3 frontiers ‘ Frontiers in Forests and Global Change

@ Check for updates
|

OPEN ACCESS

EDITED BY

Fengjing Liu,

Michigan Technological University,
United States

REVIEWED BY

Jessica Young-Robertson,

University of Alaska Fairbanks, United States
Ufuk Ozkan,

Izmir Katip Celebi University, Turkiye

*CORRESPONDENCE
Hector R. Gardufo
ramirez.hector@inifap.gob.mx

RECEIVED 16 June 2025
ACCEPTED 27 October 2025
PUBLISHED 28 November 2025

CITATION

Garduho HR, Fernald AG, Newton BT,
VanLeeuwen DM and Shukla MK (2025)
Hydrological response to thinning in forest
stands: analysis of soil volumetric water
content and soil water flux.

Front. For. Glob. Change 8:1648254.

doi: 10.3389/ffgc.2025.1648254

COPYRIGHT

© 2025 Gardufio, Fernald, Newton,
VanLeeuwen and Shukla. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Forests and Global Change

TYPE Original Research
PUBLISHED 28 November 2025
pol 10.3389/ffgc.2025.1648254

Hydrological response to
thinning in forest stands: analysis
of soil volumetric water content
and soil water flux

Hector R. Gardufio*, Alexander G. Fernald?, B. Talon Newton3,
Dawn M. VanLeeuwen* and Manoj K. Shukla®

Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias, Chihuahua, Mexico,
2Department of Animal and Range Sciences, New Mexico State University, Las Cruces, NM,

United States, *New Mexico Bureau of Geology & Mineral Resources, New Mexico Institute of Mining &
Technology, Socorro, NM, United States, *Department of Economics, Applied Statistics and
International Business, New Mexico State University, Las Cruces, NM, United States, *Department of
Plant and Environmental Sciences, New Mexico State University, Las Cruces, NM, United States

Thinning practices have increased to maintain healthy and resilient forests.
However, there is a growing concern about the potential effects of thinning on
hydrological response. We analyzed the influence of thinning on shallow soil
water flux in @ mixed conifer forest by comparing paired treated and control
plots. Sensors measured soil volumetric water content and soil matric potential
at different depths to compute soil water fluxes over five seasons. Additionally,
we analyzed soil temperature and soil volumetric water content data. Thinning
treatment led to upward soil water flux during the study period (2009-2011),
regardless of the season. This was mainly due to differences in soil gradients,
possibly associated with an increased soil temperature by as much as 2.65 °C
due to increased solar radiation. Although thinning increased upward water flux
(< 0.2mm day_l), it constituted a negligible part of the soil volumetric water
content stored in thinned plots, which was 0.15 cm3 cm—3 greater, at 35cm
depth, than in control plots. Our findings suggest that thinning can contribute
to soil moisture storage even during dry periods, likely stored at the bottom of
the soil column on a rock surface. Thinning can have a positive impact on the
resilience of forests to droughts and other climate-related stresses.
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1 Introduction

Thinning, as a tool for vegetation management, helps maintain healthy and resilient
forests, although it may modify the hydrological processes. In 1965, forest hydrology
emerged as a discipline to understand the hydrological responses of thinned stands (Sopper
and Lull, 1967). The Wagon Wheel Gap was the first paired watershed study to evaluate
(i.e., before and after) the response of forest removal on stream and erosion. The results
showed an increased water yield in the thinned watershed vs. the control watershed.
However, water yield diminished 7 years after treatment (McGuire and Likens, 2011).

Forest thinning effects have been widely reported for water use (Park et al., 2018), water
infiltration (Di Prima et al., 2017), soil moisture (Belmonte et al., 2022), soil water-holding
capacity (Wang et al., 2021), soil carbon stocks and dynamics (Zhang et al., 2018), soil-
plant dynamics (Bai et al., 2017), and runoff and sediment yield (Garduiio et al., 2015;
Yang et al., 2019). Research reported about the effects of thinning and slash scattering
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or pile has demonstrated that runoff and sediment yield might be
diminished due to soil protection (Cram et al., 2007; Atalar et al.,
2021), yet the soil moisture was similar under these treatments
(Madrid et al., 2006). del Campo et al. (2022) reported a meta-
analysis of thinning influences on the hydrologic process. This
review encompassed forest-thinning experiments mainly carried
out in North America and Europe. For instance, at the stand level,
stemflow and stand transpiration were lower with the thinning
treatment, whereas soil moisture, tree-level water use, and sap flow
increased for individual trees left after the thinning treatment.
Thinning had no significant effect on total evapotranspiration.
None of the reported experiments addressed the soil water flux.
While few studies have measured the soil water potential, the driver
of flux, in tropical and temperate forests (Kupers et al., 2019a,b;
Courcot et al.,, 2024), little research on thinned semiarid forests
has been reported (Tatum et al., 2025). The need for more in-situ
data was emphasized as a research priority by Novick et al. (2022).
Although thinning effects on soil water storage are predictable,
how it alters the movement of water through shallow soils is
still uncertain.

This subsurface water flow is the key process that connects
changes in surface water input to deeper hydrological functions,
including the water stored in the underlying weathered bedrock
(Salve et al., 2012). In forestlands, the underlying weathered
bedrock allows the water transport and retention into the fractures
(Liu et al,, 2025). The unsaturated weathered bedrock (Zhang and
Zhang, 2021) is recognized as an important water reservoir known
as “rock moisture,” which can support water storage for tree water
uptake and groundwater recharge (Liu et al., 2025; Salve et al,
2012).

The water movement (hereafter, “water flux”) in a porous
system occurs in the saturated or unsaturated zone. Water flows
in the saturated zone by positive potentials (Lal and Shukla, 2004)
and by negative potentials in the unsaturated zone (i.e., above the
water table) (Domenico and Schwartz, 1997). In the unsaturated
zone, water movement is vertically downward due to gravitational
forces and can be in any direction based on water potential caused
primarily by capillary potential gradients (Lee, 1980). However,
water movement in the unsaturated zone is limited by unsaturated
hydraulic conductivities, especially in dry soils (Lal and Shukla,
2004). The direction of flow is given by the direction of the gradient
(elevation head) (z) + soil water potential (y) (Bond, 1998).
In forest soils, soil water flux is controlled by precipitation and
evaporation (Loffler, 2007; Xu et al., 2012). Harr (1977) reported
that soil water flux at a depth of 0-30 cm was in downslope (i.e.,
horizontal) direction between storms and in both downward (i.e.,
vertical) and downslope directions during storms.

In the unsaturated zone, nutrients and water are stored
for plant consumption. This zone purifies water (e.g., removes
chemical and biological contaminants) and provides nutrients
for plant consumption (Flury and Wai, 2003). The available
groundwater occurs by deep percolation through the unsaturated
zone (Dingman, 2008). Forests exert influence on soil water storage
by evapotranspiration and discharging water. Evapotranspiration
uses water from shallow or deep layers, resulting in the withdrawal
of soil water (Lee, 1980), creating a soil moisture deficit that impacts
water storage and consequently the water balance. Recharge occurs
when deep percolation reaches the adjacent saturated zone (i.e.,
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the movement of percolating water from the unsaturated to the
saturated zone), as well as in vertical or horizontal seepage from
surface water bodies (Dingman, 2008).

Recognizing these processes is critical in climate change
concerns, as shifts in precipitation patterns and increased
temperatures can further impact evapotranspiration rates, soil
moisture dynamics, and ecosystem water balance. These shifts in
patterns are likely to be experienced in the southwestern US forests,
where mixed montane forests are moderately to highly vulnerable
to climate change (Thorne et al., 2018). The Southwest North
America region has experienced a “megadrought” since the 21st
century (Williams et al., 2022). Changes in precipitation patterns
and rising temperatures are the drivers of such drying (Maloney
et al,, 2014; Cook et al,, 2015). Climate models suggest that, by the
2030s, summer soil moisture conditions could either shift toward
a wetter regime than the current megadrought (though still drier
than the 1980s—1990s precipitation) or, in the most extreme case,
worsen beyond 21st-century megadrought (Seager et al, 2023).
Given the Southwest’s vulnerability to climate-driven drying, it
is important to analyze how thinning overstocked forest stands
influences hydrological response.

There is a lack of understanding of shallow soil water dynamics
after forest thinning. The designed study measured the effects
of masticator thinning on the soil water flow in mixed conifer
forest stands in the southwestern United States. We hypothesized
that “Within each season, water flux and soil volumetric water
content means will differ between forests thinned with scattered
slash and untreated control forests.” We expect that for water
flux, this primary hypothesis translates into treated plots having
downward flux during seasons when water input through snowmelt
and rainfall is highest. During the low water input (dry season),
we expect that treated plots may have upward flux. This study
offers a novel analysis of 2.8 years of soil water flux data, providing
valuable information to land and water managers seeking to thin
overstocked mixed conifer stands under climate-related stress.

2 Materials and methods

2.1 Description of the study site

The study site is located in the southern Sacramento Mountains
near the village of Cloudcroft, NM. Elevations are 2,127 m in the
valley site and 2,748 m on the ridge (Figures 1A-C). The climate
is considered warm-dry (Fulé et al., 2009), with a mean monthly
temperature of 22 °C in July and 5 °C in January, and a mean
annual precipitation of 752 mm (1987-2016; WRCC). Topography
is steep, with most slopes ranging from 20 to 40%, and shallow
soils approximately 35 cm deep, consisting of clay and clay loam
textures (Garduno et al., 2015). The average wilting point (Wp),
field capacity (Fc), and hydraulic conductivity (Kh) are shown in
Table 1. The soil type is Typic Argiborolls-Aquic Haploborolls.
The experimental watershed lies above the Permian San Andres
and upper Yeso formations. A complex hydrological system is
influenced by exposed geological features and regional fracture
systems. This system enables rapid movement of much of the high-
altitude precipitation through interconnected shallow carbonate
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FIGURE 1

Location of the study site. (A) Watershed study area showing paired plots, (B) location of the study site in Otero County within the State of New

TABLE 1 Average soil hydraulic properties of the study site at different
depths.

Depth Control Thinned
(cm)

Wp* (cm>  Fc* (c§n3 Wp (cm®  Fc (cr?3

cm—3) cm™>) cm—3) cm™—°)
7 0.110 0327 0.075 0.330
20 0.102 0.267 0.130 0.450
35 0.087 0.385 0.077 0417
‘ Ks* (cm day~!)

7 5.695 5.848
20 7.003 7.138
35 7.335 6.255

*Wp is the wilting point, Fc is the field capacity, and Ks is the saturated hydraulic conductivity.

aquifers perched and linked by fracture networks and surface water
drainages (Newton et al., 2015).

The overstory community is dominated by Douglas fir
(Pseudotsuga menziesii Mirb.) and ponderosa pine (Pinus
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ponderosa C. Lawson). The understory herbaceous community is
dominated by Stipa and Sporobolus species, Alder leaf mountain-
mahogany (Cercocarpus Raf.),
snowberry (Symphoricarpos longiflorus A. Gray) (Garduiio et al.,
2015). The height of trees, diameter at breast height (DBH), and
density ranged from 6 to 13 m, 10 to 25 cm, and 80 to 159 treesha™1,
respectively (Table 2).

montanus and Longflower

2.2 Thinning treatment

In mid-August 2009, one randomly selected plot was thinned
from each of four experimental plot pairs (8,100 m? or a
dimension of 90m x 90m each plot) (Figure 2). The thinning
was performed using a boom-mounted masticator attached
to a Caterpillar 320D LLR Hydraulic excavator (23,700kg
weight), which shredded trees from the top to the base.
The resulting slash (i.e., bark and branches) was left on
site (Supplementary Figure 1A). The other plot within a pair
was left as an untreated control plot. Within plot pairs
(i.e., blocks), the treatment and the control plot had similar
aspects (north or south). Two plot pairs were installed on the
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TABLE 2 Characterization of paired plots at the study site.

10.3389/ffgc.2025.1648254

Landscape Plot Treatment Zveg DBH Density CC (%) Aspect Slope Soil
Position pair (m) (cm) Treesha=! Pre-trt Post-trt (%) texture
Ridge 1 Control 8 14.5 159 51 51 North 24 Clay Loam

Thinned 7.4 14.3 146 61 1 North 18 Loam
2 Control 6.3 10.5 115 99 99 South 19 Clay Loam

Thinned 7.2 12.5 159 90 11 South 21 Loam

Valley 3 Control 9.5 244 90 98 98 North 21 Loam
Thinned 12.9 244 80 99 81 North 12 Clay Loam

4 Control 9.3 20.03 58 61 61 South 28 Loam

Thinned 8.9 17.36 85 90 25 South 16 Loam

Zveg is the height of trees, DBH the diameter at breast height, Cc the canopy cover. For cover, pre-trt was calculated in May 2009 and post-trt was calculated in May 2010. Zveg, DBH, and

Density were calculated before the thinning experiment.
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FIGURE 2
The watershed study area shows paired plots at the ridge (1 and 2) and the valley (3 and 4). Letters within plots indicate thinned plots (T) and control
plots (C).

ridge and two on the valley (Supplementary Figure 1A). This
blocking design with four replicates (two in the ridge and
two in the valley) is robust for detecting treatment effects.
However, the limited number of blocks may constrain the
spatial extrapolation of the findings to landscapes with greater
topographic complexity.
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On control plots, pine needles and litter covered the soil,
ranging from 46.81 to 95.29% with a depth of 1.27 to 4.43 cm.
Pre-treatment canopy cover (i.e., calculated with the Normalized
Difference Vegetation Index) on selected thinned plots averaged 85
and 77 % in control plots. Post-treatment canopy cover averaged
30% with slash depth ranging from 1 to 7 cm (Gardufio et al., 2015).
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2.3 Field data collection

2.3.1 Precipitation

Two tipping-bucket rain gauges (NovaLynx Corporation, Grass
Valley, CA) were installed in the study area. One rain gauge was
installed in the ridge landscape position in plot pair one between the
control and thinned plots. The second rain gauge was in the valley
landscape position, approximately 20 m from plot pair three and
25m from plot pair four. Rain gauges recorded hourly data from
January 2009 through October 2011.

2.3.2 Soil volumetric water content and soil
temperature

Soil volumetric water content (9) and soil temperature (Ts)
were measured by ECHO2-EC-TM sensors (Decagon Devices,
2008, Pullman, WA). A set of three sensors per plot was installed
in September 2008 to a depth of 7, 20, and 35cm on each plot
(Supplementary Figure 2). Sensors measured changes in the soil
dielectric permittivity of the surrounding medium. Each specific
soil type was unique and required calibration to determine absolute
values of 6. Calibration was done following Decagon Devices
procedures (Cobos and Chambers, 2009). The linear regression
obtained from the calibration was used to convert 6 from raw
counts or raw data (Supplementary Figure 3). Soil temperature
was measured in degrees Celsius with a thermistor underneath
the probe overmold. The thermistor is in thermal contact with
the probe prongs and reads the temperature along the prong
surface of 5.2 cm long. Temperature data did not require calibration
(Decagon Devices, 2008). Soil volumetric water content and Ts
data were recorded hourly and reported daily from January 2009
through October 2011.

2.3.3 Air and slash temperature

The air temperature was measured at a two-meter height
in plot pair one between the control and thinned plots (ridge
site). The second sensor was installed in the control plot in
plot pair three (valley site). These sensors were housed in a 6-
plate Gill Radiation Shield model 41303-5A (Campbell Scientific,
Logan, UT) to keep the probe at or near ambient temperature.
The slash cover temperature was measured at a two-centimeter
height in each thinned plot over the study period (n = 4)
(Supplementary Figure 2). These sensors were housed in an oval
mesh to keep out rodents. Air and slash temperature data were
recorded hourly and reported daily from October 2009 through
October 2011.

2.3.4 Soil water potential

Soil water potential (W) was calculated using heat dissipation
sensors model 229 (Campbell Scientific, Logan, UT). The sensors
were installed at depths of 7, 20, and 35cm on each plot during
the last week of April 2009 (Figure 3). The soil matric potential was
indirectly measured based on the heat dissipation method. Before
installation, heat dissipation sensors were individually calibrated
in the laboratory by the pressure extractor method (Campbell
Scientific, 2006; Supplementary Figure 4).
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FIGURE 3

Installation of heat dissipation sensors at multiple soil depths for
monitoring soil water potential. The symbol W represents the matric
potential, while the letter Z denotes the gravitational potential.
Depth 1 (Z1) refers to data obtained at 7 and 20 cm, and depth 2 (Z5)
corresponds to data obtained at 20 and 35cm.

Soil volumetric water content, Ts, and ¥ were measured on
each plot concurrently within 50 cm of each other at four plot
pairs at the ridge and valley landscape position from January
2009 through October 2011. Soil volumetric water content and
heat dissipation sensors were installed between three or four trees
without touching the gravel or roots. After thinning, sensors did not
have any influence on tree roots nearby. In control plots, tree roots
might influence sensors. All sensors deployed were packed with soil
and covered with needle pines or slash, depending on the treatment.

2.4 Soil water retention curve (SWRC)

The soil water retention curve was used to calculate the soil
volumetric water content at field capacity, 0, and permanent
wilting point, 8y, (Supplementary Table 1). Mean daily values of ¥
and 0 were used to generate SWRC for each depth and site. Soil ¥
and 6 were screened for outlying values, which were removed from
the subsequent curve analyses. After the screening process, ¥ was
converted to cm of H,O by multiplying MPa by 10197. Then, the
soil particle size distribution data, 1 and 6 were used as input data
to calculate the SWRC for each plot at each depth. The Retention
Curve program (RETC, Version 6.02) was used to fit the SWRC
using the van Genuchten model described by

s= [+ @Wn)T " (1)

Where s is the effective degree of saturation, «, k (equivalent
to the van Genuchten shape parameter #), and m are
empirical constants affecting the shape of the retention curve
(Supplementary Table 1).  For further information, (see van
Genuchten, 1980). Equation 1 was selected for fitting the SWRC
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because it performs best for many soils (van Genuchten et al,
1991). Unsaturated hydraulic conductivity (K) was calculated for
each depth using Gardner’s equation (Gardner, 1958) described by

K— a
Twn4p

2

Where 7 is the porosity, a and b are constants estimated by
hydraulic properties (Campbell, 2008) described by

_ In1500 — In33
- InBf, — InBpyp
a = exp(In33 + blnby) (3)

Where [n6},p is the natural logarithm of the wilting point, In6y.
is the natural logarithm at field capacity of the soil volumetric water
content (cm® cm™3) for each soil at each depth determined with
the RETC program. Although hysteresis can significantly influence
water flux, it was not considered in describing water flux, as no
unique functional relationship can be easily assumed (Weiler and
McDonnell, 2004).

2.4.1 Shallow soil water flux

Shallow soil water flux (q) was determined at two depths: (1)
7 to 20cm and (2) 20 to 35cm according to Darcy’s law (Hanks,
1992) and modified by Richards, who added +1 to account for
the gravitational potential in unsaturated soils (Richards, 1931)
described by

Ah
qg=—K(¥) x (E+1) (4)

Where K(y) is the unsaturated hydraulic conductivity (cm
day~!) as a function of matric potential at a known depth, Ah is
the hydraulic gradient (cm cm™!) difference between two depths,
and AZ is the difference in potential between two depths (cm).

Each hydraulic head is described by

h=wv+2Z2Z (5)

Substituting Equation 5 into Equation 4 water flux was
calculated as follows:

(6)

4= —K (W) x ((‘1—’24-22)—(‘1’1 +Z1) +l)

7 — 71

The reference level for gravitational potential (z) is the soil
surface, and the positive z-axis is directed upward. Negative water
flux (-q) indicates downward water flux, and positive flux (gq)
indicates upward water flux (mm day~!).

2.5 Data analysis

Soil temperature, soil volumetric water content, and water flux
were analyzed by depth using a mixed model with fixed effects
for treatment, month, and their interaction, but focused on two-
tailed pre-planned comparisons of control-treatment differences
within specific seasons. To allow considering a relatively flexible
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TABLE 3 Monthly average precipitation (1987-2016) and monthly
precipitation (2009-2011).

Precipitation (mm)

Season 1987-2016** 2009 2010 2011
Snow January 41 - 15 5
February 48 - 0 12
Snowmelt | March 34 - 3 1
April 22 - 9 1
Dry May 33 62* 13 0
Rainy June 58 46* 38 3
July 151 79* 140 42
August 144 25%* 87 68
September 79 19 34 28
Dry October 50 7 19 0
Snow November 37 25 1
December 55 19 4

*Pre-treatment season.

**29-year monthly average (Source from Western Regional Climate Center (WRCC) (2024).
Cooperative Climatological Data Summaries).

The dash symbol indicates missing data.

set of parsimonious candidate covariance structures, we fitted
covariance structures with random pair x month effects, and
different combinations of random plot effects (uniquely identified
as pair x treatment) and AR (1) (autoregressive) variance
structures fit pooling across treatment or separately by treatment.
We based formal inference on the covariance structure with the
lowest AICc (Akaike Information Criteria). We conducted 12
pre-planned comparisons of treatment to control by averaging
across the months in the indicated seasons. Seasons fell into
the following five categories, with all but the pre-treatment
season corresponding to multiple pre-planned comparisons for
each incidence of that season over the 2009-2011 study years.
(1) The pre-treatment season (May-August 2009); (2) The dry
season fall (October) and spring (May); (3) The snow season
(November-January); (4) The snowmelt season (March-April);
and (5) The rainy season (June-September). We assessed the
sensitivity of the findings to the specific model chosen and
to outliers by fitting the two models with the lowest two
AICc values with and without extreme outliers, defined as
those observations with marginal studentized residual values of
magnitudes exceeding 4. Reported results are based on the specific
model chosen, noting when findings were sensitive to either the
alternative model or outliers. We defined significance as a <
0.05 and conducted analyses using SAS (version 9.4—2006 ® SAS
Institute Inc).

3 Results
3.1 Precipitation

Based on the Cooperative Climatological Data Summaries of
precipitation data covering 30 years, the highest precipitation
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was in July, followed by August, while the driest month
was April, followed by May (Table3). For 2009, 2010, and
2011, the total annual precipitation recorded was 238, 408,
and 159 mm, respectively. The lowest monthly precipitation of
1 mm was recorded in November 2010, March, and April 2011,
while the highest monthly precipitation of 140 mm occurred
in July 2010 (Table 3). The rainy season was marked by a
different precipitation regime throughout the study period (2009-
2011). The lowest precipitation, during the rainy season, was
recorded in 2011 (140mm), while the highest precipitation of
299 mm was recorded in 2010; 2009 was in the middle of
this precipitation regime with 169 mm. Examining the seasonal
distribution of precipitation (1987-2016), it was observed that
the study period (2009-2011) coincided with a drought phase.
This period was characterized by a reduction in monthly
precipitation amount, evident in the overall seasonal distribution
of precipitation.

3.2 Slash cover and air temperature

The
temperature

variability of slash cover temperature and air

followed a seasonal trend characterized by
a gradual rise and decline according to the seasons. The
highest slash cover temperature and air temperature were
recorded in June 2011 (22 °C and 21 °C, respectively). The
lowest slash cover temperature and air temperature below
zero were obtained from December 2009 through February
2010, except for January, with an air temperature above zero

(Figure 4).
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3.3 Soil temperature (Ts)

The soil temperature at 7cm depth was higher in the thinned
plots as compared to the control plots. The difference was
statistically significant from May 2010 (dry season) through the
rainy season of 2010, with differences of 2.65 & 1.07 °C and 2.15
=+ 0.96 °C, respectively (Figure 5). At 20 cm depth, temperatures in
the thinned plots were higher than those observed for the control
plots from snowmelt until October (fall dry season). The difference
was statistically significant in May 2011 (dry season), rainy 2011,
and October 2011 (fall dry season), with the estimated difference
between treated and control plots being 2.50 £ 1.09 °C, 2.62 £ 0.99
°C, and 2.49 = 1.09 °C, respectively (Figure 5). At 35 cm depth, no
significant differences were observed between thinned and control
plots (Figure 5).

3.4 Soil volumetric water content (9)

At the 7cm depth, & was similar between the thinned and
control plots (Figure 6). Both treatments showed a sharp decrease
in @ approaching to wilting point of 0.07 ¢cm® cm™> (thinned
plots) and 0.11 cm® cm™3 (control plots). On the other hand,
thinned plots approached field capacity (0.32 cm® cm™3) during the
snowmelt season in March 2010.

At 20 cm depth, the thinned plots had a 0.12 4 0.05 cm® cm™3
higher than the control plots in October 2009 and 2010 (fall dry
season). The significance of this difference was model-dependent
(Figure 6). In control plots, the field capacity (0.26 cm?® cm™3)
was attained in February and March 2010. In contrast, the low
precipitation registered from October 2010 through October 2011
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FIGURE 5

Monthly average soil temperature at three different depths. The
statistical significance is represented by the black bold minus
symbol. The vertical rectangle (hatched area) depicts the
pre-treatment season.

led the soil to the wilting point (0.10 cm?® cm™3) ( ). On the
other hand, thinned plots had a 0 in the range of 0.20 to 0.30 cm?
cm™3. Although the wilting point and field capacity were at 0.13
and 0.45 cm® cm 3, respectively, the @ was at the midpoint for the
study period.

At 35 cm depth, the thinned plots had a consistently higher 6
than the control plots, starting from May 2010 (spring dry season)
through October 2011 (fall dry season) ( ). The snowmelt
of 2010 led to similar soil volumetric water content in thinned
plots, throughout the soil profile (i.e., three different depths). After
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FIGURE 6

Monthly average soil volumetric water content measured at three
different depths in both control and thinned plots. The black bold
minus symbol represents the statistical significance between control
and thinned plots. The vertical rectangle (hatched area) depicts the
pre-treatment season and the vertical blue bars represent the
precipitation

the dry season of 2010 (May), the precipitation of 140 mm (July)
contributed to replenishing the soil (i.e., close to the field capacity of
0.41 cm® cm™2), followed by a steady decrease until October 2011.
Conversely, control plots had a low soil volumetric water content at
35 cm depth that followed a narrow range through the study period,
likely attributed to tree root uptake.

3.5 Shallow soil water hydraulic gradients

In control plots, the total hydraulic head data showed depth-
specific patterns ( ). During the study period, at all depths,
the total head increased as a response to low precipitation events. At

7 cm depth, the total head was the most influenced by precipitation
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and dry spells, even reaching —1,200 cm in June 2011, while at 20
and 35 cm depths reached —700 and —800 cm, respectively.

In thinned plots, water flowed from the deeper layer (35cm)
to the shallower layer (7cm) (Figure 7B). After the thinning
treatment, all depths diminished in total head until September
2010. After this period, it increased (more negative), although at
35 cm depth, there was a less pronounced increase. Thus, at 35 cm
depth, the total hydraulic head was in a range of —200 to —590 cm
even with prolonged low precipitation (February and August 2011).
The response and direction of water flow occurred after the
thinning treatment, mainly due to the lack of tree influence, which
likely diminished water uptake at deeper soil layers, thereby altering
the total hydraulic head.

In control plots, during the study period, the hydraulic gradient
was mainly positive at 7-20cm depth with a sharp increase
from January 2010 through December 2010. At this depth, the
hydraulic gradient showed multiple peaks and fluctuations, mainly
after precipitation (Figure 8A). At 20-35cm depth, the hydraulic

Frontiersin Forests and Global Change

09

gradient was mostly negative. At this depth, the hydraulic gradient
remained steady around zero, indicating minimal variation. The
opposite direction at both depths was mainly due to water uptake
by trees (probes were installed between three pines). The total
hydraulic head corroborates the direction of water flow shown on
the hydraulic gradients during low precipitation (April through
July 2011).

In thinned plots, after the thinning treatment, the hydraulic
gradient was positive at both depths (7-20 cm and 20-35 cm) even
during low precipitation (February through June 2010 and from
October 2010 to the first week of July 2011) (Figure 8B). At 7-20 cm
depth, the hydraulic gradient increased steadily from October 2009
through May 2010. Henceforward, the hydraulic gradient had a
sharp decrease until August 2011. At 20-35 cm depth, it remained
relatively stable with small variation. During the described period,
at both depths, water flow was from the high total head to
the low total head as confirmed by the hydraulic head results
(Figure 7B).
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3.6 Shallow soil water flux quantification

Following thinning, at 7 to 20cm depth, seasonal estimates
of soil water flux in control plots ranged from —0.002 (dry
season 2009) to 0.014mm day~' (snowmelt 2011), while for
thinned plots, the mean g ranged from—0.060 (pre-treatment) to
0.051 mm day~! (dry season 2011). Both plots showed similar
trends in g with upward (4) and downward (-) directions,
although the control plots showed slight upward and downward
q movement (Figure 9A). The pre-treatment period showed a
downward direction for both plots (i.e., control and thinned); none
of these differences were significant (Table 4).

Following thinning, at 20 to 35 cm depth, control plots differed
significantly from thinned plots beginning with the snow season
2009-2010 (November 2009-January 2010) through the rainy

Frontiersin Forests and Global Change

season 2010 (June-September 2010; Figure 9B). During this period,
in control plots, g was in downward direction with the lowest q of
—0.040 %+ 0.026 mm day ! during the rainy season 2010 (June-
September). In thinned plots, ¢ was predominantly in upward
direction with the highest g of 0.134 £ 0.054 mm day ™! during the
dry season in May 2010 (Table 4).

4 Discussion

The effect of thinning observed in the soil volumetric water
content after 8 months was mainly at 35cm depth, and in the
soil water flux after 3 months at the soil profile of 20 to 35cm
depth. There were no differences in the pre-treatment between
forest stands, likely due to similar forest conditions (e.g., slope
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FIGURE 9
Shallow soil water flux at 7-20 cm depth (A) and 20-35 cm depth (B). The solid black and gray lines represent control and thinned plots, respectively.
The bold black minus symbol depicts statistical significance. The vertical rectangle (hatched area) depicts the pre-treatment season.

gradient, tree density, soil texture, and soil depth) before the
thinning treatment carried out in mid-August 2009. Our findings
revealed the shallow soil water dynamics in response to different
seasons and highlight the critical role of post-thinning.

4.1 Soil volumetric water content

Our results suggest that thinning increases soil volumetric
water content at 35cm depth, likely stored at the bottom of the
soil column on a rock surface. Following the thinning treatment,
the difference in soil volumetric water content between control
and thinned plots increased from May 2010 through October 2011,

Frontiersin
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driven by changes in forest structure. Thinning reduced the canopy
cover and tree density, leaving open spaces covered by scattered
slash. These changes aimed to maintain higher soil volumetric
water content for longer periods compared to control plots, even
during the lowest precipitation recorded (i.e., the rainy season) in
2011 (
as “rock moisture” ( ;

). The weathered bedrock vadose zone, referred to
), mitigates
drought impacts by storing water in wet years and releasing it
in dry periods ( ). Forest structure is a key
factor influencing soil moisture at the upper 50 cm depth, especially
during drought periods ( ). Thinning creates
forest gaps, enhancing soil moisture through three key processes:

(1) reduced canopy interception ( ), (2) reduced
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TABLE 4 Shallow soil water flux (mm day~!) at two depths.

7-20cm depth

10.3389/ffgc.2025.1648254

20-35cm depth

Control (SE) Thinned (SE) P-value Control (SE) Thinned (SE) P-value
Pre-treatment —0.005 (0.023) —0.065(0.058) 0347 —0.018 (0.029) 0.030 (0.056) 0.449
Dry 2009 —0.002 (0.028) 0.010 (0.071) 0.878 —0.017 (0.039) 0.133 (0.075) 0.070
Snow 2009-2010 —0.005 (0.023) —0.024 (0.057) 0.757 —0.028 (0.030) 0.132 (0.058) 0.019*
Snowmelt 2010 0.013 (0.018) 0.002 (0.046) 0.827 —0.037 (0.028) 0.113 (0.048) 0.012*
Dry 2010 —0.003 (0.020) 0.001 (0.051) 0.950 —0.004 (0.032) 0.134 (0.054) 0.031*
Rainy 2010 0.006 (0.016) —0.024 (0.042) 0.498 —0.040 (0.026) 0.123 (0.041) 0.005*
Dry 2010 0.013 (0.020) 0.005 (0.051) 0.879 —0.009 (0.032) 0.077 (0.054) 0.163
Snow 2010-2011 0.011 (0.017) —0.018 (0.043) 0.540 —0.009 (0.027) 0.036 (0.044) 0.392
Snowmelt 2011 0.014 (0.018) 0.002 (0.046) 0.798 —0.007 (0.028) 0.064 (0.048) 0.202
Dry 2011 0.010 (0.020) 0.047 (0.051) 0.500 —0.004 (0.032) 0.039 (0.054) 0.481
Rainy 2011 —0.009 (0.016) 0.034 (0.041) 0.339 —0.011 (0.026) 0.063 (0.041) 0.147
Dry 2011 —0.016 (0.022) 0.051 (0.051) 0.232 —0.019 (0.034) 0.007 (0.054) 0.672

T Pre-treatment season (May-August 2009), (2) Dry season fall (October) and spring (May), (3) Snow season (November-January), (4) Snowmelt season (March-April), and (5) Rainy season

season (June-September).

The asterisk depicts statistical significance between control and thinned plots at a depth of 20-35 cm.

water uptake (Marthews et al., 2008), and (3) lower transpiration
rates (Ritter et al., 2005). Our results agree with Lucas-Borja et al.
(2018), who reported warmer soil surface temperature and higher
soil volumetric water content in straw mulch plots compared to
control plots in a Mediterranean forest. Similar to our study,
thinning a semi-arid ponderosa forest increased soil moisture in
the first 100 cm vs. unthinned forests (Sankey and Tatum, 2022).
Another study reported temporal effects on soil moisture response
in thinned stands. The onset of soil moisture depletion was delayed
in thinned vs. control stands. However, in years with above-average
precipitation, thinned and control stands reached their maximum
water storage capacity (Hardage et al., 2022).

4.2 Shallow soil water flux

Our results revealed a more nuanced effect of forest thinning
on soil water flux than initially hypothesized. Specifically, the
hypothesis, “In treated plots, water flows in downward direction
during the snowmelt and rainy season,” was partially confirmed.
It was not supported during the snowmelt period (upward water
flow), but was supported during the rainfall period in 2010
(downward water flow).

During the snowmelt season (2010), differences in soil and slash
cover temperatures influenced the upward water flux. This was
confirmed by the hydraulic head gradients, with a higher water
potential at 35 cm and a lower water potential at 7 cm depth. The
differences in gradients were likely influenced by high evaporative
demand at the surface. In thinned plots, solar radiation reached
the slash cover directly, increasing the soil temperature and slash
cover, which provided the latent energy for evaporation (Heck
et al., 2020). Concurrently, wind removed water vapor from the
surface, sustaining a high vapor pressure deficit (Davarzani et al,
2014). Both variables influenced the upward flow observed during
this period. Soil temperature gradients influence soil water flux in
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unsaturated soils; however, the magnitude of the temperature effect
depends on the volumetric water content (Bach, 1992). Gierke
et al. (2016) characterized the snowmelt in the same watershed
as slow, uniform infiltration that primarily fills soil micropores,
creating a tightly-bound water source for water uptake during the
dry spring. The upward flux we reported was a key mechanism
for redistributing moisture in the shallow root zone, although the
majority of the snowmelt water likely infiltrated and was stored
at the weathered bedrock. Contrary to our results and a different
setup, Iwata et al. (2010) reported downward water flux as the snow
melted in above-zero temperatures in an agricultural field devoid
of vegetation.

During the rainy season (2010), we observed a complex pattern
of water flux. It was downward from 7 to 20cm and upward
from 35 to 20 cm. This pattern likely occurred due to the water
uptake by pine seedlings known as hydraulic redistribution. This
process occurs when water moves from deeper soil layers (moist
soil) upward to shallow soil layers (drier soil) through the root
system, usually during the night when transpiration has diminished
(Richards and Caldwell, 1987; Brooks et al., 2002). This is a
plausible process on our site, where ponderosa pine seedlings can
extract water from shallow, rocky soils (Rose et al., 1997) despite
root growth being influenced by soil moisture and bulk density
(Siegel-Issem et al., 2005). According to the tree density assessment
conducted in March 2010, pine seedlings averaged 163 per ha in
thinned plots and 128 per ha in control plots. Fornwalt et al. (2017)
reported similar total understory plant cover on mulching plots
(i.e., similar to our treatment) vs. control plots after 2-4 years of the
treatment in a mixed conifer forest. Warren et al. (2011) reported
that root water extraction was mainly in the upper soil horizon
(20cm) in old-growth ponderosa pine. Isotope analysis from the
same watershed showed that trees take water from shallow and
deep layers during the rainy season (Gierke et al., 2016). Their
results detailed a seasonal pattern where trees relied exclusively
on the shallow water pool during the dry spring, then shifted
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to a mixture of both shallow and deep water sources during the
monsoon, and continued to access the deeper water for months
after the rains ended.

Our hypothesis, “During the low water input (dry season),
treated plots may have upward water flux,” was confirmed. The
upward water flux likely resulted from a high evaporative demand
(similar to the observed snowmelt season), which created a
hydraulic gradient that moved water upward from storage at the
base of the rock column. This process reflected water redistribution
from the weathered bedrock interface toward a drier surface layer.
The upward water flux was observed right after the thinning
treatment from October 2009 (dry season) through the end of the
study (October 2011), with noticeable differences in the hydraulic
gradients in the shallow soil matrix. The scattered slash covered the
topsoil and kept the soil warmer compared to the soil under the
canopy in control plots. The slash absorbed and re-radiated solar
radiation throughout the year, creating a warmer microclimate
at the soil surface. This increase in temperature likely enhanced
water loss via evaporation. Solar radiation has been widely studied,
resulting in warmer soil temperatures in treated than in control
plots due to the lack of canopy cover (Everett and Sharrow, 1985;
Breshears et al., 1998; Tang et al., 2005; Moroni et al., 2009; Gardufio
et al, 2010). In addition, forest floor residues (e.g., slash) have
been shown to influence soil temperature patterns (Liechty et al,
1992; Zabowski et al., 2000). Similar to our results but different
thinning setup, Sun et al. (2016) reported increased soil evaporation
after strip thinning in a Japanese cypress forest. They reported that
radiation was highly correlated, followed by vapor pressure deficit
during this process. Tatum et al. (2025) measured the soil water
potential in a thinned Ponderosa forest. The vertical gradient in
soil water potential observed in the thinned treatment suggests
upward water movement from deep soil layers (less negative at
100 cm) to the shallow root zone (more negative at 25 cm) during
the dry season.

4.3 Study limitations

The interpretation of our findings on soil water dynamics
should be considered within the inherent context of hydrological
data uncertainty. Hydrological data are subject to multiple sources
of uncertainty, with typical magnitudes of 10 to 40% (McMillan
et al., 2018). First, the Darcy-Richards equation relies on key
assumptions: (1) water flow is essentially one-dimensional in
the vertical direction, (2) the soil is isotropic with uniform
hydraulic properties horizontally, and (3) steady-state conditions
are approximated over the measurement interval (Warrick, 2003).
This approach offers a reliable estimate of shallow soil water fluxes,
even though natural soil systems may differ from these ideal
circumstances, introducing potential error.

Second, our study considered the uncertainty associated with
the scale-up process (using a limited number of experimental
blocks, n = 4). Although this design is common in large-scale
experiments, it introduces uncertainty when extrapolating results
across broader and heterogeneous landscapes. The statistically
significant treatment effects observed in soil volumetric content
and shallow soil water flux were detectable across this underlying
uncertainty and represented a relevant hydrological response
to thinning.
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4.4 Management implications

The hydrological response to thinning observed in our study
is specific to the conditions of a mixed conifer forest overlying
fractured limestone bedrock. The direct application of our findings
is most relevant to forest and water managers operating in similar
climate and shallow, rocky soil environments. Our findings provide
critical-grounded guidance for managers aiming to enhance forest
resilience and water storage during drought. Despite an increase
in soil water storage, thinning had nuanced effects on water flux,
mainly in upward direction. This process translates into more
stored water and less water lost via evaporation under soils with
scattered slash. For managers, this implies that strategic thinning
can be a proactive strategy to mitigate drought stress in conifer
forests. By reducing stand density, managers can effectively delay
the onset of soil water deficit, thereby reducing tree mortality and
susceptibility to pests, which are often exacerbated by drought.

5 Conclusions

Our study demonstrates that thinning mixed conifer forest
stands on fracture limestone led to soil volumetric water content
storage, likely due to water accumulation in the weathered bedrock
vadose zone, which subsequently contributed to upward water flux
during dry periods.

These findings provide valuable insights for water managers
seeking to make informed land management decisions that support
sustainable water use and ecosystem health. By considering the
impact of forest thinning on soil water dynamics, managers
can promote healthy forest ecosystems while addressing climate
change-related concerns. It is important to include thinning
practices to keep trees and seedlings at low density to avoid
water loss by evapotranspiration by contributing to groundwater
recharge, especially in regions facing increasing water scarcity due
to climate change.

Further research is necessary to understand the long-term
effects of thinning on the hydrological processes of forest
ecosystems under changing climatic conditions. Such studies
should consider the effects of thinning intensity and techniques
on forest hydrology to develop optimal thinning practices for
different forest types and climatic conditions. By integrating climate
change considerations into forest management strategies, water
managers can enhance the resilience of forest ecosystems and
ensure sustainable water resources.
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