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ABSTRACT.  Fire originates from human ignition in rainforests and causes major 
shifts in species composition. Given the long lifespans of tropical trees, disturbance 
and recovery processes occur over periods of centuries and are not fully captured in 
modern ecological surveys. We assessed the fire and vegetation history of the Gigante 
forest plot in the Barro Colorado Nature Monument using a series of 42 soil cores. 
We quantified macroscopic charcoal fragments in 10-cm depth intervals for the cores 
and obtained 14C accelerator mass spectrometry dates on all 14 charcoal fragments of 
sufficient size. One charcoal fragment indicated that modern fire (ca. AD 1976) was 
found in the central regions of the plot. Eight of 14 fragments contained evidence of 
fires occurring between 900 and 600 years ago, and these cores were located in the 
central and southern regions of the plot. Our results are very similar to the ages of 
fire events and archaeological evidence found at Barro Colorado Island, which is 5 km 
away. These data indicate widespread and recurrent fire events across this part of the 
landscape of Panama 900 to 600 years ago but almost no evidence of fire in the last 
few centuries.
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INTRODUCTION

Fire transforms tropical forests. A single fire can induce significant tree species turn-
over, and repeated fires cause >90% species turnover (Barlow and Peres, 2008). These 
effects on the plant community cascade through the ecosystem to other organisms, with 
ground-nesting birds showing almost no species overlap between recently burned and 
unburned areas (e.g., Barlow and Peres, 2004; Barlow et al., 2006). Although the eco-
logical changes induced by fire happen rapidly, their legacies can be long-lasting. The 
structure of a tropical forest subjected to fire can take decades to centuries to recover 
and regaining a pre-fire tree composition can take even longer, depending on the inten-
sity of the disturbance (Wright, 2005; Chazdon et al., 2007; Poorter et al., 2016; Smith 
et al., 2021).

In tropical rainforests, fire rarely ignites or spreads under high rainfall conditions 
and is almost always a result of human activity (Bush et al., 2008; Malhi et al., 2009). 
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People have been using fire in Central American and South 
American tropical rainforests since the late Pleistocene (Piperno, 
1985; Ranere and Cooke, 2003; Roosevelt, 2013; Rozas-Davila 
et al., 2016). Increasing human population sizes and an expand-
ing footprint of fire and crop cultivation are manifested in dated 
archaeological material and dated soil charcoal fragments, both 
of which have increased in frequency over the past 3,000 years 
(Piperno, 2011; Goldberg et al., 2016; McMichael and Bush, 
2019; Arroyo-Kalin and Riris, 2021). 

Measurements of long-term fire history are especially 
important in sites that are used as ecological examples of tropi-
cal forest systems. Networks of forest inventory plots, particu-
larly those where trees are regularly re-censused, are a primary 
source of information regarding forest diversity and dynam-
ics (e.g. Phillips et al., 1998; Anderson-Teixeira et al., 2015); 
however, for most plots, little is known about their fire history 
or time since they last burned (McMichael, 2021). Barro Colo-
rado Island (BCI) in Panama is one of the oldest (established in 
1923) and most heavily studied research sites in Central Amer-
ica and the world (Fig. 1a). There is also a long human his-
tory in the region. The Central Caribbean area of Panama has 
been inhabited for at least the past 6,000 years (Griggs, 2005). 
Archaeological remains and evidence of fire were discovered on 
BCI from around 400–600 years ago, with earlier fire activity 
around 1500–1700 calibrated 14C years before present (hereaf-
ter cal BP) (Piperno, 1990). 

Five peninsulas surrounding BCI, which comprised a con-
tinuous landscape before the flooding of the Panama Canal in 
1913, were added to the research area in 1979 creating the 
Barro Colorado Nature Monument (BCNM). Aerial photog-
raphy identifies forests disturbed on the peninsulas since the 
1920s, but the time to disturbance for older forests requires 
paleoecological study (Dent and Elsy, 2024). On the Gigante 
Peninsula, a forest plot was established in 1997 and is re-
censused regularly to monitor long-term ecological dynamics 
(e.g., Koehler et al., 2009; Turner and Wright, 2014; Wright 
et al., 2018; Schnitzer et al., 2020). The site is reported to be 
primarily composed of late-successional and mature forest 
species (Yavitt et al., 2009), but the fire and human history 
around the area on Gigante Peninsula remain unknown. Here, 
we assess the fire history of the Gigante forest plot (Fig. 1a) by 
determining the ages of past fire events and reconstructing the 
spatial distributions of charcoal fragments within a series of 
soil cores (Fig. 1b). We specifically ask whether past fire events 
co-occurred in time with those located near the archaeological 
findings on BCI.

METHODS

Site Description and Field Sampling

Located on the southern mainland of the BCNM, the 
Gigante Peninsula is currently isolated from BCI (Fig. 1a). The 

separation of these two land masses was caused by the flood-
ing of the Panama Canal in 1913, creating a narrow body of 
water <20 m deep that flooded the valley of the Rio Gigantito 
(Gigante Bay). The valley was forested before the flooding, as 
many thousands of trunks of large trees that grew in the valley 
are still evident in Gatun Lake (J. Wright, pers. comm.). The 
Gigante Peninsula has a mean annual temperature of 26–27°C 
and mean annual precipitation of 2,600 mm (Windsor, 1990; 
Shapiro and Pickering, 2000; Corre et al., 2010). The climate 
is strongly seasonal with a four-month dry season (January 
through April) averaging just 70 mm of rainfall per month 
and a longer wet season (May through mid-December) averag-
ing 290 mm of rainfall per month (Corre et al., 2010; Marvin 
et al., 2016). 

In 1997, a 38.4-ha forest dynamics plot was established 
on the Gigante Peninsula (−79.85342, 9.102242; Fig. 1). The 
plot is located approximately 1 km inland from Gigante Bay and 
approximately 5 km south of the 50-ha forest dynamics plot 
on BCI. Soils in the Gigante forest plot are infertile for central 
Panama (Wright et al., 2018; Yavitt 2024). The elevation of the 
Gigante plot ranges between 50 and 90 m above sea level (masl). 
Every free-standing tree of more than 20-cm diameter at breast 
height (dbh) is mapped and identified. Thirty-six 40 × 40 m sub-
plots within the plot include all trees >10 cm dbh (Wright et 
al., 2018). The plot has been re-censused in 1998, 1999, 2000, 
2001, 2003, 2008, 2013, 2018, and 2023.

FIGURE 1. Map of study location and soil core locations within 
the study site. (a) Map showing location of Gigante Peninsula and 
the forest plot in relation to Barro Colorado Island. Latitude and 
longitude coordinates shown as decimal degrees (dd) using datum 
WGS84; and (b) soil core locations within the Gigante forest plot. 
Soil core names are shown, and the coordinates are shown as north-
ing and easting using Universal Transverse Mercator Projected 
Coordinate System, Zone 17, NAD27 datum.
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In 2010, we collected  42 soil cores at 10-cm depth inter-
vals (0–10 cm, 10–20 cm) up to a total depth of 80 cm or as far 
as the ground water level allowed (N = 319 core-depth com-
binations). Within a 5-m radius of each core site, we also col-
lected 7 to 10 pinch samples from the soil surface that were 
combined into one surface sample per core site (N = 42). Sam-
ple sites were randomly located across the 38.4-ha plot with 
the constraints that samples were collected at least 10 m from 
the nearest core and in areas that were not flooded during the 
time of collection.

Laboratory and Data Analysis

Charcoal analysis was performed on 4–9 cm3 of soil for the 
soil core and soil surface samples (N = 361). Samples were boiled 
for 15 minutes in 3% H2O2 (hydrogen peroxide) followed by 
rinsing and sieving of the remaining material at 500 μm. Char-
coal fragments were identified using a Zeiss Stemi-C stereoscope 
and photographed using a Zeiss Axiocam camera. Image J soft-
ware (Rasband, 2007) was used to calculate the surface area of 
each charcoal fragment in each sample. Surface area calculations 
were converted to estimates of charcoal volume per sample using 
the equations derived by Weng (2005), and the volume of char-
coal per cubic centimeter of soil was then obtained by dividing 
by the initial volume of the sample. 

We submitted all charcoal fragments >10 mg to DirectAMS 
Laboratory for radiocarbon dating. The “Bchron” package (Par-
nell, 2016) for R (R Core Team, 2018) was used to calibrate the 
radiocarbon dates using the IntCal20 calibration curve (Reimer 
et al., 2020). We ran the BchronDensity function (Parnell, 2016) 
on all 14C dates from Gigante to generate cumulative probabili-
ties of fire events through time.

We calculated charcoal volume of all fragments (including 
both large and small fragments) in the following ways: (1) per 
sample, (2) total for the upper 30 cm of the core, (3) total for 
depths lower than 30 cm in the core, and (4) per core. For each 
core, we also calculated the proportion of depth intervals con-
taining charcoal (Data Set S1). 

RESULTS

We retrieved 14 charcoal fragments from the Gigante for-
est plot that were large enough for 14C accelerator mass spec-
trometry (AMS) dating, and these originated from 10 soil cores 
(Table 1). Most of these large datable fragments, as well as most 
charcoal, occurred in the upper 30 cm of the soil cores (Table 1, 
Figs. 2–3). Within the upper 30 cm of soil, charcoal was found 
primarily in the upper 10 cm (Fig. 2a). The dated charcoal frag-
ment from the surface sample of Core 44 (located in the cen-
ter of plot) indicated the presence of a modern fire that likely 
burned around AD 1976 (Fig. 2b). An array of sites across the 
center and southern edge of the plot also contained evidence of 
fires occurring from ca. 650–750 calibrated years before present 

(hereafter cal BP) (Table 1, Figs. 2b–3). Older fires occurred at 
the northern and southern edges of the plot and were typically 
found at depths below 30 cm (Fig. 3). 

DISCUSSION

We made every attempt to date the most recent fire possible 
at Gigante, and we dated every fragment of charcoal recovered 
that was large enough for 14C AMS analysis. Our data sug-
gest that while fire has occurred within the central plot area of 
Gigante around AD 1976 (Fig. 3), the majority of the forest has 
not burned in the past 600 years. This observation is consistent 
with the ecological estimate of forest age based on species com-
position (Wright et al., 2011). The fires that occurred 900 to 600 
years ago stretched across the central and southern regions of the 
plot (Table 1, Figs. 2–3) and are very similar to fire ages based 
on 14C dated charcoal fragments reported at BCI (Fig. 1a). At 
Gigante, 8 of 14 samples document fires occurring between ca. 
900 and 600 cal BP (Table 1). At BCI, five out of seven charcoal 
dates fall within the same period (Piperno, 1990). The high fre-
quency of charcoal dates during this period at both sites suggests 
that widespread and recurrent forest burning may have taken 
place across what, at that time, was a unified landscape. 

Our data also fit trends of increasing numbers of dated 
archaeological sites and soil charcoal sites over the past 3,000 

FIGURE 2. Charcoal abundance found within the Gigante forest 
plot, and ages of past fires. (a) Charcoal abundance shown by depth 
interval for the 42 cores collected within the forest plot; and (b) den-
sities of ages of the 14 charcoal fragments found within the Gigante 
forest plot that were large enough for 14C dating. The dashed line 
indicates the modern date that was calibrated using the percent mod-
ern carbon. Note that there is no depth-age relationship assumed 
between panels (a) and (b).



TABLE 1. Calibrated ages of 14C dates obtained from soil cores within the Gigante forest plot. 14C years are uncalibrated dates 
reported in years before present (BP ±1 SD). Dates were calibrated (cal yr BP, calibrated years BP) using the IntCal20 calibration curve 
(Reimer et al., 2020), and the two standard deviation range is reported. The calibrated age with the maximum probability is also 
reported and is the single age shown for each sample shown in Figure 3. 

Core Depth 14C years (BP ± 1 SD) Cal yr BP (2 SD range) Maximum probability

GIG2 0–10 cm 732 ± 26 573–721 672

GIG6 0–10 cm 751 ± 20 665–722 675

GIG6 10–20 cm 940 ± 20 792–913 850

GIG8 10–20 cm 965 ± 15 797–921 913

GIG12 30–40 cm 2,280 ± 15 2,182–2,345 2,335

GIG15 0–5 cm 2,195 ± 26 2,122–2,310 2,264

GIG16 0–10 cm 674 ± 23 562–671 654

GIG16 10–20 cm 765 ± 15 671–722 679

GIG16 20–30 cm 795 ± 25 679–728 688

GIG25 0–10 cm 8,060 ± 30 8,778–9,083 8,999

GIG25 40–50 cm 770 ± 25 671–726 681

GIG32 50–60 cm 1,320 ± 15 1,177–1,292 1,281

GIG38 50–60 cm 2,760 ± 20 2,780–2,926 2,854

GIG44 surface −2,469 ± 33a AD 1962–1978b AD 1976b

a A modern date with the 14C age based on the percentage modern carbon in the sample (135.98 with 1-sigma error of 0.33; Blaauw, 2021). 
b Calibrated ages are reported in years AD. 

FIGURE 3. Spatial and temporal configuration of charcoal data from the Gigante forest plot. (a) Charcoal abundance for all soil surface samples 
collected within the plot; (b) total (summed) charcoal abundances for samples in the 0- to 30-cm depth range (for each depth interval, see Data 
Set S1); and (c) total (summed) charcoal abundances for the samples in the 30- to 80-cm depth range (for each depth interval, see Data Set S1). 
14C ages for charcoal fragments (Table 1) are shown beside the cores and within the depth range where they were collected. Maps are shown in 
Universal Transverse Mercator Projected Coordinate System for Zone 17 using NAD27 datum. A shuttle radar topography mission (SRTM)–
derived digital elevation model is shown for the extent of the forest plot, with elevations ranging between 50 and 85 masl.



T H E  F I R E  H I S T O RY  O F  O L D - G R O W T H  F O R E S T   •   4 5

years (Piperno, 2011; Goldberg et al., 2016; McMichael and 
Bush, 2019). At the Gigante forest plot, 13 out of 14 charcoal 
fragments were dated within the past 3,000 years (Table 1). The 
only older fragment was dated to ca. 9000 cal BP (Table 1), and 
it was also potentially the result of human-ignited fires. Although 
much earlier than the other charcoal ages, this record is not out 
of line with other indicators of early human activity in Central 
America. Examples include the probable extinction of megafauna 
ca. 13,000 cal BP in Guatemala (Rozas-Davila et al., 2021), and 
from Central Panama, Paleoindian lithics (Cooke and Ranere, 
1992), and evidence of slash-and-burn agriculture and crop cul-
tivation since at least 7000 cal BP (e.g., Piperno et al., 1991; 
Piperno and Jones, 2003; Piperno, 2011). Archaeological sites in 
the Chagres drainage, which includes BCI and Gigante, indicate 
that the area has been inhabited for at least 5,000 years (Piperno, 
1985; Griggs, 2005).

The central portion of the Gigante forest plot (around Core 
44, Fig. 1b) has experienced fire in some form in the past 70 
years, likely between 1976 and 1977. The BCI research station 
was established in AD 1923, but Gigante Peninsula was not 
added to the BCNM until AD 1979. The original botanical sur-
veys of the Gigante forest plot in the early 1980s showed no 
sign of fire in recent decades (Joe Wright, pers. comm.), so it is 
unlikely that this fire caused ecological damage around the area 
of Core 44. Tree species composition in the immediate vicinity of 
Core 44 included many old-growth species and showed no indi-
cation of recent disturbance when the Gigante plot was first cen-
sused in 1997 (Joe Wright, pers. comm.). Before protection, the 
Gigante peninsula was commonly used by hunters, who often 
set campfires to smoke bush meat in the area (Joe Wright, pers. 
comm.). The high abundance of charcoal that was found in the 
surface sample, combined with the date of ca. AD 1976, suggests 
that Core 44 was taken from a location that potentially served as 
a camp site prior to the protection of the site.

Liana abundances on BCI and in other tropical forests have 
been shown to be directly related to disturbances (Ledo and 
Schnitzer, 2014; Hogan et al., 2017; Umaña et al., 2019). Many 
areas of the Gigante Peninsula have high liana densities (Marvin 
et al., 2016). A 20-year fertilization study has shown that nutri-
ents were not responsible for increases in liana abundances found 
within the Gigante forest plot (Schnitzer et al., 2020). Our results 
provide a potential mechanism (i.e., past fire events) for the dif-
ferences in liana distributions and changes in abundances across 
the Gigante Peninsula and perhaps even within the forest plot.

Increasing liana abundances and other recent changes docu-
mented in tree plots that are re-censused (such as Gigante and 
BCI) could also be a function of changes that occurred in the 
centuries before modern observations (Wright, 2005; McMi-
chael, 2021). The Gigante and BCI forest plots were burned 
ca. 900–600 cal BP, suggesting that widespread fire events were 
occurring in the region during this time. The extent to which 
these forests still reflect those impacts should be investigated as 
it is possible that humans altered successional trajectories that 
continue to shape modern forest composition and structure. 

Given that tree lifespans regularly exceed 150 years (Hartshorn, 
1978; Chambers et al., 1998), the burned and potentially cleared 
forests of BCI and Gigante may be only several generations old. 
Successional trajectories of species composition in tropical for-
ests commonly exceed 100 years (Poorter et al., 2016; Rozendaal 
et al., 2019; Poorter et al., 2021; Yavitt et al., 2024). Our work 
highlights how paleoecological and archaeological techniques 
and datasets can advance our understanding of past disturbances 
in relation to the later stages of forest succession. 

ONLINE SUPPLEMENTAL MATERIALS

Data Set S1. Charcoal dataset from soil cores collected from 
Gigante forest plot.  https://doi.org/10.25573/data.24415612
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