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Wildfires significantly affect soil hydrologic processes, particularly in coarse-textured soils common 
in fire-prone areas such as central Chile. This study evaluated the hydrological effects of incorporating 
plant-derived ash into coarse-textured soils using laboratory measurements and HYDRUS-1D 
modeling. Ashes from Eucalyptus globulus (exotic) and Quillaja saponaria (native) were incorporated 
at 4% by weight into sandy loam (SL) and sandy clay loam (SCL) soils, simulating mixing into the 
upper 5 cm of a 30 cm profile. Compared to soils without ash, Q. saponaria increased saturated water 
contents by 12% in SL and 9% in SCL, while saturated hydraulic conductivity (Ks) decreased by 82% 
in SL with E. globulus and by 69% in SCL with Q. saponaria. Ash effects were concentrated near the 
surface, at 2.5 cm depth, volumetric water content (θ) increased up to 42% in SL with Q. saponaria and 
21% in SCL with E. globulus during the rainy season. Simulations showed that, for similar depths, ash-
amended soils retained higher θ despite lower pressure heads (more negative h), indicating enhanced 
moisture availability. Rosetta-based scenarios overestimated θ, as confirmed by RMSE analysis. These 
results underscore the value of process-based modeling for assessing post-fire soil behavior and the 
hydrological role of ash incorporation.
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Wildfires are becoming increasingly frequent and severe worldwide, especially in fire-prone countries such 
as Canada, Russia, and parts of Europe, along with several South American countries1. This trend has been 
linked to warmer and drier conditions driven by climate change2,3. One of the most concerning outcomes of 
wildfires is their impact on soil. The intense heat and loss of vegetation cover typically lead to increased erosion, 
reduced infiltration, and changes in soil physical and chemical properties4–8. In particular, fire-induced soil 
hydrophobicity, organic matter degradation, and surface sealing processes enhance surface runoff and reduce 
the soil’s ability to retain water9,10.

A key component influencing post-fire soil hydrology is the presence of ash, defined as the mineral and 
partially charred organic residue that remains after vegetation combustion11. Depending on its physical and 
chemical characteristics, ash can improve or degrade hydrological soil properties. For instance, coarse and 
less compact ash produced at lower combustion temperatures may increase infiltration rates due to higher 
saturated hydraulic conductivity12, whereas fine-textured ash formed under high temperatures tends to clog 
soil pores and reduce hydraulic conductivity10,11. The presence of surface ash can also promote crust formation, 
limiting infiltration and enhancing overland flow, particularly when combined with intense rainfall events10,13. 
Additionally, the chemical composition of ash, including nutrients such as potassium, calcium, and magnesium, 
may temporarily enrich the soil or, conversely, pose contamination risks when mobilized into nearby water 
bodies5,14.

The impact of ash on soil hydrological processes is highly context-dependent. Factors such as fire severity, 
ash depth and type, topography, and post-fire rainfall patterns, all modulate the soil’s response9,15. Furthermore, 
coarse-textured soils (such as sandy soils) cover vast global areas and are especially sensitive to post-fire 
disturbances due to their low water-holding capacity and high permeability16. In these soils, the incorporation 
of ash has been reported to improve field capacity, permanent wilting point, and plant available water12,17. 
Nevertheless, research on how ash incorporation affects infiltration and other hydrological properties in coarse-
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textured soils remains limited. This is particularly relevant in Mediterranean climate regions, such as central 
Chile, where these soils are widespread and frequently exposed to fire events.

Post-fire management practices vary in scale and effectiveness. Common strategies include mulching, 
reforestation, and the installation of erosion barriers18. Some approaches focus specifically on manipulating 
ash layers. For instance, manual raking or tillage can incorporate ash into the topsoil, reducing surface water 
repellency and stratification13,19. However, it is essential to consider soil texture before implementing such 
interventions, as this property can strongly influence the risk of surface runoff and water ponding after ash 
incorporation20. Coarse-textured soils may be more vulnerable to rapid water movement and erosion under these 
conditions, making the assessment of site-specific characteristics a critical component of post-fire management 
strategies.

Post-fire ash can act as both a nutrient source and a hydrological modifier, potentially enhancing water 
retention or reducing infiltration due to pore clogging or surface sealing3,15. Moreover, when transported 
by wind or water, ash particles may carry heavy metals and polycyclic aromatic hydrocarbons, negatively 
impacting downstream aquatic ecosystems11,21. These risks underscore the importance of understanding 
the fate and function of ash in soil and watershed systems, particularly following high-intensity fire events. 
Given the complexity of these interactions, hydrological models provide an invaluable tool for simulating and 
understanding post-fire soil processes under various management scenarios. HYDRUS-1D, a widely used 
software that solves the Richards’ equation for water flow in unsaturated-saturated soils, has proven effective in 
evaluating the effects of incorporating soil amendments22. Modeling approaches offer unique advantages, such 
as assessing the influence of ash incorporation on soil water content, infiltration, and water fluxes that can be 
observed at specific soil depths, which are difficult to measure in a representative way in field conditions.

Most research has focused on comparing burned versus unburned conditions, with limited efforts to 
model the effects of post-fire management actions18, such as ash incorporation. This knowledge gap hinders 
the development of robust soil management strategies in fire-affected areas. Central Chile, a region with 
a Mediterranean climate characterized by recurrent summer droughts and high fire incidence, hosts two 
contrasting vegetation types strongly affected by wildfires: Eucalyptus globulus, one of the most widespread 
exotic plantation species, and Quillaja saponaria, a representative native tree of sclerophyllous forests. Their 
coexistence in fire-prone landscapes makes them particularly relevant for evaluating post-fire ash incorporation 
and its potential influence on soil hydrological processes. This is particularly relevant for coarse-textured soils, 
which dominate many areas within the Chilean Matorral ecoregion, where sandy loam and loamy textures are 
widespread23. In this context, the present study hypothesizes that the superficial incorporation of ashes from E. 
globulus and Q. saponaria modifies the hydraulic parameters that control near-surface water dynamics in coarse-
textured soils to different magnitudes, relative to soils without ash. To this end, this research aims to evaluate 
the impact of incorporating ashes derived from E. globulus and Q. saponaria into the hydrologic processes of 
two coarse-textured soils, using a methodology that combines experimental laboratory measurements with 
HYDRUS-1D modeling. Thus, this research contributes to a better understanding of how ash type and its 
incorporation influence soil water dynamics and supports the development of evidence-based strategies for 
enhancing soil recovery and hydrological resilience after wildfires.

Materials and methods
Research sites
The research was conducted in the semi-arid zone of Central Chile, encompassing areas within both the 
Valparaíso and Metropolitan Regions. In the Valparaíso Region, the first research area was in the commune of 
La Ligua (32.4608º S, 71.2478º W; 95 m above sea level [m.a.s.l.]). The second research area in the Metropolitan 
Region, in the commune of Melipilla (33.4819º S, 71.2804º W; 187 m.a.s.l.). Both areas exhibit Mediterranean 
climatic conditions, characterized by winter concentrated precipitation and a prolonged dry season. According 
to historical records, the La Ligua area has a mean annual temperature of 14.2 °C and an annual precipitation of 
274 mm. Melipilla has a mean annual temperature of 14.4 °C and an annual precipitation of 407 mm24.

Sampling of soils and characterization
Coarse-textured soils were collected from two research sites. The Sandy Loam (SL) soil from La Ligua represented 
a natural, non-cultivated condition without recent disturbances, corresponding to a native shrub-grassland 
community dominated by Vachellia caven (formerly Acacia caven). In contrast, the Sandy Clay Loam (SCL) soil 
from Melipilla represented an agricultural soil under recent tillage, characterized by the absence of standing 
crops or active roots systems at the time of sampling. Both soils are classified as Ultic Haploxeralfs of the Lo 
Vásquez series25, which are derived from granitic rocks and found on hill slopes widely distributed across the 
coastal range in central Chile. The soil samples were collected at 0–15 cm depth by manual excavation with a 
steel shovel, air-dried at room temperature for four months, gently disaggregated, and sieved to ≤ 2 mm to obtain 
disturbed samples for laboratory analysis25.In both soils, pH and electrical conductivity (EC) were determined 
in a 1:2.5 (W V− 1) soil to water suspension using a pH meter (Thermo Scientific, Orion Star A211) and a 
conductivity meter (Thermo Scientific, Orion Star A212). Particle size distribution was assessed using a PARIO 
soil texture analyzer26, and organic matter content was determined by wet oxidation27.

Ash production
To create a contrast between representative exotic and native species in Chile, ash materials were produced 
from Eucalyptus globulus (exotic) and Quillaja saponaria (native), both species widely distributed in south-
central Chile28–30. Leaves and small branches were collected, rinsed with distilled water, and air-dried at room 
temperature for three months. After drying, the moisture content was 6.26% ± 0.20 for Q. saponaria and 9.10% ± 
0.80 for E. globulus. The dried plant material was then burned under controlled conditions, with thermocouples 
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used to monitor combustion temperatures. The maximum temperature reached during combustion for both 
species was approximately 500 °C. The resulting ash was sieved through a 2 mm mesh to separate fully combusted 
material (gray ash) from partially combusted residues (char), following the procedures suggested by Kim et al.10, 
Stoof et al.31, and Escudey et al.32. The remaining carbon content of ash samples was analyzed using a muffle 
furnace at 400 °C for 15 h to combust any residual carbon in ash samples33. Ash materials showed differences 
in the remaining carbon content, which was 10.6 ± 0.1% for Q. Sapnaria and 3.8 ± 0.1% for E. gloulus. The gray 
ash was used to mix SL and SCL soils with ash samples and to generate the soil samples with incorporated ash.

Ash incorporation scenarios
The soil samples were gently packed in steel cylinders (250 cm3) using moderate pressure to achieve bulk 
densities of 1.53 g cm− 3 (SL) and 1.56 g cm− 3 (SCL), based on values obtained from laboratory compaction 
tests, and consistent with coarse-textured soils characterized by high sand content. Then, the packed soils 
were saturated by capillarity for one week using a solution prepared from boiled distilled water with CaCl2 
added, adjusted to match the soil electrical conductivity. Additionally, the ash samples from E. globulus and Q. 
saponaria were manually mixed with SL and SCL soils and packed into 250 cm³ steel cylinders. Bulk density 
was treated as a controlled variable, therefore, the same bulk densities used for the SL and SCL without ash 
were maintained for the ash-incorporated soil samples. Considering four replicates, measurements of saturated 
hydraulic conductivity (Ks) using a KSAT device (Meter ®), and the water retention characteristics through 
HYPROP and WP4C devices (Meter Group, Pullman, WA, USA) were implemented. The soil water retention 
data were fitted using the unimodal van Genuchten model34 and the software LABROS SoilView-Analysis 
(Version 5.0.5.0, Meter group). These measurements provided the α, n, θs, and θr parameters used as inputs for 
hydrological modeling in HYDRUS-1D. The scenarios of ash incorporation considered two coarse-textured soils 
(SL and SCL), two ash types (E. globulus and Q. saponaria) applied at a dose of 4% by weight (W W− 1), and five 
centimeters as ash incorporation depth. The ash dose selected corresponds to approximately 30 Mg ha− 1 of ash 
in the upper 5 cm of soil, which is consistent with realistic post-fire conditions reported for Eucalyptus forests, 
where ash deposits range between 6 and 34 Mg ha⁻¹ depending on fire severity35. Moreover, this dose falls within 
the range of ash production expected in E. globulus plantations in Chile, where aboveground dry matter yields of 
100–400 Mg ha− 1 at 12–18 years36, can result in 20–40 Mg ha− 1 of ash, assuming conversion rates of 5–10% from 
plant material to ash. However, the total ash produced during a fire is largely determined by plant fractions and 
combustion completeness37,38. For Q. saponaria, the same dose was applied to enable direct comparisons across 
both species and maintain methodological consistency. Therefore, the ash incorporation scenarios represent a 
realistic condition and enable the assessment of their hydrological impact under post-fire field conditions.

Simulation of soil hydrological processes for an average year
A one-year average soil hydrological simulation was conducted using the HYDRUS-1D software to evaluate 
four scenarios of ash incorporation. Meteorological data from 2019 to 2024 were obtained from nearby weather 
stations and used as input for the reference evapotranspiration (ETo) calculation, which was determined using 
the Penman-Monteith equation39. These historical climate records, including precipitation, net radiation, 
minimum and maximum air temperature, relative humidity, and wind speed, were retrieved from stations 
#320,063 (SL) and #330,111 (SCL) of the Chilean Meteorological Directorate database40. A climatological 
average year was then generated by calculating the mean value for each calendar day (day 1 to day 365) across 
the six years (Fig. 1). This period was selected to capture recent interannual variability and trends in La Ligua 
and Melipilla research areas, ensuring that the input data reflect the current climatic conditions. In this context, 
the ongoing megadrought in central Chile since 2010 has redefined the regional climate baseline, leading to 
a 20–40% decrease in annual rainfall and increased evaporative demand41. These changes have significantly 
altered soil moisture regimes and introduced new land and water management challenges. Thus, this study 
does not focus on characterizing long-term climatic averages but instead simulates soil water dynamics under 
contemporary climatic conditions to evaluate scenarios of ash incorporation. Moreover, this approach preserved 
the daily resolution of climate variables while maintaining representativeness over the six years. All climate 
variables were adjusted to a daily time step, consistent with the temporal resolution specified in HYDRUS-1D 
for simulating transient water flow under daily atmospheric boundary conditions. These climatic inputs enabled 
a realistic simulation of soil water dynamics under both control and ash incorporation scenarios, supporting its 
applicability under post-fire conditions in the research areas.

HYDRUS-1D solves the Richards equation using the finite element method, allowing the representation of 
water flux in a porous medium with variable soil water content42. Given the post-fire context, plant transpiration 
was assumed to be negligible. Thus, soil evaporation was approximated as ETo. The soil domain for modeling the 
hydrological processes in HYDRUS-1D was 30 cm, with observation nodes located at 2.5 cm, 10 cm, and 20 cm 
(Fig. 2). These depths were selected to encompass the soil zone with the highest hydrological relevance following 
wildfire and its biological significance, given that at least half of the global root biomass is typically concentrated 
within the upper 30 cm of soil43. This layer plays a key role in early post-fire ecological succession, including root 
regrowth, microbial recolonization, and nutrient cycling, and is the central zone affected by ash deposition and 
changes in surface hydraulic properties44–46. Therefore, modeling this portion of the profile enables a realistic 
assessment of the soil water dynamics that directly influence vegetation recovery and erosion potential after fires.

To provide a baseline reference using pedotransfer functions (PTFs), the SL and SCL soils’ hydrological 
processes were also estimated using Rosetta Lite v147. The inputs for the model included sand, silt, and clay 
contents, and bulk density. This allowed for comparison with scenarios based on measured parameters, 
highlighting potential deviations when direct measurements are unavailable, a relevant consideration in post-
fire contexts where soil data acquisition may be limited. Accordingly, for SL and SCL, the ash incorporation 
scenarios studied were: Control (soil without ash), E (4% of E. globulus ash at a depth of 5 cm), Q (4% of Q. 
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saponaria ash at a depth of 5  cm), and Rosetta (R). The HYDRUS simulation incorporated an atmospheric 
boundary condition with surface runoff as the upper boundary and free drainage as the lower boundary 
condition. Simulation outputs over the six years included water flux (cm day− 1), pressure head (h; cm), and 
volumetric water content (θ; cm3 cm− 3). These outputs were averaged over the simulation period to represent the 
soil hydrological processes as a one-year average (365 days) under the four evaluated scenarios.

Data analysis
To evaluate the agreement among the Control, ash incorporation scenarios (E and Q), and the Rosetta estimates 
(R), the HYDRUS-1D outputs (flux, h, and θ) were compared using the root mean squared error (RMSE), 
defined as:

	
RMSE =

√
1
n

∑
n
i=1(yi − ŷi)2� (1)

where ŷ is the output value for the E, Q, or R scenarios, and y ​ is the corresponding output value for the Control. 
RMSE is a widely accepted metric for assessing model performance, as it quantifies the average magnitude of 
the differences between predicted and reference values. It is used to compare how closely the water flux, h, and 
θ simulated under each scenario matched those from the Control. Moreover, RMSE retains the units of the 
analyzed variable, allowing for direct physical interpretation and meaningful comparisons across depths and 
variables. This feature is particularly relevant in soil hydrology, where differences in water flux (cm day− 1), h 
(cm), and θ (cm3 cm− 3) must be interpreted.

All statistical analyses and figures were conducted using R48 (version 4.4.2), employing the tidyverse49 package 
for data processing, ggplot250 for data visualization, and hydroGOF51 to compute RMSE values. The tidyverse tools 
facilitated the organization and transformation of HYDRUS-1D outputs, while ggplot2 enabled the creation of 
comparative plots across scenarios. RMSE calculations using hydroGOF allowed for the quantitative assessment 
of deviations between the Control and ash incorporation or Rosetta scenarios.

Results and discussion
Properties of the soils
The initial characterization of both soils revealed sand contents exceeding 60% (Table 1). Regarding electrical 
conductivity (EC), both soils were classified as non-saline based on the threshold proposed for aqueous 
suspensions52. The SL soil exhibited a moderately acidic pH, whereas the SCL soil was neutral. Regarding water 
retention, field capacity (FC) values were similar for both soils. However, plant available water (PAW) was 
slightly higher in SL (PAW = 0.134 cm3 cm− 3) than in SCL (PAW = 0.123 cm3 cm− 3), due to the higher organic 
matter content in SL (2.0%) compared to SCL (1.5%). Nonetheless, both soils showed low levels of organic 
matter, consistent with the typical characteristics of Alfisols in the study area25.

Fig. 1.  Workflow to model average annual soil hydrological processes under different scenarios of post-fire ash 
incorporation.
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Climatic conditions of research areas
The climatic data from La Ligua (SL) and Melipilla (SCL), corresponding to the 2019–2024 period, highlight 
the pronounced seasonality and interannual variability characteristic of the Mediterranean climate in Central 
Chile (Fig. 3). The total annual reference evapotranspiration (ETo) ranged from 1,551 to 1,641 mm in La Ligua 
and 1,860 to 1,998 mm in Melipilla, reflecting the higher evaporative demand in the latter location. Precipitation 
exhibited greater variability between years, with the lowest annual totals observed in 2019 (60.1 mm in La 
Ligua; 67.5 mm in Melipilla) and the highest in 2023 (230.1 mm in La Ligua; 387.1 mm in Melipilla). Notably, 
precipitation was consistently lower than ETo across both sites and all years. The temporal distribution of 
precipitation, concentrated in winter months, contrasts significantly with the persistent atmospheric demand 

Parameter Unit

Sandy Loam Sandy Clay Loam

(SL) (SCL)

pH (1:2.5) - 5.8 6.7

EC (1:2.5) µS cm− 1 98.2 110.9

Sand % 67 61

Silt % 18 18

Clay % 15 21

Field capacity θ (cm3 cm− 3) 0.190 0.189

Permanent wilting point θ (cm3 cm− 3) 0.056 0.066

Plant available water θ (cm3 cm− 3) 0.134 0.123

Organic matter % 2.0 1.5

Table 1.  Main properties of the coarse-textured soils used in this study.

 

Fig. 2.  Schematic representation of the soil domains simulated in HYDRUS-1D, illustrating boundary 
conditions (BC), ash incorporation scenarios (E. globulus and Q. saponaria), and observation node depths.
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(ETo), which peaks during the dry season. According to historical records53, this seasonal variance is further 
illustrated by the daily chance of precipitation, which peaks in late June (23% in Melipilla and 18% in La Ligua), 
and remains below 2% between November and March.

Meanwhile, the probability of clear or mostly clear skies exceeds 90% in both locations during summer, 
dropping to annual lows of 42% in Melipilla and 47% in La Ligua in midwinter. These patterns highlight 
stronger cloud cover and precipitation frequency during the cooler season, particularly in Melipilla. Supporting 
this, long-term climatological records show that Melipilla consistently exhibits higher average temperatures 
than La Ligua throughout the year, with summer maxima reaching 29.5 °C and winter minima around 4.6 
°C, compared to 26.3 °C and 5.5 °C in La Ligua, respectively24. Such conditions reinforce the prevailing water 
deficit and support management strategies after wildfires. Moreover, these climatic conditions are critical for 
the hydrological modeling of SL and SCL soils, as they directly influence the boundary conditions and temporal 
dynamics of water fluxes.

Soil hydraulic parameters and the effect of Ash incorporation
The Van Genuchten parameters (α, n, θr, and θs) and Ks experimentally measured for SL and SCL soils, with and 
without ash incorporation, are essential for modeling and understanding the unsaturated water dynamics. In SL, 
the α value decreased in both the E (0.013) and Q (0.014) treatments relative to the Control (0.018), indicating 
a delayed air entry point and potentially finer pores because of ash incorporation (Table 2). Similarly, n values 
decreased from 1.572 for the Control to 1.519 and 1.467 for E and Q scenarios, suggesting a more gradual slope 
of the water retention curve and a broader pore size distribution. A slight reduction in θr was observed, while 

Fig. 3.  Daily precipitation and reference evapotranspiration (ETo) from 2019 to 2024 for SL and SCL soils 
located in La Ligua (Valparaíso Region) and Melipilla (Metropolitan Region), respectively.
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θs slightly increased with ash incorporation, rising from 0.437 cm3 cm− 3 in the Control to 0.442 cm3 cm− 3 in 
E, and further increasing to 0.489 cm3 cm− 3 in the Q scenario, indicating a fostering of total porosity. However, 
Ks was markedly reduced from 75.3 cm day⁻¹ in the control to 13.3 cm day⁻¹ and 14.0 cm day⁻¹ for the E and Q 
treatments, respectively. This marked Ks reduction reflects partial pore occlusion induced by fine ash particles, 
which may reduce soil macropore connectivity.

In SCL, α also decreased following ash incorporation, with values of 0.011 for E and 0.014 for Q, compared 
to 0.021 in the Control. However, only the Q treatment led to a reduction in the n parameter. Moreover, the 
θs value increased only under the Q scenario (0.491 cm3 cm− 3) compared to the Control (0.449 cm3 cm− 3), 
suggesting enhanced total porosity due to the inherently higher porosity of Q. saponaria ash compared to E. 
globulus ash, which may reflect the higher residual carbon content observed in the Q. saponaria ashes. As for SL, 
a pronounced decline in Ks was observed, from 107.8 cm day− 1 in the control to 23.8 cm day− 1 (E) and 33.3 cm 
day− 1 (Q), indicating a reduction in water transmission capacity under saturated conditions. These observations 
are consistent with recent evidence showing that wildfire ash is a porous and heterogeneous material, often 
exhibiting high specific surface area and void ratios, which can enhance water retention9,14 and influence the 
shape of the soil water retention curve by reducing α and n values.

Overall, fine particulate materials such as gray ash, wood ash, and analogous amendments can reduce Ks 
through surface sealing, crust formation, and partial pore occlusion10,11,20. These effects, often accentuated by the 
expansive nature of ashes, have been associated with altered soil structure and diminished infiltration in finer-
textured soils31. In this study, the minimum Ks values measured after ash incorporation in SL (13.3 ± 1.93 cm 
day⁻¹) and SCL (28.3 ± 2.95 cm day⁻¹) remained within the moderately high class according to USDA guidelines54, 
indicating that coarse-textured soils subjected to ash incorporation maintain a high capacity to transmit water 
under saturated conditions. This supports the notion that, even with the addition of fine ash, pore clogging is not 
sufficient to block infiltration or cause surface ponding in coarse-textured soils, as demonstrated in pure sand 
experiments20. The management implications of these findings differ according to land use. In natural forests and 
monoculture plantations, incorporating ash into the upper soil layer (hand raking or scarification) may reduce 
surface sealing and mitigate post-fire runoff and erosion. In addition, hand raking can partially alleviate the 
hydrophobic effects induced by certain ashes by mixing affected surface soil with deeper layers, although it must 
be combined with mulching to avoid increasing erodibility19. The effectiveness of these treatments depends on 
ash characteristics, since darker ashes may enhance infiltration while lighter ashes can promote surface sealing18. 
In agricultural soils, ash incorporation has shown to increase FC and PAW, particularly in coarse-textured soils, 
where analogous amendments such as wood ash and biochar improve pore size distribution and reduce bulk 
density17,55–58. Beyond hydrological benefits, ashes contribute to soil fertility by supplying calcium, magnesium, 
potassium, and phosphorus, neutralizing soil acidity and enhance cation exchange capacity14,59,60. However, the 
magnitude of these positive effects depends on both ash dose and soil type. Moderate applications can improve 
nutrient status and water retention, whereas excessive doses may decrease Ks55 or induce temporary increases in 
pH and salinity, effects that are especially critical in Mediterranean sandy soils61,62.

The results indicate that ash incorporation involves hydrologic benefits as well some risks, which can 
differ between plant species. Nevertheless, accurately capturing these processes in modeling frameworks 
remains challenging. The Rosetta-derived parameters, estimated from soil texture and bulk density, tended to 
underestimate Ks, θs, and n, while overestimating α and θr for SL and SCL under the Control scenario. These 
inconsistencies emphasize the limitations of PTFs in accurately predicting hydraulic parameters, particularly 
when applied to soils that have undergone disturbances not directly reflected in input variables such as texture 
and bulk density. In this regard, even high application of ash (up to 15% W W− 1), considerably greater than 
the 4% used in this study, has not affected soil texture31. This observation highlights a critical limitation in 

Soil Scenario

α n θr θs Ks

(cm− 1) (-) (cm3 cm− 3) (cm3 cm− 3) (cm day− 1)

SL

Control 0.018 ± 0.001 1.572 ± 0.047 0.032 ± 0.004 0.437 ± 0.011 75.3 ± 5.620

E 0.013 ± 0.001 1.519 ± 0.055 0.028 ± 0.009 0.442 ± 0.005 13.3 ± 1.930

Q 0.014 ± 0.000 1.467 ± 0.023 0.025 ± 0.007 0.489 ± 0.014 14.0 ± 3.490

R 0.0292 1.4158 0.0502 0.3775 28.37

SCL

Control 0.021 ± 0.001 1.552 ± 0.036 0.050 ± 0.003 0.449 ± 0.010 107.8 ± 5.980

E 0.011 ± 0.001 1.574 ± 0.017 0.046 ± 0.002 0.447 ± 0.007 23.8 ± 2.950

Q 0.014 ± 0.002 1.491 ± 0.071 0.037 ± 0.013 0.491 ± 0.006 33.3 ± 1.440

R 0.0231 1.3752 0.0600 0.3930 19.87

Table 2.  Van Genuchten parameters (α, n, θr, and θs) and saturated hydraulic conductivity (Ks) according to 
different scenarios of Ash incorporation in coarse-textured soils (SL and SCL). Values are means ± standard 
errors (n = 4). SL: Sandy Loam soil. SCL: Sandy Clay Loam soil. E: incorporation of 4% E. globulus ashes. Q: 
incorporation of 4% Q. saponaria ashes. Ks: saturated hydraulic conductivity. The parameters α, n, θr, and θs 
were experimentally determined from four replicated water retention curves, fitted using the unimodal van 
Genuchten model, for both SL and SCL soils under the Control (no ash) and ash incorporation scenarios (E 
and Q). R: Parameters estimated using Rosetta Lite v1.1, based on experimentally determined texture and bulk 
density.
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relying solely on texture-based PTFs for predicting the hydraulic processes of soils, whether with or without ash 
incorporation. The Control scenario could not be reliably reproduced in this study despite having accurate texture 
and bulk density data. Consequently, measured hydraulic parameters should be prioritized in studies involving 
soil amendments such as ash, where traditional input variables may fail to capture control scenarios. Overall, 
incorporating ashes from E. globulus and Q. saponaria modified key hydraulic properties of both coarse-textured 
soils. These changes will affect infiltration, water retention, and drainage dynamics because of ash incorporation 
management, whether through tillage or hand raking practices. Thus, the experimental parameters presented 
here provide realistic inputs for HYDRUS-1D simulations, allowing improved prediction of soil hydrological 
responses to post-fire ash incorporation under Mediterranean climate conditions. However, it is important to 
note that these experiments and simulations have been conducted under controlled laboratory conditions with 
soil hydraulic parameters obtained from packed soils, which simplifies field variability, but allows isolating the 
effects of ash incorporation on soil. In addition, this evaluation was limited to a single ash dose, two ash types, 
and two coarse-textured soils, providing a realistic yet necessarily restricted set of post-fire scenarios. These 
considerations highlight the need for further research under field conditions and across a broader range of soils 
and ash incorporation scenarios, including the evaluation of spatial variability in water flow through advanced 
modeling approaches such as HYDRUS-3D.

Seasonal water flux dynamics
The simulations of one average year of soil hydrological processes using HYDRUS-1D highlighted differences 
among ash incorporation scenarios and water flow predictions based on Rosetta’s pedotransfer functions. 
According to the vertical water fluxes in Fig. 4, all scenarios exhibited a clear seasonal pattern, characterized by 
upward fluxes during the summer months (January to March) and downward fluxes during the winter (mainly 
between May and August), corresponding to the rainfall season in central Chile. This dynamic was consistent 
in SL and SCL soils, although with varying magnitudes depending on the ash incorporation scenario and the 
evaluated depth.

In the SL soil, water fluxes at 2.5 cm depth under the Control, E, and Q scenarios followed similar patterns, 
with upward movement during the dry months and moderate percolation during winter. However, the scenarios 
involving ash incorporation (E and Q) tended to exhibit slightly more negative values during winter than the 
Control (e.g., average August fluxes were − 0.0760 in Control, −0.0796 in E, and − 0.0797 in Q), suggesting that 
ash addition may have slightly increased soil permeability. At 10 cm, the E and Q scenarios showed slightly 
reduced percolation compared to the Control during June, indicating a transient improvement in water retention. 
However, in other winter months (e.g., May and July), the behavior was similar across scenarios, with E and Q 
showing slightly more negative flux values than Control. At 20 cm depth, differences among the Control, E, 
and Q scenarios were minimal, indicating a limited influence of ash incorporation at this depth. Additionally, a 
general decline in flux magnitude with increasing depth was observed across all scenarios.

In the SCL soil, more intense flux values than SL were observed, particularly during the months of highest 
precipitation. At 2.5  cm, the Control, E, and Q scenarios exhibited high downward fluxes in June and July, 
with similar values between scenarios. However, at 10 cm depth, E and Q treatments tended to reduce fluxes 
in winter compared to the Control (e.g., average June flux: −0.1075 in E vs. −0.1133 in Control). At 20 cm, the 
scenarios involving ash incorporation also showed a slight reduction in downward flux relative to the Control, 
with more marked differences during the months of highest recharge (June to August). These results suggest that 
ash incorporation in SCL soil may enhance water retention at greater depths.

The Rosetta scenario consistently produced more negative water fluxes than the other treatments across 
both soils and at all depths. This tendency was especially pronounced in the SCL soil, where winter flux values 
under Rosetta were the most negative in the simulation (reaching − 0.1179 in June at 2.5 cm). This greater water 
loss suggests that flux estimates generated using Rosetta may underestimate the water retention capacity of the 
coarse-textured soils evaluated. This represents a scenario less reflective of the actual initial conditions of SL and 
SCL soils without ash incorporation.

Ash effects on soil moisture dynamics
The volumetric water content simulations over an average year revealed apparent differences in the hydrological 
processes of ash-incorporated soil scenarios compared to the Control. These differences were more evident in 
the uppermost soil layer (2.5 cm), particularly during the winter months (June to August), corresponding to the 
rainy season in central Chile. Overall, the influence of ash incorporation diminished with depth, confirming that 
its effects are concentrated near the soil surface.

Incorporating E. globulus and Q. saponaria ashes in the SL soil increased water retention at 2.5 cm depth 
relative to the Control. For instance, during July, the Control scenario averaged a θ = 0.1099 cm3 cm− 3, whereas 
it reached θ = 0.1377 cm3 cm− 3 and θ = 0.1566 cm3 cm− 3 in the E and Q scenarios, respectively. This pattern 
suggests enhanced near-surface water retention is possible, resulting from the physical effects of fine ash 
particles, such as increased porosity and specific surface area. Notably, water retention of fully combusted ash, 
as the ash materials used in this research, far exceeded that of partially combusted char31, highlighting the role 
of combustion degree in modulating soil hydrological processes. The Q scenario consistently presented higher 
water content than the E scenario, which aligns with its higher remaining carbon content of this ash material, 
reinforcing the idea that post-fire carbon dynamics play a critical role in soil functions2.

At 10 cm depth, although differences among scenarios were less pronounced, a slight trend toward improved 
water retention was observed. During August, the Control scenario reached an average of θ = 0.1381 cm3 cm− 3, 
whereas the E and Q treatments attained slightly higher average values of θ = 0.1405 and 0.1394 cm3 cm− 3, 
respectively. These results suggest a moderate downward influence of the ash, possibly due to water redistribution 
within the soil profile. However, the E and Q scenarios exhibited values like the Control during the remaining 
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winter months. At 20 cm depth, the volumetric water content in the E and Q scenarios remained slightly lower 
than in the Control throughout the year.

The SCL soil exhibited a similar but more pronounced response to ash incorporation. At 2.5 cm depth, water 
content under the Q treatment reached an average θ = 0.1572 cm3 cm− 3 in July, compared to θ = 0.1305 cm3 
cm− 3 in the Control, reinforcing the role of ash in enhancing water retention under wetter conditions (winter 
months in Central Chile). This effect was particularly relevant in SCL (compared to SL) due to the synergistic 
interaction between the finer soil texture and ash incorporation. At 10 cm depth, the Control, E, and Q scenarios 
presented similar average values during the wet season (e.g., August: 0.1487, 0.1436, and 0.1434 cm3 cm− 3, 
respectively). Nonetheless, the scenarios of ash incorporation maintained slightly higher retention during dry 
months, indicating a buffering effect under soil moisture decline. At 20 cm depth, differences in volumetric 
water content between scenarios were irrelevant throughout the year.

Fig. 4.  Simulated flux (cm day⁻¹), pressure head (h; cm), and volumetric water content (θ; cm³ cm⁻³) at three 
soil depths (2.5 cm, 10 cm and 20 cm) under average annual climatic conditions. Estimates are for SL and SCL 
soils, considering different post-fire ash incorporation scenarios and Rosetta prediction.
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During the winter months, the Control scenario generally exhibited slightly higher water contents than the 
E and Q scenarios, suggesting that the influence of ash incorporation did not extend significantly beyond the 
amended layer. This pattern is expected with or without active ash management, as post-fire ash layers typically 
affect only the upper 5 cm of the soil profile9. Nevertheless, the observed improvements in shallow soil water 
retention may help mitigate the negative impacts of wildfires on multiple levels of soil organization, including 
structure, porosity, infiltration, thermal regime, and water storage63. In this context, ash incorporation could 
partially counteract the decline in available water content commonly associated with repeated fire events64. 
However, fire-induced phenomena such as soil hydrophobicity may offset these benefits, depending on ash 
composition and soil texture5. Furthermore, when ash is deposited directly onto the soil surface, it may clog and 
seal soil pores, reducing infiltration capacity45. This underscores the importance of implementing appropriate 
ash management strategies. Complementary practices such as mulching should also be considered, as they have 
demonstrated a strong capacity to reduce overland flow and soil erosion15.

Particularly, in both SL and SCL soils, the differences observed in the trends between h and θ values at 2.5 
cm depth between scenarios were attributed to the nonlinearity of the relationship between these parameters, as 
described by the van Genuchten model34. Ash incorporation enhanced water retention, as evidenced by higher 
θ values in the E and Q scenarios at similar pressure heads compared to the Control. Accordingly, the Control 
scenario exhibited less negative h values, confirming that ash-amended soils retained more water at lower matric 
potentials. This behavior indicates enhanced soil water availability near the surface. It aligns with the physical 

Fig. 5.  Root mean square error (RMSE) of simulated flux (cm day⁻¹), pressure head (h; cm), and volumetric 
water content (θ; cm³ cm⁻³) at three depths (2.5 cm, 10 cm and 20 cm), comparing post-fire ash incorporation 
scenarios and Rosetta (R) prediction.

 

Scientific Reports |         (2026) 16:5452 10| https://doi.org/10.1038/s41598-025-34913-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


characteristics of ash-enriched soils, such as increased specific surface area and microporosity, contributing to 
improved water retention11,31.

The Rosetta-derived scenario (R), based on pedotransfer functions, consistently overestimated the θ across 
all depths and months. These values exceeded those of experimental scenarios, indicating that PTFs may not 
adequately capture the hydrological processes of SL and SCL soils (without ash incorporation). Therefore, while 
useful for baseline estimations, Rosetta-derived predictions should be interpreted cautiously, and experimentally 
derived hydraulic parameters should be preferred when modeling ash-incorporated soil conditions.

RMSE comparison across Ash scenarios
The RMSE was employed to quantify the deviation of each ash incorporation scenario (E and Q), as well as 
the Rosetta-based estimation (R), relative to the Control scenario for each variable simulated by HYDRUS-1D 
(water flux, h, and θ). Despite traditional applications where RMSE is used to compare model predictions against 
observed data, this study used RMSE as a metric to evaluate the consistency of hydrological simulations by 
comparing each scenario with the Control (SL or SCL soils without ash incorporation). This approach enables 
the assessment of how ash incorporation or PTFs modeling alters the prediction of soil hydrological dynamics. 
Furthermore, RMSE is sensitive to large deviations, meaning that peak values or extreme simulation fluctuations 
can disproportionately affect the error metric. For example, significant differences in h between the Control and 
Rosetta scenarios contributed to higher RMSE values for this comparison (Fig. 5). Conversely, the Q scenario 
consistently produced lower RMSE values across variables and depths, indicating a closer alignment with the 
Control and minor discrepancies throughout the simulation period.

In the SL soil, the E scenario exhibited RMSE values for h of 363.8, 128.5, and 73.2 cm at 2.5, 10, and 20 cm 
depths, respectively, while the Q scenario showed lower RMSEs (97.9, 67.1, and 56.0 cm). The Rosetta scenario 
yielded markedly higher RMSEs (1936.0, 1252.6, and 1105.8 cm), reflecting substantial deviations in simulated 
water retention behavior. Similar trends were observed for θ and flux, with the Q scenario achieving the best 
agreement. In the SCL soil, RMSE values for h reached 815.7 (E), 1286.3 (Q), and 1180.8 cm (R) at 2.5 cm depth, 
while Rosetta again consistently produced the highest discrepancies. Overall, the systematic overestimation 
of θ by Rosetta was quantitatively confirmed through the RMSE analysis. This highlights the value of RMSE 
as a diagnostic tool for identifying discrepancies among simulation scenarios and assessing how different ash 
incorporation scenarios affect soil water dynamics.

Conclusions
This study evaluated the incorporation of E. globulus and Q. saponaria ashes (4% by weight) into the upper 
5 cm of two coarse-textured soils and its effects on key soil hydraulic properties (including α, n, θs, and Ks), 
which are critical inputs for modeling soil hydrological responses under Mediterranean climate conditions. 
HYDRUS-1D simulations showed that ash effects were concentrated near the soil surface and were most evident 
at 2.5  cm depth during the rainy season. Ash incorporation enhanced θ at shallow depths despite lower h, 
particularly in the Q. saponaria scenario, which was associated with higher residual carbon content and porosity. 
This inverse relationship between θ and h indicated increased water availability at the surface, consistent with 
the higher specific surface area and microporosity of ash-enriched soils. Across both SL and SCL soils, the 
Rosetta-based scenario consistently overestimated θ and h at three soil depths, demonstrating the limitations 
of PTFs’ texture-based approach. RMSE comparisons confirmed that experimental ash incorporation scenarios 
more closely matched the Control than Rosetta predictions. These findings underscore the importance of using 
experimentally measured hydraulic parameters when modeling post-fire hydrological processes, particularly in 
ash incorporation scenarios where soil texture remains unaltered, but soil hydraulic properties are significantly 
modified. Integrating modeling and experimental approaches provides a robust framework for evaluating ash 
management strategies and guiding an effective hydrological restoration of coarse-textured soils affected by fires.

Data availability
Data will be made available on request. Please contact the corresponding author.
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