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Abstract The experimental data presented here relate to
the question of whether terrestrial ecosystems will se-
quester more C in their soils, litter and biomass as atmo-
spheric CO, concentrations rise. Similar to our previous
study with relatively fertile growth conditions (Korner
and Arnone 1992), we constructed four rather nutrient-
l[imited model communities of moist tropical plant spe-
cies in greenhouses (approximately 7 m? each). Plant
communities were composed of seven species (77 indi-
viduals per community) representing major taxonomic
groups and various life forms found in the moist tropics.
Two ecosystems were exposed to 340 yul CO, 1-! and two
to 610 wl I-! for 530 days of humid tropical growth con-
ditions. In order to permit precise determination of C de-
position in the soil, plant communities were initially es-
tablished in C-free unwashed quartz sand. Soils were
then amended with known amounts of organic matter
(containing C and nutrients). Mineral nutrients were also
supplied over the course of the experiment as timed-re-
lease full-balance fertilizer pellets. Soils represented by
far the largest repositories for fixed C in all ecosystems.
Almost 5 times more C (ca. 80% of net C fixation) was
sequestered in the soil than in the biomass, but this did
not differ between CO, treatments. In addition, at the
whole-ecosystem level we found a remarkably small and
statistically non-significant increase in C sequestration
(+4%; the sum of C accretion in the soil, biomass, litter
and necromass). Total community biomass more than
quadrupled during the experiment, but at harvest was, on
average, only 8% greater (i.e. 6% per year; n.s.) under el-
evated CO,, mainly due to increased root biomass
(+15%, P = 0.12). Time courses of leaf area index of all
ecosystems suggested that canopy expansion was ap-
proaching steady state by the time systems were harvest-
ed. Net primary productivity (NPP) of all ecosystems —
i.e. annval accumulation of biomass, necromass, and leaf
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litter (but not plant-derived soil organic matter) — aver-
aged 815 and 910 g m=2 year-! at ambient and elevated
CO,, respectively. These NPPs are remarkably similar to
those of many natural moist tropical forested ecosys-
tems. At the same time net productivity of soil organic
matter reached 7000 g dry matter equivalent per m? and
year (i.e. 3500 g C m~2 year-!). Very slight yet statistical-
ly significant CO,-induced shifts in the abundance of
groups of species occurred by the end of the experiment,
with one group of species (Elettaria cardamomum, Ficus
benjamina, F. pumila, Epipremnum pinnatum) gaining
slightly, and another group (Ctenanthe lubbersiana, He-
liconia humilis, Cecropia peltata) losing. Our results
show that: (1) enormous amounts of C can be deposited
in the ground which are normally not accounted for in
estimates of NPP and net ecosystem productivity; (2)
any enhancement of C sequestration under elevated at-
mospheric CO, may be substantially smaller than is be-
lieved will occur (yet still very important), especially un-
der growth conditions which permit close to natural
NPP; and (3) species dominance in plant communities is
likely to change under elevated CO,, but that changes
may occur rather slowly.
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Introduction

Terrestrial ecosystems of the world, including their soils,
contain approximately 2060 Gt C (Houghton and Wood-
well 1989). About one-quarter (560 Gt C) of this pool is
represented by terrestrial plant biomass, and about three-
quarters are estimated to be stored in soils. Hence, nearly
3 times as much C is stored in terrestrial biomes than is
currently present in the atmosphere (ca. 735 Gt C).
Changes in the amount of C stored in these ecosystems
can thus dramatically influence the concentration of CO,
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in the atmosphere (e.g. Dixon et al. 1994). However, it is
uncertain how rising concentrations of atmospheric CO,
will affect C storage in terrestrial ecosystems.

During the 1980s, the general consensus was that ter-
restrial ecosystems will sequester more C as atmospheric
CO, concentrations increase (e.g. Kimball 1983; Lemon
1983; Strain and Cure 1985). However, this assertion
was based primarily on theory, and on results of experi-
ments with agricultural or horticultural crop plants and
seedlings of forest trees grown under non-nutrient and
non-water-limiting conditions (K&rner 1993). Results
from longer-term field studies in natural ecosystems
(Tissue and Oechel 1987; Curtis et al. 1989; Owensby et
al. 1993; Cipollini et al. 1994; Oechel et al. 1994), as
well as data from experiments with mesocosms contain-
ing single (Norby et al. 1992) and multi-species model
plant communities (Billings et al. 1984; Koérner and Ar-
none 1992), indicate that the potential enhancement of C
sequestration at elevated atmospheric CO, is likely to be
significantly lower than originally predicted.

While peak net assimilation of CO, is almost univer-
sally stimulated under elevated CO, at both the level of
the leaf (e.g. Bazzaz 1990; Woodward et al. 1991; Gif-
ford 1992) and ecosystem (e.g. Grulke et al. 1990; Drake
and Leadley 1991; Koérner and Arnone 1992; Diemer
1994), biomass responses in most native terrestrial sys-
tems have been absent or comparatively small. However,
even in cases where a significant stimulation of biomass
accumulation has been observed, a substantial amount of
excess fixed C has remained unaccounted for and seems
to have been sequestered in the soil (review by Korner
1995).

Evidence for this is summarized in O’Neill (1994),
but includes: (1) greater responses of below-ground or-
gans relative to responses of leaves and stems (e.g. Cur-
tis et al. 1990; Korner and Arnone 1992; Norby et al.
1992; Rogers et al. 1994); (2) greater microbial presence
and activity of both symbiotic (e.g. Phillips et al. 1976;
Finn and Brun 1982; Norby 1987; O’Neill et al. 1987;
Arnone and Gordon 1990; Monz et al. 1994) and non-
symbiotic micro-organisms (Korner and Arnone 1992;
Diaz et al. 1993; Zak et al. 1993); and (3) increases in
fine root production and mortality, and thus turnover
(Korner and Arnone 1992).

The only direct evidence about changes in soil C stor-
age under elevated CO,, provided by Kérner and Arnone
(1992) using artificial tropical ecosystems growing on
relatively fertile substrate, indicated that the C content of
soils (an active compost layer in this case) may even de-
crease under elevated CO,, suggesting a possible prim-
ing effect and increased C cycling under elevated CO,.
In natural ecosystems, it is impossible to detect very
small changes in soil C content relative to the large and
spatially heterogeneous background of soil C. This is
why we began with a C-free substrate in this study.

We again constructed four model ecosystems con-
taining complex communities of moist tropical plant
species to test the hypothesis that more C would be se-
questered in systems maintained at elevated atmospheric

CO,. We attempted to simulate low levels of nutrient
availability to approximate those occurring in many na-
tive terrestrial plant communities (e.g. Whittaker 1975;
Chapin 1980; Jordan 1985; Vitousek and Sanford 1986).
Our second objective was to quantify the potential ef-
fects of elevated CO, on the allocation of C within the
ecosystems, including the distribution among plant or-
gans and species, to help explain responses in total C se-
questration.

Material and methods

Construction of artificial communities
and environmental conditions

Equivalent model ecosystems similar to those described by Korner
and Arnone (1992) were constructed in each of four large-scale
(17 m?3; 2.0-2.5 m tall) clear plastic houses (Korner et al. 1994).
Plant communities were composed of seven species representing
major taxonomic groups and various life forms found in the moist
tropics. These were: the dicot tree species Cecropia peltata (early
successional, Cecropiaceae, 16 individuals per community) and
Ficus benjamina (later successional, Moraceae, 6); the rhizoma-
tous monocots Ctenanthe lubbersiana (Maranthaceae, 14), Elet-
taria cardamomum (Zingiberaceae, 15), and Heliconia humilis
(Musaceae, 16); and the ground creepers Ficus pumila (5) and
Epipremnum pinnatum (Araceae, 5). Thus, each community was
made up of a total of 77 plants on a ground area of 6.7 m2, The
two tree species (Cecropia peltata and Ficus benjamina) were
planted at regular spacing in each community. Locations of indi-
viduals of all other species were chosen randomly for the first
community planted and then replicated identically in the remain-
ing three communities. Root systems of plants were washed free
of potting soil before individuals were transplanted in the ecosys-
tems.

All plants in each community shared a common air space and a
common soil substrate of unwashed quartz sand (1.7 m3, 25 cm
depth). Soils were inoculated with fresh tropical soil from a moist
lowland forest in Costa Rica (32 g dry soil equivalent m~2 ground).
All systems received ambient sunlight (reduced in intensity by
30-40% by the glasshouse roof depending on time of day) as well
as supplemental light during cloudy periods and in winter (Octo-
ber to March) from high intensity 1000 W broad spectrum mercu-
ry vapour lamps (Powerstar, Osram). Photon flux density (PFD)
measured at midday on sunny days immediately above the tops of
canopies during summer months ranged from 800 to 1200 (1600
peak) pmol m-2 s-1. During the winter midday PFD ranged from
360 to 800 wmol m-2 s-1. Side light was screened out to 90% in
each of the communities. Temperature in all ecosystems was simi-
lar ranging between 22 and 34°C during daylight hours in the
summer months, and between 21 and 27°C in the winter months.
Night-time temperatures in the summer were between 20 and
24°C, and in the winter between 19 and 22°C. Vapour pressure
deficit ranged between 4 and 7 hPa during the day and between <1
and 2 hPa at night.

Plant communities were allowed to recover from transplanting
shock for 32 days. During this period, all ecosystems were main-
tained at a CO, concentration of 340 pl I-1. On 3 July 1992 (day
1), the CO, concentration in two of the plastic houses was in-
creased to daytime concentrations averaging 610 pl 1I-!, while the
concentrations in the other two houses were continued at 340 pl
1-1. After 530 days (15 December 1993) all communities were har-
vested. Night-time CO, concentrations were about 200 ul I-! high-
er than these daytime levels, and it took approximately 2 h in the
early morning for canopy photosynthesis to scrub the air back to
daytime set points. On day 1, leaf area index (LAI) in all commu-
nities was 0.9, and the height of the plant canopy was
about 35 cm.
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Table 1 Schedule followed for application of: (1) Osmocote timed-release fertilizer, (2) organic matter (DSPR dried shredded plant re-

mains), and tropical soil inoculum (7'S7)

Day Item Dry weight Corresponding N and C added
added equivalent added
(gm) (gNm™3) (gCm?)
0 Osmocote 17.74 2.662 <0.01
5 DSPR 59.25 0.595 25.33
6 TSI 32.09 0.196 3.06
15 DSPR 59.25 0.595 25.33
22 Osmocote 17.74 2.662 <0.01
DSPR 59.25 0.595 25.33
31 DSPR 59.25 0.595 25.33
118 DSPR 59.25 0.595 25.33
126 DSPR 59.25 0.595 25.33
128 Osmocote 17.74 2.662 <0.01
208 Osmocote 17.74 2.662 <0.01
333 Osmocote 17.74 2.662 <0.01
Total added 17.076 151.98
Annual equivalent 118 kg N ha™! 1047 kg C ha!

Soils, nutrients and watering

Osmocote 3-month timed-release fertilizer (17.7 g m=2; i.e. 2.66 g
N m~2) was applied to the sand substrate on the day that CO, treat-
ment began. The same amount was added in 1-3 month intervals
over the first 333 days of CO, treatment which resulted in a total
N input of 13.3 g N m2 (Table 1). Additional nutrients and organ-
ic matter were provided over the first 126 days of the 530 day ex-
periment to the surface of the sand in the form of dried shredded
plant material obtained from our previous experiment with artifi-
cial tropical plant communities (Koérner and Arnone 1992; total
amount of N and C added was 17.1 g m~2 and 152 g m~2, respec-
tively). The combination of all nutrient additions was equivalent to
an annual rate of 118 kg N ha-! (Table 1), 78% of which was in
available form (i.e. Osmocote-N). We calculated this fertilizer ad-
dition rate to achieve a net primary productivity (NPP: plant com-
munity biomass increment plus shoot litter produced plus standing
above-ground dead material) equivalent to approximately half of
that observed in our previous study (Komer and Arnone 1992),
where NPP extrapolated to 1 year at 340 pl CO, I} was 37%
greater than the global average NPP for tropical forests (2000 g
m~2 year-i; Whittaker 1975), and NPP at 610 pl CO, I-! was 67%
greater. We considered the dried shredded plant material to repre-
sent a well-defined initial amount of soil organic matter (SOM)
and C in the soil compartment.

Simulated (and metered) rainfalls of deionized water occurred
every 24 days. All communities received equal watering, and the
amount was designed to slightly more than balance water losses
occurring through evapotranspiration at ambient CO,. This result-
ed in maintenance of soils near field capacity in all ecosystems,
and in substantial drainage which was used for nutrient analyses
(see Kdrner and Arnone 1992; Korner et al. 1994). Drainage water
was not recycled to ecosystems as it was in our previous study.

Destructive and non-destructive sampling of plants and soils

Several containerized individuals of each species from the planting
stock were installed in soils of each community when the other
plants were planted into the common soil. These potted plants
were harvested at the beginning of the CO, treatments to provide
us with initial biomass and LAI No dead material was attached to
plants at the start of the experiment. Net litter production over the
530 day experiment was defined as the amount of leaf and stem
detritus present on the ground surface at harvest. SOM was calcu-
lated as twice the mass of C measured in the soil of each ecosys-
tem over the entire soil volume. Mean plant height, number of
leaves per plant, and leaf area per plant for each species were mea-

sured (and LAI calculated) at the beginning of the experiments, on
day 115 (and in some cases on day 377), and at the harvest.

Carbon content of plant tissue and soil; net ecosystem productivity

C content of leaf, stem and root subsamples from individual plants
were measured at the start of the experiment (using the potted ref-
erence plants) and at harvest with a CHN analyser (Model 932,
LECO Instruments, St. Joseph Mich., USA). In addition, the C
content of bulk coarse and fine root samples from each ecosystem
was measured. Total organic soil C content at the start and end of
the experiment was determined using the chromic acid digestion
procedure (Wilde et al. 1979) on ten 4-cm-diameter soil cores tak-
en over the entire depth in each community at randomly selected
locations. We used Whittaker’s (1975) definition of net ecosystem
productivity (NEP), namely: the increase in the organic matter
content of the ecosystem per m? per year which includes the in-
crease in biomass, above-ground litter and SOM (converted from
soil C content measurements made at days 0 and 530).

Statistical analyses

A nested statistical design and ANOVAs were used to assess the
effects of CO, treatment, plant species and the species x CO, in-
teraction for all parameters in Table 2, on a data set consisting of
mean values for each species and each house (7 x 8 = 28). In most
cases these data required transformation (log) to comply with AN-
OVA principles of equal variance. A nested design was required
since the CO, effect was confounded with the ecosystem effect
(i.e. greenhouse, two houses within each CO, treatment). Thus,
the CO, mean square term (1 df) was tested against the house-
within-CO, mean square term (2 df) for each dependent variable.
The species effect (6 df) was tested against the residual mean
square term (12 df). The linear model procedure in the GENSTAT
statistical package (L.awes Agricultural Trust, Rothamsted Experi-
mental Station) was used for the ANOVAs.

To compare the CO, effect on pooled data from the ecosystems
(e.g. LAL total leaf biomass per ground area, total biomass per
ground area; Tables 2, 3), we used both the parametric Student -
test and the non-parametric Mann-Whitney U-test with a sample
size of two (i.e. two ecosystems per CO, level). In cases where the
variance within CO, treatments (between houses within CO, treat-
ments) was very unequal, and where transformation did not cor-
rect the inequality, the non-parametric test was used for the inter-
pretation of the data. This was particularly the case for root bio-
mass per ground area (Table 2).
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Table 2 Ecosystem biomass, standing dead, and net litter accu-  given component (i.e. harvest mass minus starting mass2) are the
mulation after 530 days exposure to ambient (340 pll-1) and ele-  same using: (1) unpaired Student rtests (P,), and (2) non-paramet-
vated (610 pll-') atmospheric carbon dioxide (mean+SE). P values  ric Mann-Whitney U-tests (P,); both tests with n=2 (two ecosys-
indicate the probability that the mean net accretion in mass for a  tems)

Ambient CO, Elevated CO, Mean P, P,
difference at
(g m-2) (% total (g m2) (% total harvestb
biomass) biomass)
Biomass
Above-ground 616 5 (47.8) 624 =8 (44.6) +1.3 0.45 0.44
Leaves 197 +14 (15.3) 202 7 (14.4) +2.5 0.76 1.00
Green leaves 176 £9 13.7) 171 %10 (12.2) -2.8 0.78 0.44
Yellow leaves 20.9+5.6 (1.6) 31.1£3.7 2.2) +48.8 0.27 0.12
Stems 419 =19 (32.5) 422 1 (30.2) +0.7 0.89 1.00
Roots 674 +11 (52.2) 774 +£74 (55.4) +14.8 0.31 0.12
>2 mm & 520 =13 (40.3) 572 38 (40.9) +10.0 0.32 0.12
<2 mm J 154 =1 (11.9) 202 +36 (14.5) +31.2 0.31 0.12
Total biomass 1290 6 (100.0) 1398 +66 (100.0) +8.4 0.25 0.12
Necromass
Standing dead 52 %15 50 £26 -3.7 0.96 1.00
Above-ground litter 114 +11 146 +4 +18.1 0.12 0.12
Total necromass 166 +4 196 +22 +18.1 0.31 0.12

2 Starting conditions: total biomass: 273 g m-2; green leaf biomass 43 g m2; stem biomass 71 g m=2; total root biomass 159 g m2; no
yellow leaf biomass or necromass
b Percentage of mean at ambient CO, when measured in g m—2

Table 3 Effects of elevated CO, concentrations on leaf area index means for ambient and elevated CO, treatments (n=2 for both
(LAI) of the seven species, and their contribution to LAI of entire  tests) for each species are the same (P, unpaired Student r-test, P,
communities, measured at the start and harvest of the 530 day ex- non-parametric Mann-Whitney U-test)

periment (Mean=SE). P, and P, are the probabilities that the

Species Start Harvest Mean difference P, P,
at harvest
Ambient Elevated
Co, CO,
LAI (m2 leaves m—2 ground) (% of Ambient)P
Monocots
Elettaria cardomomum 0.20 2.51+0.08 2.65+0.16 +6 0.53 0.44
Ctenanthe lubbersiana 0.32 0.47+0.01 0.2320.11 =51 0.16 0.12
Heliconia humilis 0.09 0.51+0.05 0.42+0.03 —18 0.24 0.12
Epipremnum pinnatum 0.03 0.03+0.00 0.03+0.00 0 0.50 0.44
Dicots
Cecropia peltat® 0.16 0.03+£0.02 0.01+0.00 -55 0.43 0.44
Ficus benjamina 0.08 0.39+0.13 0.47+0.04 +21 0.60 1.00
F. pumila 0.02 0.03+0.00 0.07+£0.02 +94 0.32 0.12
Species contribution to community LAI (%) (A %)
Monocots
Elettaria cardomomum 22,6 Ta 63.3 0.5 68.2 =1.6 +4.9 0.10 0.12
Ctenanthe lubbersiana 3541 11.8 +0.1 6.2 £3.0 ~5.6 0.20 0.12
H. humilis 1041 12.8 +1.7 10.8 +0.3 -2.0 0.36 0.12
Epipremnum pinnatum 341 0.74+0.06 0.67+0.01 -0.1 0.43 0.44
Dicots
Cecropia peltata 17.3 4 0.73+0.43 0.33+0.04 -0.4 0.44 0.44
F. benjamina 867 9.7 £2.8 12.1 0.5 +2.4 0.49 0.44
F. pumila 237 0.88+0.16 1.7 £0.55 +0.8 0.29 0.12

a Direction of change in a species’ contribution to community LAI over the course of the experiment
b Percentage of mean at ambient CO, when measured in g ny2



Results
Ecosystem responses
Carbon storage

Total ecosystem C stores increased more than 11-fold
over the course of the experiment, from a starting level
of 270 g C m2 (118 g C m 2 in biomass, 152 g C m2 in
the dried shredded plant material applied to the ground
surface) to 3362 + 294 ¢ C m2 and 3503 + 58 g Cm2in
ecosystems exposed to ambient and elevated CO,, re-
spectively (Fig. 1). By harvest, ecosystems maintained at
elevated CO, had sequestered (accreted) 4% more C on
average (n.s.) than those maintained at ambient CO, (in-
cludes C in: biomass, litter, and soil). Biomass in all eco-
systems accounted for ca. 17% of the total C sequestered
over the course of the experiment, while above-ground
litter and necromass accounted for ca. 2%. The amount
sequestered in the soil accounted for approximately 81%,
and this also did not differ between CO, levels (Fig. 1).
The slight increases in the largest ecosystem compart-
ments — root biomass and the soil — contributed most to
the 4% increase in the mean ecosystem C pool at the end
of the experiment under elevated CO,.

Net ecosystem productivity

Patterns of community biomass accretion were also re-
flected in patterns of NEP over the 530 day experiment
expressed as g organic matter accretion m-2 year!, in-
cluding biomass, above-ground litter and SOM accre-
tion). NEP under elevated CO, averaged 4329 + 379 g
m2 year-!, 5% greater (n.s.) than the average measured
under ambient CO, (4129 + 68 g m2 year!) (Table 2;
Fig. 1 — assume 1.0 g SOM contains 0.5 g C). Thus, by
harvest, approximately 82-84% of the total net amount
of organic matter accretion to the ecosystems by photo-
synthesis was found in the soil compartment (excluding
live root biomass), 14-15% in biomass, and the remain-
ing fraction in leaf litter and standing above-ground
necromass, regardless of CO, treatment (Table 2; Fig. 1).

Community development
Leaf area index

Mean community LAI (including yellow/senescing
leaves) quadrupled over the 530 day experiment from a
0.9 starting level in all ecosystems to 4.0 + 0.2 under am-
bient CO, and 3.9 + 0.1 under elevated CO, by harvest
(Fig. 2). LAI of ecosystems treated with both ambient
and elevated CO, increased rapidly over the first 115 days
of the experiment, but increased more slowly at later in-
tervals and began leveling off by harvest (Fig. 2). LAI of
green leaves alone reached 3.6 x 0.2 at ambient CO, and
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Start End (530 d) Mean diff. in C
o accumulation
E 36001 |« Biomass + 8%
% ] Necromass +18%
= 24001
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» 1200 1
©
g 1 Soil +3%
S 0
270 3362 3503 TotalC +4%
Amb. Elev.
CO, CO,

Fig. 1 Total carbon pool sizes of ecosystems maintained at either
ambient (340 pl I7) or elevated (610 pl 1-1) CO, for 530 days, ex-
pressed per m-2 of ground (mean +SE of two ecosystems for each
CQO, level). Necromass includes above-ground litter and standing
dead plant tissues. Percentage values represent the relative effects
of elevated CO, on mean ner carbon accretion for the various eco-
system compartments. The probabilities (P values) that means of
CO, treatments for each compartment are equal are based on: (a)
unpaired Student’s #-tests (£,), and (b) non-parametric Mann-
Whitney U-tests (P,), n =2 for both tests. Biomass: P,=0.12, P,=
0.25; necromass: P, =0.12, P,= 0.31; soil: P,=1.00, P,=0.83; to-
tal ecosystem: P,=0.44, P,=0.69
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Fig. 2 Time courses of leaf area index (LLAI) for communities ex-
posed to either ambient (340 ul 1-!) or elevated (610 ul I-!) CO,
for 530 days (mean +SE of two ecosystems for each CO, level)

3.3 £ 0.1 under elevated CO,; thus the senescent leaf
fraction (yellow leaves) tended to be greater under elevat-
ed CO, (P = 0.12, Table 2). The absence of CO,-induced
changes in LAI at the community level was also generally
reflected in lack of significant CO, effects at the individu-
al species level (Fig. 3). However, the overall pattern of
LAI development was a product of relative increases and
decreases in leaf area of species groups under elevated
CO,, “decliners” (Cecropia peltata, Ctenanthe Iubbersi-
ana, Heliconia humilis) and “gainers” (Ficus benjamina,
E. pumila, Elettaria cardomomum), with the latter domi-
nating the overall community LAI (Table 3). Epipremnum
pinnatum and F. pumila contributed less than 6% to com-
munity LAI at the beginning of the experiment and less
than 3% at the end, but LAI of Epipremnum pinnatum re-
mained unaffected by CO, while that of F. pumila was
stimulated (Table 3).
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Shoot dynamics

The height of the plant canopy increased from 35 cm at
the start of the experiment to a maximum of approxi-
mately 180 c¢cm (Cecropia peltata and F. benjamina) by
harvest. The early successional tree species, Cecropia
peltara, dominated the overstory for the first half of the
experiment (Fig. 3), and quickly occupied the soil with
long, shallow, fine roots. Significant height growth and
leaf production in Cecropia peltata occurred simulta-
neously (Fig. 3a, p). Growth of Cecropia peltata began
to slow considerably in the second third of the experi-
ment when the later successional tree species, F. benj-
amina, as well as the monocots Elettaria cardomomum,
Ctenanthe lubbersiana and H. humilis, became well es-
tablished and gained an increasing share of the soil and
the leaf canopy (Fig. 3). Cecropia peltata continued to
produce new leaves, even up to the harvest (Fig. 3p), de-
spite the increasing below-ground competition from the
other species in the community. However, competition
from these four other species appears to have resulted in
marked reductions in the height growth of Cecropia
peltata, as well as in dramatic reductions in the actual
number of leaves and leaf area on these plants, under
both CO, levels (Fig. 3a, f, k). By the end of the experi-
ment, Elettaria cardomomum enjoyed a massive lateral
expansion in all communities and dominated the LAI
(Table 3). F. benjamina, originally shaded by the Cec-
ropia peltata leaf canopy, extended its stems to the tops
of the canopies in the last third of the experiment and
continued to steadily increase its number of leaves and
leaf area (Fig. 3b, g, 1). In addition to Cecropia peltata,
Ctenanthe lubbersiana and H. humilis showed signs of
becoming suppressed by F. benjamina and Elettaria
cardomomum in all ecosystems as early as day 115
(Fig. 3).
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Biomass accumulation

The biomass, including roots, of all communities in-
creased from a starting value of 273 g m2 (43 g m2 in
leaves, 71 g m2 in stems, and 159 g m2 in roots) to
1290 g m~2 under ambient CO, and 1398 g m2 under el-
evated CO, (i.e. 8% greater at high CO,; Table 2). The
mean net biomass increment under elevated CO, was al-
most 11% greater after 530 days. These effects were on-
ly very marginally significant (P = 0.1269, U-test;
P = 0.2481, t-test). The tendency for increased biomass
under elevated CO, appeared to be mainly due to in-
creases in root biomass (+15% overall, +31% for fine
roots alone — P = 0.1269, U-test; Table 2). Remarkably,
stem and green leaf biomass accretion at the level of the
entire community was not affected by elevated CO.,.
Overall, means for above-ground parameters were very
similar between CO, treatments, with surprisingly small
variances (Table 2). One exception to this was the mean
mass of yellow (senescing) leaves at harvest, which was
small in absolute terms but markedly greater in relative
terms (49%) under elevated CO, (P = 0.1269, U-test;
P = 0.2481; r-test; Table 2).

Biomass allocation

The distribution of biomass among various organs (also
viewed at the level of the plant community) was remark-
ably unaffected by elevated CO,, given the substantial
overall biomass accumulation which occurred during the
experiment. Some slight trends are shown in Table 2
(3.2% more in roots and 3.2% less in above-ground or-
gans at high CO,). Changes in total community biomass
partitioning over the course of the experiment across
both CO, treatments also were rather small. As plants
grew bigger, stems increased their share of total ecosys-
tem biomass (26% at the start of the experiment in-
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Table 4 Above-ground biomass of species and biomas distribu-
tion among species in communities after 530 days exposure to am-
bient and elevated atmospheric carbon dioxide (mean+SE). P val-
ues indicate the probability that the mean net accretion in mass for

' 500 0100 300 500 0100 300 500

Duration of experiment (d)

a given component (i.e. harvest mass minus starting mass?) are the
same using: (1) unpaired Student r-tests (P,), and (2) non-paramet-
ric Mann-Whitney U-tests (P,); n=2 (two ecosystems) for both
tests

Ambient CO, Elevated CO, Mean P, P,
difference at
(gm2) (% total (g m2?) (% total harvestb
biomass) biomass)
Community 6165 (100.0) 624+8 (100.0) +1.3 0.45 0.44
above-ground
biomass
Monocots
Elettaria cardomomum 229+12 (37.2) 250+9 (40.1) +9 0.29 0.12
Ctenanthe lubbersiana 62+1 (10.1) 37x16 (6.0) —40 0.27 0.12
Heliconia humilis 54+10 8.7) 4444 (7.0) —-18 0.46 0.44
Epipremnum pinnatum S5zl (0.9) 5+0 0.9) 0 0.98 1.00
Total monocots 350+2 (56.9) 337x3 (54.0) —4 0.08 0.12
Dicots
Cecropia peltata 143+49 (23.1) 1179 (18.7) -18 0.66 1.0
Ficus benjamina 119+42 (19.3) 160+2 (25.7) +35 0.42 0.44
Ficus pumila 4x1 (0.7) 104 (1.6) +136 0.32 0.12
Total dicots 266+7 (43.1) 288+11 (46.0) +8 0.24 0.12

a Starting above-ground biomass: community 114 g m2, 100%;
Elettaria cardomomum 20 g m2, 17.7%; Cienanthe [lubbersiana
33 g m=2, 28.9%; H. humilis 8.4 g m2, 7.4%; Epipremnum pinna-

creased to 33% and 30% for ambient and elevated CO,,
respectively) while roots (initially 58%, decreased slight-
ly to 52 and 55%, respectively, at harvest) and leaves
(initially 16% decreased slightly to 15 and 14%, respec-
tively, at harvest) composed a slightly smaller fraction of
the total at the end. Thus, roots, stems and leaves grew in
relatively constant proportion to each other under both
ambient and elevated CO,.

Leaf and litter production

Total leaf production (biomass of green and yellow
leaves plus mass of above-ground litter) under elevated

tum 4.8 g m2, 4.2%; Cecropia peliata 37 ¢ m2, 32.3%; F. ben-
Jamina 9.5 g m2, 8.4%; F. pumila 1.2 g m2
b Percentage of mean at ambient CO, when measured in g m—2

CO, was slightly (12%, P = 0.12) greater than that ob-
served under ambient CO, (Table 2). Leaf senescence
and litter production tended to be greater at high CO,
(Table 2), at least when assessed at harvest. Mean total
above-ground necromass at harvest was 18%
(P = 0.1213) greater in elevated CO, ecosystems, with
leaf litter accounting for most of this effect.

Species-level biomass responses

The biomass of all species in all communities increased
over the course of the experiment, but to widely varying
degrees for different species (Fig. 4). Mortality of indi-
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vidual plants in all ecosystems was extremely low so
changes in biomass do not represent changes in plant
density (one of the 77 individuals planted in each com-
munity died — all from Ctenanthe lubbersiana — over the
530 days.) Largest increases in biomass (i.e. harvest bio-
mass/starting biomass) were observed in F. benjamina
and Elettaria cardomomum, followed by H. humilis,
Cecopia peltata, F. pumila, Epipremnum pinnatum, and
Ctenanthe lubbersiana. In general, height and leaf cano-
py responses (Fig. 3) were mirrored in biomass respons-
es (Fig. 4).

ANOVA on plant biomass (including the “root ball”)
at harvest revealed a highly significant effect of CO,
(P = 0.0047) and species (P < 0.0001) but no significant
CO, x species interaction (Fig. 4). This result indicates
that elevated CQO, induced larger gains in plant biomass
of one group of species (Elettaria cardomomum, F. bej-
amina and F. pumilag) and smaller gains, or no changes,
in another group of species (Cecropia peltata, Ctenanthe
lubbersiana, H. humilis and Epipremnum pinnatum)
(Fig. 4); which helps explain the non-significant effects
of elevated CO, on biomass accumulation at the commu-
nity level. The lack of a significant interaction indicates
that no species alone showed a statistically significant
positive or negative response to elevated CO,. ANOVAs
on shoot biomass (i.e. above-ground biomass; using spe-
cies means in Table 4) and on coarse root biomass (exca-
vated “root balls”; data included in the >2 mm diameter
root category in Table 2) at harvest showed neither a sig-
nificant CO, effect nor a significant CO, x species effect.
All of these ANOVAs suggest that elevated CO, only ex-
erted significant effects when as much of the whole-plant
biomass as possible was represented.

No significant shifts in individual species’ contribu-
tion 1o total community biomass were observed at elevat-
ed CO, at harvest (Fig. 5). Species which tended to gain
in share of total community biomass (= 100%) at elevat-
ed CO, over the course of the experiment were: F. benj-
amina (+5.6%), Elettaria cardomomum (+2.9%), and F.
pumila (+0.6%). Species suffering losses in average
share at elevated CO, were: Cecropia peltata (-4.1%),
Ctenanthe lubbersiana (-3.7%), and H. humilis (—1.2%).

500 0 100 300 500 O 100 300 500
Duration of experiment (d)

No shifts in species’ contribution to community above-
ground biomass were observed either (Table 4).

Discussion

We present data for rather complex ecosystems in which
multiple interactions among species were allowed to oc-
cur. The small differences in responses to elevated CO,
in these large-sized experimental units, compared to
those commonly used, certainly constrained us with re-
spect to replication. However, we believe they provided
more realistic growth conditions for mixes of species dif-
fering in morphology. We could have used smaller exper-
imental units to increase our sample size, but then would
have had to contend with large edge effects or work with
juvenile plant material, aspects for which no statistical
analysis accounts.

The results of this experiment must also be seen in
light of the comparatively long treatment duration under
moist tropical growth conditions. This allowed as much
time for potential treatment effects to materialize as
would 3 years (i.e. growing seasons) of experimentation
with a temperate deciduous ecosystem, or 6 years in a
tundra ecosystem. The amount of mineral nutrients we
provided to our ecosystems needs to be viewed in this
context, clearly ranking our experiment at the low-nutri-
ent end of related studies.

Ecosystem carbon storage

An overwhelming fraction of C passed through the bio-
mass into the soil compartment in all ecosystems
(Fig. 1). For each mole of C sequestered in biomass, al-
most 5 moles were sequestered in the soil. This trans-
lates into a mean net ecosystem CO, fixation rate per day
of 2.3 umol CO, m? leaf s! at ambient CO, and
2.4 umol CO, m2 leaf s~ at elevated CO,, assuming an
average green LAI of 2.45 in all communities integrated
over the entire experiment (i.e. LAl at start 0.9, at end
4.0).



It appears that photosynthesis of the whole canopy
over the entire experimental period was only marginally
stimulated by elevated CO,. No differences in respiration
of soil (R. Stocker, unpublished data) or shoots (J.A. Ar-
none and M. Gruber, unpublished data) were observed
between CO, treatments after 1 year of treatment. Stimu-
lation of soil CO, evolution in our first experiment
(Korner and Arnone 1992) may have been due to an en-
hanced breakdown of SOM in the compost (i.e. priming
effect) which may also be confined to the initial phase of
space (i.e. site) occupation and exponential growth.
Losses of C and nutrients in drainage water from all eco-
systems during the current experiments were negligible
(ILA. Arnone and Ch. Korner, unpublished data), again
suggesting that the increased leaching observed under el-
evated CO, in our earlier study (Korner and Arnone
1992) was due to a stimulation of decomposition of rath-
er rich substrate.

The fact that approximately 80% of the C that was
fixed by leaf canopies of all communities (and not re-
spired back to the atmosphere) ended up in the soil C
pool profoundly demonstrates the importance of incorpo-
rating below-ground portions of ecosystems in analyses
of the effects of rising CO, on C sequestration. Elevated
CO, apparently did not result in more efficient use of or-
ganically bound nutrients (i.e. in litter) or increase recap-
ture of nutrients sequestered to the large pool of new
SOM. In fact, it appears that mineral nutrients were im-
mobilized in the SOM. The lack of stimulation of soil
CO, evolution in this experiment and the huge amount of
C that remained in the soil suggest that C cycling may
not be as greatly enhanced under elevated CO, in native
plant communities growing on such infertile soils as we
had concluded from our first study (Kérner and Arnone
1992). Although we observed no effect of elevated CO,
on ecosystem C storage, it is important to point out that
even as small an increase as the one we observed be-
tween the means (+4% over 1.5 years), scaled-up to the
globe, would more than account for the 2 Gt of “missing
C” (e.g. Houghton and Woodwell 1989) believed to be
stored in terrestrial ecosystems of the world. This also
raises serious questions about the ability of ecologists to
experimentally detect — much less predict — such small,
but ecologically rather relevant, changes in ecosystem C
storage under elevated CO, concentrations, particularly
when the background C levels are high.

Community biomass responses
and net ecosystem productivity

An overall slight trend toward greater biomass accumu-
lation was observed under elevated CO, after 530 days
of treatment which was similar to the effect observed in
our earlier experiment with model ecosystems of moist
tropical plants after only 94 days of treatment (K&rner
and Arnone 1992). The main differences between the
previous experiment and the current study are that nutri-
ent supply and plant size were significantly less at the
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beginning of and during the current experiment, and that
its duration was almost 6 times as long as the previous
study.

In the previous experiment, the biomass accretion in
94 days of almost exponential growth extrapolated to
365 days was equivalent to an NPP (i.e. biomass increase
plus the leaf litter found at harvest, but not including root
litter production or SOM) of approximately 2780 g m=2
year! under ambient CO, to 3377 g m=2 year! under el-
evated CO,. In the current study, NPP calculated over a
530 day period (which included the relatively slowly ex-
panding late phase of ecosystem development) and ex-
pressed on an annual basis was 815 g m? year! and
910 g m~2 year~! for ambient and elevated CO,, respec-
tively (using values in Table 2); approximately 82% and
92%, respectively, of the low end of the range (1000 g
mZ year-l) of NPPs reported in Whittaker (1975) for
tropical forests. Comparisons between the two experi-
ments are otherwise difficult because of their widely dif-
fering time scales, initial plant sizes (biomass and LAI),
and soils.

Since changes in soil C pools were precisely known
in the current experiment, we were able to estimate true
NEPs reasonably accurately. In contrast to the NPPs we
observed, NEPs were more than 2 times greater than the
average NPP reported by Whittaker (1975; Whittaker’s
estimates do not account for SOM). One would, howev-
er, expect the NEP of a system at the beginning of its ex-
pansion stage to be higher than at later stages. As re-
sources (light and nutrients) become more limiting with
increased site occupancy, NEP should decline, as appears
to have taken place in our study in all ecosystems toward
the end of the experiment. The high NEPs in all ecosys-
tems, and the otherwise small increase in biomass,
strongly suggest enormous rates of tissue mortality, espe-
cially fine roots, in the current experiment. No reliable
data are available against which to compare either these
large C inputs to the soil or the NEPs of our ecosystems.

Although nutrient limitations in this experiment may
appear severe, they may be quite representative of con-
ditions in many native tropical plant communities grow-
ing on moderate to low fertility sites (e.g. Vitousek and
Sanford 1986; Arnone et al. 1995). We intended (and
succeeded in our intent) that our fertilizer addition rate
would result in a more representative (i.e. smaller) NPP
(see Whittaker 1975) than that observed in our previous
study (Korner and Arnone 1992). However, we did not
expect such enormous NEPs to occur, and that so much
of the C assimilated wouid be sequestered in the soil for
so long. This level of sequestration indicates that a large
amount of other nutrients were also sequestered in the
soil. Assuming that all of the N supplied in the Osmo-
cote fertilizer was available initially (13.3 g N m™
ground) (Table 1), plant communities took up approxi-
mately 80-90% of that N under both CO, treatments
(J.A. Arnone and Ch. Kérner, unpublished data). Nutri-
ent losses in drainage water were negligible (<0.1% of
that supplied; J.A. Arnone and Ch. K&rner, unpublished
data), and gaseous losses can be assumed to be rather



70 OECOLOGIA 104 (1995) © Springer-Verlag

small. It should be noted that leaf N concentrations at
harvest were also quite normal, ranging from 16 to
29 mg N g1 dry mass (Arnone et al. 1995).

The responses of various plant organs to elevated CO,
(Table 2) are in accordance to previous findings (e.g.
Strain and Cure 1985; Korner and Arnone 1992; Rogers
et al. 1994), with root biomass showing slightly greater
stimulation at elevated CO, (Table 2), at least in the early
growth phase on previously uninhabited ground. Leaf
weight ratios (data not shown) were also consistently
lower under elevated CO, (ANOVA CO, effect:
P = 0.03) reflecting reductions in allocation to C-assimi-
lating organs and increases in allocation to nutrient-as-
similating organs.

Species shifts

The very small CO,-induced shifts in species contribu-
tion to total biomass are somewhat surprising given the
long duration of the experiment and given the likelihood
that at least one species of the diverse set of species
would have responded more strongly than any actually
did (Table 4; Figs. 4, 5). These data also suggest that in
relatively low productivity systems more time may be re-
quired for potential changes in species abundance to be-
come apparent. In the communities we designed, it ap-
pears that F. benjamina and Elettaria cardomomum may
ultimately enjoy greater dominance at elevated CO, than
they will at ambient CO,, and that Cecropia peltata may
disappear faster from elevated CO, communities than it
might from ambient CO, communities (Figs. 4, 5).

Pronounced changes in species abundance have been
observed in systems with relatively high productivity
[fast growth (e.g. Carter and Peterson 1983; Patterson et
al. 1984; Zangerl and Bazzaz 1984; Wray and Strain
1987; Bazzaz and Garbutt 1988; Reekie and Bazzaz
1989; Nie et al. 1992)], which may either be the result of
ample resource supply (e.g. nutrients), choice of plant
species’ strategies, developmental stage of plants used,
or length of the experiment. The salt marsh communities
studied by Curtis et al. (1989) and Arp et al. (1993), and
the prairie communities studied by Owensby et al.
(1993), are examples of moderately productive systems
showing substantial changes in species dominance at
high CO,. Low productivity systems tend to show small
or no changes in species dominance at high CO, [e.g.
Oechel and Strain (1985) in native tundra communities;
Williams et al. (1988) in serpentine grassland plant as-
semblages; Schiappi and Korner (1995) in alpine grass-
land communities]. Our current experiment falls in this
last category, even though the length of exposure to CO,
treatments, plus the favourable temperature and moisture
conditions, might correspond to six growing seasons in
the tundra and two growing seasons in the salt marsh or
prairie. Much longer periods of exposure to contrasting
CO, concentrations may be required under conditions of
low resource availability to detect any significant spe-
cies-specific shifts in abundance.

Thus, our results show that in these complex commu-
nities of tropical plants, neither C storage nor C turnover
are substantially stimulated at elevated CO, under condi-
tions of low nutrient availability (even though very
small, experimentally undetectable increases are certain-
ly ecologically important on a global scale!). Elevated
CO, did result in groups of species either gaining or los-
ing their share of community biomass, while changes at
the level of the individual species appeared to be slow
and were not apparent even by the end of the experiment.
We would also suggest that the results of this study with
nutrient-limited systems may be quite representative of
the magnitude of changes to elevated atmospheric CO,
that might be expected in the many nutrient-poor native
terrestrial ecosystems of the world.
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