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Abstract: Pinus massoniana forests bordering South China are often affected by wildfires.
Fires cause major changes in soil properties in many forest types but little is known about
the effects of fire on soil properties in these P. massoniana forests. Such knowledge is
important for providing a comprehensive understanding of wildfire effects on soil patterns
and for planning appropriate long-term forest management in these forests. Changes in soil
physical properties, carbon, nutrients, and enzymes were investigated in a P. massoniana
forest along a wildfire-induced time span consisting of an unburned soil, and soils 0, one,
four, and seven years post-fire. Soil (0—10 cm) was collected from burned and unburned sites
immediately and one, four, and seven years after a wildfire. The wildfire effects on soil
physical and chemical properties and enzyme activities were significantly different among
treatment variation, time variation, and treatment-by-time interaction. Significant short-term
effects on soil physical, chemical, and biological properties were found, which resulted in a
deterioration of soil physical properties by increasing soil bulk density and decreasing
macropores and capillary moisture. Soil pH increased significantly in the soil one-year
post-fire. Carbon, total nitrogen (N) and phosphorus (P), and available N and P increased
significantly immediately and one year after the wildfire and decreased progressively to
concentrations lower than in the unburned soil. Total potassium (K) and exchangeable K
increased immediately after the wildfire and then continuously decreased along the burned
time-span. Urease, acid phosphatase, and catalase activities significantly decreased
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compared to those in the unburned soil. In fire-prone P. massoniana forests, wildfires may
significantly influence soil physical properties, carbon, nutrients, and enzyme activity.

Keywords: carbon; enzymes; nutrients; physical properties; Pinus massoniana forest;
soils; wildfire

1. Introduction

Fire is an important disturbance factor in many terrestrial ecosystems [1]. Warming trends and
recurring droughts increase the tendency of forest wildfires to occur [2—4]. Fire can lead to important
changes in the properties of forest soils [5], which support critical processes such as hydrologic and
biogeochemical cycling [6]. There are two basic types of forest fires: prescribed (controlled) fires and
wildfires [7]. Prescribed burning of naturally accumulated forest floor or slash following tree harvest is
a standard practice to reduce fuel levels. In contrast, wildfires generally occur in the presence of
an abundant and dry fuel load and, thus, can be very severe [7], particularly where a heavy and dry fuel
bed is present that can lead to combustion temperatures of up to 500-700 °C at the soil
surface [8,9]. Because they consume soil organic matter (SOM), fires have detrimental impacts on soil
physical properties, including increased bulk density [5,10], reduced soil porosity, and decreased water
storage capacity [11,12].

Fires can decrease the total amount of nutrients on site through losses from volatilization, smoke, ash
transport, leaching, and erosion [10,13]. Soil pH has been found to increase because of the release of
alkaline ions from production of potassium (K) and Na oxides, hydroxides, and carbonates in
the ash [14] and also organic acid denaturation with heating [12]. The main reasons for increased nutrient
availability are the generation of ashes and increased mineralization. Heating of SOM usually gives rise
to ash with different properties, depending on fire severity, whereas increased pH values may increase
nutrient availability (e.g., the availability of some micronutrients like Fe, Mn or Zn decreases with
increasing pH). However, fires may also contribute to decreased nutrient availability in the longer term
because nutrients released from organic matter and microbial biomass are likely to be removed from the
ecosystem by leaching and runoff [15,16].

Post-fire recovery of soil nutrients is largely limited by microbial activity [17]. Because
high-intensity fires can partially sterilize the surface soil [18], assessing soil microbial activity can be
conducted through soil enzyme analysis [19]. Soil enzymes reflect microbial activity important for
carbon, nitrogen (N), and phosphorus (P) cycling [20].

Fire’s role in the terrestrial carbon cycle and nutrient dynamics have been extensively investigated in
both natural and plantation forests in boreal and temperate regions, as well as for slash-and-burn
agriculture in tropical forests [21-28]. However, many uncertainties remain in subtropical forests. As
the impacts of fire on soils can be highly variable [6,29], it is important to understand how fire impacts
on soil carbon and nutrients in subtropical forests to maintain soil fertility in those forests that have
experienced fires.

Pinus massoniana is a fast-growing tree species with rich rosin, which is widely distributed in
southern China [30], and has the greatest area and stored volume among the conifer species of
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China [31]. Wildfires are historically a major threat for this forest species. In Dongyuan, Southern China,
natural forest wildfire events are prone to occur in the spring, characterized by relatively high
temperatures and low relative air humidity. March comes after a period of little rain and lower
temperatures, lasting from November to February, which supports the production and availability of
a considerable fuel mass. In addition, acid soils limit microbial activity, resulting in an accumulation of
litter on the forest floor [2,32,33]. Despite P. massoniana forests being fire prone, little is known about
the effects of wildfires on properties of their soils. This information is critical for long-term planning
and management of these forests.

Knowledge of soil fertility changes following wildfires is relatively small because of the lack of
suitable comparable control sites and/or lack of pre-fire data. Hence, the effects of wildfire on soils are
usually assessed after the fact using nearby forests as controls [6,34—36]. A wildfire burned through
approximately half (3/7) of a P. massoniana forest in Dongyuan County, Guangdong province, China in
March 2006. This allowed us to establish unburned and pre-burned plots in this P. massoniana forest
after the wildfire for studying soil change in March 2006. This study aimed to study the impacts of a
wildfire on (1) soil physical properties including soil bulk density, porosity, and capillary moisture; (2)
soil carbon and N, P, and K and (3) activities of urease, acid phosphatase, and catalase during seven
years in a P. massoniana forest by comparing burned with unburned adjacent soils.

2. Material and Methods
2.1. Site

The study site (23°44’ N, 114°42" E) is located in Dongyuan County, Giangdong province, China,
which has a typical hilltopography with a northwesterly aspect and a slope of 35°. The climate is
characterized by long hot summers, high humidity, and mild winters. The mean annual temperature is
20 °C, and the mean annual precipitation is 2142 mm, most of which occurs from April to June.
A wildfire occurred in a P. massoniana forest in March 2006, and all tree crowns, understory vegetation
and litter in part of this forest (3 ha) were completely burned. The blackened soil surface after the wildfire
indicated that the heat generated during the burn was insufficient to completely consume the litter at the
soil surface, suggesting that the fire was likely of moderate severity. The overstory vegetation in the
unburned part was characterized by a P. massoniana forest with a mean stem diameter at breast height
of 13.5 cm and a mean tree height of 11.0 m in March 2006. The understory vegetation in the unburned
area consisted primarily of Dicranopteris dichotoma (Thunb) Bernh.), Rhodomyrtus tomentosa (Ait.)
Hassk.), and Baeckea frutescens L. In March 2007, the understory vegetation in the burned area
consisted primarily of Microstegium vegans (Need ex Steud., A. Camus), Miscanthus sinensis Andress,
and Dicranopteris dichotoma (Thunb) Bernh. The soil is classified as Ultisols with strong acidity and is
more than 1 m deep.

2.2. Methods

The study covered a period of 7 years, starting in March 2006, and ending in March 2013. Three
replicate burn and unburned control sites were established, each averaging 0.5 ha. The litter was removed
in the unburned plots, and the charred debris and the ash layer were removed in the burned plots, and
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then soil samples were collected from the upper 10 cm at 24 randomly located points in each plot. The
burned and unburned soils were sampled one to two days and at 1, 4, and 7 years after the wildfire. Soil
cores with a volume of 100 cm® each were collected using a steel ring knife.

To measure soil physical properties, the fresh weight (mo) of each soil core in one of the steel ring
knives was weighed using a digital balance. Each core was placed in a water tray until the whole porosity
of the soil was fully saturated with water (about 12 hours) and then was weighed immediately to obtain
mi. In order to remove non-capillary water from the soil, the core was placed in a dry tray for 2 hours
and was weighed again to obtain m2. Next, the core was placed in a dry tray for another 24 hours to
continuously remove water and was weighed again to obtain ms. Finally, the core was oven-dried at
105 °C for 48 hours and weighed to obtain ma4.

Soil water content (S, %), saturated water content (Sw, %), capillary moisture capacity (Cw, %)
that is quantified in the field by the capacity of the unsaturated aggregates to absorb water by
capillarity [37], field water capacity (Fw, %) that is defined as water in the soil retained against
gravity [38], and bulk density (D, g/cm®) were calculated according to Equations (1), (2), (3), (4) and
(5), respectively.

The total porosity (P, %), capillary porosity (Pc, %) and noncapillary porosity (Pr, %) of the soil were
calculated according to Equations (6)—(8), respectively. The equations used [37,38] are given below.

S(%)="0""4 L 100 (1)
m, —m

S (%)= ™~ 100 (2)
m, —m

C (%) ="2"" 3100 3)
m, —m

F, (%)= =M 100 (4)
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where m is the weight of the steel ring knife, ¥ is the volume of the soil core (100 cm?) and D is the
soil particle density, which is thought to be 2.65 g/cm? for Ultisols in China [39,40].

After carefully removing the surface organic material and fine roots, the soil sample was air dried for
48 h at room temperature (22 °C) and ground to pass a 2-mm sieve for analyses of chemical properties
and enzyme activity.
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For soil pH, available N, available P, and exchangeable K analyses, the air-dried soil was passed
through a 2-mm mesh sieve. For organic carbon and total P and total K measurement, the air-dried soil
was then further sieved to 0.15 mm. For total N analysis, the air-dried soil was passed through
a 0.25-mm mesh sieve [41]. The soil pH was measured in deionized water (1:2.5 w/w) at 20 °C.
The soil organic carbon (SOC) was analyzed using rapid dichromate oxidation of organic carbon.
The soil total N was estimated by Kjeldahl digestion [42]. Total P was determined by molybdenum blue
colorimetry and total K by atomic absorption spectroscopy following NaOH digestion [41].
The available N was released and transformed to NH3 by reaction with 1.07 M NaOH and FeSO4 powder
at 40 °C for 24 hours, and then absorbed with 2% (w/v) H3BOs and titrated with 0.005 M H2SO4 [41].
The available P was extracted with a solution of Bray-1 (0.03 M NH4F-0.025 M HCl) and measured by
colorimetry. Exchangeable K was extracted with 1.0 M NH4OAc (pH = 7.0) and then determined by
atomic absorption spectroscopy [41].

Urease activity was determined using urea (10% w/v) as the substrate, and incubating the soil sample
for 24 hours at 37 °C and measuring the NH3 released colorimetrically. To determine the acid
phosphatase activity, 5 g of soil and 20 mL 0.5% disodium phenyl phosphate were added to a 50-mL
flask, and then incubated for 2 hours at 37 °C. Five milliliters of filtrate was added to a 50-mL flask and
the concentration of p-nitrophenol was measured by absorbance. To determine catalase activity,
2 g of'soil, 40 mL deionized water, and 5 mL 0.3% H202 were added to a 100-mL flask, and then vibrated
for 30 min, after which 5 mL of 3 N H2SO4 was added. The solution was filtered, and 25 mL of filtrate
was titrated against 0.1 N KMnOs4 [43].

2.3. Statistical Analyses

Results are expressed on the basis of the oven-dry (105 °C, 48 hours) weight of the material. Means
(n = 24) and standard errors of the means were calculated for soil bulk density, organic carbon, and so
on. The data were found to be normally distributed with the Kolmogorov—Smirnov test. Changes in
different variables over time after the wildfire were analyzed using a two-way ANOVA and Tukey’s
test. Differences were considered significant at the P < 0.05 level. All tests were carried out using SAS
Version 8.2 (SAS Institute, Cary, NC, USA).

3. Results

The wildfire effects in soil physical properties were significantly different between treatment
variation, time variation, and treatment-by-time interaction in the two-way ANOVA (p < 0.070)
(Table 1). Wildfire-induced changes in soil chemical properties (p < 0.0289) and enzyme activities
(p < 0.0007) were similar to soil physical properties. Wildfire significantly altered soil bulk density,
which significantly increased and then significantly decreased with increasing post-fire time
(Figure 1). Relative to the unburned soil, bulk density increased in the burned soil one and four years
post-fire by 30% and 20%, respectively, and then returned to the level in the unburned soil seven years
post-fire. There was no significant effect of time after burning on soil capillary porosity, reflecting only
a slight change in this parameter from 2006 to 2013. Soil non-capillary porosity significantly decreased
by 17%, 38%, and 32% in the soils 0, one and four years post-fire, respectively, relative to the unburned
soil, and then returned to levels of the unburned soil by 2013. Soil capillary moisture decreased by 9%,
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23%, 2%, and 11% in the soils 0, one, four, and seven years post-fire, respectively, compared with the
unburned soil and the significant decrease in soil capillary moisture was only detected one year after
the fire.

Soil pH increased significantly from 4.6 (2006, pre-burn condition) up to 5.6 in the soil
one-year post-fire and then decreased progressively to 4.7 and 4.5 in the soils four and seven years
post-fire, respectively, whereas it decreased from 4.6 to 4.4 in the unburned soils (Figure 2). The SOC
significantly increased by 35% and 29% in the soils 0 and one year post-fire, respectively, and then
significantly decreased by 53% and 57% in the soils four and seven years post-fire, respectively, relative
to the unburned soil.

Table 1. Two-way ANOVA results for all measured variables in forest soil.

Variable Treatment effect Time effect Treatment x time

F-value p-value F-value p-value F-value p-value

Bulk density 82.06 <0.0001 1475 <0.0001 29.14 <0.0001
Capillary porosity 15.59  0.0012 5.8 0.0070 6.21 0.0053
Noncapillary porosity  44.94  <0.0001 7.58 0.0020 7.06 0.0031
Capillary moisture 141.35 <0.0001 2891 <0.0001 2332 <0.0001

pH 77.96  <0.0001 4456 <0.0001 37.68 <0.0001
Organic carbon 12274 <0.0001 12520 <0.0001 395.35 <0.0001
Total N 11053.0 <0.0001 31.82 <0.0001 5431 <0.0001
Available N 5046 <0.0001 1127.31 <0.0001 1145.71 <0.0001
Total P 27.65 <0.0001 3.90 0.0289 25.71  <0.0001
Available P 27244 <0.0001 521.10 <0.0001 55874 <0.0001
Total K 809.47 <0.0001 224.74 <0.0001 224.04 <0.0001
Available K 51.14  <0.0001 1381.81 <0.0001 1442.90 <0.0001
Urease 26513.6 <0.0001 667.09 <0.0001 9.63 0.0007
Acid phosphatase 20344.6 <0.0001 182.03 <0.0001 257.04 <0.0001
Catalase 2264.07 <0.0001 361.95 <0.0001 77.03 <0.0001

Total N concentrations increased in the soils 0 and one year post-fire relative to the unburned soil,
and then decreased progressively in the soils four and seven years post-fire. Total N was significantly
correlated with SOC (p = 0.0360) and available N (p =0.0001), so available N followed a similar pattern
as SOC and total N, showing a significantly higher concentration in the soils 0 and one year post-fire
relative to the unburned soil. However, this flush of available N was short lived, and the concentration
significantly decreased to a value lower than that in the unburned soil four and seven years after
the wildfire.
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Figure 1. Soil physical properties along a wildfire-induced time span; A, bulk density;
B, capillary porosity; C, non-capillary porosity; D, capillary water; each point represents
N = 24 with the standard error of the mean indicated; o, burned soil; A, unburned soil;
standard errors are shown by vertical bars.
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Total P concentration significantly increased immediately after the wildfire. There was no significant
difference in total P between the soil one-year post-fire and the unburned soil. However, four years after
the wildfire, total P became significantly lower in the burned soils and then remained at this level.
Available P showed a higher concentration 0 and one year after the wildfire than in the unburned soil,
and then decreased progressively in the soils four and seven years post-fire.

Wildfire slightly increased the total K concentration immediately after the wildfire, which decreased
slightly in the soil one-year post-fire, and continued to decrease in the soils four and seven years
post-fire. Exchangeable K significantly increased immediately after the wildfire and decreased in the

soil one and four years post-fire relative to the unburned soil. Seven years post-fire this parameter
remained at the level of the four years post-fire soil.
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Figure 2. Soil chemical properties along a wildfire-induced time span; A, soil pH; B, soil
organic carbon; C, total N; D, available N; E, total P; F, available P; G, total K;
H, exchangeable K; each point represents N = 24 with the standard error of the mean

indicated; o, burned soil; A, unburned soil; standard errors are shown by vertical bars.
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Compared with the unburned soil, enzyme activity after the wildfire significantly decreased, and
the decrease ranged from 53% to 65%, 59% to 66% and 25% to 69% for urease activity, acid phosphatase
activity, and catalase activity, respectively (Figure 3).

Figure 3. Soil enzyme activity along a wildfire induced time span; A, urease activity;
B, acid phosphatase activity; C, catalase activity; each point represents N = 24 with
the standard error of the mean indicated; o, burned soil; A, unburned soil; standard errors are

shown by vertical bars.
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4. Discussion
4.1. Soil Physical Properties

Most studies of wildfire focus on soil organic and chemical characteristics, with few reporting their
effect on soil bulk density, soil porosity, and capillary moisture capacity, which can be profoundly
affected by fires [44,45]. Organic matter and clay are crucial to the formation of structure in the surface
soil, which provides the macropore spaces needed for water movement and storage [6,46]. Wildfires can
destroy stable organic matter-clay linkages and change clay mineralogy to relatively inert clays by
burning litter and organic matter [47]. Wildfires also burn vegetation. Vegetation and the litter layer can
mitigate the impact of raindrops on soil and break up runoff [48]. In the present study, the wildfire
significantly increased bulk density relative to the unburned soil, which may be a result of the collapse
of organic-mineral aggregates [49] and sealing because of clogging of soil pores by the ash or the freed

clay minerals [7,50].
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Organic matter and soil structure affect soil porosity [6] and were profoundly affected by the wildfire
in the present study, resulting in a significant decrease in macropores (non-capillary porosity). When fire
consumes vegetation and underlying litter layers that mitigate the impact of rainfall on the soil, bare soil
surfaces can seal off under the impact of raindrops, resulting in much higher rates of surface runoff,
which contributes to decreased water-holding capacity of a soil [7,51]. This is the probable explanation
for the significant decrease in the soil capillary moisture after the wildfire.

4.2. Soil pH

Soil pH increased significantly one year after the wildfire and then returned to the level of the
unburned soil. This behavior supports observations by several authors, who have reported an increase in
soil pH following forest burning and for the effect to last for one to several years [29,52]. Arocena and
Opio [10] also reported that soil pH increased by 2 or 3 pH units for two or three years after fires, and
Rhoades et al. [53] found that soil pH was higher in logged burnout areas for more than three years after
combustion of downed logs compared with adjacent soil. Ubeda et al. [54] observed that pH returned to
pre-fire values just one year after the fire. This increase is generally due to the combustion of organic
matter and ash production. Burns are presumed to cause losses of un-dissociated organic acids in the
litter and soil by combustion, removing them from the system [10]. In addition, the leaching of alkaline
metals from the ash into the soil complex and the associated consumption of hydrogen ions in the
formation of water could result in an increase in pH after fires [17,52]. The pH increase from the
one-year post-burn soil may be related to losses of organic acids by heating [10]. In the present study,
the increase in pH from the burned soil is an ephemeral phenomenon with a recovery time of one year.
This is in agreement with rapid removal of ashes by wind or rainfall reported by Jordan et al. [55] and
Pereira et al. [56].

4.3. Soil Organic Carbon

Fire affects carbon cycling in forest soils directly by oxidizing many of the available compounds, and
indirectly by changing environmental constraints on microbial activity [17]. The SOC content increased
in the 0- and one-year post-fire soil, which is consistent with Zhang et al. [57], who observed that a
wildfire contributed to an increase of organic substances in soils under a P. massoniana forest. Johnson
and Curtis [58] reported a significant 8% increase in soil carbon in burned A horizon after a
meta-analysis across 48 studies. This increase may be a result of biochemically protected unburned
residues being incorporated into the mineral soil and an increase in recalcitrant SOM, which slows SOM
decomposition [12]. SOC decreased in the soils four and seven years post-fire, which may be explained
by soil erosion following heavy rainfalls. Fires increase erosion rates by removing the vegetation cover
and litter as well as altering the soil surface conditions [59]. Heavy rainfalls between April and June
during the four years post-fire might have been a key factor contributing to the decreased SOC
content, which may erode the soil surface and remove organic matter-rich fine sediments from the soil
surface [52].
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4.4. Soil Nutrients

Despite the dramatic loss of forest floor N, the soil total N content showed an increase and a
significantly progressive decrease after the wildfire. The influence of fire on soil total N pools has been
inconsistent with reports of increases [60-62], decreases [63,64], and no change [65,66]. This
inconsistency may be caused by environmental factors, such as soil moisture, leaching, soil erosion, and
the soil depth sampled influencing soil N [17]. Therefore, it appears that more studies are needed to
understand N changes after vegetation fires. Because of its low volatilization temperature, most N in
litter and soil surface layers that burn is lost to the atmosphere and can have large impacts on
the long-term N budgets of forest ecosystems [36]. Moderate-intensity fires can cause large losses of N
directly through consumption or NHs volatilization and NOs3 leaching or overland flow [6]. Therefore,
the wildfires lead to a decrease in total N in the long term. Nutrient loss is likely after fires, until
vegetation is re-established, root activity is restored, and evapotranspiration returns to normal levels.
Fire severity and vegetation type are also important factors affecting total N change. Sands [67]
demonstrated that burning a nutrient-poor sandy podzol resulted in large reductions in total N that were
detectable 24 years after the fire [49].

Total N and available N followed a similar pattern as SOC, because nearly all soil N is contained in
organic matter [68] and available N has been found to be highly correlated with the soil’s total N
content [69,70]. The available N significantly increased in burned soil within one year after the fire. The
response of available N to the wildfire supports many other studies, showing an initial increase [66,71].
Moderate- to high-intensity fires convert most soil organic N to inorganic forms [7]. Therefore, soil
inorganic N generally increases with fire [12,72] due to heat-induced NH4" release from clay complexes
(during fire), deposition of organic N in ash, and enhanced ammonification rates [73,74]. Weston and
Attiwill [75] quantified the fire-induced inorganic N increase as being three times the original
concentration over the first 205 days, followed by a return to the pre-fire level after 485 days.

The available N in burned soil four and seven years post-fire significantly decreased to a level lower
than in the unburned soil, which is similar to previous results. Miesel et al. [76] reported a significant
increase in mineral soil inorganic N concentrations. However, any increase in available N is often
relatively short lived [66] and can last several months to several years, depending on the vegetative
recovery and the regional climate [17]. If the high levels of available N after fire are not promptly taken
up by plants, this N in burned topsoils and surface ash is susceptible to leaching losses, and erosion by
runoff [77] and wind [49,78]. Therefore, heavy rainfalls occurring between April and June and steep
slopes in the study area may contribute to a decrease in post-fire available N.

The increase in soil total P was significant immediately after the wildfire and small in the soils
one-year post-fire and significantly decreased from four years after the wildfire. The main pool for P is
in the soil (94%-98%) and not in the litter. Therefore, severe burning of vegetation and litter has
a small impact on P pools compared with N pools. However, organic forms of P in the litter are made
more readily available to plants following fire [6]. Losses of P through burning may be more serious for
ultisols with low P, because natural replacement of P from rainfall or mineral weathering is very low in
subtropical forests in South China, and even small absolute losses of P would require a long fire-free
period to be replenished. For example, Klopatek [79] determined that P concentrations beneath
pinyon-juniper canopies, 35 years after a wildfire, had not recovered to levels found in stands that had
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not burned in 300 years. Erosion can effectively remove nutrients from a burned soil because nutrient
contents in ash far exceed concentrations in soils and litter, and ash is readily removed by runoff. Loss
of vegetation cover and increased soil water repellency after fires contribute to increased runoff and
surface erosion after fires [51]. Post-fire weather can also influence soil nutrient contents. Heavy rainfalls
immediately after a burn can lead to a loss of the nutrient-rich ash layer through erosion and overland
flow [80]. At the study site heavy rainfall occurred shortly (one month) after the wildfire, potentially
contributing to greater P losses. The P concentration is typically low in ultisols of subtropical forests in
South China and is predominantly cycled through organic pools in the upper soil layers, which often
limits tree growth. If this is the case, wildfires in P. massoniana forests may result in smaller organic P
pools and significant phosphorus leaching losses.

The wildfire resulted in an enrichment of available P immediately and one year after the wildfire,
which supports Certini [7]. Burning converts soil P to orthophosphate [12,81] and has a positive effect
on available P by inducing a change in soil pH toward neutrality. Therefore, fires result in an enrichment
of available P [82]. Romanya et al. [83] found that the soil available P content was higher than pre-fire
levels in a Eucalyptus forest seven months after slash burning. However, P enrichment after fire is
typically short lived, and in this study had declined in the burned soil four years after the wildfire. The
amounts of P that would have been released by ash could easily have been incorporated into the soil
without detection, as orthophosphate binds to Al, Fe, and Mn oxides through chemisorption in acid soils
of the study site. Available P can be lost by particulate transport of ash after a fire, or lost to runoff and
erosion [36]. Macadam [84] found that nine months after slash burning, available P in the upper 30 cm
of the mineral soil of a Picea-dominated forest had increased by up to 50% and began to diminish
21 months after the fire event. Therefore, the increased available P at the soil surface after fires will lead
to decreased nutrient availability in the long term.

Concentrations of total and exchangeable K increased immediately after the wildfire and then
continuously decreased in the soil. Fire-induced changes to soil nutrients other than N and P generally
are slighter and more ephemeral and soil exchangeable capacity is decreased by fires [85] beyond
the fire-associated nutrient enrichment period [7]. Adams and Boyle [86] reported that a month after
a wildfire, available K in the soil of a Quercus rubra-Populus grandidentata forest was significantly
higher than pre-fire levels, but the increases were almost gone after a further three months. Tomkins
et al. [87] found soil K to increase for six months following fire in a Eucalyptus forest. Heavy rainfall
one month after the wildfire in the study area may have led to the observed decrease in exchangeable K
because of the loss of a high-density-charged fraction such as organic matter, which can lead to K being
lost by particulate transport of ash, runoff, or erosion [36].

The magnitude of wildfire effect on soil chemical properties may be largely driven by climate and
time length following wildfires. Zhang et al. [57] found that SOM, total N, P and K and available N, P,
and K significantly increased two to four months following a wildfire in an artificial P. massoniana
forest in Guizhou Province, southwest China. Liu ef al. [88] observed that SOM, and total N significantly
increased, total P remained steady, whereas total K and available N, P, and K significantly decreased
from one to five years following wildfires in a P. massoniana forest in Hunan Province, south China.
Kong et al. [89] showed significant decreases in SOM and total N and significant increases in available
N, P, and K one year after a wildfire in a Larix gmelini forest in Great Xing’an Mountains, Northeast
China, whereas persistent decreases in SOM, total N, P, and K have been reported twenty years following
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wildfires in Great Xing’an Mountains [90]. In accordance with results of Gu et al. [90], our study
demonstrated significant decreases in SOM and N, P, and K after a wildfire. A higher rainfall occurred
at our study site compared to the study site of Liu et al. [88] (2142 mm vs. 1410 mm), which may be
responsible for the disagreement in dynamics of SOM and total N between our study site and the site of
Liu et al., because wildfire-caused increases in soil nutrients may lose due to strong leaching [9].

4.5. Soil Enzymes

Analyzing a suite of microbial enzymes along a time continuum that are active under variable
environmental conditions can provide an estimate of fire effects on microbial activity and a glimpse into
the below-ground functional changes that accompany fire [17]. Urease is an enzyme that catalyzes the
hydrolysis of urea into carbon dioxide and ammonia, and affects N release from SOM. Phosphatase
activity is involved in P cycling in soils and is regulated by the soil microclimate and organic carbon and
phosphorus availability [17]. Catalase catalyzes the decomposition of hydrogen peroxide, a powerful
and potentially harmful oxidizing agent, to water and oxygen. It is a very important enzyme in protecting
cells from oxidative damage.

Urease, phosphatase, and catalase activities were significantly lower in the burned soil than in the
unburned soil during the experimental period. This result supports several studies that have reported
reduced urease activity [91] and acid phosphatase activity in forest soils after fire [19,76]. These
decreases may be the result of decreased microbial biomass and/or activity, as Nannipieri et al. [92] and
Kandeler and Eder [93] have shown strong correlations between changes in microbial biomass and acid
phosphatase activity. Elevated available soil P may reduce acid phosphatase activity by reducing the
need for microbial expenditure of the enzyme [17]. Soil enzyme activity is limited by substrate chemistry
and availability [94]. Deteriorating environmental conditions or substrate chemistry could therefore
significantly decrease enzyme activity. Following a moderate- to high-intensity fire, microbes can be
killed directly through burning or be affected by oxidizing organic C of the soil surface as well as
completely removing the vegetation, thus, reducing potential OM inputs to soil and the nutrient content,
which may affect soil enzyme activity. The changes in soil enzyme activity are consistent with the time
post-fire. The fact that soil enzyme activity had not returned to pre-fire levels within seven years suggests
that overall microbial activity, organic matter, and nutrients were still lower than in unburned sites.

5. Conclusions

In summary, we found evidence that the wildfire has a significant impact on soil physical, chemical,
and biological properties in the P. massoniana forest. The significant differences in soil bulk occurred
one and four years after the wildfire and significant decrease in macrospores were found seven years
following the wildfire. Soil organic carbon, total N and P, and available N and P, total K and
exchangeable K significantly decreased in the burned soil compared with the unburned soil, and they
also significantly decreased along the burned time-span. Urease, acid phosphatase, and catalase activities
significantly decreased as a result of the fire. In addition, urease and catalase activities also significantly
increased after the fire. Our results indicated that even moderate-severity wildfires would lead to
long-term changes in physical, chemical, and biochemical properties of soil in P. massoniana
ecosystems, probably as a joint effect of burning, climate, and topography. In view of climate change,
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more extreme droughts may occur that will lead to more frequent forest wildfires [95]. The P.
massoniana forest represents some of moderate-severity forest fire plots in China, so long-term studies
of wildfire effects on a range of forest soils are critical for understanding effects of these wildfires.
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