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ABSTRACT

Objective: To calculate the runoff ratio, sediment yield, and infiltration capacity in an open bunchgrass
grassland invaded by Lehmann lovegrass in northern Mexico.

Design/methodology/approach: The runoff-rainfall ratio, infiltration capacity, and the sediment yield were
calculated using the simulated rainfall approach. Each simulation (n=20) lasted 30 min and involved two runs
(i.e., dry and wet).

Results: Differences were non-significant for the analyzed variables. The dry run showed a runoff-rainfall
ratio of 0.32, and an infiltration capacity of 112 mm h™ ! whereas the wet run recorded a runoff-rainfall ratio
of 0.39 and an infiltration capacity of 96.9 mm h™'. Regarding sediment yield, a mean of 59.8 gm™? and 53.8
g m™ % were recorded for the dry and the wet runs, respectively.

Limitations on study/implications: Our rainfall simulator use a single nozzle connected to a water pump
where is difficult to control the two rainfall properties of a natural rainfall event (rainfall intensity and drop-size
characteristics). Therefore, the high application rate does not necessarily correspond to high-intensity storm
characteristics if the drop size and velocity are reduced.

Findings/conclusions: Soil moisture content, soil bulk density, slope, and depth were determining factors in
the hydrological response of this grassland. The runoff ratio was relatively low, even for the wet runs, suggesting
that the sandy loam texture of the soil favors infiltration rates and that this effect is much higher than the
ground cover effect in an invaded grassland.

Keywords: infiltration capacity, sediment yield, simulated rainfall.

INTRODUCTION

Grasslands play a crucial role in soil conservation and hydrological regulation. They
provide various environmental services, such as carbon sequestration, control of soil
erosion, and flood mitigation [1]. However, pressures such as overgrazing, conversion of

land to agriculture, and drought [2][3] render these ecosystems vulnerable to degradation

by water erosion [4]. As a consequence, native grasses are often replaced by exotic species,
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leading to ecosystem alterations [5]. In northern Mexico, two of the most common invasive
species are Natal grass (Melinis repens (Willd.) Zizka) and Lehmann lovegrass (Eragrostis
lehmanniana Nees). Both are adapted to semiarid climates with low precipitation and
degraded soils [6]. Prior studies have shown that invasive species can alter surface water
flow paths and affect soil water retention [7], as well as influence soil structure, infiltration,
and runoff processes [8]. They also exacerbate erosion and soil loss by modifying vegetation
cover and reducing aggregate stability [9]. Lehmann lovegrass is a perennial bunchgrass
adapted to northern Mexico, thriving on colluvial soils under semi-arid conditions with
limited rainfall [10]. This species has been extensively studied in terms of morphology [11],
seedling emergence and survival [12], forage production [13], expansion and distribution
potential [14], and environmental impact [15]. However, hydrological investigations
focused on E. lehmanniana addressing water balance [16], soil evaporation [17], runoff,
sediment yield, and infiltrability remain limited [18][19][20][21]. Indeed, hydrologic
assessments in northern Mexican rangelands invaded by this grass are scarce or absent.
Rainfall simulation is a widely used technique in diverse ecosystems for studying
infiltration, runoff, and soil erosion [22]. By mimicking the characteristics of natural
precipitation, it enables evaluation of how rainfall intensity and duration affect soil
stability, and how vegetation cover or management practices influence soil conservation.
For example, a rainfall simulation comparing buffelgrass (Pennisetum ciliare) with native
grasslands found higher final infiltration rates in the buffelgrass site (50.40 mm h_l)
compared to the native grassland (38.80 mmh ™ 1), attributed to denser grass cover and litter
[23]. Another study examining exotic grasses observed that Lehmann lovegrass retained
less water and produced more runoff than native species [19]. Despite these insights, there
1s a dearth of information on the hydrological behavior of soils dominated by Lehmann
lovegrass. Most research has centered on its ecological effects and competition with
native flora, rather than its hydrological implications. This study aims to characterize the
hydrological response of a bunchgrass-dominated system under E. lehmanniana, in terms
of runoff coefficients, infiltration capacity, and sediment yield, using rainfall simulations
under two soil moisture regimes in Chihuahua, Mexico. Our guiding question is: How do
runoff coefficient, infiltration capacity, and sediment yield vary in a Lehmann lovegrass-
dominated grassland under dry and wet soil conditions? This investigation offers novel

insights into the hydrological behavior of Lehmann lovegrass in semi-arid grasslands.

MATERIALS AND METHODS

The study was conducted at La Campana Experimental Ranch, part of the “Instituto
Nacional de Investigaciones Iorestales, Agricolas y Pecuarias” (INIFAP), located at
kilometer 80 on the Chihuahua-Judrez highway in the state of Chihuahua, Mexico (Figure
1). The elevation of the study area ranges from 1,500 to 1,800 meters above sea level.
Over the past decade (2014-2024), the average annual precipitation has been 317 mm,
with a mean annual temperature between 12 and 17 °C. The climate is classified as semi-
arid temperate. Geologically, the region is dominated by alluvial deposits, with some areas
featuring conglomerate formations. The primary soil types include skeletal Regosols and

episkeletal Phaeozems, both with coarse textures and stony surfaces [24]. The general soil
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Figure 1. Study area at “La Campana” Experimental Ranch in Chihuahua, México.

texture is loamy-sandy to sandy-loam. Vegetation at the site is dominated by Lehmann
lovegrass (Eragrostis lehmanniana), along with species of Muhlenbergia and Arizona oak
(Quercus arizonica Sarg.) [25] (Figure 2). The site has been subject to continuous grazing by
rodeo cattle and equines for the past 15 years, with an approximate stocking rate of 0.3
animal units (AU) per hectare.

Figure 2. Lehmann lovegrass grassland at “La Campana” Experimental Ranch.



AGRO PRODUCTIVIDAD 2025. https://doi.org/10.32854/v9fvfn75 28

Rainfall simulations were conducted from May to June 2024 using a rainfall simulator
designed to replicate natural precipitation. The simulator featured a metal tripod equipped
with a V4 G10 sprinkler nozzle (Spraying Systems Co., Wheaton, IL), mounted vertically
at a height of 2 meters above a 1 m? circular metal ring (Figure 3). This setup allowed for
a uniform distribution of raindrops over the designated test area. Ten 1 m? plots were
randomly selected for testing. Prior to each simulation, the circular metal ring was installed
by driving it 5 cm into the soil using a sledgehammer and wooden block, aligning it with
the slope direction to replicate natural runoff flow. The simulator was powered by a 4
horsepower (HP) motor pump, which was connected to a 1,000-liter water tank. Each plot
was subjected to two rainfall simulations: one under dry soil conditions and another under
wet conditions, conducted 24 hours after the dry simulation. This resulted in a total of 20
rainfall simulation events (10 plots X 2 conditions), enabling the evaluation of hydrological
behavior under both moisture scenarios.

Before and after each rainfall simulation, several physical and hydrological variables
were measured to characterize the soil and vegetation conditions of each plot, including soil
moisture, ground cover, slope, soil depth, soil bulk density, and soil texture. Soil moisture
was recorded before each simulation using a TDR 100 probe (Spectrum Technologies) with
3.8 cm short rods, due to the rocky soil conditions. Measurements were taken at five points
located 10 cm outside the edge of the ring. Ground cover was assessed using the point-
intercept method, with two l-meter transects placed 20 cm from the ring’s edge, along
the slope direction on both sides. The slope was measured using a 1-meter nylon string
and a string level. Soil depth was measured after the wet simulation using a graduated
rod at 20 cm intervals along two l-meter transects oriented north-south and east-west.
Soil bulk density was calculated using the volume excavation method, and soil texture was
determined from samples collected from the top 20 cm of each plot.

Each simulation lasted 30 minutes, with rainfall and runoff data collected every 3

minutes. Rainfall was measured using two wedge-type plastic rain gauges placed inside the

Figure 3. Rainfall simulator used to determine runoff, infiltration, and sediment yield.
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ring, 20 em from opposite edges. Rainfall intensity ranged from 110 mm h™' to 255 mm
h™!, with amean of 184 mmh ™", The high rainfall intensity was intentionally used to assess
sediment yield response. Runoff dynamics were also recorded, including runoff initiation
time (elapsed time until runoff began), final runoff time (when runoff ceased), and time to
peak runoff (time to reach maximum runoft rate). Runoff volume was measured with a 250
mL or 1,000 mL graduated cylinder, depending on the flow. The runoff-rainfall ratio (RR)
was calculated as the proportion of rainfall resulting in runoff by dividing the total runoff
by the total rainfall in the plot. Infiltration rate was estimated as the difference between
rainfall and runoff, while infiltration capacity was modeled using the Horton infiltration

equation:

FO=f+(f=f)xe"

where: f (¢) is the infiltration capacity at time (z), Jo 1s the initial infiltration capacity
(1=0), /. 1s the constant or equilibrium infiltration capacity (steady infiltration rate), &
is the decay constant (representing the decrease in infiltration capacity over time), and ¢
is time. The Horton equation was solved using Solver in Excel to determine the optimal

value, considering the aforementioned parameters.

A one-liter runoff sample, or the total runoff volume when less than one liter, was
collected from each simulation plot for sediment yield analysis, resulting in 10 samples per
soil moisture condition. Sediment yield was determined using the Imhoff cone method
[29]. The main variables reported from each simulation included runoff initiation
(minutes), final runoff time (minutes), time to peak runoff (minutes), runoff rate (mm
h™ 1), runoff ratio, infiltration capacity (mm h™!), and sediment yield (g m™?). To assess
the effect of soil moisture conditions (dry vs. wet), paired samples t-tests were performed
using R software (R Core Team, 2024). The normality of the differences was evaluated
with the Shapiro-Wilk test. For variables that did not meet the normality assumption,
the Wilcoxon signed-rank test was applied as a non-parametric alternative. Relationships
between hydrological response variables: runoff ratio, infiltration capacity, sediment
yield, and plot characteristics (sand content, bulk density, soil moisture content, slope,
soil depth, and rainfall intensity) were examined using Pearson correlation, simple linear
regression, and multiple regression models. These analyses were conducted using the
“mrl” and “tidyverse” packages in R. To determine the relative contribution of each plot
characteristic to the hydrological responses, the “relaimpo” package was used.

RESULTS AND DISCUSSION

Ground cover in the study area was primarily composed of bare soil (48%), followed
by litter (35.5%), Lehmann lovegrass (8%), and herbaceous vegetation (5.5%). The soil
was classified as sandy loam in texture, with bulk density ranging from 1.45 to 1.77 g

cm >, Slopes across the plots varied from 4% to 16%, while soil depth ranged from 10.8
to 34.88 cm.
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Figure 4. Ground cover in a Lehmann lovegrass grassland in Chihuahua, México.

Runoff

The runoff-rainfall ratio (RR) did not differ significantly between dry and wet simulations
(p=0.201) (Table 1). Despite the high rainfall intensities (189 mm h™!in the dry run and
181 mm h™" in the wet run), the RR values were only 32% and 39%, respectively. In the

Table 1. Summary statistics of runoff, infiltration, and sediment yield under dry and wet runs.

Dry Mean ]S)tet::::’i Minimum Maximum
Runof initiation (min) 1.95 1.89 0.23 6.57
Time to peak runoff (min) 24.82 4.51 15.00 30.00
Final runoff’ (min) 1.40 0.35 0.97 1.95
Rainfall (mm h™}) 188.64 32.70 139.50 234.30
Runoff (mm h™) 60.94 23.39 24.59 91.62
Runoff ratio 0.32 0.10 0.13 0.47
Sediment yield (g m_Q) 51.75 38.26 13.51 102.76
Infiltration capacity (mm h_l) 111.53 26.49 54.96 149.79
Final sediment (g m™?) 1.49 1.38 0.11 3.68
Wet
Runoff initiation (min) 1.79 1.43 0.47 5.40
Time to peak runoff (min) 20.40 5.06 15.00 30.00
Final runoff (min) 1.36 0.31 0.87 1.87
Rainfall (mm h™") 181.25 45.99 110.00 255.00
Runoff (mm h™ ) 73.44 38.12 32.12 145.26
Runoft ratio 0.39 0.12 0.27 0.57
Sediment yield (g m™?) 53.77 56.05 13.51 170.00
Infiltration capacity (mm h_l) 96.89 21.90 67.40 135.60
Final sediment (g m~?) 1.04 1.54 0.11 5.00
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dry run, runoff initiated on average at 1.95%+1.89 minutes and peaked at 24.8 minutes;
in the wet run, initiation occurred at 1.79%1.43 minutes and the peak at 20.40 minutes.
Both scenarios had similar durations of final runoff (Table 1). The absence of statistical
differences indicates that soil texture likely influenced the RR. Sandy loam soils (60-70 %
sand) are known to favor drainage, even under intense rainfall conditions applied 24 hours
later in this experiment [31][32].

In a Lehmann lovegrass invaded grassland, [19] reported an RR of 0.6, classifying it as
prone to runoff. They observed maximum runoff of 31 mm h™'in dry runs and 39 mm
h™" in wet runs under a rainfall intensity of 45 mm h~!. Another simulation near our site,
with comparable ground cover and a mean rainfall intensity of 115 mm h™!, found an RR
of 0.73 under dry conditions and 0.90 under wet conditions [33]. A separate Lehmann
lovegrass study reported a maximum runoff of 135 mm h™' under a precipitation intensity
of 178 mm h™' [21]. Additionally, investigations into soil stability in sites with mesquite
and Lehmann lovegrass invasions reported a runoff coefficient of 0.60 [20]. These prior
studies [19][21] used different simulator setups and larger (12 m2) runoff plots compared
to our design.

Contrary to earlier observations, our results suggest that ground cover had little effect
on RR, as partial dependence plots showed no discernible trends and none of the predictor
variables emerged as significant in multiple regression models. Therefore, the relatively
low RR observed in this work appears to be more strongly controlled by soil texture than
by vegetation cover.

Infiltration Capacity

There were no statistically significant differences in infiltration capacity (IC) between
the dry and wet runs (p=0.580). Overall, the average IC was 112+26.5 mm h™" under
the dry run and 96.9+21.9 mm h™" under the wet run. During the dry run, infiltration
began at 161 mm h™' and declined exponentially, reaching an asymptote at minute 21
(IC =118 mm h™ l) (Figure 5; Table 1). In the wet run, infiltration began slightly higher
at 165 mm h™" but dropped sharply to 118 mm h™! by minute 6, with the asymptote
reached at minute 18 (IG=97 mm h_l) (Figure 5). The pronounced drop in infiltration
during the wet run is consistent with observations in semiarid regions, where infiltration
rates are strongly influenced by initial soil moisture levels [34]. It is well documented that
soils with lower moisture content yield higher infiltration capacities [35]. Hu et al. (2010)
analyzed how initial soil moisture affects infiltration across different rainfall intensities
and found that infiltration rates tend to decrease as soil moisture increases. In our case,
the abrupt decline in IC might also be attributed to the high rainfall intensity, which
can rapidly saturate soil pores and reduce infiltration —even in coarse-textured soils
[37]. Previous studies in grasslands invaded by Lehmann lovegrass recorded saturated
hydraulic conductivity (Ks) values around 25 mm h™! [19], which are markedly lower
than our IC asymptotes. Another study using a mini-disk infiltrometer at a similar site
reported an average IC of 43.56 mm h™' [38]. Although IC and Ks reflect related but
distinct hydraulic properties, the asymptotic infiltration capacity often approximates Ks,
since infiltration declines with time as the soil becomes saturated [39]. The discrepancy in
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Figure 5. Average infiltration rate in a Lehmann lovegrass grassland. Red arrows indicate the asymptote at a
determined time.

values likely reflects methodological differences (rainfall simulation vs. infiltrometer) and
underscores the notably high infiltration potential at our site. One notable observation
is the considerable variability in infiltration rates in both dry and wet runs. Numerous
factors govern the dynamic interplay between infiltration rates and soil moisture, and high
variability is common even under identical rainfall conditions [40] or within locations
having the same soil and vegetation characteristics [41]. One influential parameter is
bulk density, a key determinant of hydraulic conductivity [42]. Our bulk density ranged
from 1.45t0 1.77 g cm ™, which may partly explain the observed variability. Although
these values are somewhat higher than those typically reported for open grasslands
(~1.42 ¢ cm ™) [43], they remain within the acceptable range for plant growth [44].
Similar to runoff behavior, soil texture also plays a central role in infiltration dynamics
[45]. In our study, the sandy loam texture supported high initial infiltration rates and
relatively low runoff-rainfall ratios even under wet conditions and high-intensity rainfall.
This finding suggests a strong potential for soil percolation and groundwater recharge in
these grassland soils.

The multiple regression analysis revealed that volumetric water content and slope
were the main predictors of infiltration capacity (1C) (R2=0.58; p=0.019). The relative
importance analysis showed that slope accounted for 56.9% of the explained variance
in IC, while soil volumetric water content (SVWCQ) contributed 43.1 %. Interestingly,
IC increased with slope up to about 11 %, but declined at steeper gradients. Likewise,
IC was higher at low SVWC and decreased as SVWC increased. These findings align
with prior work by [46], who showed that the slope infiltration relationship changes
with gradient, possibly due to enhanced crust formation and increased overland flow
on steeper slopes. Additionally, local factors such as soil texture, vegetation cover, and
rainfall intensity also modulate infiltration behavior [47][48]. The observed decline in
IC with increasing SVWC is consistent with [45], wherein higher matric potentials (i.e.
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drier soils) favor water absorption and infiltration, whereas wetter soils with lower matric
potential impede it. [49] highlighted that spatial and temporal variability in soil moisture
and its interaction with hydraulic soil properties critically shapes infiltration dynamics

across soil profiles.

Final sediment and sediment yield

Final sediment and sediment yield (SY) did not differ between the dry and wet runs
(p=0.735 and p=0.270, respectively) (Table 1). The overall mean sediment yield was 52.76
g m ™2 (SD=46.71). We observed high variability. Multiple regression analysis identified
volumetric water content, slope, and soil depth as the primary predictors of sediment yield
(R*=0.89; p=0.0007). The relative importance of each variable was: soil depth (41.0%),
volumetric water content (31.7%), and slope (27.1%). Sediment yield decreased as soil depth
increased, suggesting greater infiltration, whereas higher soil moisture content and steeper
slopes favored higher sediment yield. Variables such as sand percentage and bare ground
were not significant predictors at this site. In contrast, in grasslands invaded by mesquite and
Lehmann lovegrass, percent soil cover and bare ground have been shown to significantly
influence SY ratios [20], with lower vegetation cover and more bare soil corresponding
to increased sediment production. In a prior study using 12 m? runoff plots in mesquite/
Lehmann lovegrass—invaded sites and a different rainfall simulator, the reported SY was
16.1 g m~? [20]. While slope data were not given, our sediment yield coefficient was
higher (32.95 ¢ m~?). Another investigation in a Lehmann lovegrass grassland found a
sediment yield of 23 g m™~ % at 120 mm h™! over 45 minutes [21]. In contrast, a nearby
study reported 0.63 g m~? under a slope of 1.46% and rainfall intensity of 52.3 mm h™!
[33]. These comparisons underscore the strong spatial and methodological variability
found in sediment yield studies.

Beyond plot characteristics, the pronounced variability in our results may also stem
from rainfall intensity. The influence of rainfall on erosion processes depends on both
duration and intensity [50]. Although we aimed to simulate an event comparable to a 50
year, 5 minute storm (=220 mmh l) [51], limitations of the simulator may have produced
smaller drop sizes or lower kinetic energy, resembling drizzle rather than intense storms.
More sophisticated simulators (e.g., Purdue-type) are often better able to reproduce natural
rainfall’s variable intensity and dropsize distributions [41][52]. Because our device uses a
single nozzle and pump, controlling both intensity and drop kinetic energy is challenging
—thus a high application rate does not necessarily equate to stormlike erosivity if drop size

or velocity is reduced [53].

CONCLUSION

Soil volumetric water content, slope, and soil depth were key determinants in the
hydrological response, driving both infiltration capacity and sediment yield. The
runoffrainfall ratio remained relatively low, even under wet conditions, indicating that
the sandy loam soil texture promotes infiltration more strongly than vegetation cover
influences runoff in this invaded grassland. Our results also highlight the nuanced

interactions between rainfall intensity and soil characteristics, emphasizing the need for
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sitespecific assessments when designing sustainable land management strategies especially

in ecosystems vulnerable to vegetation change and land degradation.
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