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Abstract. This paper examines changes in carbon (C) pools associated with land-use, synthesizing
data from two experiments dealing with different aspects of tree plantation establishment in Central
Panamad. First, we analysed soil profiles in a grazed pasture and an adjacent 5-year-old teak (Tectona
grandis) plantation. There were small differences in soil C mass in the top 10 cm of the pasture and the
plantation, though analysis of paired profiles suggested larger differences at greater depth. Analysis
of the §'3C signatures in the pasture soils and litter showed that 90% to 95% of the organic matter in
the surface 5 cm was derived from C, pasture plants, over the 45 years since the pasture was converted
from forest. Comparison of the §'3C signatures in the pasture and teak plantation profiles indicated
substantial replacement of C4—derived organic matter with the dominantly C;—derived plantation
tissues. Organic matter turnover times in the upper 10 cm of the soils ranged from 8 to 34 years and
from 11 to 58 years in the upper 30 cm, depending on topographic location. We also present prelim-
inary results, and technical challenges, for an eddy covariance experiment set up to provide a direct
comparison between a grazed pasture and a native tree plantation. The two ecosystems studied are es-
timated to be small CO, sinks, 92 g Cm~2 yr~! for the pasture, and 57 g C m~2 yr~! for native species
plantation in the first year after establishment. The pasture’s response to seasonal change was more
pronounced, both in term of CO, fluxes and in term of herbaceous productivity, than the plantation’s
response. The storage below ground systems contained up 40% of the total sapling biomass.

1. Introduction

In the discussions around the Kyoto Protocol, opportunities for establishing signif-
icant carbon (C) sinks in the Tropics have been touted (IGBP Terrestrial Carbon
Working Group, 1998). The Kyoto protocol clearly established a clause of “ad-
ditionality”, indicating that offsets can be claimed only for land C sinks induced
directly by changes in human practices. Thus, in the context of managing the terres-
trial biosphere to maximise C sequestration (Schulze et al., 2000), understanding
the consequences of reforestation on ecosystem C storage becomes a necessity.
Winjum and Schroeder (1997) suggested that a 11.8 Pg C stock could be credited
to tropical plantations at the global level. Along the same lines, a report from the
Royal Society (2001) suggests that tropical forestation, agro-forestry and regener-
ation together account for 39% of the potential for using land management as C
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sink to mitigate global emissions of CO,. However, the result of a meta-analysis
focussing on the impact of land-use change on soil C stocks suggest that the transi-
tion from pasture to plantation might in fact decrease soil C stocks (Guo and Gifford,
2002). House et al. (2002) examined the impact of future scenarios of complete
reforestation and deforestation on atmospheric CO, concentration and concluded
that the impact of land-use change will depend on the time course of fossil fuel
emission. We adopted the view of Schopthauser (1998) suggesting that “large-scale
plantations are unlikely to quickly stabilize the carbon content of the atmosphere
but could be part of a common strategy to solve the global emission problem.”

We present a synthesis of experiments carried out in Panama comparing C stocks
in soil and plants associated with three land covers: grazed pasture and teak or na-
tive species plantations. Few studies have examined changes in soil C storage upon
conversion of pastures back to forests or tree plantations, or of forests to tree plan-
tations, even though this is a common phenomenon in many tropical regions (e.g.
Montagnini and Porras, 1998). In the first series of experiments, we examined the
impact of changes in land use from a tropical pasture to teak, Tectona grandis, plan-
tation on different C stocks. We compare the soil properties of a grazed pasture with
those found in an adjacent site that was converted to a teak plantation 5 years before
the soil was sampled. We use 8'3C signatures of plant tissues, litter and the soil to
quantify the turnover times and the changes in the origin of the soil organic matter
induced by this land-use change. Ewell (1986) suggested that plantations would
be more successful if they were designed to combine species with complementary
resource utilization. We therefore became interested in studying the potential that
native tree species represent in term of establishing C sink plantations. A permanent
large-scale facility was established to study the links between biodiversity, land-use
and ecosystem function. The site consists of 12 ha of forest plantation of six native
tree species with two eddy-covariance towers measuring C fluxes over the planta-
tion and an adjacent pasture (http://public.ornl.gov/fluxnet/siteplan.). Preliminary
results from this experiment are presented and discussed.

2. Methods
2.1. STUDY SITE

The bulk of results presented in this paper stems from experiments conducted in
Sardinilla, Central Panama (9°19'N, 79°38'W). Detailed description of the site and
early land-use can be found in Wilsey et al. (2002). The field was a moist tropical
forest, probably similar to Barro Colorado Island (9°09'N, 79°51'W) (Leigh et al.,
1996) until logged in 1952-53, after which it supported 2 years of crops (e.g. corn,
rice, plantain and yucca). The soil has been under pasture since then (40 to 45 years),
with major species being, in decreasing order of abundance Ischaemum indicum,
Scleria malaleuca, Rhynchospora nervosa and Cynodon dactylon. I. indicum and C.
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dactylon are C, grasses while S. malaleuca and R. nervosa are C; sedges (Dahlgren
et al., 1985). A topographically similar area 150 m southwest of the pasture was
planted to teak (Tectona grandis) in August 1993 and has an understory of a C3 shrub
(Fleminga strobelifera) and the invasive C4 grass Saccharum sponteneum. The area
receives about 250 cm of precipitation annually, mainly in the rainy season from
May to November when the monthly precipitation is about 25 cm. Mean annual
temperature is 25°C and the site has an elevation of 70 m a.s.l. The soils are derived
from Tertiary limestone and other sedimentary rocks. The upper slopes are covered
with clayey Typic Tropudalfs and grade into clayey Aquic Tropudalfs in the lower
slopes (Soil Survey Staff, 1990).

Two adjacent, relatively flat pastures were selected for the eddy-covariance
experiment. One pasture was converted to the native species plantation in July
2001, while the other remains a grazed pasture. The plantation contained a mixture
of six native tree species Luehea seemanii, Cordia alliodora, Anacardium excelsum,
Hura crepitans, Cedrela odorata and Tabebuia rosea. After two growing seasons
some trees reached 3 m in height and H. crepitans was reproductive (pers. obs). The
experimental site provided two complementary methods to estimate the C storage
potential of reforested plots, the compartment method consisting of measuring
different components of C pools such as C in soil and in biomass, and a dynamic
measure of C flows using gas-exchange.

2.2. SOIL SAMPLING AND ANALYSIS

A telescoping grid network was used for sampling the top 10 cm of the soils in the
pasture. It comprised a 20 x 20 m grid, within which were nested one 5 x 5 m
(covering 400 m?) and one 1 x 1 m (covering 25 m?) grids to define the small-scale
spatial variability in soils. Samples were collected in June, 1998, at the start of
the rainy season and after cattle had been excluded in May 1998; the field was
generally lightly grazed. The top 10 cm was collected using a metal cylinder 5 cm
in diameter, pushed into the soil surface, after removal of the litter. Because of the
heavy texture of the soil, some compaction of the soil occurred in the cylinder, but
this was mainly in the upper 5 cm and inspection showed that the full 10 cm were
sampled. Two soil profiles to a depth of 1 m were sampled from the upper and
mid parts of the field; samples were collected from the pit walls using the cylinder
to allow estimates of bulk density. In the teak plantation, the 0 to 10 cm samples
were collected at 20 m intervals on two perpendicular transects, along the crest
and downslope, with a similar topographic position to the samples collected in the
pasture. Two soil profiles were sampled in the same topographic position (upper
and mid) as in the pasture.

Soils were analysed for field gravimetric and volumetric moisture content, bulk
density, pH (in H,O), loss-on-ignition (450°C for 16 hr) using standard methods
(Carter, 1993). Organic C concentration was measured on a representative range



294 CATHERINE POTVIN ET AL.

of soil samples using an elemental analyser (Fisons Instruments model EA 1108)
and a regression equation was developed to convert loss-on-ignition to organic C
(r?> = 0.957, n = 32). Litter from the pasture and plantation soils was collected
from thirty 25 x 25 cm quadrats and oven-dried. Plant tissue, litter and soil samples
were analysed for §'>C. Soil samples were treated with 1 N. HCI to ensure removal
of any carbonate, freeze dried and ball-milled to homogenise and litter and plant
samples were ball-milled prior to analysis. Samples (2 to 4 mg) were analysed
using an Isochrom Continuous Flow Stable Isotope Mass Spectrometer coupled to
a Fisons elemental analyser (model EA 1108). Results were corrected to TAEA-
CH6 (sugar), EIL-72 (cellulose) and EIL-32 (graphite). The § 13C error for clean,
ball-milled standard material was 3-0.2%.. Statistical characteristics of the surface
soil properties were determined for the whole field at the 20 m scale and at the 1
and 5 m sampling scales.

2.3. EDDY COVARIANCE MEASUREMENTS OF CO, FLUX

Eddy covariance towers were installed in both a native species plantation and a
grazed pasture in order to determine net ecosystem exchange (NEE). Fetch re-
quirements have been estimated using a model of terrestrial diffusion (Horst and
Weil, 1992, 1994; Kaharabata et al., 1997). The 150 m of available fetch has been
verified to be sufficient in the pasture and in the plantation from pre-planting through
year 5. Assuming an expected growth rate of 1 m per year, the available fetch will
continue to be sufficient through year 10 for unstable and neutral conditions, but
will begin to deteriorate for strongly stable conditions. Data acquired during peri-
ods of insufficient fetch will be omitted and replaced using data filling techniques.
Criteria limiting the appropriate height of measurement over the plantation canopy
have also been verified. The blending height, the height above which sub-plot het-
erogeneities are not observed (Claussen, 1989), will be roughly 3 m above the top
of the canopy for all 10 yr of growth. Other criteria, the height of the interfacial
sub-layer (Raupach, 1994) and the height of boundary layer distortion due to local
micro-topography (Jackson and Hunt, 1975), are similarly less than 3 m above the
canopy. Sensors will consequently be maintained at least 3 m above the canopy
(Baldocchi et al., 1996).

Open-path eddy covariance systems have been employed, using the Campbell
CSAT3 sonic anemometer and LICOR 7500 open-path IRGA. Data analysis in-
cludes methods of calibrated coordinate rotation (McMillen, 1988; Paw U et al.,
2000), frequency corrections (Moore, 1986; Moncrieff et al., 1997), quality check-
ing (Foken and Wichura, 1996; Vickers and Mahrt, 1997; Mahrt, 1998) and data
filling. The sites have been instrumented for standard variables such as air tempera-
ture, humidity, rainfall, PAR, net radiation, soil temperature and soil moisture. The
native species plantation has significant microtopography and has thus been ad-
ditionally instrumented with topographically distributed soil temperature and soil
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moisture sensors within the tower fetch. Flux measurements began at the native
species plantation in June 2001, more than 1 month before planting, to provide
a baseline of the pre-planting condition and to observe changes during the act of
planting. During a 1-week period in July 2001, two eddy covariance systems were
operated in tandem at the native species plantation for an estimation of instrument
uncertainty. Following this, the second system was moved to the pasture where data
began in late-July 2001.

As an indicator of growth, height and basal diameter of all saplings were mea-
sured at the end of the first growing season (January 2002). In the first year of the
study, the diameter of the saplings ranged from 1 to 69 mm and their heights ranged
from 11 to 52 cm. Biomass was estimated by species-specific allometric regres-
sion equations (Potvin, submitted). To estimate herbaceous biomass, 96 quadrats
(50 cm x 50 cm) were randomly positioned in the plantation and their vegetation
was cut to ground level. The dry biomass was scaled up to estimate the total herba-
ceous biomass. The total biomass of the plantation was recorded, by calculating the
sum of the average herbaceous biomass and of the sapling biomass. Herbaceous
productivity was estimated by clipping the vegetation of 10 quadrats (50 cm x
50 cm) within each tower fetch at 4 months intervals throughout the year. Vege-
tation was allowed to re-grow for 2 weeks. It was then clipped again at soil level,
oven dried and weighted.

3. Results and Discussion
3.1. EFFECT OF LAND-USE CHANGE ON SOIL C STORAGE

Average properties derived from the 128 soil samples collected from the pasture
(0-10 cm) are pH 6.1, organic C concentration 5% and organic C mass 4 kg m~2,
with coefficients of variation (C.V.) of 0.066, 0.236 and 0.275, respectively. There
was little decrease in the C.V. of pH and C concentration and mass as the sampling
scale was decreased from 20 to 1 m (Table I). The surface soil properties are

TABLE I
Variation in mean and coefficient of variation (in parentheses) of surface
soil properties 0 to 10 cm depth at sampling at scales of 1 (within 25 m?),
5 (within 400 m?) and 20 m (4 ha), with n = 25, 20 and 87, respectively

Sampling scale (m)

Soil property 1 5 20
pH 5.98 (0.03) 5.86 (0.04) 6.26 (0.07)
C content (%) 5.69 (0.25) 5.46 (0.16) 5.19 (0.26)

C mass (kg m~2) 3.75(0.27) 3.64 (0.20) 4.01 (0.29)
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similar to those reported by Yavitt (2000) for limestone-derived soils on Barro
Colorado Island. Surface soil C mass changes associated with changes in land use
are generally <50% in surface soils (0 to 10 cm depth) and <15% in the upper profile
(0 to 30-40 cm) (see Murty et al., 2002 ), so considerable effort must be expended
on sampling and analyses to adequately define the spatial variability and establish
significant differences. The lack of a discernible spatial structure in soil properties
in the Sardinilla pasture suggests that geostatistical techniques contribute little to
a better understanding, or predictive capacity, in our system. Based on observed
variability (Table I), the error of sampling at scales ranging from 1 to 20 m, with
n = 20 to 87, would range from 1 to 5% of the mean for soil pH, but rise to 5 to
10% for organic C concentration and mass.

The soil profiles (1 m) at Sardinilla contained between 7.6 and 10.3 kg C m~2.
Jobbagy and Jackson (2000) estimated that the soils of the tropical deciduous
forest biome contained an average of 15.8 kg C m~? in the top 1 m, and those of
the tropical grassland biome contained 13.2 kg C m~2. These figures are larger than
for the Sardinilla soils and part of the difference may be ascribed to differences
in the depth distribution of organic C, resulting from inputs of soil organic matter
from roots. In the Jobbdgy and Jackson (2000) global data set, 33 to 36% of the
soil organic C in the top 1 m was found in the upper 20 cm, and 56 to 59% in the
upper 40 cm. In the Sardinilla soils, between 60 and 77% of the soil organic C to
1 m was found in the upper 20 cm, and 79 to 86% in the upper 40 cm. The greater
concentration of organic matter close to the surface in Sardinilla may be related to:
the limited rooting depth, the heavy clay texture, the relatively short dry season and
the retention of soil moisture during the dry season (see Dietrich et al., 1996).

Surface soils (10 cm) in similar topographic positions (upper- and mid-slope)
in the pasture and teak plantation revealed no significant change in organic C
concentration and mass Table II). We observed, however, a significant decrease

TABLE II
Mean and standard error (in parentheses) of soil properties in top 10 cm for
pasture and teak land uses, based on separation into upper- and mid-slope
position (n = 10 to 19 for each position)

Soil property Position Pasture Plantation
pH Upper** 6.01 (0.08) 5.68 (0.06)
Mid* 6.11 (0.09) 5.85 (0.10)
Org. C concentration (%) Upper 5.33(0.30) 4.79 (0.22)
Mid 5.01 (0.42) 4.90 (0.22)
Org. C mass (kg m~2) Upper 3.64 (0.22) 3.52(0.20)
Mid 3.61(0.34) 3.74 (0.17)

Note. * and ** represent a significant difference at p < 0.05 and 0.01 levels,
respectively (z-test).
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Figure 1. Soil organic C mass in upper- and mid-slope pasture and teak plantation profiles. (Figures
in legend indicate mass down to 1 m.)

in pH from a mean of 6.0 to 6.1 (respectively upper and mid-slope positions) in
the pasture to 5.7 to 5.9 in the teak plantation. Conversely, the upper- and mid-
slope soil profiles in the teak plantation had larger organic C concentration and
mass than those in the pasture (Figure 1). Assuming that the organic C mass was
similar prior to land-use change, the profiles suggest an increase in organic C of
1.0 to 2.4 kgCm~2 in the 5 years since land-use conversion, of which 0.9 and
0.7 kg Cm~2 occurred in the top 10 cm. This illustrates the danger of relying on
few measurements from soil profiles compared to sampling more intensively in the
surface soil layers.

The detection of changes in the organic C of soils is dependent on either being
able to monitor the C pool through the land-use change, or to establish sites whose
soil properties were the same prior to the change. The differences in isotopic sig-
nature of plant, litter and soil organic C provide a powerful tool to identify changes
in the origin of soil organic matter, even though the amount of organic matter may
show a small change. In Sardinilla, the pasture is dominated by C4 grasses, Is-
chaemum indicum being the most abundant species (Wilsey et al., 2001). Soil §'3C
values in the pasture were about —15%o. in the surface 5 cm and became more nega-
tive with depth, reaching values of —18 to —20%. below 50 cm (Figure 2). Data on
813C composition of the original forest soils and vegetation are not available, but
tropical rain forest vegetation usually has §'*C values in the range of —30 to —33%.
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Figure 2. §"3C value (upper) and percentage of soil organic C (SOC,) derived from C,4 plants (lower)
in upper- and mid-slope pasture and teak plantation profiles.
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(e.g., Martinella et al., 1998). Fractionation during plant tissue conversion to soil
organic matter results in tropical forest soil profiles with §!*C values of between
—25 and —27%o (e.g., Bashkin and Binkley, 1998; Veldkamp, 1994; van Dam et al.,
1997).

To estimate the origin of the soil organic matter, we assumed (1) that the original
forest profile had a §!3C value of —26 and —25%c in the 0 to 50 and 50 to 100 cm
depths, respectively, and (2) that the pasture added organic matter with a §'*C value
of —14%e. (Table III). The proportion of soil organic C derived from Cy4 plants (SOCy4
see Bashkin and Binkley, 1998) in the two pasture profiles ranged from 90 to 95%
in the surface 5 cm and decreased with depth (Figure 2). In the upper-slope soil
profile, SOC4 remained between 70 and 80% from 10 to 50 cm and then fell to less
than 50% in the lower part of the profile. In the mid-slope profile, the decline in
SOC, content was more rapid, with 20 to 35% reached below 50 cm. For the 1 m
of soil profile, it can be estimated that 2.4 to 4.0 kg C m~—2 was derived from the
original forest and 6.3 to 6.9 kg Cm~2 from the pasture vegetation. Between 75
and 78% of the current soil organic matter is derived from pasture and crop inputs
in the past 45 years.

TABLE IIT
813C values of above-ground plant tissues and litter
in the pasture and the teak plantation. Litter samples
are composites of individual samples (25 x 25 cm)
collected within the topographic positions

Material 83C (%o)
Plant Species
Pasture
Ischaemum indicum —11.6
Rhynchospora nervosa —28.6
Teak plantation
Teak (Tectona grandis) leaves —28.8
Fleminga strobelifera leaves —33.2
Saccharum spontaneum —12.7
Litter
Pasture
Upper slope —14.0
Mid slope —-13.9
Lower mid slope —14.0
Lower slope —13.4
Teak plantation
Upper slope —25.6

Mid slope 274
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In the teak plantation soil profiles, §!3C values were about —18 to —21%o in the
surface 20 cm and remained between —17 and —22%o. through the lower part of the
profiles (Figure 2). Composite litter samples from the teak plantation floor revealed
average 8'3C values of —26 and —27%o from samples taken from the upper- and
mid-slope positions, respectively (Table III). Repeating the methodology used in
the pasture, the proportion of soil organic C derived from C4 plants (SOCy) in the
teak plantation soil was 45 to 63% in the top 5 cm and decreased to 38 to 50% at
5 to 10 cm. The proportion then increased to 50 to 70% in the middle part of the
profile, before reaching values of 55 to 70% and 20 to 55% in the lower part, similar
to that found in the two pasture soils (Figure 2). These results suggest that there has
been a substantial replacement of SOC4 by SOC3, particularly in the upper part of
the teak plantation profiles. SOC4 mass has declined by 0.5 to 2.1 kg C m~2 in the
top 10 cm and by 0.4 to 1.9 kg C m~2 in the top 30 cm, representing decreases of 9
to 46% of the original, pre-plantation SOC4 mass. Thus, although the total organic
C mass has increased after land-use conversion, by 1.0 to 1.8 kg C m~2, the SOCy4
mass has decreased. This represents an increase in plantation-derived SOC; of 1.4
to 3.6 kg C m~2 over the 5 years, an average of 0.3 t0 0.7 kg C m~2 yr—!.

The changes in soil C brought about by the land-use conversion, based on the
comparison of paired profiles and surface sampling, are questionable. It cannot be
proven that the soil profiles were identical before land use changed and the data
on subsoil pH and bulk density suggest that they may have been different before
land-use change. It is clear, however, from the isotopic analysis that there is a rapid
turnover of organic matter in these systems. The turnover time of the SOC4 fraction
can be calculated from the mass lost through conversion of pasture to plantation.
Losses of 14 to 46% SOC, in the 0 to 10 cm depth and 9 to 36% in the 0 to 30 cm
depth represent estimated turnover times of 8 to 34 and 11 to 58 years. The mid-
slope soil also appeared to have gained more organic C and lost a higher proportion
of its SOC4 than the soil on the upper slope. If the soil C content in the initial forest
was the same as in the current pasture and derived entirely from C;-plants, then the
turnover time of organic matter since conversion from forest 45 years ago would
be 30 and 18 years, for upper- and mid-slope soils, based on the current proportion
of SOCs3 in the soil profiles. These turnover time estimates are similar to the range
calculated for tropical soil land-use change by Giardini and Ryan (2000).

3.2. PRELIMINARY CO; FLUX AND PRODUCTIVITY DATA

Flux data suggest that, contrary to our expectation, the disturbance caused by tree
planting did not induce the new plantation to become a source of CO, (Figure 3). Site
preparation and planting were conducted throughout the month of July 2001, but
the plantation sink dipped only slightly during that period and quickly recovered
to a constant level for August to October. In fact, the sink in the following July
2002 is lower than during the planting month of July 2001. Over the first year of
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Figure 3. Monthly averaged CO, flux and net annual flux, Sardinilla Carbon Project Plantation and
Pasture, June 6, 2001 to July 31, 2002. Net flux is for August 1, 2001 to July 31, 2002.

the experiment, the two ecosystems studied are estimated to be small CO, sinks,
92 ¢ C m~2 yr~! for the pasture, and 57 g C m~2 yr~! for native species plantation
in the first year after establishment. At this early stage, the total biomass of the
plantation was largely dependent on the herbaceous biomass. In January 2002, the
saplings’ biomass made up some 0.72% of the total biomass reaching an average
height of 52 cm. The two ecosystems showed different seasonal patterns with
more fluctuations in gas exchange in the pasture than in the plantation (Figure 3).
Differences in December and January coincide with the transition from wet to
dry season. Flux data suggest that the plantation switches to a source during a
cloudy December, while the pasture is able to maintain a sink and recover with a
substantial sink in January since there was sufficient soil moisture until late in the
month. In the dry season, the native species plantation is a small source of CO, but
a much larger source in the grazed pasture. There is good agreement between the
patterns detected by the flux towers and our measures of herbaceous productivity.
Productivity data (Figure 4) showed stronger seasonal patterns in the grazed pasture
than in the plantation. During the wet-dry transition, productivity decreased by 47%
under the plantation tower in contrast with a 75% reduction under the pasture tower.
In Sardinilla, the rainy season starts to establish in April. Productivity increased
by 44% under the plantation tower and by 95% under the pasture tower. These
preliminary results suggest that flux data and biomass pool estimates can be useful
complementary methods to understand patterns of C cycling.
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Figure 4. Productivity estimates (g * m~2) under (A) the pasture tower and under (B) the tower
established in the native species plantation. Sampling dates were July and October 2001 as well as
January and April 2002 and span the first year of the plantation.

The first year of running two flux towers in Sardinilla yielded significant practical
experience for flux measurement in the tropics. We recommend saving raw eddy
covariance data for as long as possible, or at least long enough to define aspects of
the site. There is still no consensus as to a definitive set of analysis methods, and raw
data are necessary for reprocessing should these methods change. Raw data are also
necessary to define peculiarities of the site or instrumentation, including: nighttime
wind regime, susceptibility to time series spikes/shifts, and anemometer directional
bias (calibrated coordinate rotation). Since two flux towers were available for this
experiment, it was possible to run two identical sets of equipment for a 1-week
period. This period was invaluable for confirmation of analysis techniques, and
found uncertainties in fluxes to be 8% for sensible heat, 1.5% for latent heat and
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6% for CO,. The primary challenge in measuring flux at Sardinilla has been a lack
of sufficient turbulence at night. In the first year, only 28% of night data points in the
plantation had average wind speeds above 1 m s~! and only 7% were above 2ms~".
The more sheltered pasture was even worse with 10% above 1 ms~! and less than 1%
above 2 m s~!. Therefore, we developed a novel sectioning and detrending method
(ARMA detrending) that increased the night-time data set to 30%. The daytime
data set is also increased from 54% to 72% by these methods, effectively including
daytime points under transitional or marginal cloudy conditions. Following this
procedure of recovering an acceptable amount of the raw data, seasonal and annual

trends can be observed with more confidence.

3.3. WHOLE ECOSYSTEM C STORAGE

Our experiments emphasise the importance, for young tropical plantations, of the
carbon pools located below ground either in the soil or as coarse roots. More than
half of the C sequestered by the 5-year-old teak plantation is found below ground,
mostly as soil C (Table IV). In a companion study on four mature teak plantations
planted in 1978-1979 near Sardinilla (Kraenzel et al., 2003) showed that two-
thirds of C storage took place below-ground (on average 19.9 of 30.7 kg C m™2).
At the ecosystem level in both young and mature teak plantation, soil and root
biomass, therefore represent the most important C pools. We also examined the
below-ground biomass allocation of native tree species. Across species, mean root
allocation was 28.5% =+ 6%. We observed significant variation in root allocation

TABLE IV

C pools (kg m~2) associated with pasture to teak plantation land-use change
Component Pasture S-year-old teak 20-year-old teak
Biomass® 0.25 2-3 12.1
Litter 0.12 0.24 0.27
Soil® 0-10 cm 3.63 3.63 n.a.
Soil® 0-10 cm 4.7 5.6
Soil® 0-30 cm 6.4 7.7
Soil® 0-100 cm 8.5 10.2 18.3
Total ecosystem® 9.0 13.0 30.7

Note. Data from Sardinilla are for a pasture and a teak plantation after 5 years (mean of
upper- and mid-slope locations). Data from 20-year-old plantations are the average of four
plantations in Central Panamd (Kraenzel et al., 2003). Note that the soil profile for the
20-year-old plantation goes down to 130 cm rather than 100 cm.

2Estimated from Wilsey et al. (2002), Kraenzel et al. (2003) and Hase and Foelster (1983).
"Based on grid soil sampling.

“Based on paired soil profiles.



304 CATHERINE POTVIN ET AL.

0.50 T — T

0.44 - -

0.38 - .

0.32

Root/Total Biomass

0.26 =1

0.20

> ‘,3\9

@ R 58 & o P
s ? & o
v-"“°o-&\ot'°§°"d:‘"§=@° o %

Species

Figure 5. Root: total biomass ratio for 8 native tree species grown in Sardinilla for 3 years. Species
are Luehea seemannii, Cordia alliodora, Sterculia apetala, Antirrhoea trichantha, Enterolobium
cyclocarpum, Cedrela odorata, Tabebuia rosea and Hura crepitans. (Details on methodology in
Potvin (submitted).)

between species (F73; = 3.5, p < 0.001). Our data show that roots can account for
as much as 40% of the total biomass of 3-year-old saplings (Figure 5). Root biomass
data can be aggregated to provide estimate of the below ground biomass pools of
forests. Sanford and Cuevas (1996), in a compilation of data from some tropical
forests world-wide, reported that below-ground biomass accounted for 8§7.9% in
Venezuela for forests established on Spodosol but only 1% for riparian forests of
Panamad. The authors suggested that variation in root biomass, at the forest level,
might be controlled by soil texture and quality.

Some assessment of the relative significance of different C pools within the
overall ecosystem with changes in land cover is found in Table IV. Wet-season
biomass in the pasture was estimated at 0.25 kg C m~2, compared to between 2
and 3 kg C m~?2 in the 5-year-old teak plantation; mature teak plantations contain
up to 12 kg C m~2. Litter mass in the pasture was about half that found in the
teak plantation (0.12 and 0.24 kg C m~2, respectively); undisturbed forests at Barro
Colorado Island contain 0.3 to 0.4 kg C m~2 in litter (Wieder and Wright, 1995).
Thus, in five years, land-use change brought about an increase of 2 to 3 kg C m~2,
or an average of 0.4 to 0.6 kg C m~2 yr~! in plant biomass and litter. The profile
soil sampling for the pasture and 5-year-old plantation suggested that the C content
of the teak plantation soils may have increased, on average, by 0.9 kg C m~2 in the
top 10 cm and 1.3 kg C m~2 in the top 30 cm, and 1.7 kg C m~2 in the top 100 cm.

An increase of such a magnitude in soil C in the teak plantation is surprising
given the observed litter and biomass production. Yet the rapid rate of incorpora-
tion of C into tropical soils might find an echo in the data from the 20-year-old
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plantations. The soil profiles of the four mature teak plantations were sampled to
a depth of 2 m and the average profile C storage was high, 22.4 & 9.8 kg C m—
(Kraenzel et al., 2003). Caution is necessary in the interpretation of the data from
the mature teak plantations as we do not have a good history of land-use for them.
Most studies of land-use change have, likewise, used a paired site approach, in
which assumptions are made about the similarity of the systems prior to land-use
change without really being able to confirm the assumption. Our concern over the
interpretation of comparative land-use studies played a central role in the devel-
opment of the native tree reforestation experiment. A fundamental contribution of
the Sardinilla experiment was to adopt an experimental design allowing to evalu-
ate directly the changes in C fluxes and pools through time. We are combining a
variety of approaches, from paired site to a time sequence of flux measurements,
to examine changes in various C pools associated with reforestation. In the case
of our multi-species plantation, we expect the changes in C pools above ground
to be large, and therefore easily detectable and our preliminary data suggest that
the time-integrated NEE of the pasture and plantation already differ 1 year after
planting.

Acknowledgements

The authors gratefully acknowledge the support of the Ministere de la recherche,
de la science et de la technologie du Québec, of the Natural Sciences and Engineer-
ing Research Council of Canada and the Smithsonian Tropical Research Institute,
Panama. §'3C analyses were performed by Dr S. Schiff (University of Waterloo)
to whom we are also grateful. Finally we thank Edward English and Margaret
Kraenzel for their field and laboratory assistance.

References

Baldocchi, D., Valentini, R., Running, S., Oechel, W., and Dahlman, R.: 1996, ‘Strategies for mea-
suring and modelling carbon dioxide and water vapour fluxes over terrestrial ecosystems’, Global
Change Biol. 2, 159-168.

Bashkin, M. A. and Binkley, D.: 1998, ‘Changes in soil carbon following afforestation in Hawaii’,
Ecology 79, 828-833.

Carter, M. R. (ed.): 1993, Soil Sampling and Methods of Analysis, Lewis Publishers, Boca Raton, FL,
U.S.A.

Claussen, M.: 1989, ‘Subgridscale fluxes and flux divergences in a neutrally stratified, horizontally
homogeneous surface layer’, Contr. Atmos. Phys. 62, 236-245.

Dahlgren, R. M. T., Clifford, H. T., and Leo, P. F.: 1985, ‘The families of the monocotyledons:
Structure functions and taxonomy’. Springer Verlag, Berlia, New York, pp. 520.

Davidson, E., Nepstad, D. C., Klink, C., and Trumbore, S. E.: 1995, ‘Pasture soils as carbon sink’,
Nature 376, 472-473.

Dietrich, W. E., Windsor, D. M., and Dunne, T.: 1996, ‘Geology, Climate and Hydrology of Barro
Colorado Island,” in Leigh, E. G., Rand, A. S., and Windsor, D. M. (eds.), Ecology of a Tropical
Rainforest, Smithsonian Institute, Washington, D.C., pp. 21-46.



306 CATHERINE POTVIN ET AL.

Ewell, J. J.: 1986, ‘Designing agricultural ecosystems for the humid tropics’, Ann. Rev. Ecol. Syst.
17, 245-271.

Foken, Th. and Wichura, B.: 1996, ‘Tools for quality assessment of surface-based flux measurements’,
Agric. For. Meteorol. 78, 83-105.

Giardina, C. P. and Ryan, M. G.: 2000, ‘Evidence that decomposition rates of organic carbon in
mineral soil do not vary with temperature’, Nature 404, 858-861.

Guo, L. B. and Gifford, R. M.: 2002, ‘Soil carbon stocks and land use change: a meta analysis’, Glob.
Chang. Biol. 8, 345-360.

Hase, H. and Foelster, H.: 1983, ‘Impact of plantation forestry with teak (Tectona grandis) on the
nutrient status of young alluvial soils in west Venezuela’, For. Ecol. Manage. 6, 33-57.

Horst, T. W. and Weil, J. C.: 1992, ‘Footprint estimation for scalar flux measurements in the atmo-
spheric surface layer’, Boundary-Layer Meteorol. 59, 279-296.

Horst, T. W. and Weil, J. C.: 1994, ‘How far is far enough?: The fetch requirements for micrometeo-
rological measurement of surface fluxes’, J. Atmos. Oceanic. Technol. 11, 1018-1025.

House, J. L., Prentice, 1. C., and Le Quere, C.: 2002, ‘Maximum impacts of future reforestation or
deforestation on atmospheric CO,’, Glob. Chang. Biol. 8, 1047-1052.

IGBP Terrestrial Working Group.: 1998, ‘The terrestrial Carbon Cycle: Implications of the Kyoto
Protocol’, Science 280, 1393—-1394.

Jackson, P. S. and Hunt, J. C. R.: 1975, ‘Turbulent wind flow over a low hill’, Q. J. R. Meteorol. Soc.
101, 929-955.

Jobbégy, E. G. and Jackson, R. B: 2000, “The vertical distribution of soil organic carbon and its
relation to climate and vegetation’, Ecol. Appl. 10, 423-436.

Kaharabata, S. K., Schuepp, P. H., Ogunjemiyo, S., Shen, S., Leclerc, M. Y., Desjardins, R. L., and
MacPherson, J. I.: 1997, ‘Footprint considerations in BOREAS’, J. Geophys. Res. 102, 29113—
29124,

Kraenzel, M. B., Potvin, C., Moore, T., and Castillo, A.: 2003, ‘Carbon storage of harvest-age teak
(Tectona grandis) plantations, Panama’, For. Ecol. Manage. 173, 213-225.

Leigh, E. G., Rand, A. S., and Windsor, D. M. (eds.): 1996, Ecology of a Tropical Rainforest, 2nd
edn., Smithsonian Institute, Washington, D.C.

Mabhrt, L.: 1998, ‘Flux sampling errors for aircraft and towers’, J. Atmos. Oceanic. Technol. 15,
416-429.

Martinella, L. A., Almeida, S., Brown, 1. F.,, Moreira, M. Z., Victoria, R. L., Sternberg, L. S. L.,
Ferreira, C. A. C., and Thomas, W. W.: 1998, ‘Stable carbon isotope ratio of tree leaves, boles
and fine litter in a tropical forest in Rondonia, Brazil’, Oecologia 114, 170-179.

McMillen, R. T.: 1988, ‘An eddy correlation technique with extended applicability to non-simple
terrain’, Boundary-Layer Meteorol. 43, 231-245.

Moncrieff, J. B., Massheder, J. M., de Bruin, H., Elbers, J., Friborg, T., Heusinkveld, B., Kabat, P.,
Scott, S., Soegarrd, H., and Verhoef, A.: 1997, ‘A system to measure surface fluxes of momentum,
sensible heat, water vapour and carbon dioxide’, J. Hydrol. 188/189, 589-611.

Montagnini, F. and Porras, C.: 1998, ‘Evaluating the role of plantations as carbon sinks: an ex-
ample of an integrative approach from the humid tropics’, Environ. Management 22, 459—
470.

Moore, C. J: 1986, ‘Frequency response corrections for eddy correlation systems’, Boundary-Layer
Meteorol. 37, 17-35.

Murty, D., Kirschbaum, M. K. F., McMurtie, R. E., and McGilvray, H.: 2002, ‘Does conversion of
forest to agricultural land change soil carbon and nitrogen? A review of the literature’, Global
Change Biol. 8, 105-123.

Paw, U. K. T., Baldocchi, D. D., Meyers, T. P., and Wilson, K. B.: 2000, ‘Correction of eddy-covariance
measurements incorporating both advective effects and density fluxes’, Boundary-Layer Meteorol.
97, 487-511.



CARBON STORAGE AND LAND-USE IN PANAMA 307

Raupach, M. R.: 1994, ‘Simplified expressions for vegetation roughness length and zero-plane dis-
placement as functions of canopy height and area index’, Boundary-Layer Meteorol. 71,211-216.

Royal Society (The) 2001, ‘The role of land carbon sinks in mitigating global climate change’, ISBN
085403 561 3 (www.royalsoc.ac.uk).

Sanford, R. L. and Cuevas, E.: 1996, ‘Root growth and rhizosphere interactions in tropical forests’,
in Mulkey, S., Chazdon, R. L., and Smith, A. P. (eds.), Tropical Forest Plant Ecophysiology,
Chapman and Hall, New York, pp. 268-300.

Schulze, E.-D., Wirth, C., and Heinmann, M.: 2000, ‘Managing forests after Kyoto’, Science 289,
2058-2059.

Schopthauser, W.: 1998, ‘World forests: The area of afforestation and their potential for fossil carbon
sequestration and substitution’, in Kohlmair, G. H., Weber, M., and Houghton, R. A. (eds.), Carbon
Dioxide Mitigation in Forestry and Wood Industry, Springer, Berlin, Heidelberg, New York,
pp- 184-203.

Soil Survey Staff: 1990, Keys to Soil Taxonomy. USDA.

van Dam, D., Veldkam, E., and van Breemen, N.: 1997, ‘Soil organic carbon dynamics: variability with
depth in forested and deforested soils under pasture in Costa Rica’, Biogeochem. 39, 343-375.

Veldkamp, E.: 1994, ‘Organic carbon turnover in three tropical soils under pasture after deforestation’,
Soil Sci. Soc. Amer. J. 58, 175-180.

Vickers, D. and Mahrt, L.: 1997, ‘Quality control and flux sampling problems for tower and aircraft
data’, J. Atmos. Oceanic. Technol. 14, 512-526.

Wieder, K. and Wright, S. J.: 1995, ‘Tropical forest litter dynamics and dry season irrigation on Barro
Colorado Island, Panama’, Ecology 76, 1971-1979.

Wilsey, B., Parent, G., Roulet, N., Moore, T., and Potvin, C.: 2002, ‘Tropical pasture carbon cycling:
Relationships between C source/sink strength, aboveground biomass, and grazing’, Ecol. Lett.
5(3), 367-376.

Winjum, J. K. and Schroeder, P. E.: 1997, ‘Forest plantations of the world: Their extent, ecological
attributes and carbon storage’, Agric. Forest Met. 8, 153-167.

Yavitt, J. B.: 2000, ‘Nutrient dynamics of soil derived from different parent material on Barro Colorado
Island, Panama’, Biotropica 32, 198-207.

(Received 13 May 2003; in revised form 19 April 2004)



