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A case study of runoff and sediment yield in
areas subjected to different forest thinning
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Forest restoration thinning treatments
are useful for reducing fire severity and
ecological drought stressors such as
insects and disease. Thinning also is useful
to address water yield challenges (Luo et al.
2018). Thinning treatments reduce stem density and thereby increase soil water availability
through reduced transpiration and decreased
canopy cover (Aussenac 2000). Bosch and
Hewlett (1982) reviewed 94 paired-watershed studies from different parts of the world
to see how forest cover affects water yield.

The review found that for every 10% reduction in forest overstory water yield increased
by 40 mm in coniferous forests and by 25 mm
in deciduous forests where mean annual precipitation exceeds 450 to 500 mm y–1.
Forest and land managers utilize a variety
of silvicultural practices intended to increase
water yield and reduce evapotranspiration
across forest watersheds (Hibbert 1965).
Forest thinning is one such silvicultural
method that is typically used to reduce stand
density to improve fire resilience, growth
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Abstract: Forest thinning practices play a fundamental role in natural resource management
and are used to reduce forest density, particularly in the southwestern United States. Increased
forest density can significantly influence fuel loads and subsequent fire severity. Moderate
and high fire severity may increase surface runoff and sediment yield during postfire rainfall
events. This study was conducted to evaluate the effects of thinning treatments on runoff and
sediment yield in northern New Mexico forests. Four cover types were tested to evaluate
how they influenced runoff and sedimentation. The four cover types included control (nonthinned), interspace (between slash piles), lop-scatter (slash was scattered and burned), and
pile (slash was piled and burned). In addition, each cover type was tested on two categories
of slopes: mild slopes (<5%) and moderate slopes (5% to 20%). Rainfall simulations (~16 cm
h–1) for both dry and wet runs were used to measure runoff and sediment yield in 2015 and
2017. Results showed pile treatments had significantly higher time to runoff initiation than
did control plots during dry runs.Time to peak runoff was significantly different in mild slope
(38.1 min) than moderate slope (25.4 min) in the dry run. Wet run time to peak runoff was
found to be greater under the pile treatment as compared to other treatments. Sediment yield
was significantly greater on moderate slopes in pile and lop-scatter treatments as compared to
control for dry runs. For wet runs, a significant effect was detected between slopes; moderate
(greater) slopes produced greater sediment than mild (lesser) slopes. The pile treatments may
provide beneficial impacts for watersheds despite the delayed peak runoff in response to rainfall on milder slopes. However, high sediment yield with runoff for pile thinning treatments in
steeper slope locations will be important to include when evaluating management impacts on
natural resources in the future. Overall, this case study shows that thinning activities in conifer
forests of New Mexico have the potential to impact the hydrological function of the watershed and should be considered as part of an overall forest and watershed management strategy.

rates for commerical timber markets, or both,
while simultaneoulsy enhancing stand structure and runoff at watershed scales (Lesch
and Scott 1997). After the thinning process,
more sunlight reaches the ground increasing
both the amount and density of the understory cover (Yanai et al. 1998; Thomas et al.
1999; Dodson et al. 2008). These understory
changes can conceivably affect water infiltration and flow direction near the surface
(Lane and Mackay 2001; Grace et al. 2006).
In the southwestern United States, forested watersheds are important sources of
water supply for domestic and agricultural
needs (Robles and Enquist 2010). Many
regions of the semiarid southwest are experiencing growing competition for fresh water;
this is a serious issue in these areas. This
demand makes it necessary to manage forested watersheds and to effectively manage
water resources. Natural resource managers
have determined that reducing forest density is an effective way to change water yield
(Hibbert 1965; Troendle and Leaf 1980;
Bosch and Hewlett 1982).
One obstacle to increasing water resources
for municipal and industrial purposes in the
southwestern United States is that the number of densely forested areas has expanded
over the past 100 years (MacDonald and
Stednick 2003). The major factors that have
increased tree densities are fire suppression
and deficiencies in forestry practices such as
harvesting or thinning (Allen 1989; Swetnam
and Betancourt 1990; Touchan et al. 1995;
Swetnam and Baisan 2003). Increased forest density creates three major outcomes
for natural resource management: reducing
water yield (Triemble and Weirich 1987;
MacDonald and Stednick 2003), reducing
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and road-building may result in increased
amounts of sediment accumulation in stream
channels through soil disturbance (Rice et
al. 1979; MacDonald and Stednick 2003).
After successful treatments, ground can be
covered by litter and vegetation, which
diminish soil erosion and runoff while promoting increased infiltration (Baker et al.
1995). Research methods using simulated
rainfall have been established as a cost-effective way to measure soil erosion (Sheridan
et al. 2008). Rainfall simulation does this by
controlling the amount of precipitation as
well as the length of time and the intensity of
the precipitation, making it a convenient tool
for research in hydrological soil procedures
(Martínez-Murillo et al. 2013).
Our study study provides improved
knowledge about the hydrologic dynamics
of forest management practices and hydrologic processes in a northern New Mexican
forest.This case study was conducted to evaluate the effects of forest thinning practices
on runoff and sediment yield. We hypothesized that, compared to unthinned forest,
thinned and burned forest stands with piled/
interspace and lop-scatter slash would have
increased surface runoff and sediment yield
during simulated rainfall.
Materials and Methods
Study Area. The fieldwork was completed
within the Walker Flats Grazing Allotment
in the Pecos/Las Vegas Ranger District of
the Santa Fe National Forest near Mora,
New Mexico (latitude 36°00'58.15'' N,
longitude 105°27'37.78'' W; figure 1). The
highest elevation in the forest where the
plots were located is approximately 2,926 m
while the lowest point is 2,680 m. The study
was conducted during the months of June,
July, and August in two different years, 2015
and 2017. Total annual precipitation was
92 cm for 2015 and 63 cm for 2017. The
mean minimum and maximum temperatures
were –0.1°C and 15.3°C for 2015, and they
were 0.7°C and 16.3°C for 2017 (NOAA/
NCDC 2020).
The study area included two different
types of forest structure defined by the different percentages of tree species. The first
type is classified as ponderosa pine and was
composed of more than 60% ponderosa pine
(Pinus ponderosa C. Lawson). The second
type is classified as a mixed conifer, which
has less than 60% ponderosa pine. The other
tree species in these stands included white

fir (Abies concolor [Gord. & Glend.] Lindl. ex
Hildebr), Douglas fir (Pseudotsuga menziesii
[Mirb.] Franco var. glauca [Beissn.]), limber
pine (Pinus flexilis), and aspen (Populus tremuloides Michx).
Thinning Treatment. The Walker Flats
Collaborative Forest Restoration Program
(CFRP) project consisted of 13 different
forest stands that received multiple thinning
and burning treatments spanning from 2005
to fall 2008. The treatments were applied
according to the prescription written by
the US Forest Service for the Walker Flats
Grazing Allotment, which was divided into
three units: Walker, Corrales, and Encinal.
According to the CFRP project, each type
of stand had its own prescription. A more
general prescription for all three follows,
which was issued as guidance to contract
thinners: Trees “over 11.9 inches” (30.2 cm)
diameter at breast height were not cut; the
stand was thinned to leave 80 to 100 trees
ac–1 (200 to 247 trees ha–1); and appropriate
spacing between residual trees was kept 6 m,
except where clumping or openings were
left. The tree species preference selection
was as follows: ponderosa pine, limber pine,
aspen, and Douglas fir; 15% to 20% of residual trees should be left in clumps (clumps
were defined by 2 to 6 trees with overlapping
crowns or quite close to each other); and
there should be 3 to 7 tree groups ac–1 (7 to
17 tree groups ha–1). Slash was piled and was
located in conical shape away from crowns
of trees. Pile—including fine fuels (less than
10 cm diameter) and boles (greater than 10
cm diameter)—should be left 1.8 m away
from remaining trees (New Mexico State
University 2009).
Thinning prescriptions resulted in the
following treatments: control, interspace,
lop-scatter, and pile. Control treatments were
nonthinned areas selected in close proximity
to thinned units in an attempt to mirror preharvest conditions. Control areas had dense
closed canopy conditions with little to no
understory. Lop-scatter treatments were
selected within thinned areas where slash
material was treated on the ground with a
lop-scatter approach. Pile treatments were
created in thinned areas in which slash material was piled and then burned. These pile
treatments included fine fuels and boles. Fine
fuels were less than 10 cm diameter in size,
and boles were greater than 10 cm diameter in size. Burn pile size was based on US
Forest Service guidelines that recommend

JOURNAL OF SOIL AND WATER CONSERVATION

Copyright © 2021 Soil and Water Conservation Society. All rights reserved.
Journal of Soil and Water Conservation 76(4):293-302 www.swcs.org

herbaceous vegetation (Cooper 1960; Oliver
and Ryker 1990), and increasing wildfire
danger (Swetnam 1990). New Mexico forests
have shown alterations from intensive livestock grazing since the late 1800s (Cooper
1960) and from the last century of fire suppression (Weaver 1964; Swetnam 1990). New
Mexico’s forests occupy 10 million ha (31%
of state’s total land area) and supply approximately 65% of all surface waters generated
by headwaters withing the state. (Furniss
et al. 2010; Goeking et al. 2014). Portions
of these forested areas occur in higher elevations and are important sources of water
because higher elevation forests receive
higher amounts of precipitation to produce
runoff and groundwater recharge (Brooks et
al. 2013; Goeking et al. 2014). Appropriate
management of these watersheds is crucial to
better manage water supplies (Stednick 2000;
MacDonald and Stednick 2003).
Thinning and other silvicultural practices can also be a beneficial management
option to minimize the effect of fire severity by decreasing tree density and fuel loads.
These practices (e.g., commercial harvest,
commercial harvest and burn, noncommercial lop and pile, noncommercial lop-scatter,
and shelterwood harvest) will reduce the
severity of wildfires if applied in dense forest.
Prescribed burning is a suitable management
practice that restores watersheds and helps
their ecologic functions (Cram et al. 2003).
A combination of thinning and burning prescriptions can increase water yield (Hibbert
1965; Bosh and Hewlett 1982; Stednick 1996)
and forage production (Cooper 1960) while
decreasing wildfire dangers (Cram et al. 2003).
The potential result of decreasing forest density is a reduction in evapotranspiration while
increasing water yield (Hicks et al. 1991; Sun
et al. 2005). Numerous studies have projected
increased water yield in forested areas after
forest thinning (Bosch and Hewlett 1982;
Triemble and Weirich 1987); a 20% reduction of the basal area in a forested watershed
can yield a statistically significant increase in
runoff. However, treatment practices such
as large-scale clear-cutting may increase the
likelihood of increased sediment yield and
flood risk while also negatively impacting
wildlife habitat (Arthur et al. 1998; Stednick
2000; Chu and Shirmohammadi 2004).
Sediment is one of the more important
nonpoint source pollutants associated with
forestry management practices (Grace 2005).
Disturbances such as harvesting (i.e., logging)

Figure 1
Specific location of research plots in Walker Flats Grazing Allotment in Santa Fe National
Forest, New Mexico. The following describe the treatments in the figure: C = control, P = pile
and burn, L = lop-scatter, and I = interspace.
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piles be built to 1.83 × 1.83 × 1.83 m or
6.12 m3 of slash. The burn pile footprint was
approximately 3.34 m2. To select interspace
plots, a pile was first randomly chosen (independently of the piles selected for the pile
treatment). Then, starting at this point, a random azimuth was selected, along which the
closest pile was then selected as the second
chosen pile. The interspace plot was defined
as the midpoint between these two piles.
While interspace and pile were components
of the same treatment protocol, it is expected
that interspace areas and areas under the burn
piles would respond differently to the treatment protocol. These interspace and piles
were not paired together for the analysis given
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105°26'30" W

that they were randomly selected points.
Across the pile treatment area, the actual burn
piles represented less than 5% of the total area
compared to the interspace. Additionally,
we intended to explore whether the more
intense burning associated with piles resulted
in differences from the less intense burning
related to lop-scatter treatment.
The Walker unit was thinned in strips for
part of a monitoring study in 2005, and it
was also thinned over the entire area from
May of 2007 through December of 2008.
The Corrales unit was thinned approximately 25 years earlier, and the Encinal unit
was thinned between September of 2005
and July of 2006. Also, in this study area, pre-
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scribed burning was conducted in the fall of
2008, except on the Encinal unit.
Methods. The study design was based on
an experimental design established in conjunction with the Walker Flats CFRP (New
Mexico State University 2009). In this study
design, two locations (described below as
blocks for the statistical analysis) were established and defined by their slope: location 1
was an area with a mild slope (<5% slope)
and location 2 was an area with moderate
slope (>5% to 20% slope) (figure 2). No locations were established in the steep slope areas,
because treatment was not allowed under
forest management guidelines due to the
erosion risk. Four different treatments were
established in each location in the Walker
Flats study area. Each location had a control,
interspace, lop-scatter, and pile in different portions of the site. Control treatments
were established in areas where no thinning or burning activity had been practiced.
Lop-scatter, pile, and interspace treatments
had thinning and burning activities in the
Walker Flats Grazing Allotment. Silvicultural
thinning had been practiced before slash
was scattered and burned on the ground in
lop-scatter treatments. Similarly, in pile treatments, thinning had been applied before the
slash was piled and burned. The interspace
treatments were established between separately selected slash piles.
Rainfall simulations (Wilcox et al. 1986)
were used in each plot to measure precipitation, runoff, and sediment yield (SY). The
portable rainfall simulator was described by
Madrid et al. (2006), and was used in previous
studies (Cram et al. 2007; Fernald et al. 2012).
The simulator included a tripod, a one-quarter G10 full jet irrigation nozzle (Spraying
Systems Co., Wheaton, Illinois), which was
vertically downward facing, a garden hose, a
757 L water tank, and a Pacer water pump
(Pacer, Lancaster, Pennsylvania) powered by
a 5.5 horsepower Briggs & Stratton engine
(Briggs & Stratton, Wauwatosa, Wisconsin).
The full jet irrigation nozzle was positioned
175 cm above the soil surface by adjusting
the legs of the tripod. Runoff rings with a
1 m2 internal area were placed directly into
the soil across all four treatment plots (i.e,.
control, lop-scatter, pile, and interspace). In
the pile treatment, rings were positioned
directly over the residue from the burned
piles occupying approximately one-third of
the burn pile footprint. Little to no soil disturbance occurred during the installation of
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Figure 2
Description of treatments with (a) associated ring locations and (b) the sampling design for
the treatments across the two slope locations.
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runoff rings. The nozzle was placed over the
center of the ring. The water pressure used
for the rainfall simulation was maintained
at 68.9 kPa target water pressure by using a
pressure regulator (Senninger Irrigation Inc.,
Clermont, Florida) with 10.3 kPa fluctuation
around the target pressure.
A total of 32 plots (16 plots in the mild
slope block and 16 in the moderate slope
block) were established for the measurements. During 2015 and 2017, the same
locations were used based on the 2009 study
design. Rainfall simulations of 1 h were run
for each plot (a total of 64). Two 60 min
rainfall simulations were conducted. The first
hour simulation was called the “dry run” and
characterized antecedent soil moisture. The
second simulation, run 24 h after the dry run,
was called the “wet run” and characterized
soils at field capacity. Between the two simulations, runoff rings were covered with black
plastic to minimize evaporation and to maintain conditions close to soil field capacity for
the wet run.
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The rainfall simulator provided precipitation for 60 min, and the average rainfall
application for both dry and wet runs was
approximately 16 cm h–1. For each time
period, rainfall simulations were conducted
32 times for a total of 64 simulations.
Precipitation (cm), runoff (mL), and soil
moisture (%) were measured in 5 min intervals by repeating the process 12 times for a
total of 60 min. Precipitation rates (cm h–1)
were determined by taking the average of
two rain gauges installed near the center of
the rings. Runoff was measured in milliliters
by using a 1 L graduated cylinder in 5 min
intervals, and the total runoff was determined
after 12 readings of 5 min runs. Small screens
covered the runoff trays to prevent precipitation overspray from entering the runoff
bucket. Runoff ratio (cm h–1) was calculated
because we did not have equal precipitation
rates among simulations. At the end of the
1 h period, all the runoff was collected in
a large garbage container from which 1 L
sediment samples were taken. Before tak-
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Control

ing sediment samples, all runoff was robustly
agitated in a garbage container providing for
suspended sediment. Time to runoff initiation (TRI) was defined as the time when
the collection bucket obtained the first drop
of flow after the starting time of the simulator. Any lateral overflow from the rainfall
simulator that fell outside the ring was not
diverted into the collection bucket and was
not included in the measurements. Time to
peak runoff (TPK) was determined as the
time when runoff volume reached its highest
peak after starting time. For example, assuming the peak volume was measured during
the fourth 5 min interval, then the TPK was
20 min.
The following sediment sample procedure was described by Garduno et al. (2015).
Sediment samples were allowed to settle to
filter the excess water from the 1 L bottle.
Filtered samples (the 1 L bottle and the wet
sediment) were weighed before being dried
in an oven for 48 h at 60°C, after which the
dry sediment was weighed (in g m–2). Then
SY was calculated as kilogram per hectare.
Site characteristics were measured to
describe potential influences on runoff and
SY. Slope (%) within a plot was determined
using a hand level and a meter ruler. Plot litter depth (cm) was measured at five equally
spaced locations (center, north, east, west, and
south) within each plot ring. Soil moisture
data were collected using a Field Scout®
Time Domain Reflectometer (Spectrum
Technologies, Aurora, Illinois, United States)
100 Soil Moisture Sensor (table 1).A Spherical
Densitometer Canopy cover was used to
measure canopy cover by taking the average of measurements recorded when facing
north, east, south, and west within the plots
(Lemmon 1956). A 0.5 m × 1.0 m rectangular quadrat was used to determine percentage
understory cover (Bonham 2013). Cover
classes were recorded as follows: vegetation,
litter, rock, and bare soil (table 1). Rectangular
quadrats were replicated five times from the
plot center, facing north and south.
Data were analyzed using SAS PROC
MIXED and PROC GLIMMIX software
version 9.4 (SAS Institute Inc. 2013). The
predictor variables were two different time
periods (2015 and 2017), location defined
with two slope ranges (mild and moderate), and treatment with four types (control,
interspace, lop-scatter, and pile) and all interactions. Repeated measures were accounted
for with a random effect defined by repli-

Table 1
Site characteristics with mean ± standard deviation of four forest treatments during 2015 and 2017 study periods in a mixed conifer forest near Mora,
New Mexico.
			

Treatments

		

Location

Control		

Interspace		

Lop-scatter		

Pile

Variables

(slope)

2015

2015

2015

2015

2017

2017

2017

2017

cation within location by treatment. The
response variables were log transformed
runoff ratio, TRI (sec), TPK (min), and SY
(kg ha–1). A generalized linear model (PROC
GLIMMIX) using the gamma response distribution with the log link was applied to
TRI (Stroup 2012); inverse linked estimates
are reported. All other variables used analyses
that assumed a normal response distribution (PROC MIXED), but runoff ratio was
log transformed to stabilize the variance
(Kuehl 1994); back transformed estimates
were reported. The outlier strategy identifying outliers as having studentized residuals
with magnitudes greater than 3.0 was used
(Ramsey and Schafer 2002). Significant
effects were explained using pairwise comparisons among least square means. For back
transformed estimates, a 95% confidence
interval was reported, or standard errors were
obtained using the delta method. Statistical
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significance value was established as 0.05
alpha level for all variables.
Results and Discussion
Runoff Ratio. There were no significant
effects (p > 0.05) in log transformed runoff
ratios for the dry run. Dry run runoff ratios
ranged from 0.006 to 0.621. The median
was 0.101. Wet runs also showed no significant treatment effects (p > 0.05) for log
transformed runoff ratio when using all data
points. Wet run runoff ratios ranged from
0.001 to 0.660 with a median of 0.113.
In re-analysis, with a single outlier in the
interspace treatment for mild slope in 2015
removed (with runoff ratio 0.001), however,
there were significant location, treatment,
and location by treatment by year effects in
the log transformed runoff ratio.
With back transformed log runoff ratio
analysis after one data point removed, for
moderate slope in 2015, the control treat-

ment was significantly lower than other
treatments. In 2017 mild slope, the control
was lower than lop-scatter. Also, there were
significant differences when comparing
locations by year means within control treatments, which was observed in the 2015 study
period for moderate slope. Although the log
transformed runoff ratios of the pile treatments were numerically higher than those
of the control estimates in every year and
location combination, the difference was significant only for moderate slope in 2015 in
the analysis with the outlier removed, 0.193
(±0.095) (figure 3).
Differences in runoff ratios were expected;
however, no differences were noticed in dry
runs in contrast with the wet run results. Our
hypothesis, that a thinning treatment that was
followed by a burning prescription would
increase runoff, was confirmed for wet run
results but differed by year and treatment
for the highest valued ratios. These differ-
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Litter depth (cm)
Mild
3.0 ± 1.2
2.0 ± 0.9
1.2 ± 1.0
0.6 ± 0.3
1.6 ± 1.0
0.5 ± 0.3
1.6 ± 1.0
0.7 ± 0.4
		
Moderate
2.5 ± 1.5
1.4 ± 0.6
1.7 ± 0.6
1.1 ± 0.6
2.0 ± 1.0
1.6 ± 1.0
1.4 ± 0.6
0.7 ± 0.4
Canopy cover (%) Mild
60.9 ± 10.7 71.4 ± 13.0 22.8 ± 14.3
27.6 ± 8.3
11.1 ± 9.7
12.3 ± 11.0 30.5 ± 5.3
42.9 ± 21.3
		
Moderate
71.6 ± 10.4 76.2 ± 7.6
34.1 ± 33.3
45.0 ± 19.8
57.0 ± 8.7
59.8 ± 8.2
26.9 ± 20.7
32.1 ± 24.5
Total vegetative
Mild
10.9 ± 2.3
38.1 ± 5.8
51.5 ± 17.8
66.2 ± 15.6
56.1 ± 16.4 71.8 ± 5.7
43.2 ± 32.0
48.5 ± 34.5
cover (%)
Moderate
34.2 ± 17.4 53.6 ± 17.9 19.9 ± 1.0
37.2 ± 7.6
8.6 ± 2.5
25.8 ± 8.9
36.7 ± 8.4
43.3 ± 20.5
Litter cover (%)
Mild
75.2 ± 5.3
50.2 ± 3.6
41.2 ± 18.4
22.9 ± 22.0
20.3 ± 13.6 8.2 ± 2.8
50.2 ± 38.7
42.2 ± 35.3
		
Moderate
59.4 ± 11.7 33.7 ± 14.2 50.2 ± 2.3
38.9 ± 17.9
68.5 ± 14.0 53.2 ± 12.2 30.9 ± 13.7
23.9 ± 16.5
Rock cover (%)
Mild
10.2 ± 6.7
8.6 ± 3.2
3.3 ± 4.1
2.1 ± 2.5
5.2 ± 5.4
2.8 ± 2.9
0.80 ± 1.0
0.3 ± 0.3
		
Moderate
0.0
0.0
4.30 ± 5.4
4.0 ± 3.9
6.5 ± 6.9
4.2 ± 4.5
12.5 ± 10.1
10.3 ± 6.5
Bare ground (%)
Mild
3.7 ± 2.3
3.2 ± 3.9
4.1 ± 2.4
8.8 ± 6.0
18.4 ± 7.2
17.2 ± 4.7
5.9 ± 5.7
9.1 ± 2.6
		
Moderate
6.5 ± 7.1
12.7 ± 5.5
25.6 ± 4.1
20.0 ± 16.7
16.4 ± 10.1 16.8 ± 6.8
19.9 ± 8.6
22.5 ± 14.2
Soil moisture
Mild
37.9 ± 7.8
26.1 ± 4.0
46.7 ± 14.3
42.5 ± 3.7
17.3 ± 5.7
32.6 ± 5.6
40.9 ± 11.6
41.2 ± 4.3
(%)—dry
Moderate
32.8 ± 12.4 25.4 ± 2.4
40.0 ± 11.9
34.4 ± 1.2
33.0 ± 14.1 23.0 ± 2.1
38.9 ± 14.8
36.4 ± 6.0
Soil moisture
Mild
46.2 ± 10.7 35.3 ± 5.7
53.1 ± 18.3
51.1 ± 5.2
24.3 ± 3.5
41.2 ± 4.3
47.3 ± 9.8
47.9 ± 2.4
(%)—wet
Moderate
55.1 ± 3.1
37.4 ± 5.3
40.0 ± 10.9
41.5 ± 9.0
21.4 ± 4.8
34.2 ± 1.2
40.6 ± 12.1
46.2 ± 5.5
Initial soil moisture Mild
20.8 ± 6.0
11.7 ± 4.9
24.9 ± 14.2
26.2 ± 5.7
5.4 ± 1.6
18.4 ± 7.5
24.9 ± 14.9
25.4 ± 5.0
(%)—dry
Moderate
34.9 ± 6.8
12.0 ± 3.0
25.2 ± 8.0
13.0 ± 1.9
9.2 ± 2.5
10.2 ± 1.7
23.2 ± 11.5
13.9 ± 3.0
Initial soil moisture Mild
29.0 ± 9.4
22.7 ± 7.0
44.4 ± 16.6
39.5 ± 4.7
15.2 ± 1.8
27.8 ± 8.2
36.9 ± 9.5
36.2 ± 2.6
(%)—wet
Moderate
44.5 ± 6.4
23.0 ± 5.0
30.3 ± 12.0
31.3 ± 2.7
14.5 ± 3.7
22.2 ± 2.3
33.4 ± 12.9
33.6 ± 7.5
SY—dry
Mild
8.2 ± 1.5
4.0 ± 1.4
6.8 ± 1.7
3.8 ± 1.2
6.7 ± 3.5
5.8 ± 0.8
7.3 ± 4.8
4.9 ± 1.2
SY—dry
Moderate
9.5 ± 2.8
1.5 ± 0.8
11.7 ± 3.7
11.8 ± 13.7
11.8 ± 3.6
10.1 ± 7.9
12.6 ± 1.0
12.1 ± 4.4
SY—wet
Mild
4.8 ± 2.7
4.9 ± 2.3
6.7 ± 1.7
7.1 ± 1.1
8.1 ± 3.3
9.5 ± 4.4
8.9 ± 3.1
5.4 ± 0.6
SY—wet
Moderate
8.0 ± 3.5
7.1 ± 1.1
9.5 ± 3.6
15.8 ± 12.6
7.4 ± 3.3
9.3 ± 1.1
9.1 ± 6.3
9.9 ± 2.0
Soil texture		
Sandy loam		
Clay loam		
Sandy loam		
Clay loam
Notes: n = 4 plots in each of the four treatments, and measurements were taken in the year cited after all treatments were applied. SY = sediment yield.
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Figure 3
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ences were not observed for dry run results.
Cram et al. (2007) found results for dry runs
similar to those of our study indicating forest management did not show significant
response for runoff ratio. The significant
effects were observed for wet runs only
in the analysis with one outlier removed,
which was detected in interspace treatment
for mild slope in 2015. On moderate slope
plots in 2015, runoff responses on the pile,
lop-scatter, and interspace treatments were
significantly higher compared to the control34
(figure 3). The significant effect on runoff
may be explained by greater litter depths
and cover for the pile, lop-scater, and interspace plots (table 1). Litter, a major element
of forest understory cover (Lee 1980; Martin
and Moody 2001; Schüler 2006), is primarily composed of residual conifer needles
and small woody materials that are likely to
decrease runoff by absorbing water (Fernald
et al. 2012). Additionally, if we combine the
runoff ratio means for both pile and interspace plots since these plots were randomly
distributed in the same area, a significant
treatment effect is detected for the response
variable. In this case, pile and lop-scatter
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Pile

treatments had significantly higher runoff
ratios compared to the control.
Time to Runoff Initiation. Analysis showed
a significant difference in TRI for treatment
and year main effect for dry runs. TRI for
the link estimation scale in 2017 was 1.04
(±0.12) higher than in 2015, which corresponds to estimating that the TRI mean in
2017 was 2.84 times the 2015 mean. During
dry runs, the mean TRI from the pile treatment was 2.15 (±0.38) times the control
mean and 1.62 (±0.28) times the lop-scatter
mean. The ratio of the interspace mean to
the control mean was 1.60 (±0.28) (figure 4).
While treatment by year interaction effect
for TRI in dry runs was not significant (p =
0.0588), because the p-value for this effect
was just above the 0.05 alpha-level used in
this study, treatment by year estimates were
examined. As expected based on the significant year main effect summarized in the
previous paragraph, 2017 estimates were consistently higher than in 2015. In 2015, control,
interspace, lop-scatter and pile estimates were
97.49 (±17.15), 106.03 (±18.65), 88.46
(±15.56), and 200.28 (±35.23), respectively,
while in 2017 the estimates were 184.50

(±32.45), 434.81 (±76.48), 359.02 (±63.16),
and 413.64 (±72.77). For both years the estimate for the pile treatment was more than
double the estimate for the control.
For the TRI during the wet runs, there
was evidence for treatment effect, year effect,
and the interaction of treatment by year
effect. TRI means in 2017 were numerically
higher than in 2015 for all treatments; significant differences were, however, detected
between pile versus control and lop-scatter
and interspace versus control and lop-scatter in 2015 (table 2). In 2015, the ratio of
the interspace mean to the control mean was
estimated to be 1.58 (±0.31); however, the
ratio of the pile mean to the control mean
was estimated to be 2.32 (±0.46) (table 2).
Fernald et al. (2012) suggested that litter
depths (control sites) and/or slash (thinned
sites) possibly influenced the delayed TRI
due to having absorbed water. Litter or other
residuals have resulted in delaying flow length
through to soil surface by creating water flow
path (Yanosek et al. 2006).The pile acted like
other residuals because during dry runs TRI
from the pile treatment was greater the control mean (table 1). It might be expected as
litter depth increases, TRI is delayed. Runoff
response may also be determined by vegetation cover condition because high vegetation
cover rate provides decreased runoff yield
and raindrop effect to bare soil (Robichaud
et al. 2000; Cerdà and Doerr 2005). In our
result for TRI in wet runs, vegetation cover
may explain the year differences for control,
interspace, and lop-scatter; the ratio for vegetation cover from 2015 to 2017 increased
as 2.04, 1.26, and 1.51 times, respectively.
Another reason for higher TRI in pile treatment may be due to the woody materials and
microsite characteristics in rings. In addition,
the areas under study were heterogeneous,
which was reflected in highly variable site
characteristics and high response variability.
To increase the power to detect large and
moderate differences, future studies would
require larger samples sizes.
The yield of woody materials could act
as a small debris dam in the ring, and this
may have affected the time length of the
first drop of water seen in buckets. Woody
materials (i.e., branches, logs, and stumps)
play an important role for the forest ecosystems, including surface runoff and sediment
transportation relationships. As the rainfall
droplets impact the ground surface, existence
of woody material will buffer the impact
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Back transformed log runoff ratio estimates

Back transformed log runoff ratio during wet runs from treatments by location by year interaction effect with one outlier data point removed in a New Mexico forest near Mora, New Mexico.
Lowercase letters represent the comparison among treatments within each location by year
combinations. Means followed by same letters were not significantly different at 0.05 level.
SEs obtained using delta method.
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Table 2
Inverse linked estimates (±SE) for time to runoff initiation response to treatment by year effect
for the wet run.
Treatment
× year		

Control

Interspace

Lop-scatter

Pile

Year

2015
80.31 ± 11.17b
126.67 ± 17.61a 83.36 ± 11.59b 186.09 ± 25.87a
2017
207.33 ± 28.83a 248.44 ± 34.55a 196.32 ± 27.29a 215.80 ± 30.07a
P-value		
<0.0001
0.0022
0.0002
0.4586
Notes: Lowercase letters represent the comparisons in a row among the treatments within time.
Means followed by same letters were not significantly different at 0.05 level. P-values correspond
to year comparison in each treatment.

clay particles content, runoff can be delayed
(Schüler 2006). Silt and clay particles have
more surface area, which tends to hold more
water than sandy soil. Pile and lop-scatter
treatments did partially delay TPK in the wet
run in 2015 for mild slope location. Soil had
sandy loam features in control and lop-scatter treatments, and clay loam features in pile
and interspace treatments. This may have
referred to the difference between control
and pile treatments; control peak was reached
in 20.55 min less than pile treatment by averaging across year and location combination.
Additionally, when pile and interspace plots
were combined because these plots were
randomly distributed in the same area, a
significant treatment effect was detected for
TPK. In this case, the combined treatment
plots were significantly greater than the control for wet runs.

Sediment Yield. No treatment produced
significant effects in the analysis using all data
during dry runs. However, in a re-analysis
with a single outlier removed from the interspace treatment in the moderate slope, the
35
interaction
of treatment by location effect
was significant. The moderate slope had a
higher SY than the mild slope in lop-scatter
and pile treatments. On the moderate slope,
the pile and lop-scatter treatment had significantly higher SY than did the control (table
3). The findings for interspace treatments
were sensitive to the single outlier; in the
analysis using all data, the mean for the interspace treatment, 11.74 (±1.81) kg ha–1, was
similar to the mean for the pile treatment,
12.39 (±1.81) kg ha–1 (table 3). However,
removing a single outlier with SY value 32.3
kg ha–1 reduced the mean to 8.32 (±1.24)
kg ha–1. A significant year main effect was
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and slow the surface runoff of the mineral
soil. When the runoff velocity is reduced or
slowed, it will affect the TRI. Also, this would
result in slowing of sediment transportation
(Vinge and Pyper 2012).
Time to Peak Runoff. During dry runs
TPK was significantly higher for the mild
slope location (38.14 [±3.30] min) than the
moderate slope location (25.44 [±3.30] min).
TPK had a significant treatment by location by year interaction effect in wet runs.
During the 2017 study period there was no
statistically detectable effect among the treatments at either location. However, in 2015
at mild slope, the control treatment had significantly lower response than the lop-scatter
and pile treatments (figure 5). For moderate
slope in 2015, interspace had significantly
higher response than lop-scatter and control.
Although the pile treatment only produced
significant effects in mild slope locations in
2015, it had a numerically higher estimated
TPK than did the control treatment within
each year-location combination. Averaging
across years and locations, the pile treatment
mean was estimated to be 20.55 (±6.46) min
higher than the control means: 43.81 (±4.57)
min versus 23.27 (±4.57) min, respectively.
No treatment effect was observed for TPK
during dry runs, corresponding to similar
results by Garduño et al. (2015) that found
that averaged TPK was 33.74 min for control
and 38.59 min for thinned plots. The mild
slope of a location was less steep than the
moderate slope, and this may have influenced
peak runoff during dry runs because water
flow moved slowly. Our results for wet runs
partially confirmed the results of Madrid et
al. (2006), who found that treated areas provided more delayed effect for runoff than the
untreated control.
Litter might have affected TPK by absorbing water because of providing delayed peak
runoff according to Garduño et al. (2015).
Although our results were not confirmed
using the litter depth factor, microsite characteristics such as slope and density of residual
woody material in the pile treatment may
have explained why TPK in pile treatments
was longer compared to the control within
each year by location combination. Another
factor that explains the differences between
treatments for TPK in wet runs may be a
function of soil texture and rooting depth,
which influence soil water storage capacity
(Lal and Shukla 2004). As soil water storage capacity is high, depending on silt and

Time to runoff initiation with inverse linked estimates during dry run rainfall simulations in
2015 and 2017 from treatments in a New Mexico forest near Mora, New Mexico. Lowercase letters do not differ significantly at the 0.05 alpha level.
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Figure 5
Time to peak runoff means during wet runs from treatments by location by year interaction
effect in a New Mexico forest near Mora, New Mexico. Lowercase letters represent the comparison among treatments within each location by year combinations. Means followed by same
letters were not significantly different at 0.05 level.
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detected with 3.44 (±0.82) kg ha–1 higher
SY in 2015 than in 2017.
For SY during the wet runs, there were no
significant effects in the analysis using all data.
In a re-analysis with a single outlying data
point removed, the location effect for SY was
significant.With one data point removed, the
moderate slope location had higher SY (8.71
± 0.56 kg ha–1) than the mild slope location
(6.95 ± 0.55 kg ha–1). However, when all data
were included, the moderate slope location

Pile

estimated SY was 9.47 (±0.87) kg ha–1 versus
the mild slope location SY of 6.95 (±0.87)
kg ha–1. In the data set for SY, an outlier
was identified (high value of 34.5 kg ha–1)
in an interspace plot with a moderate slope
in 2017 and was subsequently removed from
the analysis.
Our original hypothesis that thinning
treatment followed by burning would
increase SY was partially supported by findings for pile and lop-scatter treatments. This

Table 3

36
Dry run sediment yield (kg ha–1) estimates and inferences.
		

Sediment yield (kg ha–1)

Treatment × location

Control

Interspace

Lop-scatter

Pile

P-value

Location

Mild
6.07a
5.33a
6.23a
6.11a
0.9443
Moderate
5.45c
8.32bc
10.93ab
12.39a
0.0015
Moderate (all)*
5.45
11.74
10.93
12.39
P-value**		
0.7081
0.0908
0.0080
0.0007
Notes: Treatment by location estimates and inferences were based on analysis with one data point removed and estimates for the treatments in
the moderate slope from the analysis using all data (kg ha–1). Lowercase letters represent the comparisons in a row among the treatments within
location. Means followed by same letters were not significantly different at 0.05 level. Standard error is 1.81 using all data points. Standard error is
1.15 for all data points after removing one data point from interspace in moderate slope.
*Estimate based on analysis using all data, including the single interspace outlier.
**P-value compares the mild to the moderate locations based on analysis with outlier removed.
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Time to peak runoff (min)

60

hypothesis was confirmed only in treatments
for dry runs on a moderate slope. However,
slope was the primary indicator for both dry
and wet runs. This result corresponded with
the findings of Fernald et al. (2012), where
the magnitude of slope is related to higher
levels of SY. Higher runoff ratio with bare
soil may have influenced the high amount
of SY in pile treatments at moderate slope
because erosion processes can be explained
by the bare soil in rainfall events (Zemke
2016). The significant effects of the pile and
lop-scatter treatments might be explained
due to the higher bare soil cover as compared to the control (table 1). Additionally,
as the soil surface is covered by less residual
vegetation such as slash (Robichaud et al.
2005) and needles (Pannkuk and Robichaud
2003), SY may increase. Our results confirm that the moderate slope had lower total
vegetation cover (table 1) in pile/interspace
and lop-scatter treatments than did the control when compared to the mild slope. This
might have explained the higher SY in those
treatments. Land and forest managers should
consider the pile and lop-scatter treatments
on mild slopes as a beneficial option to
decrease both forest density and wildfire risk
because they would have little influence on
sediment response in the watershed even
with minor increase in runoff.
High levels of runoff may result in an
increase in SY transportation to streams. As a
result, sedimentation will likely lead to physical disruption of the hydraulic characteristics
of the stream channel. For example, high levels of SY can reduce the depth of the stream
channel and thus increase the risk for flooding to downstream users (Eslamian 2014).
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have a broader understanding of the effects
of thinning, burning, and slash treatments on
runoff, SY, and overall forest hydrology.

Fire Ecology and Management Congress, Orlando,
Florida, November 16-20, 2003.
Cram, D.S., T.T. Baker, A.G. Fernald, A. Madrid, and B.
Rummer. 2007. Mechanical thinning impacts on runoff,
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Summary and Conclusions
The main objective of this study was to
evaluate the effect of thinning treatments followed by burning on runoff and SY by using
controlled simulated rainfall. Results showed
that during wet runs, the log runoff ratio was
greater for pile than for control treatments
in each year-location combination. TRI was
statistically greater on pile/interspace treatments compared to the control during dry
runs. However, during wet runs, significant
differences among treatments were detected
only in 2015. The results indicate that the
mild slope (<5%) location had a significantly
higher TPK during the dry run than did the
moderate slope (5% to 20%) location. The
TPK was greater for pile treatments than for
the control for each year-location combination during wet runs. For SY, there were
significant differences between mild and
moderate slopes, with greater SY on moderate slopes.
The results of this research suggest that
forest managers utilizing pile treatments
(combined with interspace) in their thinning and burning prescriptions on moderate
slopes should consider the negative impacts
on SY. However, a positive side to these
treatments could be increasing runoff that
would be beneficial for the entire watershed. Additionally, the combined pile and
interspace treatments might be influential
in terms of peak runoff and thereby can be
important for watershed health by providing
delayed output during high storm events. If
water flow delivered to streams is prolonged,
reduced surface runoff will be associated
with reduced SY, providing a measure of
protection for stream water quality.
Further research is recommended to provide information about the best combination
of thinning and burning practices that can
help decrease wildfire risk and forest density
while promoting an increase in water yield
for downstream users. It is critical to minimize site and plot variation (e.g., soil type,
slope, aspect, etc.) outside of the treatment
structure for proper replication, randomization, and noise reduction. Additionally,
greater information on microsite characteristics (e.g., litter, woody debris, and vegetation
cover) should be collected to help better
explain the influence of treatments on the
response variables (i.e., runoff ratio, TRI,
TPK, and SY). Future studies should evaluate
treatment response over a longer period of
time (10+ years) and across multiple sites to
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