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Abstract

Field fires can modify soil nutrient cycling and alter soil microbial 
communities (SMC), although the latter is not well understood. In the 
southern region of Puerto Rico, field fires have become a significant problem 
during the dry season. To mimic the effects of a field fire, we performed 
prescribed fires on a hillside at the Juana Díaz Agricultural Experiment 
Substation in October 2015 and March 2017. A complete randomized block 
design was established in Yauco soil (Typic Calciustolls) that included the 
following treatments: negative control (unburned), positive control (burned 
plots, no remediation), mulching treatment (burned plots remediated with 
Leucaena spp. mulch), and surfactant treatment (burned plots remediated 
with a surfactant). In the first burning (2015), soil samples were collected 
before burning and at 30, 180, and 420 days after burning (DAB). In the 
second burning (2017), soil samples were collected at 30, 90, and 270 DAB. 
Soil physicochemical properties and microbial community structure were 
assessed using phospholipid fatty acid (PLFA) analysis. Overall, burning 
increased soil exchangeable Ca2+ (except after 30 DAB in the second 
burning) and decreased exchangeable K+ when compared to unburned soils. 
Compared to unburned plots, total fungal PLFA was significantly lower in 
burned plots with or without mulch and surfactant treatments, and total 
bacterial PLFA did not differ between burned and unburned plots after 30 
days. Total microbial biomass was significantly (P<0.05) higher in mulch 
and surfactant treated burned soil compared to unburned and burned plots 
without treatment after 90 DAB (2017) and 420 (2015) DAB. The use of mulch 
and surfactant treatments in prescribed burning fields increased microbial 
communities 90 DAB. This study emphasizes short-term changes in microbial 
communities and suggests they are highly resilient to disturbances after 
prescribed fires.
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Resumen

El efecto de quemas intencionales en factores abióticos y bióticos en la 
región sur de Puerto Rico

Los incendios de campos (IC) pueden modificar el ciclo de nutrientes en el 
suelo y alterar las comunidades microbianas, sin embargo, estas últimas no 
son bien entendidas. En la región sur de Puerto Rico, los IC son un problema 
en la época seca. En este estudio se realizaron quemas intencionales en una 
zona con ladera en la Subestación Experimental Agrícola de Juana Díaz en 
octubre 2015 y marzo 2017. El estudio se estableció en un suelo Calciustolls 
Típico, serie Yauco. Se utilizó un diseño en bloques completamente 
aleatorizado con los siguientes tratamientos: control negativo (sin quemar), 
control positivo (quemado, sin remediar), mantillo (quemado y remediado 
con mantillo de Leucaena spp.) y surfactante (quemado y remediado 
con surfactante). En 2015 (primera quema), las muestras de suelo se 
recolectaron antes de la quema y a 30, 180 y 420 días después de la quema 
(DDQ). En la segunda quema en 2017, las muestras de suelo se recolectaron 
a los 30, 90 y 270 DDQ. Se evaluaron las propiedades fisicoquímicas del 
suelo y la estructura de la comunidad microbiana se determinó mediante 
el análisis de los ácidos grasos de los fosfolípidos (AGF). En general, la 
quema aumentó el contenido de Ca2+ intercambiable (excepto en la segunda 
quema luego de los 30 días) y disminuyó el contenido de K+ al compararse 
a suelos no quemados. La concentración de hongos totales (AGF) fue 
significativamente menor en predios quemados con y sin remediación con 
mantilla o surfactante comparado con predios no quemados, y las bacterias 
totales (AGF) no difirieron entre predios quemados y no quemados a los 
30 DDQ. La biomasa microbiana total (AGF) fue significativamente mayor 
(P<0.05) en predios quemados y tratados con mantilla y surfactante que en 
predios no quemados o quemados sin tratamiento luego de 90 (2017) y 420 
(2015) DDQ. El uso de los tratamientos mantilla y surfactante en predios 
con quema aumenta las comunidades microbianas luego de 90 días. Este 
estudio muestra cambios a corto plazo en las comunidades microbianas, 
sugiriendo que estas son altamente resilientes a disturbios luego de una 
quema.
Palabras claves: mantillo, quema prescrita, surfactantes, comunidades 
microbianas del suelo, AGF

INTRODUCTION

The southern region of Puerto Rico is characterized by a dry cli-
mate, and ustic and aridic soil moisture regimes (Muñoz et al., 2018). 
This geographic zone is on the leeward side of an orographic effect that 
produces high rainfall in the windward north mountains of the central 
region of the island and drier southern slopes and coastal south (U.S. 
Geological Service, 2016). Recently, field fires have become a signifi-
cant problem, and their frequency has increased due to low precipita-
tion. Most of the field fires are anthropogenic, resulting from acciden-
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tal or intentional ignition for agricultural purposes or other reasons 
(Glogiewicz and Baez, 2001; Monmany et al., 2017; Van Beusekom et 
al., 2017). In 2015, the Department of Natural and Environmental 
Resources (DNER) and the Fire Department of Puerto Rico (FDPR) 
reported 4,243 fires affecting more than 5,666 hectares on the island 
(Figueroa, 2016). Most of these fires occurred on hillsides near the 
ocean and during the dry season between the months of January and 
April (González-Toro, 2008).

Field fires are more common in the southern area of the island 
where vegetation consists of grasses and invasive plant species such as 
Guinea grass (Megathyrsus maximus), white leadtree (also known as 
Leucaena trees) (Leucaena leucocephala), and lebbek tree (Albizia leb-
beck). This type of vegetation makes a suitable environment for higher 
fuel load production, which in combination with high temperatures 
and a source of ignition, is responsible for spreading fires. These fires 
may have an effect on soil properties, especially soil biology. A study by 
Dangi et al. (2010) emphasized the importance of fire frequency and 
intensity on plants, soil microbial communities (SMC), and the overall 
ecosystem function. Severe fires (e.g., exceeding 250° C) can destroy 
above- and belowground biomass, and SMC, and alter abiotic environ-
mental conditions. Fires can affect soil structure and porosity with ap-
parent alterations in biomass and SMC (Dangi et al., 2010). Also, de-
pending on the intensity of the fire, it can induce soil water repellency, 
which decreases water infiltration by moving and concentrating hy-
drophobic compounds produced in plants. Soil water repellency is also 
produced by fungal and microbial activity, affecting soil particles up to 
three feet below the surface (DeBano et al., 1998; Fidanza et al., 2005; 
Keizer et al., 2005). The heat and ash produced during a fire can mod-
ify and affect nutrient cycling and the bio-physicochemical properties 
of the soils (Díaz-Raviña et al., 1992; Santín et al., 2016; Santín and 
Doerr, 2016); thus, alterations can also impact the microbial communi-
ties present in the soil (Vázquez et al., 1993). Significant loss of organic 
matter (OM), nitrogen (N), and phosphorous (P) can occur depending 
on the intensity of the fire (Neary, 2004; Certini, 2005). Ash produced 
during the fires can be a source of nutrients, especially cations such as 
calcium (Ca) and magnesium (Mg) that were stored in plants and litter 
(Khanna and Raison, 1986; Andreu et al., 1996; Pereira et al., 2013). 
This increase in cations is accompanied by a temporary increase (up 
to three units) in pH (Badía and Martí, 2003a). However, this increase 
in pH is reduced over time as levels of cations are reduced with time.

Soil microorganisms carry out essential processes that support plant 
productivity and maintain soil health and ecosystem function (Pérez-
Guzmán et al., 2020). Microorganisms are responsible for driving es-
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sential ecosystem processes such as nutrient cycling, OM decomposi-
tion, plant nutrient uptake, and maintenance of soil structure (Dangi 
et al., 2020; Pérez-Guzmán et al., 2020; Dangi et al., 2013; Dangi et 
al., 2012) and are particularly sensitive to changes in soil quality due 
to wildfire or prescribed fire disturbances (Barreiro and Díaz-Raviña, 
2021). Soil health and quality depend on maintaining diverse and vig-
orous biological communities that are responsible for these processes 
(Lehman et al., 2015). Fires alter SMC activity and composition directly 
through heat-induced microbial mortality (DeBano et al., 1998; Hart et 
al., 2005), and the post-fire soil recovery is determined to great extent 
by its impact on soil microorganisms (Barreiro and Díaz-Raviña, 2021). 
Plant and vegetative community structures are imperative elements of 
SMC structure and the recovery from a fire will depend on the devel-
opment of plant communities (Grayston et al., 2001). Some ecosystem 
studies have demonstrated a direct relationship between microbial di-
versity and plant productivity, especially after a disturbance (Tilman, 
1999; Hooper et al., 2005). It has been observed that SMC increases 
with increasing plant productivity (Liao et al., 2018), although Bai et 
al. (2007) detected an inverse relationship between microbial diversity 
and plant productivity.

Previous reviews have described decreased microbial biomass after 
a fire (Certini, 2005; Syaufma and Ainuddin, 2011). Hart et al. (2005) 
emphasized that bacteria biomass tends to be more resistant to fire 
heat than fungi biomass during moderate-intensity fires, and its recov-
ery may take months or even years (Barreiro and Díaz-Raviña, 2021). 
Changes in vegetation can reduce microbial biomass with the succes-
sion of greater aboveground diversity than homogeneous plant cover 
(Fioretto et al., 2009). These strong links between plant species and 
SMC suggest that years after a fire, variations in plant structure can 
have a greater influence on SMC dynamics than the direct impact of 
the fire disturbance itself (Hart et al., 2005).

Soil-applied surfactant has proven effective in reducing soil water 
repellency and improving ecosystem restoration after a fire (DeBano 
and Conrad, 1974; Madsen et al., 2012). Water repellency is a naturally 
occurring phenomenon (most common in forested areas) that reduces 
water infiltration, soil-water retention, and unsaturated hydraulic 
conductivity in various soil types and soil textures (DeBano and Rice, 
1973; DeBano, 2000). In Puerto Rico, soil water repellency has been 
observed in the soil surface of secondary forests and grasslands in dif-
ferent soil textures from sandy clay loam to clay (Nieves-Rivera, 2003). 
It originates from naturally occurring water-repellent compounds in 
plants (e.g., waxes), and fungal and microbial activity, covering soil 
particles (DeBano, 2000; Fidanza et al., 2005; Keizer et al., 2005).
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Since the 1960s, soil-applied surfactant has been studied as a reme-
diation strategy in burned forests, grassland, and chaparral vegetation. 
However, the use of surfactants later gained interest as a vegetation 
restoration strategy to restore soil health after wildfires by improving 
soil hydrological conditions (DeBano and Conrad, 1974; DeBano, 2000) 
and agricultural conditions to promote plant growth by increasing soil 
water storage (Cooley and Lowery, 2000), thus reducing the time that 
the soil is without surface cover after burning.

Soil management practices such as the application of different types 
of soil covers like mulch can have a considerable effect on soil tempera-
ture (Wang et al., 2011; Li et al., 2013), organic matter content (Zhou 
et al., 2013) and other measures of soil health after a fire (Robichaud 
et al., 2013; Henry and Bergeron, 2005). Soil microorganisms respond 
quickly to these changes in soil conditions. Thus, the objective of this 
study was to determine the effects of prescribed fires and the use of soil 
surfactants and mulch on soil physicochemical properties and micro-
bial communities

MATERIALS AND METHODS

Study area and soil sampling

The research site was located at Juana Díaz – Agricultural Experi-
ment Substation (AES) (18° 01’ 47.17” N and 66° 31’ 13.19” W) with 
an elevation of 36 m above sea level. Annual precipitation fluctuates 
between 508 and 1,016 mm, and mean annual temperature fluctuates 
between 26.1 and 27.2° C with the months of December, January, and 
February as the driest of the year (Muñoz et al., 2018). Figure 1 shows 
Juana Díaz-AES average monthly precipitation for 2015-2017. The soil 
at the site is a Yauco silty clay loam (Fine-silty, carbonatic, isohyper-
thermic Typic Calciustolls) (Muñoz et al., 2018) with 45% sand, 20% 
silt, and 35% clay. This soil series is formed from calcareous sediments 
located at the base slope of mountains with 2 to 5% slope. Before burn-
ing, the predominant vegetation at the experimental site was Buffel 
grass (Cenchrus ciliaris), Guinea grass (Megathyrsus maximus), and 
Leucaena trees (Leucaena spp.).

Two prescribed burnings were performed with the collaboration of 
the Fire Department of Puerto Rico (FDPR) in October 2015 and March 
2017. A complete randomized experimental design with four treat-
ments and four replicates (16 plots) was established. Each plot consist-
ed of an area of 6.0 m by 12.2 m, with the longest section parallel to the 
slope. All plots had the same aspect, soil type, and slope percentage. 
The treatments were: positive control (burned, no remediation), nega-
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tive control (non-burned sites), mulching (burned and covered with 
1.27 cm of Leucaena spp. mulch after burning), and surfactant (burned 
and covered with surfactant after burning). Both mulching and sur-
factant were applied no later than one day after each prescribed burn-
ing. The surfactant used was IrrigAid® Gold (Aquatrols® New Jersey, 
USA)6 which contains the active ingredients alkoxylated polyols and 
glucoethers at a 10% and 5% ratio, respectively. This product was hand 
sprayed using a 15 L diaphragm pump backpack sprayer at a ratio of 
5 ml/m2.

Composite soil samples were collected at a depth of 0 to 15 cm from 
each plot before and after the prescribed fires. For the burning per-
formed in 2015, soil samples were collected before burning, and at 30, 
180, and 420 days after burning (DAB). In the second burning, per-
formed in 2017, samples were collected at 30, 90, 180, and 270 DAB. 
However, the samples collected at 180 DAB (for chemical and biologi-
cal analysis) and 270 DAB (for chemical analysis) were lost due to an 

6Company or trade names in this publication are used only to provide specific infor-
mation. Mention of a company or trade name does not constitute an endorsement by the 
Agricultural Experiment Station of the University of Puerto Rico, nor is this mention a 
statement of preference over other equipment or materials.

Figure 1. Monthly mean precipitation values (2015-2017) in mm for AES- Juana 
Díaz site.
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electrical outage caused by Hurricane María. Soil samples for chemical 
analysis were oven-dried at 65° C for 48 h, ground, and sieved through 
a 2-mm screen. Samples for phospholipid fatty acid (PLFA) analysis 
were placed in sealed plastic bags, stored on dry ice immediately after 
collection, and taken to the laboratory where they were placed in a 
-20° C freezer until analyzed.

Soil physicochemical analysis

Soil chemical analyses were performed at the Central Analytical 
Laboratory, Agricultural Experiment Station, University of Puerto 
Rico. Soil pH and electrical conductivity (EC) were measured in a 
1:2 (v:v) soil/water mixture with Orion Star A215 pH and EC meter 
(Thomas, 1996). Exchangeable calcium (Ca2+), magnesium (Mg2+), po-
tassium (K+), and sodium (Na+) were extracted using 1 M NH4OAc 
(Sumner and Miller, 1996) buffered at pH 7.0 and determined with an 
AA spectrometer (Thermo Electron Corporation S-Series AA S-2 Spec-
trometer). Nitrate (NO3-N) was extracted using 2N potassium chloride 
and determined colorimetrically using a Quick Chem Analyzer. Soil 
OM was determined using humid digestion and colorimetry of Walkley 
and Black as described by Nelson and Sommers (1996) and available 
phosphorus (P) using the Olsen method (Kuo, 1996).

Soil microbial community structure analysis

The microbial community was assessed using Phospholipid Fatty 
Acid (PLFA) analysis. This was performed at Wards Laboratory, Inc. 
at Kearney, NE (Clapperton et al., 2005). Total soil lipids were extract-
ed using dichloromethane (DMC): methanol (MeOH): citrate buffer 
(1:2:0.8 v/v). A lipid-class separation was conducted in silica gel col-
umns, and the neutral, glycol and phospholipids fractions were eluted 
by sequential leaching. The fatty acids were converted to fatty acid 
methyl esters by transesterification and were analyzed using an Agi-
lent 7890 A gas chromatograph equipped with a 7693 autosampler and 
a flame ionization detector; peaks were identified using the Microbial 
Identification Inc. (MIDI) Sherlock System.

The abundance of individual PLFA was expressed as micrograms 
(µg) of PLFA per gram of dry soil. The quantification was performed us-
ing the relative area under specific peaks, as compared to the 19:0 peak 
value, which was calibrated according to a standard curve made from 
a range of concentrations of the 19:0 FAME (fatty acid methyl ester) 
standard dissolved in hexane. Individual fatty acids have been used 
as signatures for various functional groups of microorganisms (Bossio 
et al., 1998; Pankhurst et al., 2002). Selected terminal-branched satu-
rated PLFAs (i15:0, a15:0, i16:0, a16:0, i17:0, and a17:0) were used 
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as markers for Gram-positive (Gram+) bacteria (Federle, 1986; Zelles, 
1997). Selected monounsaturated and cyclopropyl-saturated PLFAs 
16:1ω5, 16:1ω9, 17:1ω9, cy17:0, 18:1ω11, and cy19:0 were used to rep-
resent Gram-negative (Gram–) bacteria, and the PLFA 14:0, 15:0, and 
17:0 for unspecific bacteria (Federle, 1986; Frostegård et al., 1993; 
Zelles, 1997). The polyenoic, unsaturated PLFA 18:2ω6c was used as 
an indicator of fungal biomass (Federle, 1986; Frostegård and Bååth, 
1996; Huang et al., 2011). The PLFA 16:1ω11 or 20:0 was used to rep-
resent arbuscular mycorrhizal fungi (Olsson, 1999; Huang et al., 2011). 
The biomarkers for PLFA 20:3 at 6 and 20:4 at 6 were used as indica-
tors for protozoa biomass (Cavigelli et al., 1995). The rhizobia PLFA 
biomarkers contained 16:0, 17:0, 18:0, and 19cycloω9C fatty acids 
(Jarvis and Tighe, 1994). Total bacteria were calculated as the sum of 
Gram+, Gram–, and unspecific bacteria. The total PLFA biomass was 
calculated as the sum of all the extracted PLFAs and reported as total 
µg PLFA biomass/g.

The PLFA 16:1ω5 cis, a structural component of arbuscular mycor-
rhizal fungi (AMF) (Olsson, 1999), has been used as a biomarker for 
viable AMF hyphal density (Buyer et al., 2010; Olsson, 1999), although 
it is also found in Gram-negative bacteria (Zelles, 1997).

Data Analysis

Two-way analysis of variance (ANOVA) followed by means separa-
tion using Tukey’s Honestly Significant Difference test were utilized 
to examine differences among microbial community composition and 
soil chemical properties within the sampling date. Statistical analysis 
was done using SAS 9.1 (SAS Institute, 2003). A canonical discrimi-
nant analysis was used to compare soil microbial communities from 
the different treatments to determine the similarity among microbial 
communities. In this multivariate analysis  of variance (MANOVA), 
the absolute area of each biomarker was used to identify the linear 
combination of variables that best-separated soil microbial community 
structure. The canonical variates were graphed to summarize group 
differences (Buyer et al., 2002). All statistical analyses were performed 
at the P<0.05 significance level.

RESULTS

Impact of prescribed fire on soil physicochemical properties

Soil exchangeable Ca2+ and K+ varied between treatments and for 
each DAB (Table 1). For example, in 2015, significantly higher Ca2+ and 
significantly lower K+ concentrations were observed in the positive con-
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trol (burned), mulch, and surfactant treatments compared to the nega-
tive control (unburned). However, in the second burning at 30 DAB, Ca2+ 
concentration was significantly higher in the negative control compared 
to the other treatments, while K+ concentration in the negative control 
was only significantly higher than that in the surfactant treatment. In 
the second burning, at 90 DAB, a significantly higher concentration of 
Ca2+ was measured in the mulch treatment when compared to the other 
treatments. Significantly lower K+ concentrations were observed in the 
positive control (burned), mulch, and surfactant compared with the neg-
ative control (unburned) treatment. No significant differences (P>0.05) 
were observed for pH, EC, OM, P, Mg, Na, and NO3

-. The ash from burn-
ing organic material contributes to the higher concentration of Ca2+ ob-
served. This cation prevails in the soil exchangeable system, occupying 
exchangeable sites preferentially over Mg2+, K+, and Na+.

Impact of prescribed fire on microbial biomass and communities

First prescribed burning

The treatments did not have a consistent effect on total microbial 
biomass, total fungi, total bacteria, and total protozoa on the three sam-
pling dates after the first prescribed burning in October 2015 (Figure 
2). However, treatment response was observed after the first 30 DAB. 
Total microbial, fungal, and protozoan PLFAs were significantly lower 
in the positive control (burned), mulch, and surfactant treatments when 
compared to the negative control (unburned) at 30 DAB. After 420 days, 
higher microbial PLFAs were found in mulch and surfactant treatments 
compared to both controls (Figure 2). Also, at 420 DAB higher protozoa 
PLFA mean values were found under mulch treatment followed by sur-
factant, negative control (unburned), and positive control (burned) (Fig-
ure 2). Total bacterial PLFA did not show significant differences (P>0.05) 
between treatments at any sampling date after burning.

The PLFA biomarkers for actinomycetes, AMF, and saprophytic 
fungi were affected by treatments after 30 days of the first prescribed 
burning in October 2015 (Figure 3), but gram-negative and gram-
positive bacterial and rhizobial PLFA did not show statistical differ-
ences (P>0.05) between treatments at this stage. The actinomycetes 
population at 180 DAB was significantly lower in the burned plot (posi-
tive control) and burned plots treated with mulch when compared to 
the unburned and burned with surfactant treatment. However, after 
420 days, the plot with surfactant treatment contained a significantly 
(P<0.05) higher number of actinomycetes compared to unburned and 
burned with mulch treatments and without treatment. Gram-negative 
and rhizobial PLFA did not show any significant difference due to sam-
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pling stage or treatment. However, Gram-positive bacterial PLFA was 
significantly lower in mulch treated burned plots after 180 days. While 
at 420 DAB, Gram-positive bacteria population in unburned control, 
mulch, and surfactant treated plots was similar, but significantly high-
er than in the burned control plot. Saprophytic and AM fungi showed 
the same tendency at 30 DAB, where higher mean values were found 
in the negative control compared with the other three treatments (Fig-
ure 3). While no statistical difference was observed at 180  DAB, at 
420 DAB higher mean values for AMF were observed in mulch and sur-
factant treatments compared with control treatments, and amounts 
of saprophytic fungal PLFA were significantly lower in burned plots 
compared to unburned, mulch, and surfactant treated plots.

Second prescribed burning

At 30  DAB, total microbial, bacterial, and fungal PLFAs, were 
significantly higher in negative control unburned plots compared to 

Figure 2. Total microbial biomass, total bacteria, total fungi, and total protozoa 
PLFA for the selected treatments at 30, 180, and 420 days after the first burning in 
October 2015 in Juana Díaz-AES experimental plot. The error bar indicates standard 
error. Treatments with the same letter within the same sampling date are not statisti-
cally different (P<0.05).
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burned plots with or without treatment. However, at 90 DAB micro-
bial biomass was significantly higher in burned plots with mulch and 
surfactant treatments compared to unburned and burned plots with-
out any treatment. After 90 days, total bacteria significantly increased 
with an addition of mulch treatment in burned plots compared to un-
burned and burned plots with or without surfactant. However, for total 

Figure 3. Actinomycetes, Gram (+), Gram (-), Rhizobia, Arbuscular mycorrhizal, and 
Saprophytes PLFA for the selected treatments at 30, 180, and 420 days after the first 
burning in October 2015 in Juana Díaz-AES experimental plot. The error bar indicates 
standard error. Treatments with the same letter within the same sampling date are not 
statistically different (P<0.05).
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fungi, lower values were observed at 90 DAB compared with the other 
three treatments. While for total bacteria at 90  DAB, higher mean 
values were observed in mulch treatment compared with the other 
treatments. No statistical differences between treatments were found 
at 270  DAB (Figure 4). For total protozoa, no statistical differences 
(P>0.05) were found between treatments at each sampling date after 
burning.

Thirty days after burning, biomarker PLFA for actinomycetes, 
Gram-positive and negative bacteria, AMF, and saprophytic fungi 
were significantly lower in all the burned plots with and without treat-
ments after the second prescribed burning in 2017 (Figure 5). Rhizobia 
biomarker was not affected by burning with or without treatments, 
compared to unburned plots. In general, all the PLFA biomarker con-
centrations were lower after the second burning. After 90 days, acti-
nomycetes, Gram-negative bacteria, rhizobia, and saprophytic fungi 
remained significantly lower in burned control plots compared to the 

Figure 4. Total microbial biomass, total bacteria, total fungi, total protozoa, and 
actinomycetes PLFA for the selected treatments at 30, 90, and 270 days after the second 
burning in March 2017 in Juana Díaz-AES experimental plot. The error bar indicates 
standard error. Treatments with the same letter within the same sampling date are not 
statistically different (P<0.05).
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other treatments. Gram-positive bacteria and AMF PLFA did not show 
significant differences among unburned and burned plots with and 
without treatments. After 270 days, actinomycetes and Gram-positive 
bacterial PLFAs remained significantly higher in burned plots with 
surfactant treatment; however, Gram-negative and AMF biomarkers 
did not show any significant difference between unburned and burned 

 Figure 5. Actinomycetes, Gram (+), Gram (-), Rhizobia, Arbuscular mycorrhizal, 
and Saprophytes PLFA for the selected treatments at 30, 90, and 270 days after the 
second burning in March 2017 in Juana Díaz-AES experimental plot. The error bar in-
dicates standard error. Treatments with the same letter within the same sampling date 
are not statistically different (P<0.05).
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plots with and without treatments. Moreover, rhizobia and saprophytic 
fungal PLFAs were significantly higher in unburned and burned plots 
with treatments compared to burned plots without any treatments.

Microbial community structure

Canonical multivariate analysis showed significant differences in 
the soil microbial community structure before and after prescribed fires 
with surfactant and mulch applications (Figure 6). In 2015, differences 
in the microbial communities in the positive control and mulch treat-
ments were similar at 30 and 180 DAB. At 420 DAB, microbial commu-
nities in mulch treatment were significantly different when compared 
to the other three treatments. In 2017, microbial communities in the 
positive and negative controls were significantly different than mulch 
and control negative treatment 30 days after burning. After 90 days, 
microbial communities under the mulch treatment were similar to the 
negative control, which were significantly different under positive con-
trol and surfactant treatments.

The ability of the discriminant function to differentiate before and 
after prescribed fires based on the amounts and types of PLFAs was 
found to be significant. In 2015, 180 DAB, canonical variate (CV)1 was 
able to distinguish between a positive control (burned) and surfactant 
vs. mulch and negative control (unburned). In 2017, 90 DAB, both CV1 
and CV2 differentiated the negative control and mulch from the posi-
tive control and surfactant. In 2017, 270 DAB CV1 distinguished nega-
tive control vs. control positive, mulch, and surfactant, and CV2 dis-
cerned negative control and mulch vs. positive control and surfactant 
(Table 2).

DISCUSSION

This study captured changes in abiotic and biotic factors in posi-
tive control (burned), negative control (unburned), mulch, and surfac-
tant treatments after two prescribed burnings in the southern region 
of Puerto Rico. After two prescribed burnings, exchangeable Ca2+ in-
creased and exchangeable K+ decreased when compared to unburned 
soils. It is well known that fires can alter soil properties (Tng et al., 
2014; Santín and Doerr, 2016) and sometimes have a fertilizing effect 
by increasing levels of exchangeable cations (Pyne, 2001; Thomaz et al., 
2014; Heydari et al., 2015) as a result of the dissolution of ashes and 
mineralization of charcoal (Badía et al., 2014). Each nutrient reacts 
differently to fire, depending on its individual volatilization threshold 
(DeBano, 2000; Hough, 1981). The combustion of nutrients bound to 
vegetation and SOM adds inorganic forms of K, Ca, Mg, P, and N to the 
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soil (Alcañiz et al., 2016; Schlesinger et al., 2016). Studies by Tomkins 
et al. (1991) and Santín et al. (2018) reported an increase in soil ex-
changeable Ca one month after a fire on a Eucalyptus plantation. How-
ever, the increase of soil exchangeable Ca was almost gone six months 
later. In our study, the increase in exchangeable Ca2+ was more lasting 
and almost double its concentration at 420 days after burning. Yauco 
soil is a Mollisol of carbonatic mineralogy, and under fire CaCO3 can 
be converted to CaO, a calcium compound of greater solubility, thus 
contributing to the prolonged effect of Ca2+ increase. Higher concentra-
tions of Ca were found under burned soils (positive control, mulch, and 
surfactant) compared with unburned soil (negative control treatment). 
Chungu et al. (2020) found results similar to those of our study, and 
the increase in Ca concentration persisted for one to two years after a 
fire event. Tomkins et al. (1991), Santín et al. (2018) and Chungu et al. 
(2020) also found an increase in soil exchangeable K, differing from our 

Table 2.—Structure matrix (pooled with Canonical Structure) and function at Group 
Centroid.

1st Burning-2015 2nd Burning-2017

Variable CV1 CV2 Variable CV1 CV2

Actinomycetes 0.41 -0.01 Actinomycetes -0.19 0.36
AMF -0.33 0.23 AMF -0.06 0.16
Gram - bacteria -0.16 -0.10 Gram - bacteria -0.09 0.31
Gram + bacteria -0.04 0.34 Gram + bacteria -0.15 0.33
Protozoa -0.17 -0.58 Protozoa -0.06 0.12
Rhizobia 0.31 -0.31 Rhizobia -0.07 0.36
Fungi -0.37 -0.05 Fungi -0.04 0.24

Group Centroids

30 DAB 30 DAB
Control (-) unburned 20.92 -5.78 Control (-) unburned 8.81 -6.88
Control (+) burned 13.43 -7.47 Control (+) burned 26.98 -2.82
Mulch 14.21 -6.57 Mulch 20.38 -4.75
Surfactant 16.84 -5.43 Surfactant 26.99 -3.94

180 DAB 90 DAB
Control (-) unburned 1.03 13.72 Control (-) unburned 7.28 3.89
Control (+) burned -0.12 10.48 Control (+) burned -0.82 -5.03
Mulch 0.70 11.35 Mulch 5.76 3.96
Surfactant -0.34 12.26 Surfactant -12.08 -3.15

420 DAB 270 DAB
Control (-) unburned -19.01 -7.65 Control (-) unburned 5.80 14.50
Control (+) burned -16.34 -6.79 Control (+) burned -28.77 -7.00
Mulch -14.07 -2.24 Mulch -8.81 12.65
Surfactant -17.25 -5.87 Surfactant -51.53 -1.40
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results. However, Bridges et al. (2019) found a reduction in K concen-
trations under burned soils when compared to unburned soils. A prob-
able reason is that the available K was immobilized within mineral 
structures driven by thermal (burning) (Bridges et al. (2019) and re-
medial (mulching and surfactant) treatments. Probably, once the clay 
mineral dehydrates as a result of the heating process, K+ is trapped 
in the interlayer space of montmorillonite and vermiculite present in 
Yauco soil. Also, the increase in exchangeable Ca2+ may cause displace-
ment of K+ adsorbed to the exchange sites, facilitating the loss of Ca2+ 
by lixiviation and erosion. In addition, it has been found that high soil 
moisture content, erosion, and leaching processes can significantly de-
crease the availability of K (Fonseca et al., 2017; Kuchenbuch et al., 
1986), although, none of them can be attributed to the results obtained 
at our experimental site.

At our experimental site, the highest soil surface mean tempera-
ture recorded was 538° C, which is categorized as medium to high se-
verity fire. Wolfe and Van Bloem (2011) found that in grass dominated 
dry areas in Puerto Rico, ground level peak fire temperature was ap-
proximately 540° C. Based on the recorded temperature a significant 
decline in total microbial biomass was expected following a fire, as sug-
gested by Dooley and Treseder (2012). However, a remarkable reduc-
tion (around 70%) was observed 30 DAB only after performing the sec-
ond burning but none in the first year. Studies have shown a decrease 
in microbial biomass after a fire and a recovery that may take months 
or even years (Certini, 2005; Barreiro and Díaz-Raviña, 2021). Other 
studies have shown that prescribed fires do not change total microbial 
biomass in the long term (Dooley and Treseder, 2012).

The addition of mulch or a surfactant to the soil increased total 
microbial biomass in both years after the prescribed fires. Soil manage-
ment practices such as mulching can have considerable effects on soil 
temperature, evaporation (Wang et al., 2011; Li et al., 2013), organic 
matter content (Zhou et al., 2013), and increased soil water retention 
which in turn can stimulate soil microbial activity and biomass (Shen 
et al., 2016). Also, soil surfactant application can increase soil water 
content which in turn increases plant activity and increases soil micro-
bial biomass and activity (Ahmadi et al., 2018).

Total microbial biomass in both years was significantly higher in 
mulch and surfactant-treated burned soils, compared to unburned and 
burned plots without any treatment after 90 and 420  DAB. No sig-
nificant differences were observed between unburned and burned plots 
with and without treatments in the first year. Our results agree with 
previously reported data where higher bacterial concentrations were 
found in burned soils as compared to unburned soils (Grasso et al., 
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1996; Badía and Martí, 2003b). Also, similar to our results, Grasso et 
al. (1996) and Mataix-Solera et al. (2002) showed that bacterial popu-
lations returned to pre-fire levels (around 3 to 4 ug PLFA/g soil).

Soil fungi populations were more sensitive to prescribed burning 
than bacteria populations. Similar results were observed by Dooley 
and Treseder (2012). Total fungal PLFA was significantly lower in 
burned positive sites compared to unburned sites whereas total bacte-
rial PLFA did not differ between burned and unburned sites 30 DAB. 
A meta-analysis study by Dooley and Treseder (2012) found that soil 
fungi abundance declines by an average of 47.6% following fires, and 
fungal responses to fire may have the same response mechanisms as 
SMC as a whole.

CONCLUSIONS

An increase in exchangeable Ca2+ and a decrease in exchangeable 
K+ were observed on burned plots with and without mulch and surfac-
tant treatments compared to unburned soils. The increase in Ca2+ can 
be attributed to the ash from organic matter and from the solubility of 
CaCO3 present in Yauco soil, a Mollisol with a carbonate mineralogy. 
Under fire, CaCO3 can be converted to CaO, a more soluble calcium 
compound. The solubility of CaCO3 in water is approximately 15 mg/L 
at 25° C, whereas the solubility of CaO is 1 g/840 ml. The displacement 
of exchangeable K+ by exchangeable Ca2+ from the exchange sites and 
subsequent loss by leaching should be a factor contributing to the de-
crease in K+. Another factor contributing to lower levels of K+ can be 
entrapment in 2:1 clay minerals as hydration decreased by the fire. 
Prescribed fire also decreased microbial biomass 30 days after burning. 
However, most PLFA biomarkers returned to similar or higher values 
in a short period of time after fire. The use of mulch and surfactant 
seemed to help the recovery of microbial communities in both years. 
Results from this short-term study suggest that soil microbial commu-
nities are highly resilient to disturbance after prescribed fires.

LITERATURE CITED

Ahmadi, K., B.S. Razavi, M. Maharjan, Y. Kuzyakov, S.J. Kotska, A. Carminati, and 
M. Zarebanadkouki, 2018. Effects of rhizophere wettability on microbial biomass, 
enzyme activities and localization. Rhizosphere 7: 35-42.

Alcañiz, M., L. Outeiro, M. Francos, J. Farguell, and X. Úbeda, 2016. Long-term dy-
namics of soil chemical properties after a prescribed fire in a Mediterranean forest 
(Montgrí Massif, Catalonia, Spain). Sci. Total Environ. 572: 1329-1335. https://doi.
org/ 10.1016/j.scitotenv.2016.01.115.

Andreu, V., J.L. Rubio, J. Forteza, and R. Cerni, 1996. Post fire effects on soil properties 
and nutrient losses. Int. J. Wildland Fire 6: 53-58.



202 	 Tirado-Corbalá et al./ Prescribed Fires

Badía, D. and C. Martí, 2003a. Plant ash and heat intensity effects on chemical and 
physical properties of two contrasting soils. Arid Land Research Management 17: 
23-41.

Badía, D. and C. Martí, 2003b. Effect of simulated fire on organic matter and selected 
microbial properties of two contrasting soils. Arid Land Research and Management 
17: 55-69.

Badía, D., C. Martí, A. Aguirre, J. Aznar, J. González-Pérez, J. De la Rosa, J. León, P. 
Ibarra, and T. Echeverría, 2014. Wildfire effects on nutrients and organic carbon of 
a Rendzic Phaeozem in NE Spain: Changes at cm-scale topsoil. Catena 113: 267-275.

Bai, Y., J. Wu, Q. Pan, J. Huang, Q. Wang, F. Li, A. Buyantuyev, and X. Han, 2007. 
Positive linear relationship between productivity and diversity: Evidence from the 
Eurasian steppe. Journal of Applied Ecology 44: 1023-1034.

Barreiro, A. and M. Díaz-Raviña, 2021. Fire impacts on soil microorganisms: Mass, activ-
ity, and diversity. Current Opinion in Environmental Science & Health 22: 100264. 
doi.org/10.1016/j.coesh.2021.100264

Bossio, D.A., K.M. Scow, N. Gunapala, and K.J. Graham, 1998. Determinants of soil 
microbial communities: effects of agricultural management, season and soil type on 
phospholipid fatty acid profiles. Microbial Ecology 36: 1-12.

Bridges, J.M., G.P. Petropoulos, and N. Clerici, 2019. Immediate changes in organic 
matter and plant available nutrients of Haplic Luvisol soils following different ex-
perimental burning intensities in Damak Forest, Hungary. Forests 10(5): 453. doi.
org/10.3390/f10050453

Buyer, J.S., D.P. Roberts, and E. Russek-Cohen, 2002. Soil and plant effects on microbial 
community structure. Can. J. Microbiol. 48: 955-964. doi:10.1139/w02-095.

Buyer, J.S., J.R. Teasdale, D.P. Roberts, I.A. Zasada, and J.E. Maul, 2010. Factors affect-
ing soil microbial community structure in tomato cropping systems. Soil Biology 
and Biochemistry 42: 831-841.

Cavigelli, M.A., G.P. Robertson, and M.J. Klug, 1995. Fatty acid methyl ester (FAME) 
profiles as measures of soil microbial community structure. Plant and Soil 170: 99-
113. doi:10.1007/bf02183058.

Certini, G., 2005. Effects of fire on properties of forest soils: A review. Oecologia 143: 1-10.
Chungu, D., P. Ng’andwe, H. Mubanga, and F. Chileshe, 2020. Fire alters the availability 

of soil nutrients and accelerates growth of Eucalyptus grandis in Zambia. J. For. 
Res. 31(5): 1637-1645.

Clapperton, M.J., M.J. Lacey, K. Hanson, and C. Hamel, 2005. Analysis of phospholipid 
and neutral lipid fatty acids extracted from soil. Research Newsletter. SPARC-
AAFC, Swift Current, SK, Canada, pp1-2.

Cooley, E. and B. Lowery, 2000. Nitrogen leaching and the use of surfactants to reduce 
the impacts of the potato dry zone: pp 169-174, In: Proc. 2000 Wis. Annual Potato 
Mtg., Madison, WI.

Dangi, S., S. Gao, Y. Duan, and D. Wang, 2020. Soil microbial community structure af-
fected by biochar and fertilizer sources. Applied Soil Ecology 150: 103452. https://
doi.org/10.1016/j.apsoil.2019.103452.

Dangi, S.R., P.D. Stahl, E. Pendall, M.B. Cleary, and J.S. Buyer, 2010. Recovery of soil 
microbial community structure after a fire in a Sagebrush- grassland ecosystem. 
Land Degrad. Develop. 21: 423-432.

Dangi, S.R., P.D. Stahl, A.F. Wick, L.J. Ingram, and J.S. Buyer, 2012. Soil microbial com-
munity recovery in reclaimed soils on a surface coal mine site. Soil Sci. Soc. Am. J. 
76: 915-924. doi:10.2136/sssaj2011.0288.

Dangi, S.R., R. Tirado-Corbalá, J.A. Cabrera, D. Wang, and J. Gerik, 2013. Soil biotic 
and abiotic responses to dimethyl disulfide spot drip fumigation in established 
grape vines. Soil Sci. Soc. Am. J. 78: 520-530. doi:10.2136/sssaj2013.08.0324.

DeBano, L.F., 2000. The role of fire and soil heating on water repellency in wildland 
environments: A review. J. Hydrol. 231: 195-206.

DeBano, L.F., and C.E. Conrad, 1974. Effect of a wetting agent and nitrogen fertilizer on 
establishment of ryegrass and mustard on a burned watershed. Journal of Range 
Management 27(1): 57-60.



	 J. Agric. Univ. P.R. vol. 106, 2, 2022	 203

DeBano, L.F. and R.M. Rice, 1973. Water repellent soils: Their implications in forestry. 
J. Forestry 71: 220-223.

DeBano, L.F., D.G. Neary, and P.F. Folliott, 1998. Fire’s Effects on Ecosystems. John 
Wiley and Sons Inc., New York, NY.

Díaz-Raviña, M., A. Prieto, M.J. Acea, and T. Carballas, 1992. Fumigation-extraction 
method to estimate microbial biomass in heated soils. Soil Biology and Biochemis-
try 24: 259-264.

Dooley, S.R. and K.K. Treseder, 2012.The effect of fire on microbial biomass: a meta-anal-
ysis of field studies. Biogeochemistry 109: 49-61. doi:10.1007/s10533-011-9633-8.

Federle, T.W., 1986. Microbial distribution in soil – new techniques: pp 493-498, In: F. 
Megusar and M. Gantar (eds) Perspectives in Microbial Ecology. Slovene Society of 
Microbiology, Ljubljana.

Fidanza, M.A., P.F. Colbaugh, M.C. Engelke, S.D. Davis, and K.E. Kenworthy, 2005. 
Use of high-pressure injection to alleviate Type-I fairy ring symptoms in turfgrass. 
HorTecnology 12(1): 169-172.

Figueroa, J.R., 2016. Puerto Rico fire statistics of 2015. Cuerpo de Bomberos de Puerto Rico.
Fioretto, A., S. Papa, A. Pellegrino, and A. Ferriguo, 2009. Microbial activities in soils 

of a Mediterranean ecosystem in different successional studies. Soil Biology and 
Biochemistry 41: 2061-2068.

Fonseca, F., T. De Figueiredo, C. Nogueira, and A. Queirós, 2017. Effect of prescribed 
fire on soil properties and soil erosion in a Mediterranean mountain area. Geoder-
ma 307: 172-180.

Frostegård, A. and E. Bååth, 1996. The use of phospholipid fatty acid analysis to esti-
mate bacterial and fungal biomass in soil. Biology and Fertility of Soils 22: 59-65. 
doi:10.1007/bf00384433.

Frostegård, Å., A. Tunlid, and E. Bååth, 1993. Phospholipid fatty acid composition, bio-
mass, and activity of microbial communities from two soil types experimentally 
exposed to different heavy metals. Applied & Environmental Microbiology 59: 3605-
3617.

Glogiewicz, J. and J. Baez, 2001. Vegetation fire dynamics in Puerto Rico; a report about 
its incidence, cause, and danger, with emphasis on the urban-rural interface. Inter-
national Institute of Tropical Forestry, USDA Forest Service.

González-Toro, C., 2008. El fuego y la quema de pastos. Servicio de Extensión Agrícola. 
Colegio de Ciencias Agrícolas de Puerto Rico. University of Puerto Rico, Agricul-
tural Extension Service Publication, Puerto Rico

Grasso, G.M., G. Ripabelli, M.L. Sammarco, and M. Mazzoleni, 1996. Effects of heating 
on the microbial population of a grassland soil. International Journal of Wildland 
Fire 6: 67-70. doi.org/10.1071/WF9960067

Grayston, S.J., G.S. Griffith, J.L. Mawdsley, C.D. Campbell, and R.D. Bargett, 2001. 
Accounting for variability in soil microbial communities of temperate upland grass-
land ecosystems. Soil Biology and Biochemistry 33: 533-551.

Hart, S.C., T.H. DeLuca, G.S. Newman, M.D. MacKenzie, and S.I. Boyle, 2005. Post fire 
vegetative dynamics as drivers of microbial community structure and function in 
forest soils. Forest Ecology and Management 220: 166-184.

Henry, C. and K. Bergeron, 2005. Compost use in forest and land restoration. EPA num-
ber: EPA 832-R-05-004, Environmental Protection Agency, USA.

Heydari, M., A. Rostamy, F. Najafi, and D.C. Fey, 2015. Effect of fire severity on physical 
and biochemical soil properties of Zagros oak (Quercus brantii Lindl.) forests. Iran 
J. For. Res. 28: 95-104.

Hooper, D.U., F.S. Chapin III, J.J. Envel, A. Hector, P. Inchansti, S. Lavorel, J.H. Law-
ton, D.M. Lodge, M. Lorean, S. Naeem, H. Setala, A.J. Symstad, J. Vandermeer, and 
D.A. Wardle, 2005. Effects of biodiversity on ecosystem functioning: A consensus of 
current knowledge. Ecological Monographs 75: 3-35.

Hough, D., 1981. Long Corner Creek Hydrologic Project: Aspects of the Geology, Physiog-
raphy and Soils. Soil Conservation Authority: Victoria, Australia.

Huang, Y.M., K. Michel, S.S. An, and S. Zechmeister-Boltenstern, 2011. Changes in mi-
crobial community structure with depth and time in a chronosequence of restored 



204 	 Tirado-Corbalá et al./ Prescribed Fires

grassland soils on the Loess Plateau in northwest China. Journal of Plant Nutrition 
and Soil Science 174: 765-774. doi:10.1002/jpln.201000397.

Jarvis, B.D.W. and S.W. Tighe, 1994. Rapid identification of Rhizobium species based on cel-
lular fatty acid analysis. Plant and Soil 161: 31-41. doi:10.1007/bf02183083.

Keizer, J., A. Ferreira, S. Doerr, and M. Malvar, 2005. Spatial patterns of soil water repel-
lency: clues for sources of hydrophobic compounds. Geophysical Research Abstracts 7: 
01651.

Khanna, P.K. and R.J. Raison, 1986. Effect of fire intensity on solution chemistry of surface 
soil under a Eucaliptus pauciflora forest. Aust. J. Soil Res. 24: 426-434.

Kuchenbuch, R., N. Claassen, and A. Jungk, 1986. Potassium availability in relation to soil 
moisture. Plant Soil 95: 233-243.

Kuo, S., 1996. Phosphorous: pp 869-919, In: D.L. Sparks et al. (eds) Methods of Soil Analysis. 
Part 3 Chemical Methods, SSSA Book Series No.5, SSSA and ASA, Madison, WI.

Lehman, M.R., V. Acosta-Martinez, J.S. Buyer, C.A. Cambardella, H.P. Collins, T.F. Ducey, 
J.J. Halvorson, V.L. Jin, J.M.F. Johnson, R.J. Kremer, J.G. Lundgren, D.K. Manter, J.E. 
Maul, J.L. Smith, and D.E. Stott, 2015. Soil biology for resilient, healthy soil. Journal of 
Soil and Water Conservation 70 (1): 12A-18A; doi: 10.2489/jswc.70.1.12A.

Li, S.X., Z.H. Wang, S.Q. Li, Y.J. Gao, and X.H. Tian, 2013. Effect of plastic sheet mulch, 
wheat straw mulch, and maize growth on water loss by evaporation in dryland areas of 
China. Agricultural Water Management 116: 39-49.

Liao, J., Y. Liang, and D. Huang, 2018. Organic farming improves soil microbial abundance 
and diversity under greenhouse condition: A case study in Shanghai (Eastern China). 
Sustainability 10: 3825. doi:10.3390/su10103825

Madsen, M.D., S.J. Kostka, A.L. Inouye, and D.L. Zvirzdin, 2012. Postfire restoration of soil 
hydrology and wildland vegetation using surfactant seed coating technology. Range-
land Ecology & Management 65(3): 253-259.

Mataix-Solera, J., J. Navarro-Pedreño, C. Guerrero, I. Gómez, and J. Mataix, 2002. Effects 
on an experimental fire on soil microbial populations in a Mediterranean environment: 
pp1607-1614, In: J.L. Rubio, R.P.C. Morgan, S. Asins, and V. Andreu (eds) Man and Soil 
at the Third Milennium. Geoforma Ediciones, Logroño Spain.

Monmany, A.C., W.A. Gould, M.J. Andrade-Núñez, G. González, and M. Quiñones, 2017. 
Characterizing predictability of fire occurrence in tropical forests and grasslands: The 
case of Puerto Rico. Chapter 4 In: Chakravarty, S., Shukla, G. Eds., In Tech: Rijeka, 
Forest Ecology and Conservation. http://dx.doi.org/10.5772/67667.

Muñoz, M., W.I. Lugo, C. Santiago, M. Matos, S. Ríos, and J. Lugo, 2018. Taxonomic clas-
sification of the soils of Puerto Rico, 2017. Bulletin 313. University of Puerto Rico, May-
agüez Campus. College of Agricultural Sciences, Agricultural Experiment Station. San 
Juan, Puerto Rico. p 20.

Neary, D.G., 2004. An overview of fire effect on soils. Rocky Mountain Research Station, 
Flagstaff, Arizona. Southwest Hydrology 3: 18-19.

Nelson, D.W. and L.E. Sommers, 1996. Total carbon, organic carbon, and organic matter. In 
Methods of Soil Analysis, Part 3 Chemical methods. SSSA Books Series 5, J.M. Bighman, 
(ed) American Society of Agronomy, Madison, WI. doi.org/10.2136/sssabooksser5.3.c40

Nieves-Rivera, L., 2003. Water repellency in forest and grassland soils of Puerto Rico (Mas-
ter’s Thesis). University of Puerto Rico-Mayagüez, Mayagüez, Puerto Rico.

Olsson, P.A., 1999. Signature fatty acids provide tools for determination of the distribution 
and interactions of mycorrhizal fungi in soil. FEMS Microbiology Ecology 29: 303-310. 
https://doi.org/10.1016/S0168-6496(99)00021-5.

Pankhurst, C.E., A. Pierret, B.G. Hawke, and J.M. Kirby, 2002. Microbiological and chemical 
properties associated with macropores at different depths in a red-duplex soil in NSW 
Australia. Plant and Soil 238: 11-20.

Pereira, P., X. Úbeda, D.A. Martin, J. Mataix-Solera, A. Cerdà, and M. Burguet, 2013. Wild-
fire effects on extractable elements in ash from a Pinus pinaster forest in Portugal. 
Hydrol. Process. doi.org/10.1002/hyp.9907.

Pérez-Guzmán, L., V. Acosta-Martínez, L.A. Phillips, and S.A. Mauget, 2020. Resilience of the 
microbial communities of semiarid agricultural soils during natural climatic variability 
events. Applied Soil Ecology 149: 103487. https://doi.org/10.1016/j.apsoil.2019.103487.



	 J. Agric. Univ. P.R. vol. 106, 2, 2022	 205

Pyne, S.J., 2001. Fire: A brief history. University of Washington Press, Seattle, pp 1–224.
Robichaud, P.R., S.A. Lewis, J.W. Wagenbrenner, L.E. Ashmun, and E.R. Brown, 2013. Post-

fire mulching for runoff and erosion mitigation, Part I: Effectiveness at reducing hill-
slope erosion rates. Catena 105: 75-92.

Santín, C. and S.H. Doerr, 2016. Fire effects on soils: the human dimension. Phil. Trans. R. 
Soc. B 371: 20150171. doi.org/10.1098/rstb.2015.0171

Santín, C., S.H. Doerr, A. Merino, R. Bryant, and N.J. Loader, 2016. Forest floor chemical 
transformations in a boreal forest fire and their correlations with temperature and 
heating duration. Geoderma 264: 71-80. doi:10. 1016/j.geoderma.2015.09.021.

Santín, C., X.L. Otero, S.H. Doerr, and C.J. Chafer, 2018. Impact of a moderate/ high-severity 
prescribed eucalypt forest fire on soil phosphorous stocks and partitioning. Sci Total 
Environ 621: 1103-1114.

SAS Institute, 2003. SAS/STAT user’s guide. Version 9.1 4th ed. SAS Inst., Cary, NC.
Schlesinger, W.H., M.C. Dietze, R.B. Jackson, R.P. Phillips, C.C. Rhoades, L.E. Rustad, and 

J.M. Vose, 2016. Forest biogeochemistry in response to drought. Glob. Chang. Biol. 22: 
2318-2328. doi:10.1111/gcb.13105

Shen, Y., Y. Chen, and S. Li, 2016. Microbial functional diversity, biomass and activity as 
affected by soil surface mulching in a semiarid farmland. PLOS One. July 14:11(7): 
e0159144.doi: 10.1371/journal.pone.0159144. PMID: 27414400; PMCID: PMC4945083.

Sumner, M.E. and W.P. Miller, 1996. Cation exchange capacity and exchange coefficients: pp 
1201-1230, In: Methods of soil analysis, Part 3 Chemical methods. SSSA Book Series 5, 
SSSA Inc., Madison, WI. https://doi.org/10.2136/sssabooksser5.3.c40

Syaufma, L. and A.N. Ainuddin, 2011. Impacts of fire on Southeast Asia tropical forests bio-
diversity: A review. Asian Journal of Plant Science 10: 238-244.

Thomas, G.W., 1996. Soil pH and soil acidity: pp 475-490, In: Methods of soil analysis, Part 
3 Chemical methods. SSSA Book Series 5, SSSA Inc., Madison, WI.

Thomaz, E.L., V. Antoneli, and S.H. Doerr, 2014. Effects of fire on the physicochemical prop-
erties of soil in a slash-and-burn agriculture. Catena 122: 209-215.

Tilman, D., 1999. The ecological consequences of changes in biodiversity: A search for gen-
eral principles. Ecology 80: 1455-1474.

Tng, D.Y., D.P. Janos, G.J. Jordan, E. Weber, and D.M. Bowman, 2014. Phosphorus limits 
Eucalyptus grandis seedling growth in an unburnt rain forest soil. Front Plant Sci 5: 
527.

Tomkins, I.B., J.D. Kellas, K.G. Tolhurst and D.A. Oswin, 1991. Effects of fire intensity on 
soil chemistry in a eucalypt forest. Soil Res 29: 25-47.

U.S. Geological Survey, 2016. Climate of Puerto Rico. Accessed April 8, 2022, at URL https://
www.usgs.gov/centers/caribbean-florida-water-science-center-%28cfwsc%29/science/
climate-puerto-rico.

Van Beusekom, A.E., W.A. Gould, A.C. Monmany, A.H. Khalyani, M. Quiñones, S.J. Fain, 
M.J. Andrade-Nuñez, and G. González, 2017. Fire weather and likelihood: character-
izing climate space for fire occurrence and extent in Puerto Rico. Climatic Change. 
https://doi/org 10.1007/s10584-017-2045-6.

Vázquez, F.J., M.J. Acea, and T. Carballas, 1993. Soil microbial populations after wildfire. 
FEMS Microbial Ecology 13: 93-104.

Wang, Y.J, Z.K. Xie, S.S. Malhi, C.L. Vera, Y.B. Zhang, and Z.H. Guo, 2011. Effects of gravel-
sand mulch, plastic mulch and ridge and furrow rainfall harvesting system combina-
tions on water use efficiency, soil temperature and watermelon yield in a semi-arid 
Loess Plateau of northwestern China. Agricultural Water Management 101: 88-92.

Wolfe, B.T. and S.J. Van Bloem, 2011. Subtropical dry forest regeneration in grass-invaded 
areas of Puerto Rico: Understanding why Leucaena leucocephala dominates and native 
species fail. Forest Ecology and Management 267: 253-261.

Zelles, L., 1997. Phospholipid fatty acid profiles in selected members of soil microbial com-
munities. Chemosphere 35: 275-294. https://doi.org/10.1016/S0045-6535(97)00155-0.

Zhou, Z.C., Z.T. Gan, Z.P. Shangguan, and F.P. Zhang, 2013. Effects of long-term repeated 
mineral and organic fertilizer applications on soil organic carbon and total nitrogen in 
a semi-arid cropland. European Journal of Agronomy 45: 20-26.




