of the surrounding plant
communities (Heilman et al., 2000; Pinter et al., 2000). Furthermore, CO,
and/or O, dispensed from a FACE ring is nearly undetectable 100 m downwind
of the treatment ring (Karnosky et al., 2000; Stoughton et al., 2000). Stoughton
et al. (2000) suggested that the highest contamination of control rings at the
Duke Forest FACTS-I experimental site was no more than 1% of its total carbon
flux. Karnosky et al. (2000) consistently measured background O, levels at
100 m downwind of their FACTS-II (Aspen FACE) rings where O, was emitted.
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10.2.2 CO,

The strong stimulation of photosynthesis by elevated atmospheric CO,, consis-
tently found in chamber studies of young trees and older tree branch chamber
studies (Ceulemans and Mousseau, 1994), is holding across forest FACE studies
(Table 10.2). While it is too early to tell whether elevated CO,-induced growth
responses are going to continue, it appears as though a significant positive
growth response is being seen across FACE sites (Table 10.3). In fact, the growth
enhancement for loblolly pine appears to be increasing over time (Fig. 10.10).
The fate of the increased carbon assimilated that cannot be accounted for

that 30~50% of the increase in soil respiration of CO, is derived from root actiy-
ity, and the remainder is from sojl microbes (Bowden et al., 1 993; Andrews et
al., 1999). Based on their P taeda results, Schlesinger and Andrews (2000) and
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Fig. 10.6. The Oak Ridge, Tennessee, USA, FACE experiment is shown in (a).
Within each of the four rings (two with elevated atmospheric CO, and two with
ambient CO,), the stand is being carefully monitored for growth, litter fall, water
use and carbon and nutrient cycling (b).

At the Kranzberg site in Germany, installation work of the ‘free-air’ O ; fumi-
gation system has been completed and test runs are presently under way, so that
a first continuous canopy exposure to an elevated 0, regime occurred for the
growing season of the year 2000. A group of 10 trees (five P. abies and F. syl-
vatica individuals each) was exposed to a twice-ambient 0, regime, confining
peak values, however, to below 150 p.p.b. A corresponding group of tree indi-
viduals under the unchanged ambient O, regime of the forest site served as a
control. Each of the 20 trees are regarded, in the analysis, as an individual case
study, examining a broad spectrum of assessed physiological and structural
responses for consistency patterns, and scaling findings across the levels of cells,
organs and the whole tree. The exposure experiment is planned to continue for
several years. A prototype system has shown, for a smaller group of trees, that
a doubling of O, levels in the canopy is technically feasible through computer-
processed feedback control, based on on-line O, monitoring at several canopy
positions and a large number of passive O, samplers for dose analysis by weekly
intervals (Werner and Fabian, Munich, 2000, personal communication).
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response induced by elevated CO, is largely lost when O, is present, even in rel-
atively low doses (Isebrands et al 2000; Karnosky et al 2000). In fact, some
aspen clones appear to have an mcreased susceptlblhty to O, when grown
under elevated atmospheric CO, (Kull et al., 1996). Slgmﬁcant interactions
between CO, and O, have also been found at the Aspen FACE project for the
degradation of epicuticular wazxes (Karnosky et al., 1999) and for the occur-
rence of various insect and disease pests.

10.3 Remaining key FACE/Forest research needs

Enrichment studies conducted so far using controlled environment chambers,
branch bags, or open-top chambers have not enabled the prediction of responses
of entire forest stands or ecosystems to changing CO, conditions. The failure to
deal with specific scaling issues is another inevitable hmltatlon of all these exper-
imental studies. Therefore, new experiments had to be conducted at a larger
scale (McLeod and Long, 1999). FACE studies can move beyond many of the
limitations of open-top chamber experiments (Hendrey, 1992; Norby et al.,
1999): (i) the basic unit of response can be a stand or ecosystem rather than an
individual plant or tree; (ii) the components of the plant-soil nutrient cycle are
fully integrated; (iii) there can be a fully developed forest canopy; and (iv)
different species can compete for resources.

Early growth-enhancement results from elevated atmospheric CO, studies
at FACE sites suggest that the response of young (1-2-year-old) trees at the
Aspen FACE and POPFACE sites is similar to that of 10—15-year-old trees at the
Oak Ridge and Duke Forest FACE sites, Whether these trees will continue to
show growth enhancement over time, or at what rate the enhancement will
decline, are interesting research questions (Loehle, 1995; Ceulemans et al.,
1999; McLeod and Long, 1999). The fate of the carbon that cannot be
accounted for in increased biomass production under elevated CO, also remains
to be determined. Similarly, little is known about long-term nutrient cycling
under elevated CO, (Andrews et al., 1999), trophic interactions and plant-pest
population dynamics, or interactions with other stresses.

However, the forests within FACE studies will not replicate the forest of
50-100 years in the future, as the plant material, soil development and land-
use history will all be different, and a few small plots of forest cannot be truly
representative of an entire region or forest type. Instead, it is appropriate to
think of the FACE experiments as experimental systems for testing specific, well-
defined hypotheses that will continue to guide the development of ecosystem
models of long-term forest responses. As the scientific community awaits the
results from FACE experiments, it must be emphasized that predicting long-term
ecosystem responses from short-term FACE studies is a difficult challenge (Luan
etal., 1999) and patience and persistence of FACE projects are needed to address
the long-term responses.
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(©

10.4 Conclusions

Free-air CO, and/or O, enrichment (FACE) systems enable the study of the
response of forest trees free of microclimatic artefacts and with natural bound-
ary layers that determine the actual, physiologically relevant pollutant uptake.
FACE systems are useful:

1. To study trees under the complex factorial scenarios of typical forest sites,
taking into account that plants exposed to a wide array of biotic and abiotic
interactions may behave quite differently relative to isolated individuals under
controlled conditions;

2. To develop process-based quantitative risk assessment of mature trees and
forest ecosystems; and

3. To improve and validate models developed to predict forest tree and forest
ecosystem responses to elevated atmospheric CO, and/or other pollutants.
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(b)

Not all important questions about forest response are amenable to FACE
experiments, and other approaches need to be pursued simultaneously. The
value of investigations in forests surrounding natural CO, springs has already
been demonstrated (Hittenschwiler et al., 199 7), and despite their drawbacks
(especially the problem of identifying an appropriate control site), the spring
sites offer a unique opportunity to explore the long-term implications of the
responses observed in shorter-term studies. In a similar fashion, examining trees
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must be recognized. Similarly, many mechanistic studies are best conducted
under conditions of extreme environmental control, such as growth chambers
and phytotrons. We view these FACE systems as one more technique available
to forest scientists examining the impacts of greenhouse gases on forest trees,
and the only experimental approach available for studying effects of changing
atmospheric chemistry on intact, forest ecosystems.
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