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Abstract

Background: Fire is an important disturbance that influences species composition, community structure, and
ecosystem function in forests. Disturbances such as hurricanes and landslides are critical determinants of
community structure to Caribbean forests, but few studies have addressed the effect of paleofire disturbance on
forests in Puerto Rico, USA. Soil charcoal is widely used to reconstruct fire history. However, the occurrence and
frequency of paleofire can be underestimated due to charcoal decay.

Results: We reconstructed the fire history of subtropical dry forests of Puerto Rico based on the analysis of soil
macrocharcoal numbers adjusted by the negative exponential decay function of charcoal. Twenty-one fire events
occurred over the last 1300 yr in the subtropical dry forest of northeastern Puerto Rico, and 10 fire events occurred
over the last 4900 yr in the subtropical dry forest of southeastern Puerto Rico. The average turnover time of charcoal in
these subtropical dry forest soils of Puerto Rico was 1000 to 1250 yr. Soil charcoal decay leads to an underestimation of
one to two undetected fire events during the Late Holocene in the subtropical dry forests of Puerto Rico. The peak of
paleofire events for subtropical dry forests in northeastern and southeastern Puerto Rico was broadly similar, occurring
between 500 to 1300 calibrated years before present (cal yr BP; before present is understood to mean before 1950 AD).
Fire frequency of the subtropical dry forests in Puerto Rico decreased after the immigration of Europeans in the past
500 yr. The fire that occurred between 4822 and 4854 cal yr BP can be interpreted as either a natural fire or a new
record of a native peoples settlement in southeastern Puerto Rico. Fire became a frequent disturbance in the
subtropical dry forest of Puerto Rico after the development of cultigens by native peoples.

Conclusions: Our data suggested that fire was a frequent disturbance and human activity was likely a dominant cause
of these paleofires in the subtropical dry forests of Puerto Rico.
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Resumen

Antecedentes: El fuego es un disturbio importante que influencia la composición de especies, la estructura de la
comunidad, y el funcionamiento de los ecosistemas de bosques. Disturbios como huracanes y deslizamiento de
tierras son determinantes críticos de la estructura de bosques del Caribe, aunque pocos estudios han enfocado
sobre los efectos de los disturbios de los paleo-fuegos en los bosques de Puerto Rico, EEUU. Estudios sobre carbón
en los suelos son ampliamente usados para reconstruir la historia de fuego. Sin embargo, la ocurrencia y frecuencia
de paleo-fuegos puede ser subestimada debido al decaimiento en el contenido de carbón.

Resultados: Reconstruimos la historia de fuego de los bosques secos subtropicales de Puerto Rico basados en el
análisis del número de macro carbón en los suelos ajustado por una función exponencial negativa del decaimiento
del carbón. Veintiún eventos de incendio ocurrieron en los últimos 1300 años en los bosques subtropicales secos
del noreste de Puerto Rico, y diez eventos de incendio en los últimos 4900 años en el bosque subtropical seco del
sureste de Puerto Rico. El tiempo de recurrencia promedio del carbón en esos bosques secos de Puerto Rico fue de
1000 a 1250 años. El decaimiento del carbón lleva a la subestimación de uno a dos eventos de fuego no
detectados durante el Holoceno tardío en los bosques subtropicales secos de Puerto Rico. El pico de eventos de
paleo-fuegos para los bosques secos en el noreste y sureste de Puerto Rico fue considerablemente similar,
ocurriendo entre 500 y 1300 años calibrados antes de ahora (cal yr BP; antes de ahora significa antes de 1950
después de Cristo). La frecuencia de fuego de los bosques subtropicales secos de Puerto Rico decreció después de
la inmigración de europeos en los últimos 500 años. El fuego ocurrido entre 4822 y 4854 cal yr BP puede ser
interpretado tanto como un incendio natural o como un nuevo registro del establecimiento de pueblos nativos en
el sureste de Puerto Rico. El fuego se transformó en un disturbio frecuente en los bosques subtropicales secos de
Puerto Rico después del desarrollo de cultivos por parte de los pueblos nativos.

Conclusiones: Nuestros datos sugieren que el fuego fue un disturbio frecuente y que las actividades humanas fueron
probablemente la causa dominante de estos paleo-fuegos en los bosques subtropicales secos de Puerto Rico.

Introduction
Fire is one of the main disturbance factors affecting spe-
cies distribution, succession, and evolution in many for-
est ecosystems (Adámek et al. 2015, Bush et al. 2015).
Fire influences the distribution and occurrence of plants
by favoring those with high tolerance to fire and those
capable of rapid colonization on the burned site. Factors
influencing forest community such as soil type, topog-
raphy, species composition, and time elapsed between
fire disturbances are important in determining the sce-
narios of successional dynamics of forest regeneration
after fire (Frégeau et al. 2015).
Disturbance is regarded as a critical determinant of

species composition and community structure in the for-
ests of Puerto Rico (Waide and Lugo 1992). Research on
disturbances in the forests of Puerto Rico has mostly
concentrated on hurricanes and landslides (Guariguata
1990, Foster et al. 1999). Hurricane and fire disturbance
share some cyclic characteristics in many tropical forests
(Cochrane and Schulze 1999, Pascarella et al. 2004). The
resprouting of surviving trees and the establishment and
growth of seedlings and saplings of pioneers in open
patches are the same important components of tropical
forest recovery following both hurricane and fire dis-
turbance (Zimmerman et al. 1994, Hjerpe et al. 2001).
Frequent and possibly more intense natural fires

occurred around 5200 calibrated years before present
(cal yr BP, where 0 yr BP corresponds to 1950 AD) in a
coastal region of Puerto Rico (Caffrey and Horn 2014,
Rivera-Collazo et al. 2015). Regional climate issues in
the pan-Caribbean area (e.g., hurricanes and the interan-
nual changes in the position of the Intertropical Conver-
gence Zone; Barry and Chorley 2010) were reported to
induce paleofire in Dominica and Cuba (Crausbay et al.
2015, Peros et al. 2015). Synchrony of fire is a character-
istic of climate-driven burning (Caffrey and Horn 2014).
Thus, frequent paleofires might also have occurred in
Puerto Rico during the Late Holocene. However, studies
of paleofire in Puerto Rico are surprisingly rare.
Soil macrocharcoal (>2 mm) is widely used to re-

construct fire history in situ and to compare regional
fire histories because it is not transported over long
distances (McMichael et al. 2012, Hubau et al. 2015).
But random samples of soil charcoal do not guarantee
that all fires are detected, because 1) some soil char-
coal particles can be missed during random sampling
of soil, and 2) charcoal may disappear or reduce in
size due to its decay (Frégeau et al. 2015, Payette et
al. 2017). Therefore, an increasing number of studies
has constructed accumulation curves to estimate the
actual number of local fires (Payette et al. 2012,
Payette et al. 2017). However, few studies have
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considered a decrease in charcoal size over time
caused by charcoal decay and the burning of charcoal
during subsequent fires. Frégeau et al. (2015) used a
negative exponential function to evaluate charcoal
decay, but his estimation was based on the assump-
tion that the numbers of charcoal fragments originat-
ing from fires were invariant over every 200-year
period. This assumption is likely wrong, because char-
coal abundance is subject to changes due to fire in-
tensity and frequency (Tovar et al. 2014, Inoue et al.
2016), which can differ with climatic conditions.
In order to address the gaps in paleofire knowledge in

Puerto Rico, we conducted this study to: 1) reconstruct
fire history in subtropical dry forests of Puerto Rico
through radiocarbon dating of soil charcoal fragments;
2) estimate charcoal decay rates based on maximum
charcoal sizes within each time interval; 3) estimate the
number of missing fire events due to charcoal decay;
and 4) infer the effect of paleoclimate on paleofire in the
subtropical dry forests of Puerto Rico by pairing charcoal
13C discrimination (Δ13C) with contemporary plant
Δ13C values.

Methods
Study area
The study area was located in eastern Puerto Rico, USA
(Fig. 1). Nine sites were sampled and partitioned into
two forest assemblages representing the subtropical dry
forests in Puerto Rico.
The first forest assemblage was referred to as the

northeastern subtropical dry forest (Ewel and Whitmore
1973) and included three sites: Ceiba I, Ceiba II, and Las
Cabezas, between 18.22° and 18.38° N, and 65.60° and
65.67° W (Fig. 1), which were situated between sea level
and up to nearly 100 m in elevation, with a 15.2° average
slope inclination (Gould et al. 2006). The average annual
temperature was 25.7 °C, and the average annual pre-
cipitation was 1416 mm. The soils were generally com-
posed of Alfisol and Hapustalfs (Ping et al. 2013), had an
average depth of 0.38 m and a pH of 6.51. The parent
material of this soil is Colluvium and Andesitic
residuum (Ping et al. 2013). Most abundant trees in-
cluded Bucida buceras L., Guapira fragrans (Dum.
Cours.) Little, Bourreria succulent Jacq., and Gym-
nanthes lucida Sw.; the shrub layer was dominated by

Fig. 1 Location of the study area and sites in the subtropical dry forests of Puerto Rico, USA. a Map of Puerto Rico; b soil charcoal pits in
northeastern dry forest; c soil charcoal pits in southeastern subtropical dry forest. Charcoal was sampled in December 2015 in the northeastern
subtropical dry forest, and in December 2014 in the southeastern subtropical dry forest
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Triphasia trifolia (Burm. f.) P. Wilson, Chamaesyce ar-
ticulate (Burm.) Britton, Lantana camara L., and
Argythamnia stahlii Urb.; and several species of lichens
included Macfadyena unguis-cati (L.) A.H. Gentry,
Tragia volubilis L., and Serjania polyphylla (L.) Radlk.
(Gould et al. 2006).
The second forest assemblage was referred to as the

southeastern subtropical dry forest (Ewel and Whitmore
1973) and included six sites in the USDA Forest Service,
Institute of Tropical Forestry’s Guayama Research Area,
between 18.04° and 18.05° N, and 66.16° and 66.17° W
(Fig. 1). These sites were located between 270 m and up
to nearly 640 m in elevation, with 28.2° average slope in-
clination. The average annual temperature was 22.72 °C,
and the average annual precipitation was 1693.18 mm.
The soils were generally composed of shallow Typic
Haplustalfs (Muñoz et al. 2017), with an average depth
of 1.1 m and soil pH of 5.32. The parent material of this
soil is semiconsolidated volcanic rocket (USDA Soil
Conservation Service 1977). The most abundant tree
species in this subtropical dry forest included Bucida
buceras, Casearia guianensis (Aubl.) Urb., Pictetia acu-
leate (Vahl) Urb., Nectandra coriacea (Sw.) Griseb.,
Andira inermis (W. Wright) Kunth ex DC., Guapira fra-
grans (Dum. Cours.) Little, Randia aculeata L., Zanthox-
ylum monophyllum (Lam.) P. Wilson, Eugenia foetida
Pers., and Leucaena leucocephala (Lam.) de Wit.

Soil sampling and charcoal extraction
A square plot (10 m × 10 m) was positioned at each site.
At each plot, a 20 cm × 20 cm area of surface organic
matter was removed to expose the mineral soil. Soils
were sampled from surface to parent material, at 20 cm
intervals per sample layer, to maintain a fine vertical
resolution of the extracted charcoal assemblages. In the
laboratory, the mineral soils were suspended in 10% po-
tassium hydroxide (KOH) solution for at least 24 h in
order to disperse soil aggregates (Inoue et al. 2016).
The soils were wet-sieved using superimposed sieves
of 5 mm and 2 mm. The macrocharcoal fragments were
extracted from the sieves, washed, and weighed.

Wood litterfall collection and branch sampling
Within each plot in the northeastern subtropical dry
forest, we randomly installed three baskets of 0.25 m2

at 1 m above ground level. The wood collected in the
baskets from each plot was combined into a single
sample. Wood was collected every month from Janu-
ary to December 2015.
Five dominant species (Andira inermis, Zanthoxylum

monophyllum, Guapira fragrans, Casearia guianensis
and Nectandra coriacea) and two other species (Ardisia
obovata Desv. ex Ham. and Ficus citrifolia Mill.) in the
southeastern subtropical dry forest were selected for

wood sampling. Three plants per species were randomly
chosen in the southeastern subtropical dry forest. From
10 to 20 Dec 2015, 10 first-year branches per plant were
collected. Wood litterfall and branch samples were 65 °C
oven dried, and ground through a 1 mm sieve.

Radiocarbon dating
Before radiocarbon dating, charcoal samples were
cleaned with 1M hydrochloric acid (HCl) and 1M so-
dium hydroxide (NaOH) to remove any adsorbed dis-
solved organic matter. All samples were dried prior to
analysis. The radiocarbon ages of 20 charcoal samples
from the northeastern subtropical dry forest were deter-
mined by AMS (Accelerator Mass Spectrometry) at the
Earth System Science Department, University of Califor-
nia, Irvine, USA; and the radiocarbon ages of 58 char-
coal samples from the southeastern subtropical dry
forest were determined by AMS at the Lawrence Liver-
more National Laboratory, California, USA.
The calibrated age of charcoal was obtained using the

Calib 704 software (Queen’s University Belfast, Belfast,
Northern Ireland, United Kingdom). The determination of
the calibrated age of each radiocarbon date was based on
the weighted average of the highest probability distribu-
tion within the 2σ ranges of the starting and ending calen-
dar dates. For each forest assemblage, all of the calibrated
radiocarbon dates were pooled in a cumulative probability
analysis using the sum probabilities option in Calib 704 to
plot the probability that a given event occurred at a par-
ticular time to visualize the fire chronology on the
Holocene temporal scale. All carbon-14 (14C) dates were
presented in cal yr BP (Frégeau et al. 2015).

Estimation of charcoal decay rate
The decrease of charcoal weight with time was caused
by charcoal decay and burning of charcoal during subse-
quent fires. For charcoal found in mineral soils below
the surface layer, this decrease of charcoal weight over
time was most likely due to charcoal decay, not by fire.
Soil charcoal decay is a function of microbial activity
wherein soil charcoal is colonized and consumed by soil
microbial communities (Moskal-del Hoyo et al. 2010,
Tilston et al. 2016). The decay curve of soil charcoal
over time is best described as an exponential function.
We proposed a novel approach to estimate the charcoal
decay rate over time by assuming that the maximum ini-
tial size of charcoal that gets into mineral soil in each
time interval remains invariant over a 1000-year period.
Soil environment for charcoal deposition, such as pore
size, drying-rewetting cycles, soil erosion, and burial
rates, should be similar over a 1000-year period because
soil development is extremely slow and most residential
soils are aged for millions of years in the tropics
(Birkeland et al. 1992). Thus, we have:
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where Y corresponds to the maximum weight of char-
coal at each age class, Y0 is the maximum weight of
charcoal in mineral soil at age zero, b is the decay
rate of charcoal (and its inverse value is the average
turnover time of charcoal), and x is the calibrated age
of charcoal. We used a time interval of 200 yr to
identify charcoal with the maximum weight in each
age class for the northeastern dry forest, and a time
interval of 1000 yr for the southeastern dry forest, en-
suring a minimum number of 5 age classes with char-
coal presence. We counted the number of dated
charcoal samples within each age class and selected
two charcoal samples with maximum weight from
each age class. We then obtained charcoal decay rate
b using linear regression after natural logarithm trans-
formation for both the northeastern dry forest (b1)
and the southeastern dry forest (b2).

Estimation of charcoal abundance
The minimum detectable weight was 1.4 mg for ana-
lysis at the Earth System Science Department, Univer-
sity of California Irvine; and was 3.5 mg at the
Lawrence Livermore National Laboratory. Thus, the
number of charcoal particles as a function of time
was likely underestimated because there were charcoal
particles <1.4 mg that were ≥1.4 mg at their initial
weight in the northeastern subtropical dry forest, and
<3.5 mg that were ≥3.5 mg at their initial weight in
the southeastern subtropical dry forest. To estimate
real charcoal abundance as a function of time, we
first employed Eq. (1) to estimate the initial weight of
charcoal particles that were heavier than 1.4 mg at
the time of sampling in the northeastern subtropical
dry forest and heavier than 3.5 mg at the time of
sampling in the southeastern subtropical dry forest.
The initial weight of the charcoal pieces (Y01) that were

older than 200 yr and heavier than 1.4 mg in the northeast-
ern subtropical dry forest was estimated through the
equation:

Y 01 ¼ 1:4
e−b1 x−200ð Þ ; ð2Þ

where b1 corresponds to the decay rate of charcoal
in the northeastern dry forest, and is the dated char-
coal age.
The initial weight of the charcoal pieces (Y02) that

were older than 1000 yr and heavier than 3.5 mg in the
southeastern subtropical dry forest was calculated using
the following equation:

where b2 corresponds to the decay rate of charcoal in the
southeastern dry forest, and x is the dated charcoal age.
We then assumed that the abundance-size distribution

of original charcoal (before decay occurs) in mineral
soils in each age class remains invariant because deposi-
tional environments of soil charcoal are unlikely to
change much over the course of soil development within
multiple millennium years in a residential soil. Thus, the
number of undetected charcoal particles (nud1) that
were initially heavier than 1.4 mg and became lighter
than 1.4 mg due to charcoal decay in the northeastern
dry forest were estimated using the equation:

nud1
nd1

¼ n<Y01

n>Y01

; ð4Þ

where nd1 corresponds to the number of charcoal parti-
cles that were heavier than 1.4 mg at the time of sampling
in each age class >200 yr in the northeastern dry forest;
n<Y01 is the number of charcoal particles that were lighter
than Y01 but heavier than 1.4 mg at the time of sampling
in the 200 yr age class; and n>Y01 is the number of char-
coal particles that were heavier than Y01 at the time of
sampling in the 200 yr age class. The sum of nud1 and nd1
is the number of corrected charcoal particles in each age
class >200 yr in the northeastern dry forest.
Similarly, the number of undetected charcoal particles

(nud2) as a function of 1000 yr age interval in the southeast-
ern subtropical dry forest was estimated using the equation:

nud2
nd2

¼ n<Y02

n>Y02

; ð5Þ

where nd2 corresponds to the number of charcoal parti-
cles that were heavier than 3.5 mg at the time of sam-
pling in each age class >1000 yr in the southeastern dry
forest; n<Y02 is the number of charcoal particles that
were lighter than Y02 but heavier than 3.5 mg at the time
of sampling in the 1000 yr age class; and n>Y02 is the
number of charcoal particles that were heavier than Y02

at the time of sampling in the 1000 yr age class. The
sum of nud2 and nd2 is the number of corrected charcoal
particles in each age class >1000 yr in the southeastern
dry forest.

Reconstruction of paleofire history
The random sampling of charcoal does not necessarily
assure that all fires will be detected (Frégeau et al. 2015).
Therefore, we used EstimateS 9 software (Colwell and
Elsensohn 2014) to calculate the estimated fire events

Y ¼ Y 0 e−bx
� �

; ð1Þ Y 02 ¼ 3:5
e−b2 x−1000ð Þ ; ð3Þ
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based on the observed or corrected charcoal particles.
The number of randomizations was set to 100 in the
Diversity Settings screen of EstimateS 9. This type of
analysis has been used to determine an expected number
of species in pooled samples, given the reference sample.
The accumulation curves were created according to the
relationship between the observed or corrected fire
events and dated or corrected charcoal particles. When
the curve forms an asymptote, it suggests that most of
the fires that occurred at the site have been theoretically
estimated. An index was produced based on a nonlinear
regression of the mean number of fires detected in rela-
tion to the number of dated or corrected charcoal pieces
using the following equation:

F nð Þ ¼ F maxð Þ 1−ekn
� �

; ð6Þ

where F(n) corresponds to the number of fires observed
or corrected, n is the number of charcoal pieces dated or
corrected, F(max) is considered here as an estimator of
the actual number of fires, and k is the constant control-
ling the shape of the curve (Fregeau et al. 2015). The
F(max) index and the constant k were calculated using
the equation of exponential regression in Sigmaplot 14.0
software (Systat Software Inc., San Jose, California,
USA). The mean fire interval (I), that is, the average in
calibrated years of all the fire intervals, was calculated
for each site:

I ¼ P
n f−1

; ð7Þ

where P corresponds to the fire period defined here as
the time elapsed between the youngest and oldest fires
and nf is the number of fires.

Stable carbon isotope analysis
The ground samples of wood litterfall, live branches, and
charcoal were sent to Michigan Technological University’s
Forest Ecology Stable Isotope Laboratory, Houghton, USA,
for the analyses of carbon isotope composition (δ13C)
values using a Costech Elemental Combustion System 4010
(Costech Analytical Technologies Inc., Valencia, California,
USA) connected to a continuous flow isotope ratio mass
spectrometer. δ13C values were reported in reference to the
international Pee Dee belemnite standard (Slater et al.
2001). The Δ13C values of charcoal, wood litterfall, and live
branches were calculated through the equation:

where δ13Cplant is the isotopic value of the wood litter-
fall, live branches, or charcoal; and δ13Cair is the isotopic
value of the atmospheric CO2 in a specific time period
corresponding to a smoothed δ13C curve of atmospheric
carbon dioxide (CO2) from 16 100 BC to the present
(available at http://web.udl.es/usuaris/x3845331/
AIRCO2_LOESS.xls).
There are two stable carbon isotopes in the air: 12C

(carbon-12) and 13C. During photosynthesis, plants pref-
erentially take in 12C instead of 13C (i.e., discrimination
of the heavy isotope in favor of the lighter one; Fioren-
tino et al. 2014). In C3 plants under optimal conditions,
the stomata are fully open and the flow of CO2 inside
the intercellular spaces of the leaf is not limited, leading
to discrimination, and thus low δ13C and high Δ13C
(Fiorentino et al. 2014). Under environmental stress (e.g.,
drought), plants typically defend against water stress
through stomatal closure, increasing water use efficiency
and δ13C, consequently decreasing Δ13C in C3 plants
(Fiorentino et al. 2014). This is the basis for the exten-
sively reported relationships between plant Δ13C and en-
vironmental variables. In many environmental studies, it
is assumed that carbon isotope ratios derived from nat-
urally occurring and anthropogenic charcoal are a direct
representation of the isotopic values of the wood tissues
from which they were formed, and hence a record of en-
vironmental and climatic signals (Hall et al. 2008). C4

plants are not robust enough to be easily applicable to
archaeobotanical remains (Tieszen and Fagre 1993). So,
for the northeastern subtropical dry forest, the annual
mean Δ13C of wood litterfall of 2015 was compared with
charcoal Δ13C to infer paleoclimate. For the southeast-
ern subtropical dry forest, the Δ13C of the first-year live
branches of 2015 was compared with charcoal Δ13C to
deduce paleoclimate. The year 2015 was an extreme
drought year in Puerto Rico (Mote et al. 2017).

Results
Charcoal abundance and decay
In the northeastern subtropical dry forest, a total of 31
(mean of 10.33 per site) charcoal fragments were recov-
ered (Table 1). Among all charcoal samples collected,
87.10% of all charcoal fragments were >1.4 mg. Around
80% of charcoal samples were recovered from 0 to 20 cm
deep in the soil (Table 2). The oldest charcoal sample was
dated at 1221 to 1256 cal yr BP; the youngest charcoal
sample was dated at 70 to 117 cal yr BP, but no charcoal
was dated between 307 and 558 cal yr BP (Fig. 2,
Additional file 1). The number of charcoal fragments in-
creased progressively towards present time. Eighty percent
of the charcoal fragments were younger than 1000 cal yr BP
(Fig. 2, Additional file 1).
In the southeastern subtropical dry forest, a total of

1734 (mean of 289 per site) charcoal fragments were

Δ13C ¼ δ13Cair−δ
13Cplant

1þ δ13Cplant

1000

; ð8Þ
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recovered (Table 1). The majority of charcoal fragments
were found in the upper 40 cm of soil, especially in the
20 to 40 cm depth (Table 2). In all, 95.80% of all char-
coal fragments were >3.5 mg. The oldest charcoal was
dated at 4806 to 4867 cal yr BP, and the youngest char-
coal dated at 32 to 83 cal yr BP, but no charcoal was
dated between 2762 and 4807 cal yr BP or between 1387
and 2359 cal yr BP (Fig. 2, Additional file 1). The num-
ber of charcoal fragments increased progressively to-
wards present time. In all, 62.07% of the charcoal
fragments were younger than 1000 cal yr BP (Fig. 2,
Additional file 1).
The mean decay rate of charcoal was 0.0010 yr−1 in

the northeastern subtropical dry forest, and 0.0008 yr−1

in the southeastern subtropical dry forest (Fig. 3). The
mean turnover times of charcoal in the northeastern and
southeastern subtropical dry forest were 1000 and 1250 yr,
respectively. In the northeastern subtropical dry forest,
there were three unaccounted charcoal samples that were
lighter than 1.4 mg at the time of sampling but were heav-
ier than 1.4 mg at the time of deposition during 1000 to
1200 cal yr BP, and one unaccounted charcoal sample dur-
ing 1200 to 1400 cal yr BP. In the southeastern subtropical
dry forest, there were six unaccounted charcoal samples
that were lighter than 3.5 mg at the time of sampling but
were heavier than 3.5 mg at the time of deposition

between 2000 and 3000 cal yr BP, five unaccounted
charcoal samples during 3000 to 4000 cal yr BP, and
10 unaccounted charcoal samples in 4000 to 5000 cal
yr BP (Fig. 4).

Paleofire history
Before correction for charcoal decay, the dated charcoal
revealed that the fire regime of the northeastern sub-
tropical forest corresponded to 17 detected fires and 19
estimated fires over the last 1300 yr (Fig. 5a, Table 1). In
all, 76% detected fires (13 fires) in the northeastern sub-
tropical dry forest occurred between 559 and 1261 cal yr
BP, with fire interval averaged 59 yr during this period
(Fig. 2a). There was a fire-free interval between 306 and
558 cal yr BP in the northeastern subtropical dry forest
(Fig. 2a). In the past 300 yr, there were fewer fires (4
fires) detected in the northeastern subtropical dry forest,
with a longer fire interval (103 yr, Fig. 2a).
Over the last 5000 yr, fewer fires were recorded in

the southeastern than in the northeastern subtropical
dry forest. Before correction for charcoal decay, the
dated charcoal revealed that the fire regime of the
southeastern subtropical forest corresponded to nine
detected fires and nine estimated fires (Fig. 5c,
Table 1). Only one fire occurred between 4822 and
4852 cal yr BP and between 2717 and 2753 cal yr BP

Table 1 Parameters of fire histories in subtropical dry forest of Puerto Rico, USA. Charcoal was sampled in December 2015 in the
northeastern subtropical dry forest, and in December 2014 in the southeastern subtropical dry forest. The radiocarbon ages of 20
charcoal samples from the northeastern subtropical dry forest were determined by AMS (Accelerator Mass Spectrometry) at the
Earth System Science Department, University of California, Irvine; and the radiocarbon ages of 58 charcoal samples from the
southeastern subtropical dry forest were determined by AMS at the Lawrence Livermore National Lab

Forest type Charcoal
samples (n)

14C dated
samples (n)

Fire period
(cal. yr BP)

Detected
fire events (n)

Estimated fire events (n)

Before correction
for charcoal decay

After correction
for charcoal decay

Northeastern subtropical dry 31 20 −2 to 1261 17 19 21

Southeastern subtropical dry 1734 58 1 to 4858 9 9 10

Table 2 Depth distribution of charcoal in subtropical dry forest of Puerto Rico, USA, along the soil profile. Charcoal was sampled in
December 2015 in the northeastern subtropical dry forest, and in December 2014 in the southeastern subtropical dry forest

Forest type Soil depth (cm) Charcoal mass (mg) Charcoal particles (n)

Northeastern subtropical dry forest 0 to 20 149.8 24

20 to 40 27.4 7

Southeastern subtropical dry forest 0 to 20 1102.2 467

20 to 40 4451.3 1195

40 to 60 41.3 14

60 to 80 117.5 16

80 to 100 137.7 33

100 to 120 4.9 5

120 to 140 8.3 4
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(Fig. 2b). Similar to the northeastern subtropical dry
forest, 66.66% of the detected fires (6 fires) in the
southeastern subtropical dry forest occurred between
539 and 1358 cal yr BP, and the fire interval of this
period was 164 yr (Fig. 2b). In the last 521 yr, there
was only one fire detected in the southeastern sub-
tropical dry forest (Fig. 2b).
With the addition of four undetected charcoal sam-

ples after corrections for charcoal decay, the esti-
mated fire events increased from 19 to 21 over the
past 1300 yr in the northeastern subtropical dry forest

(Fig. 5b, Table 1). The additional two fire events
should have occurred between 1000 and 1400 cal yr
BP, which led to the decrease in the fire interval be-
tween 559 and 1261 cal yr BP from 59 yr to 47 yr in
the northeastern subtropical dry forest. With the
addition of 21 undetected charcoal samples after cor-
rections for charcoal decay, the estimated fire events
increased from 9 to 10 in the southeastern subtrop-
ical dry forest (Fig. 5d, Table 1). This one additional
fire event should have occurred between 1000 and
5000 cal yr BP, which did not change the fire interval

Fig. 2 Distribution of the cumulated probability of calibrated 14C dates of charcoal in (a) northeastern and (b) southeastern subtropical dry forests
in Puerto Rico, USA. Charcoal was sampled in December 2015 in the northeastern subtropical dry forest, and in December 2014 in the
southeastern subtropical dry forest. A cross (+) indicates the occurrence of a fire event. The radiocarbon ages of 20 charcoal samples from the
northeastern subtropical dry forest were determined by AMS (Accelerator Mass Spectrometry) in August and November 2016 at the Earth System
Science Department, University of California, Irvine, USA; and the radiocarbon ages of 58 charcoal samples from the southeastern subtropical dry
forest were determined by AMS in July and August 2015 at the Lawrence Livermore National Laboratory, California, USA. The calibrated age of
charcoal was obtained using the Calib 704 software. For each forest assemblage, all of the calibrated radiocarbon dates were pooled in a
cumulative probability analysis using the sum probabilities option in Calib 704 to plot the probability that a given event occurred at a particular
time to visualize the fire chronology on the Holocene temporal scale
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during 539 to 1358 cal yr BP in the southeastern sub-
tropical dry forest.

Stable carbon isotope in plant wood tissues and charcoal
We did not separate taxa attribution for the charcoal in
this analysis. The Δ13C value of charcoal from the north-
eastern subtropical dry forest ranged from 17.36% to
22.28% and showed a decreasing trend over last 1300 yr
(Fig. 6a). The Δ13C value of wood deposited in the bas-
kets from 2015 fell right near the middle of charcoal
Δ13C range. The △13C value of charcoal from the south-
eastern subtropical dry forest varied from 17.70% to
26.35%, and can be divided to two subsequent phases
(Fig. 6b). From 800 to 5000 cal yr BP, 95% of charcoal

Δ13C values of the southeastern subtropical dry forest
fell within the Δ13C values of live branches grown in
2015 (21.42 to 23.58%). In the recent 800 yr, only 57% of
charcoal △13C values were lower than Δ13C values of
branches in 2015, and the other Δ13C values were
greater than Δ13C of branches in 2015 (Fig. 6b).

Discussion
The radiocarbon age of a charcoal fragment corre-
sponds to the time when the wood that comprises

Fig. 3 The weight loss of the heaviest two charcoal samples as a
function of (a) 200-year age classes in the northeastern subtropical
dry forest, and (b) 1000-year age classes in the southeastern
subtropical dry forest in Puerto Rico, USA. Diamond (♦) indicates the
weight of the heaviest charcoal sample (two in each age class); the
line is the decay curve of soil charcoal over time. Charcoal was
sampled in December 2015 in the northeastern subtropical dry forest,
and in December 2014 in the southeastern subtropical dry forest

Fig. 4 Number of dated and corrected charcoal fragments as a
function of (a) 200-year age classes in the northeastern subtropical
dry forest and (b) 1000-year age classes in the southeastern
subtropical dry forest in Puerto Rico, USA. The radiocarbon ages of
20 charcoal samples from the northeastern subtropical dry forest
were determined by AMS (Accelerator MassSpectrometry) in August
and November 2016 at the Earth System Science Department,
University of California, Irvine, USA; and the radiocarbon ages of 58
charcoal samples from the southeastern subtropical dry forest were
determined by AMS in July and August 2015 at the Lawrence
Livermore National Laboratory, California, USA
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charcoal was actually produced and not to the actual
age of a fire event (de Lafontaine and Payette 2011).
Therefore radiocarbon age may be several centuries
older than the actual date of the fire that produced
charcoal in most forests (de Lafontaine and Payette
2011). This is “inbuilt age error.” The value of inbuilt
age error depends on forest stand age structure and
rate of wood decay (Gavin 2001, Gavin et al. 2003)
and by the prevailing fire regime itself (Higuera et al.
2005). In sites experiencing more frequent fires with
short-lived trees and fast decaying wood, the radiocar-
bon dates of charcoal were regarded as a proxies for
actual fire ages (de Lafontaine and Payette 2011). In
the northeastern and southeastern subtropical dry for-
est of Puerto Rico, estimates of mean fire interval
were all between 63 and 607 yr. Data for tree lifespan
in tropical dry forests are broadly lacking. Tree life-
span in some tropical rain forests is between 70 and
138 yr (Swaine et al. 1987). Wood decay turnover
time is around 2 to 22 yr in Puerto Rican wet and
dry forests (Torres and González 2005, González et
al. 2008).
Our estimated charcoal decay rates were 0.0010 yr−1

in the northeastern dry forest and 0.0008 yr−1 in the
southeastern dry forest of Puerto Rico, corresponding to
1000 and 1250 yr of residence time, respectively. The

residence time of soil pyrogenic carbon appeared to vary
regionally (Ohlson et al. 2009). The average lifespan of
charcoal in the subtropical dry forest soils of Puerto Rico
is longer than in boreal forest soils (652 yr; Ohlson et al.
2009) and in Russian steppe soils (182 to 541 yr;
Hammes et al. 2008), but shorter than in Australian
savannah soils (1300 to 2600 yr; Lehmann et al. 2008).
We employed a novel approach to estimate charcoal
decay rate by using maximum charcoal size in each age
class over time, based on the negative exponential decay
function typically found in microbial activity with the as-
sumption that the initial maximum size of charcoal from
each age class is relatively invariant over time. Our ap-
proach is more rational than Frégeau et al.’s (2015)
method of estimating charcoal decay rate using charcoal
abundance in each age class over time, which assumed
that the numbers of initial charcoal fragments originat-
ing from fires were the same for each 200 yr age class. It
is well understood that charcoal abundance differs
among age classes, not only because charcoal decays,
but also due to the fact that fire frequency and intensity
vary over time as climate conditions change (Frégeau et
al. 2015). Variation of fire frequency and intensity was
exactly the purpose of various studies reconstructing
paleoclimate and documenting human disturbance
(Caffrey and Horn 2014). Our data suggest that charcoal

Fig. 5 Accumulated curves of the (a and c) observed and (b and d) corrected number of fire events based on dated 14C charcoal fragments
before and after correction for charcoal decay, respectively, in the (a and b) northeastern and (c and d) southeastern subtropical dry forest of
Puerto Rico, USA. Charcoal was sampled in December 2015 in the northeastern subtropical dry forest, and in December 2014 in the southeastern
subtropical dry forest. Dots (•) indicate the mean number of fire events for the corresponding number of charcoal particles; horizontal bars
indicate the 95% variation range of fire events for the corresponding number of charcoal particles; and lines indicate accumulated curves. The
diversity function of EstimateS 9 was used to calculate the observed or estimated fire events in dated or estimated charcoal particles. The F(max)
index and the constant k were calculated using the equation of exponential regression in Sigmaplot 14.0
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decays at a relatively constant rate in the northeastern
and southeastern dry forests of Puerto Rico regardless of
the substantial difference in their annual mean
temperature and precipitation. Our assumption that an
invariant maximum size of initial charcoal over age clas-
ses relies on the understanding that soil development is
extremely slow and most residential soils are aged for
millions of years in the tropics (Birkeland et al. 1992);
thus, naturally depositional environments, such as soil
pore size, drying-rewetting cycles, and erosion and burial
processes, are likely little changed for each time interval
of 200 to 1000 yr over 5000 years. However, anthropo-
genic activities may alter naturally depositional

environment, thus affecting the estimation of charcoal
decay rate using our approach.
Charcoal decay may lead to an underestimation of

paleofire events. In this study, we attempted to correct
this underestimation by reconstructing initial charcoal
sizes with charcoal decay rate, and assumed that the
abundance-size distribution of undecayed charcoal did
not vary among charcoal age classes. This approach
yielded 2 and 1 additional undetected fire events for the
northeastern and southeastern dry forests of Puerto
Rico, respectively. Similarly, our assumption that invari-
ant undecayed charcoal abundance-size distribution re-
lies on the fact that it takes millions of years for
residential soils to develop, and that the depositional en-
vironment of soil charcoal varies little over a 1000-year
period. Again, soil disturbances and species invasion can
violate this assumption.
Our detected and estimated paleofire events were 17

and 21 for the northeastern dry forest, and 9 and 10 for
the southeastern dry forest of Puerto Rico, respectively.
Both the northeastern and southeastern subtropical dry
forests of Puerto Rico showed a noticeable peak of fire
activities between 500 and 1400 cal yr BP, suggesting ei-
ther a dry climate or increased human activity. The
paleofires might be ascribed to slash-and-burn agricul-
ture by pre-Columbus native peoples. The beginning of
the development of cultigens was around 2600 cal yr BP
in Cuba (Peros et al. 2015) and probably followed shortly
thereafter in Puerto Rico. Humans settled around
Laguna Grande, near the northeastern subtropical dry
forest of Puerto Rico, in ~2000 cal yr BP, and this settle-
ment might have lead to deforestation by slash-and-burn
agriculture in the majority of the watersheds (Lane et al.
2013). On the other hand, the frequent fires around 800
to 1110 cal yr BP in the subtropical dry forests of Puerto
Rico were similar to the intense fires that occurred after
hurricanes around 800 to 1000 cal yr BP on the Gulf of
Mexico coast (Liu et al. 2008), in Costa Rica (Horn and
Sanford 1992), and in Laguna Alejandro of Dominican
Republic (LeBlanc et al. 2017). On occasion, Puerto Rico,
Dominican Republic, and the Gulf of Mexico coast have
been on the same path of the same hurricanes (e.g., Hur-
ricane Hugo in 1989, Hurricane Georges in 1998, and
Hurricanes Irma and Maria in 2017). Thus, the frequent
fires around 800 to 1110 cal yr BP in the subtropical dry
forest of Puerto Rico might also be explained by inferred
hurricanes, which directly struck the Gulf of Mexico
coast, Costa Rica, and Laguna Alejandro of Dominican
around 800 to 1110 cal yr BP. Because canopies open
after hurricanes, insolation and wind speed increase under
the canopies, leading to drier microclimates with drier lit-
ter on the forest floor post hurricane (Myers and van Lear
1998). The lower Δ13C value of charcoal fragments of 800
to 1100 cal yr BP from the subtropical dry forest suggested

Fig. 6 Time-series of 13C discrimination (Δ13C) in the (a) northeastern
and (b) southeastern subtropical dry forest of Puerto Rico, USA.
Charcoal was sampled in December 2015 in the northeastern
subtropical dry forest, and in December 2014 in the southeastern
subtropical dry forest. The black dotted lines represent average Δ13C
values of (a) wood litter fall in the northeastern subtropical dry
forest during the 2015 drought year, and (b) branches collected in
Dec 2015 in the southeastern subtropical dry forest. The gray dotted
lines represent average values ± SD of Δ13C of branches collected in
Dec 2015 in the southeastern subtropical dry forest. Diamonds (♦)
represent the time series of Δ13C. δ13C values were analyzed at
Michigan Technological University in Aug and Dec 2016, and May 2017
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a drier microclimate in subtropical dry forest during this
period.
One other characteristic of paleofire patterns shared in

both the northeastern and southeastern subtropical dry
forest of Puerto Rico is that fire frequency decreased
after the immigration of Europeans in the last 500 yr.
When strong trends in biomass burning were inconsist-
ent with climate trends, human activity became clearly
evident (Marlon et al. 2013). Humans might have influ-
enced the fire regime by burning during the wetter sea-
sons for agricultural uses, resulting in more controlled,
lower intensity fires (Burney 1997). The three fires of
the subtropical forests of Puerto Rico that produced
higher △13C values of charcoal fragments during 400
to 180 cal yr BP (Little Ice Age) might be ascribed to
human ignitions. Thus, the apparent peak of fire ac-
tivities between 500 and 1400 cal yr BP might be at-
tributed to the increased human activity or increased
drought stress after hurricanes.
Charcoal older than 1300 cal yr BP was not found in

the northeastern subtropical dry forest of Puerto Rico,
while two charcoal samples dated 2500 cal yr BP and
one dated around 5000 cal yr BP were detected in the
southeastern subtropical dry forest of Puerto Rico. This
does not necessarily indicate that fires did not occur be-
fore 1300 cal yr BP in the northeastern subtropical dry
forest. Instead, it suggests that charcoal older than 1300
yr was decayed below our minimum detectable weight
of 1.4 mg in the northeastern subtropical dry forest. Be-
cause the average turnover time of charcoal in these two
subtropical dry forests of Puerto Rico is similar, between
1000 to 1250 yr, these three charcoal particles older than
2500 yr might have broken off of bigger charcoal parti-
cles that were in the soil after the paleofire in the south-
eastern dry forest. In fact, the largest charcoal sample
weighed 178.1 mg (14C age = 190 ±30 yr), from the
southeastern dry forest, which was more than 6-fold
more than the 27.4 mg (14C age = 235 ±20 yr) sample
from the northeastern dry forest.
The time period (4822 to 4854 cal yr BP) for the oldest

fire at our study site is in line with the ~5000 cal yr BP
paleofire at Laguna Tortuguero, Puerto Rico, which was
regarded as evidence of the onset of human disturbance
on the landscape. Thus, the 4822 to 4854 cal yr BP fire
in the southeastern subtropical dry forest of Puerto Rico
was most likely evidence of the settlement of native peo-
ples that predates archeological evidence (Burney et al.
1994), although it could also have been a natural fire.
Neotropical forests rarely ignite from natural causes
(Kauffman and Uhl 1990) because of the high silica con-
tent of the leaves and leaf litter (Ter Welle 1976, Mak
1988). The probability of natural fire in neotropical for-
est can increase, of course, when invasive plants colonize
the understory (Brooks et al. 2004), or when human

populations deliberately cut and burn theses forests
(Bush et al. 2008). Puerto Rico is thought to have been
initially occupied by native peoples about 4713 cal yr BP,
originating from Maruca (17.99° N, 66.62° W;
Rivera-Collazo et al. 2015). Our finding of the 4822 to
4854 cal yr BP fire in the southeastern subtropical dry
forest of Puerto Rico may record an indication of an
earlier colonization date for Puerto Rico.

Conclusions
The decay rate of soil charcoal in the subtropical dry for-
ests of Puerto Rico was 0.0008 to 0.0010 yr−1. We estimate
that one to two fire events were undetected due to char-
coal decay in the subtropical forests of Puerto Rico in the
Late Holocene. Our soil macrocharcoal analysis revealed
that 21 fire events occurred over the last 1300 yr in the
northeastern subtropical dry forest of Puerto Rico, and 10
fire events occurred over the last 4900 yr in the southeast-
ern subtropical dry forest of Puerto Rico. The 4822 to
4854 cal yr BP fire in the southeastern subtropical dry for-
est of Puerto Rico could have been a natural fire or, more
likely, was an indication of the initial occupation of native
peoples to this island. Peak fire events occurred during
500 to 1400 cal yr BP in the subtropical dry forest of
Puerto Rico. The paleofire peak of the subtropical dry for-
est of Puerto Rico may be ascribed to agricultural activities
of pre-Columbus dwellers and inferred hurricanes that
directly struck the Gulf of Mexico coast, Costa Rica, and
Laguna Alejandro of Dominican around 800 to 1110 cal
yr BP. Fire frequency of the subtropical dry forest in
Puerto Rico decreased after the immigration of Europeans
in the last 500 years. Future studies should examine the
temporal change in paleo-vegetation and anthropology to
improve the understanding of the causes of paleofire, and
to evaluate fire-mediated changes in vegetation and cli-
mate in the subtropical dry forests of Puerto Rico.

Additional file

Additional file 1: The 78 accelerator mass spectrometry radiocarbon
dates and stable carbon isotope data of soil charcoal. Charcoal was
sampled in December 2015 in the northeastern subtropical dry forest,
and in December 2014 in the southeastern subtropical dry forest of
Puerto Rico, USA. The radiocarbon ages of 20 charcoal samples from the
northeastern subtropical dry forest were determined by AMS (Accelerator
Mass Spectrometry) in August and November 2016 at the Earth System
Science Department, University of California, Irvine, USA; and the
radiocarbon ages of 58 charcoal samples from the southeastern
subtropical dry forest were determined by AMS in July and August 2015
at the Lawrence Livermore National Laboratory, California, USA. δ13C
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