The production of charcoal during

Agricultural Burning in Central

Panama and its deposition
in the Sediments of the Gulf
of Panama*®

RESUMEN. Las quemas agricolas, durante la estaqion seca en la
vertiente Pacifica de Panamd, constituyen un importante fenomeno
ecoldgico. Durante este periodo, mds del 10% de la superficie terres-
tre sufre los efectos de las quemas dando lugar a la produccion de
grandes cantidades de carbon. La mayoria permanece en la tierra,
pero el 5% es transportada por los rios y vientos hacia los sedimen-
tos del Golfo de Panamd.

El transporte de las particulas de carbon por los vientos alisios
que soplan del NE fue medido por colectores de deposicion seca ¥y
de aerosol. Las concentraciones de carbon en el medio rural de Pa-
namd durante la época de las quemas, se aproximan a las de las
20nas urbanas de Norte América y Europa. Mds del 60% de la masa
de carbon en el aerosol aparece en forma de particulas finas (< 2 pm
de didmetro) lo cual sugiere que es posible que se transporten a
grandes distancias.

Los flujos de deposicion seca, correlacionados directamente con
la extension de superficie quemada, son mds de una orden de mag-
nitud menor que los flujos de carbon a los sedimentos costeros ma-
rinos del Golfo de Panamd. Esto implica que el transporte edlico
no es el mecanismo principal de movilizacion del carbon de las que-
mas a los sedimentos costeros. Los altos valores de desagiie por
unidad de drea, en la vertiente del Golfo, sugieren que éste es el
mecanismo principal de transporte.

Por otra parte, el carbon puede servir como indicador de las
quemas historicas. En 1979 se obtuwvieron niicleos de sedimentos del
Golfo de Panamd. Para determinar las velocidades de sedimentacion
en la regidn, se sometieron los nucleos a andlisis de radioplomo
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(Pb-210). Las particulas de carbon fueron aisladas por métodos qui-
micos v se analizaron sus flujos, distribuciones de tamafio y morfo-
logias. La uniformidad de estos indices en los sedimentos marinos
durante 200 arios de deposicion indica que los patrones de las quemas

han sido estables por dos siglos.

INTRODUCCION

Agriculture in the tropics in dependen upon
fire for slash-and-burn “shifting” culti-
vation, deforestation stimulated by cattle
production, and savanna and grassland
maintenance. Agricultural burning in Pana-
ma has been described by Guzman (1956),
Fuson (1958), and Myers (1981), yet quan-
titative data have not been reported.

Phytomass burning is an important proc-
ess in the global carbon cycle and is proba-
bly more significant at low latitudes than
at middle or high latitudes (Hampicke,
1979; Bramryd, 1979; Seiler and Crutzen,
1980). For example, Seiler and Crutzen
(1980) suggest that over 80% of the annual
phytomass burn occurs in the “developing
countries.” This combustion releases im-
portant quantities of CO, (Adams et al,
1977; Woodwel! et al., 1978, 1983), CH,
(Greenberg et al., 1984), and particulates
(Root, 1976) to the atmosphere,

Relatively inert and indestructible char-
coal (also referred to as elemental carbon

or particulate carbon) is a major compo-
nent of the particulates released during
burning. Lewis and Macias (1980) as well
as Weiss and Waggoner (1982) determined
that charcoal content for urban and rural
aerosols ranges between 10 and 20%. Seiler
and Crutzen (1980) suggest that 40% of the
mass of atmospheric particulates formed
during burning in charcoal.

The importance of tropical burning in
the global carbon cycle, combined with this.
dearth of quantitative information about it,
motivated my research on charcoal pro-
duced by agricultural burning in central
Panama. I report data on present-day char-
coal production and discuss transport mech-
anisms to Gulf of Panama sediments. Data
on charcoal isolated from sediment cores
in the Gulf of Panama shed additional light
on the regional charcoal budget and trace
this burning activity back several centuries.

EXTENT OF BURNING

Fires were monitored during the 1981 dry
season (january to may) in a study area
(50 x 30 km? Fig. 1), located in Coclé
Province, central Panama. The quadrant
borders the northwestern corner of the Gulf
of Panama and extends inland to the conti-
nental divide. The terrain and vegetation
in the study area are representative of that

surrounding the western half of the Gulf
of Panama. Most of the region can be clas-
sified as Koppen's “Awi” type climate
(tropical savanna climate). Higher eleva-
tions are in the “Ami” or tropical humid
climate zone (Atlas Nacional de Panama3,
1975).
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Fig. 1. Map of Panama sediment core locations and atmospheric sampling

locations.

Mangrove swamps extend in a band sev-
eral Kkilometers wide along the coast. A
coastal savanna, usually less than 50 m in
elevation, begins where the mangroves end
and continues 20 or 30 km farther inland.
This coastal plain supports rice and sugar
cultivation and extensive cattle raising bas-
ed on introduced grasses. Occasional wood-
ed areas which may be used for slash-and-
burn plots are also found.

Further inland (about 20 to 50 km from
the coast) a mountainous zone of rugged
hill rises to over 500 m height at the conti-
nental divide. Although zones of secondary
forest are present and wooded areas are
abundant especially on higher elevations,
large areas of these hills have been denuded
and are covered only with grasses. This is
a zone of both slash-and-burn plots and
grassland burning (Fig. 2).

The study area covered 689 km? of coastal
p'ain and 456 km? of low hills. The land
surfaces burned were mapped through sur-
face reconnaissance (Fig. 3), and a polar
planimeter was used to determine the area
affected by fire. The 1981 observations in-
dicated that approximately 83 km? (12%)
of the lowlands and 48 km? (10,5%) of the
mountainous terrain were burned. Thus,
11,5% of this corridor from the central
cordillera south to the Gulf of Panama was’
affected by fire. Grass-covered areas ac-
counted for 84% (110 km? of the 131 km?
of burned vegetation in the quadrant.

A large percentage of the charcoal pro-
duced by vegetational burning in the cir-
cum-Gulf region must be mobilized to the
sediments of the Gulf of Panama by the
watershed’s extremely high river runoff per
unit area (Forsbergh, 1969) and by the
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Fig. 2. Two typical slash-and burn plots on a hillside north of Penonomé. The
plots have been burned and are ready for planting.

northeasterly Trade Winds which are domi-
nant during Panama’s dry season (Northern

Hemisphere Winter) Schwerdtfeger, 1976).

DRY DEPOSITION CHARCOAL

To obtain information concerning aeolian
transport of charcoal, the charcoal fallout
was continuously collected during the 1981
burning season at six stations within the
sudy area (Fig. 1). Wet deposition has been
ignored since agricultural burning is a dry
season phenomenon. Dry deposition col-
lectors, stationed clear of vegetation on 5 m
towers, consisted of 61 cm X 61 cm ply-
wood squares which served as bases for
smooth glass plates. Square covers (91 cm
X 91 cm) supported at 20 cm height by
metal rods prevented particles produced in
the inmediate vicinity from falling on the
plates. The plates were coated with petro-

leum vaseline applied in a chloroform slur-
ry to trap deposited particles. Vaseline was
scraped from the plates weekly and stored
in small vials. Samples were degreased
with trichloroethylene and were treated
with HC] and HF to remove carbonates and
silicates, respectively, and KOH/H;O: to
solubilize organic carbon (Griffin and Gold-
berg, 1975). The percentage charcoal in the
residue (generally ranging between 60 and
100% ) was determined by weight loss after
ignition at 600° C for 1 hour (Malissa, 1979)
and by infrared spectrometry (Smith and
Grifiin, 1975).
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Fig. 3. Fires in the study area, 1981. The blackened areas indicate vegetational

burning.

The charcoal fluxes at all the six stations
-were highest between the last week in
March and the second week in April. This
-maximum charcoal deposition correlates

well with the end of the dry season which
is marked by the greatest areal extent of
burning as indicated in the burning survey
(Suman, 1983). The dry deposition charcoal
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fluxes range from 1,1 pgC/cm?.yr for the
northern station in Toabré to 5,6 pgC/
cm?.yr for the southernmost station at El
Coco.

Size distribution analyses of the charcoal
fallout particles collected on the deposition
plates were performed using a point count-
ing technique (Allen, 1974; Orr and Keng,
1976; Suman, 1983). These analyses clas-
sified charcoal particles into 16 size classes
from 0,05 to 38 pm. The number and mass
frequencies were determined as a function
of each particle’s Martin diameter (length
of a line parallel to the fixed direction of
scan that divides the particle into two
equal areas).

Analysis of particles with diameters be-
tween 2 and 38 pp was performed with the
optical microscope, while the scanning elec-
tron microscope (H-500 Hitachi Electron
Microscope) was utilized for particles less
than 2 pm diameter.

The data obtained by analyzing particle
fields of varying magnifications were corre-
lated by accounting for differences in the
area of the fields that were counted. The
analysis of each sample involved sizing
more than 1500 particles with diameters
less than 2 pm and over 600 particles bet-
ween 2 and 38 pm diameter.

Mass frequencies of particles were extra-
polated from the number frequencies in
each size category assuming the particles
were spherical with density 1,8 g/cm® In
this extrapolation the number {requencies
were multiplied by the mass of an average
particle in each size class.

An additional method of particle size de-
termination involved settling tubes and was
based on Stokes’ law of settling velocities
and its underlying assumptions (Krumbein
and Pettijohn, 1938). The adaptation of
this technique to charcoal particles was re-
ported by Griffin and Goldberg (1983). Size
fractions of charcoal separated in this proc-
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ess were < 2 pm, 2-8 pm, 816 pm, and
16-38 pm. Greater than 38 pm particles
were previously separated by sieving.

Most of the charcoal particle mass in the
dry deposition samples is concentrated in
the coarse (> 2 pm) fraction (Fig. 4). Sim-
ilar results were obtained after analysis of
10 dry deposition samples using both tech-
niques. The large settling velocities of these
coarse particles preferentially remove them
from the atmosphere.

A morphological classification scheme for
> 38 pm charcoal particles has been de-
veloped using standard combustion mate-
rials (Suman, 1983). It has been possible
to identify particles on the basis of their
wood, grass, or petroleum origins. A useful
concept to study the grass and wood con-
tributions to the charcoal particles is the
“Gramineae Index.” This is the percentage
of particles of grass origin in the total
number of particles classified with confi-
dence as grass and wood. In over 20 ana-
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Fig. 4. Size distribution determined by point
counting of dry fallout charcoal particles. The
curves were fitted by eye. These results are
similar to those of 10 other sites.
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lyzed samples isolated from sediments, aero-
sols, and fallout, I have been able to assign
over 65% of the > 38 pm charcol particles
to grass or wood morphological categories.

The morphologies of the > 38 um char-
coal particies collected as dry deposition
were observed with optical and electron
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microscopy. Grass epidermal fragments
s.milar to those shown in Fig. 5 were a-
bundant in these samples. Gramineae Indi-
ces of the three analyzed samples, Caimito
(5-11 Apri!), Penonomé (14-21 March), and
El Gago (7-14 April) were, respectively,
90%, 86%, and 92%.

Fig. 5. Electron micrograph of dry deposition
charcoal particles from Caimito (11 April 1981).
The above particles are all gramineous epidermal

fragments.

AEROSOL CHARCOAL

During the 1981 agricultural burning season,
samples of atmospheric particulates were
collected at Penonomé and Churuquita
(Fig. 1) from March 25 to April 16. These
locations are upwind from the Gulf of
Panama and about 25 km from the coast.
High-volume air pumps (Model 500, Unico
Environmental Instruments) were positio-
ned at 8 m heights on towers and were
fitted with glass fiber filters (Gelman
Spectro Grade Type A with 99,9% DOP
efficiency for 0,3 pm particles). Samples
were collected during periods ranging from
49 to 77 hours with an average air flow
of 305 liters per minute. Standard sampling

specifications suggested by Jutze and Foster
(1267) were followed.

The digestion technique for the aerosol
particulate samples involved an initial
treatment with concentrated HF to dissolve
the g'ass fiber filters and dust of aerosol
origin, fo.lowed by the digestion technique
which was previously mentioned. The per-
centage charcoal in the final residues was
determined by weight loss after ignition at
600°C. for 1 hour.

The range of aerosol charcoal concen-
trations extends from 04 to 3,1 pgC/md.
The highest charcoal concentrations were
measured at Penonomé on March 25 and
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April 2 and correspond to the high charcoal
dry fallout in the collection periods ending
on March 28 and April 6 as well as to the
most intense burning period marking the
close of the dry season.

Size analyses of the aerosol charcoal par-
ticles performed by particle point counting
indicate that essentially all of the particles
were less than 2 microns in diameter and
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that this fine fraction accounted for over
60% of the aerosol charcoal mass. Fig. 6
summarizes the size analysis from the
Penonomé (2 April 81) aerosol sample
which is typical of all of the aerosol sam-
ples. The settling technique for the six
samples suggested that between 70 and
100% of the charcoal mass is concentrated
in the fine particle fraction.

Cumaictive Parcontoge Paddrae

Particie Diemeter {am)

Fig. 6. Size distribution determined by point
counting of aerosol charcoal particles.

SEDIMENTARY CHARCOAL

In July 1979 three box cores of sediments
from the western half of the Gulf of Pana-
ma were recovered (Fig. 1). Time frames
were introduced into the marine sediment
cores through Pb-210 geochronologies. The
analytical techniques of Pb-210 isolation
from sediments and measurement of its
activities were those of Koide et al. (1973)
and Koide and Bruland (1975). Maximum
sedimentation rates calculated for these

sites range ‘rom 0,17 to 0,51 cm/yr. Fig. 7
illustrates the Pb-210 activities for Core 1.

The sediment samples were chemically
digested to isolate the charcoal residue
(Griffin and Goldberg, 1975) and charcoal
concentrations in the residue were deter-
mined by an infrared spectrometric tech-
nique (Smith and Griffin, 1975). The char-
coal concentrations in the sediment samples
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TABLE 1. Charcoal Fluxes to Gulf of Panama Sediments.

Core Number Sedimentation Deposition Charcoal
and Depth Rate Period Flux
CORE 1 0,22
13 1965-1974 127
57 1947-1956 129
9-11 1929-1938 139
13-15 1911-1920 100
17-19 1893-1902 87
19-21 1884-1893 106
21-25 1865-1884 108
25-29 1847-1865 99
3337 1811-1829 106
3741 1793-1811 94
CORE 2 0,17
0-1 1973-1979 165
13 1961-1973 126
57 1938-1950 114
79 1926-1938 133
9-11 1914-1926 84
11-13 1903-1914 94
13-15 1891-1903 132
15-17 1879-1891 108
17-19 1867-1879 110
19-21 1867 116
21-25 1867 126
2529 1867 160
29-33 1843-1867 92
33-37 1820-1843 139
3741 1796-1820 122
4145 1773-1796 125
45-47 17611773 147
CORE 3 0,51
13 1976-1978 353
35 1973-1976 291
79 1969-1971 318
11-13 1965-1967 256
15-17 1960-1962 302
17-19 1958-1960 469
21-25 1951-1956 443
25-29 1947-1951 390
29-33 1942-1947 407
33.37 1938-1942 259
3739 1936-1938 410

(cm) (cm/yr) (ngC/cm?.yr)
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«Core 1.

53

ranged between 200 and 1000 ppm dry
sediment.

The charcoal fluxes to the sediments have
been calculated as the product of Pb-210
sedimentation rates, measured sediment
densities, and charcoal concentrations. The
three Gulf of Panama sediment cores do
not show clear trends in charcoal fluxes
during the past centuries (Table 1). The
fluxes range from 84469 pgC/cm?.yr.

Size distributions were obtained for sedi-
mentary charcoal particles by settling anal-
yses. In all of the 59 samples analyzed the
< pm diameter charcoal fractions carry
50% of the charcoal mass while the < 8 pum
diameter :fractions account for 85% of the
charcoal mass. Five sediment sections were
processed for size distribution by the point
counting method. An average of 65% of the

CIENCIAS DE LA TIERRA Y DEL ESPACIO 14/87
charcoal mass is associated with the fine
partcie fraction (Fig. 8).

The morphologies of the > 38 um charcoal
fract.ons from the sediments were exten-
sively studied with optical and scanning
electron microscopy. In spite of the com-
bustion, transport, and sedimentation pro-

Curtulifive  Percantngs Undersgs
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Fig. 8. Size distribution determined by point
counting of sedimentary charcoal particles. Re-
sults are similar to those of 4 other analized
samples.

cesses, the large charcoal particles produced
by phytomass burning retain characteristics
of their original plant structure (Fig. 9).

The morphological classification scheme
was applied to the charcoal particle isolated
from Core 1. “Gramineae Indices” for this
core are consistently high (between 74%
and 90%) indicating that grass charcoal
particles are much more abundant than
wood charcoal particles in the sediments
of this area of the Gulf of Panama. Ad-
ditionally, plant charcoal morphologies vary
little during the 200-year depositional
period.
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Fig. 9. Electron micrograph of a field of charcoal
particles from Core 1 (17-19 cm). Note the a-
bundant plant fragments.

DISCUSION

Charcoal fluxes to the sediments of the
Gulf of Panama are an order of magnitude
higher than those reported for nearshore
sediments from the Saanich Inlet and the
Santa Barbara Basin (Griffin and Goldberg,
1975). This may be due to the exceptionally
high runoff in the Gulf of Panama water-
shed (Forsbergh, 1969) and to the wide-
spread occurrence of agricultural burning
which produces the charcoal. The burning
survey in the Coclé study area indicates
that over 10% of the land surface was af-
fected by fire in a single burning season.
As a comparison, Minnich (1983) suggests
that only 7,6% of’ the land in the southern
California coastal zone (adjacent to the
Santa Barbara Basin) was burned in the
eight year period from 1972 to 1980.

The charcoal concentrations measured in
the central Panama aeroso!l also reflect the
widespread use of fire. The highest Peno-
nomé values, during the burning maxima,
are similar to aerosol charcoal concen-
trations in urban areas of the United States

(Rosen et al., 1982). Charcoal concentra-
tions in the aerosol during off-peak burning
in rural Panama are similar to ‘“remote”
values and several times greater than Arctic
observations (Wolff et al., 1982).

Evaluation of wind vs river transport
mechanisms

Pariicu'ate charcoal is carried from its
origin on the Isthmus to the coastal marine
sediments by river and air transport and
coastal runoff. Charcoal particle size dis-
tribution, fluxes, and morphologies can be
used to estimate the relative importance of
each transport mechanism.

Dry deposition charcoal fluxes were
measured in the study area about 10 km
upwind (north) o the Gu'f of Panama core
sites. The largest dry deposition charcoal
flux to the southernmost Isthmian station
was 5,6 pgC/cm?.yr. The charcoal fallout
to the surface waters of the Guif of Pana-
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ma as the air mass moves seaward is, in
fact, probably less than this value due to
the transport distance from the burning
sources. However, even this upper limit
dry fallout flux is more than an order of
magnitude less than the average charcoal
fluxes to the top sections of the three sedi-
ment cores, 215 p.gC/[cm?. yr,

An additional dry fallout flux was calcu-
lated from the size analysis of aerosol char-
coal in Penonomé. The aerosol charcoal
concentration at that station (2 April 1981)
was determined to be 2,4 ugC/m?, and the
mass percentages per size class were de-
duced by partic'e point counting. The prod-
uct o the Stokes’ settling velocity (vs) and
the atmospheric charcoal concentration per
size clas (Cs) equals the dry deposition
flux (Fs). Summation of the 16 size class
fluxes gives a value of 16 ugC/cm?.yr. Both
dry charcoal fluxes suggest that the major-
ity of c¢ arcoal must be carried from its
origin to the Gulf sediments through conti-
nental runoff rather than by atmospheric
transport.

Similar evidence is provided by size a-
nalyses of sedimentary charcoal particles
whose size distributions were determined
for 16 size classes from 0,05 to 38 pm.
Point counting methods for five samples of
sedimentary charcoal indicate that approxi-
mately 65% of the charcoal mass is associ-
ated with {fine (< 2 pm) particles. The log
of the c arcoal flux was plotted as a func-
tion of the median particle diameter of
each size class (Fig. 10). All analyzed sam-
ples of sedimentary charcoal showed fluxes
which varied only by an order of magnitude
a a function of particle diameter. On the
other hand, the charcoal fluxes to the
Penonomé dry deposition station manifest
a four rder of magnitude decrease with
decreasing particle size. The large fluxes
of fine charcoal particles to the sediments
cannot be accounted [for solely by dry dep-
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osition; continental runoff must be the
important transport mechanism.
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Fig. 10. The log of the charcoal particle flux to
the sediments of Core 2, 11-13 cm, (@), and of
the charcoal particle flux to the Penonomé dry
deposition station, 613 April 1981, (X), plotted
as a function of medium particle diameter of
each size class,

The particle morphologies provide ad-
ditional evidence for transport mechanisms.
The charcoal particles in the upper sections
of Core 1 give Gramineae Indices of 75%.
Well-preserved gramineous epidermal parti-
cles like those in Fig. 5 accounted for only
about 9% and 14% of the total particles.
The charcoal from the sediments at the
mouth of the Rio Grande, the major river
flowing through the study area, exhibi-
ted morphological similarities to particles
found in the marine sediments. The Gra-
mineae Index of the Rio Grande charcoal
was 72% and gramineous epidermal parti-
cles accounted for 11% of all particles.

The three dry deposition charcoal sam-
ples studied (Penonomé, 21 March; Caimito,
11 April; El Gago, 14 April) contained a
large grass contribution. Well-preserved,
gramineous, epidermal particles contributed
39%, 42%, and 41%, respectively, of all
particles. Likewise, the respective Grami-
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neae Indices of 86%, 90%, and 92% were
relatively high.

The morphological similarity between the
charcoal particles at the mouth of a major
river in the study area (Rio Grande) and
those in the surface marine sediments and
their distinctly different character from
atmospheric fallout is additional evidence
favoring rivers over winds as the principal
charcoal transport path to the Gulf sedi-
ments.

The case for the secondary importance of
atmospheric charcoal deposition to near-
shore sediments in regions of high conti-
nenta! discharge is further substantiated by
other investigators. In a study of Orinoco
Delta and shelf sediments, Muller (1959)
concluded that airborne transport of pollen
was of minor importance compared to
waterborne pollen transport. Prospero
(1981) calculated that aeolian mineral
luxes to the world ocean were small in
comparison to the suspended load carried
by rivers. This should especially be the case
in areas of high river discharge (such as
the Gulf of Panama) where a large portion
of the suspended load is deposited in shelf
sediments.

Elemental carbon budget

The different charcoal concentrations and
fluxes which have been measured can be
used to model the circum-Gulf of Panama
geographic region. Since relatively little
burning occurs around the eastern half of
the Gulf (Darién) and since no charcoal
data are available from that regién, only
the land surrounding the western half of
the Gulf will be considered. Additionally,
since most burning occurs during the dry
season, wet deposition has been ignored.
Even with limited data, such a model is
useul in understanting the fate of charcoal
in this region.
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In order to estimate charcoal mass pro-
duced by agricultural burning, data from
the areal survey in Coclé Province, which
is assumed to be representative of the west-
ern circum-Gulf land, are extrapolated.
Twe.ve percent of that land was burned of
which 84% was grassland savanna and 16%
tropical woodland. The Guf of Panama
watershed from Punta Mala in the south-
west to the head of the Gulf around the
Rio Bayamo contains 12000 km? of land
dtlas Nacional de Panama, 1975). Extra-
polations indicate that 1400 km? (1 180 km?
of savanna and 220 'km? of woodlands) are
turned annually. The following equation
(Seiler and Crutzen, 1980) determines the
biomass (M) burned

M=ABaf

where Ais the land area burned annually,
B is the biomass per unit area, ¢ is the
fraction of above-ground biomass, and @ is
the above-ground biomass burning efiicien-
cy. Values of biomass per unit area used
in these calculations were 4 kg/m? for sa-
vannas and 15 kg/m? for woodlands which
are within the ranges suggested by Seiler
and Crutzen (1980), Whittaker (1975), and
Ajtay, Ketner, and Duvigneaud (1979). In
this region 2,5 X 102 g savanna biomass
and 6,7 X 10" g woodland biomass are
estimated as the annual burn. It can be
reasonably assumed that 20% of this
burned mass is charcoal (Seiler and Crut-
zen, 1980; Hopkins, 1965). Therefore, 6,3 X
10" g/yr of charcoal may be produced on
lands surrounding the western half of the
Gulf.

The charcoal flux to the sediments of the
western side of the Gulf of Panama can be
extrapolated from the approximate area
(15000 km? and the average charcoal flux
to the top 10 cm o the three cores (196 X
10-¢ gC/cm?.yr). Clearly, this value of 3 X
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10" gC/yr is an upper limit since the core
sites have a nearshore bias. The result
indicates that a maximum of 5% of the
charcoal produced on land has a sink in
these sediments. Alternatively, 1% of the
above-ground burned biomass, est:mated
using Seiler and Crutzen (1980) guidelines,
may be deposited as charcoa! in the Gulf
sediments.

The biomass burned on the western cir-
cum-Gulf lands (3,2 X 10“ g) can be used
to calculate the atmospheric loading of
charcoal. Turco et al. (1982) describe the
charcoal (elemental carbon) emission factor
as the fraction weight of material burned
which is emitted as atmospheric charcoal
particles and suggest a value of 5 X 10~
for agricultural and forest fires. Seiler and
Crutzen (1980) suggest a charcoal emission
factor of 4 x 1073 for savanna burning.
Using these factors, 1,6 — 13 X 10° g char-
coal annually pass into the Isthmian atmos-
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phere. An atmospheric box model which

assumes a | km mixed layer, a 150 km wide
zone over the western half of the Gulf of
Panama and adjacent land, and 14 km/hr
wind velocities toward the Pacific Ocean
over the Gulf, indicates that a volume of
45 x 10° km® air passes over this zone in
the three month burning period. The the-
oretica! charcoa! atmospheric loading of
0,429 pgC/m* agrees well with the meas-
ured Penonomé and Churuquita concen-
trutions which range from 0,4-3,1 pgC/m3.

A simplified sketch (Fig. 11) of the char-
coal budget in the western half of the Gulf
of Panama and its drainage area indicates
the known charcoal concentrations and es-
timated fluxes. The average dry deposition
flux (3 X 10 mgC/cm?.yr) was multiplied
by the land area (12000 km? to obtain a
regional dry deposition flux of 3,6 X 10*
gC/yr. From the size analyses, I compute
that 97% of the charcoal flux to sediments

W

ANNUAL CHARGOAL FLUXES TO AND CHARCOAL CONCENTRATIONS (N

THE WESTERN GULF OF FANAMA REGION

*

E Aj (1 A 1“*—._,_-

i 7 3 : = 044 = 30 ughim’

| oo e —————

- Atmcaphoc: Esbizion

- 0 16=13218y

-5

L2 Aa i Flen do Sedimb vy Dl

g ogs-omu g ond iy « rrgnk

] P Frodes!lion
J 1: l ; /"/ SR #
- !

_____ ISTHRUS

a G OF FanAWs i
——
Foral Fha g
Tedinenl;

DEER ooLAn

Fu ik Qg

Fooalf Flue g
awdemiorrs
rava™y

L7 u.g' = adimani |
[f.n.-ar:t wiaripr. = 4330

Ik

PEL MG SEDSMENTS

Fig. 11. Charcoal budget in the

CDM TINENTAL SHELF ZEDVMERNTS

western Gulf of Panama region.



s UMAN: DEPOSICION DE SEDIMENTOS DE CARBON

is transported to the Gulf by runoff, while
3% is wind-transported. Dry deposition
flux estimates to the Gulf surface range
from 4,5 to 8,8 X 10® gC/yr. The former
value extrapolates the estimated fallout
fluxes to the Gulf surface while the latter
is simply 3% of the charcoal flux to the
sediments. Data are lacking on the atmos-
pheric charcoal concentrations over the Gulf
and “urther offshore, wet deposition fluxes,
charcoal concentrations in the water, and
charcoa! fluxes to nearby pelagic areas such
as the Panama Basin. Nevertheless, these
initial results are internally consistent and
suggest that nearshore sediments may be
sinks of secondary importance for charcoal
in areas of heavy biomass burning. Most
of the charcoal appears to accumulate on
land. Soil contents of charcoal, when de-
termined, could assess this argument.

Historical record

Bennett (1968) and Sauer (1969) cite ac-
counts by early Spanish explorers (Espino-
sa and Andagoya) describing central Pana-
ma as savanna without forest. This region
appears to have remained largely grass-
covered during the centuries following the
Conquest, in spite of major decreases in
the rural populations of central Panama,
fo'lowed by a gradual increase toward the
19th Century. Wafer's map of the Isthmus
(1704) shows savanna from the Rio Chepo
(Bayano) located 45 km east of Panama
City westward past Nata at the western end
of the Gulf of Panama.

Jaén Suéarez (1979) documents the intro-
duction of cattle to the area by the Spanish
and the spread of cattle raising on the
Isthmus savanna. Fire was a tactic used to
maintain the grass cover of the savannas in
central Panama.

Data on sedimentary charcoal fluxes, size
distributions, and morphologies elucidate
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burning and, therefore, the agricultural his-
tory of adjacent land during the last two
centuries. Sedimentary charcoal fluxes to
the Gu!f of Panama vary less than a factor
of two during the past 200 years. Although
bioturbation, runoff remobilization of soil
charcoal, and variations in river discharge
all tend to smear the sed'mentary record,
fair consistency d: the charcoal fluxes im-
plies that there has been no important
change in burning practices on the adjacent
land during this time frame in spite of the
population increases. These results contrast
with those reported by Griffin and Gold-
berg (1981) for an industrial ‘region adja-
cent to Lake Michigan (USA) in which they
note a significant increase in charcoal
f'uxes to the lacustrine sediments begin-
ning with the onset of industrialization
around 1910 with its increased burning of
fossil fuels.

Griffin and Goldberg (1983) have reported
a case of a charcoal particle size distribu-
tion which changed notably in the sediment
core. Before 1910 the > 38 ;im charcoal
fraction accounted ‘or less than 5% of the
total charcoal mass. These large charcoal
partic’es probably resulted from the long-
distance transport of charcoal particles pro-
duced by wood burning. After this date,
morz than 25% of the charcoal mass is
associated with the coarse > 38 pm par-
ticle fraction. Particle fallout from nearby
sources of fossil fuel burning account for
the increased coarse particle flux.

No such change in charcoal particle size
distribution was noted in the Panama cores.
Throughout the time frames of these cores,
over 85% of the charcoa! mass is associated
with particles < 8 pym in diameter. The
consistent good sorting indicates that char-
coal inputs and transport mechanisms have
been stable during the last two centuries in
Panama. Size distributions skewed toward
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small part.cles indicate long-range transport
from the particle source.

The morphologies o! the coarse charcoal
particles provide additional evidence re-
garding the stability of burning regimes in
central Panama. During the period investi-
gated, a discernible shift in plant particle
morphology was not observed. Carbonized
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grass particles are more abundant than
wood charcoal particles throughout the
cores. Thus, the coastal savanna regime
surrounding the western half of the Gulf
has probably been stable for at least the
past two centuries and been regularly
burned during that period.

CONCLUSIONS

Based on extrapolations of agricultural bur-
ning and charcoal transport from a study
area in central Panama and on charcoal
abundances in the Gulf of Panama sedi-
ments, a charcoal budget for the watershed
of the western half of the Gulf of Panama
was derived. The majority of the charcoal
produced remains on land, while 5% has
a sink in Gulk of Panama sediments. Char-
coal particle size distributions and flux data
indicate that atmospheric transport of char-
coal from continental production sites to
deposition in nearshore sediments is of
secondary importance. The large river dis-
charge in the area during the 8-month an-
nual rainy season seems to be the major
transport mechanism of charcoal particles.

Agricultural burning practices of the past
can be inferred through studies of charcoal
particles deposted in sediment cores re-
covered from the Guf of Panama. During

the past 200 years of sedimentary deposi-
tion, charcoal fluxes have remained fairly
constant as have particle morphologies and
size distributions. This implies that, during
this period, the watershed has supported
grass and savannas which have been con-
sistent’y burned. No record of massive
deforestation and increased charcoal pro-
duction appears in sediment strata from
recent decades. This watershed has been
colonized by man and ecologically disturbed
for many centuries.

Similar studies need to be undertaken in
other tropical areas where burning occurs
in order to better understand the impact
of agricultural burning in the global carbon
cycle. Geochronologies spanning periods of
thousands of years are needed in various
tropical areas to assess for mnatural and
anthropogenic alteration of the environ-
ment.
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THE PRODUCTION OF CHARCOAL DURING AGRICULTURAL
BURNING IN CENTRAL PANAMA AND ITS DEPOSITION IN THE
SEDIMENTS OF THE GULF OF PANAMA

Daniel 0. SUMAN

ABSTRACT. Widespread agricultural burning during the dry season
tn the Pacific watershed of Panama is an important ecological phe-
nomenon. During that time over 10% of the land surface (woodlands
and savannas) is annually burned with the resulting production of
large amounts of charcoal. The majority of the charcoal remains
on land, but 5% 1is mobilized by river runoff and winds to the
sediments of the Gulf of Panama.

The aeolian transport of particulate charcoal by the northeasterly
Trade Winds has been monitored by dry deposition and aerosol par-
ticulate collectors. During the burning season atmospheric charcoal

concentrations in rural Panama can be similar to urban concen--

trations in North America or Europe. Over 60% of the charcoal
aerosol mass was carried by fine particles (<2 um diameter), sug-
gesting that longrange transport is possible.

Dry deposition fluxes, which are posidively correlated to the areal
extent of land burned, are more than an order of magnitude less
than the charcoal fluxes to the surface, nearshore sediments in the
Gulf of Panama. This implies that aeolian transport is not the prin-
cipal mechanism of charcoal mobilization to these sediments. The
extremely high runoff per unit area in the Gulf of Panama watershed
is probably responsible for the predominance of continental runoff
as the charcoal transport mechanism in the region.

The relatively indestructible charcoal can also be used as a tracer
for past burning activities. Sediment box cores have been recovered
from the Gulf of Panama, and Pb-210 geochronologies were utilized
to determine sedimentation rates. The charcoal particles were isolated
by chemical methods and their fluxes, size distributions, and mor-
phologies, analyzed. The uriformity of these measurements in the
marine sediment geochronologies indicates stability of burning pat-
terns in central Panama during the last two centuries.
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