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ABSTRACT

Woody encroachment—the expansion of woody shrubs into grasslands—is a widely documented phenomenon with global signif-
icance for the water cycle. However, its effects on watershed hydrology, including streamflow and groundwater recharge, remain
poorly understood. A key challenge is the limited understanding of how changes to root abundance, size and distribution across soil
depths influence infiltration and preferential flow. We hypothesised that woody shrubs would increase and deepen coarse-root abun-
dance and effective soil porosity, thus promoting deeper soil water infiltration and increasing soil water flow velocities. To test this
hypothesis, we conducted a study at the Konza Prairie Biological Station in Kansas, where roughleaf dogwood (Cornus drummondii)
is the predominant woody shrub encroaching into native tallgrass prairie. We quantified the distribution of coarse and fine roots and
leveraged soil moisture time series and electrical resistivity imaging to analyse soil water flow beneath shrubs and grasses. We ob-
served a greater fraction of coarse roots beneath shrubs compared to grasses, which was concurrent with greater saturated hydraulic
conductivity and effective porosity. Half-hourly rainfall and soil moisture data show that the average soil water flow through macrop-
ores was 135% greater beneath shrubs than grasses at the deepest B horizon, consistent with greater saturated hydraulic conductivity.
Soil-moisture time series and electrical resistivity imaging also indicated that large rainfall events and greater antecedent wetness
promoted more flow in the deeper layers beneath shrubs than beneath grasses. These findings suggest that woody encroachment
alters soil hydrologic processes with cascading consequences for ecohydrological processes, including increased vertical connectivity
and potential groundwater recharge.
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1 | Introduction

Increasing rates of woody encroachment, where woody plants
increase in density and cover in native grasslands or range-
lands, have been a global phenomenon in the last century (Deng
et al. 2021). Woody encroachment is promoted by fire suppres-
sion, overgrazing and changes in precipitation regimes (Archer
et al. 2017; D'Odorico, Okin, and Bestelmeyer 2012; Garcia
Criado et al. 2020; Jurena and Archer 2003; Twidwell et al. 2013;
Van Auken 2009) and has led to unexpected and mixed hy-
drological changes across diverse ecosystems. For example,
concurrent climate change and woody encroachment reduced
annual streamflow despite more than 100years of increased
precipitation in mesic grasslands (Keen et al. 2022; Sadayappan
et al. 2023). This outcome may be attributed, in part, to increased
evapotranspiration (ET) (O'Keefe et al. 2020) and elevated soil
drying with increased woody cover (Craine and Nippert 2014).
Conversely, in other ecosystems, woody encroachment has in-
creased annual streamflow due to relatively constant ET but
increased soil infiltrability and groundwater recharge (Wilcox
et al. 2022). Key factors in these observed differences include
climate, bedrock composition and vadose zone characteristics.
However, the mechanisms by which woody encroachment mod-
ifies subsurface hydrologic processes across these factors are not
fully understood (Huxman et al. 2005; Keen et al. 2024).

Increasing woody cover across diverse ecotones is altering hy-
drological connectivity, defined here as the extent to which
water can be redistributed through the landscape (Wilcox
et al. 2022). One mechanism by which woody encroachment
is shifting vertical hydrological connectivity belowground is
through the growth of woody-plant roots. Roots help shape
subsurface hydraulic properties and their distribution and
size can impact the flow and storage of water, carbon, and
nutrients (Sullivan et al. 2022). Woody encroachment has po-
tentially led to significant deepening of root systems across
35% of Earth's terrestrial surface (Hauser et al. 2022). Both the
occurrence of roots in deeper soil volumes and changes in root
sizes can impact soil structure and soil hydraulic properties
(Lu et al. 2020; Scholl et al. 2014). Roots can directly control
water flow by creating macropores that promote preferential
flow, defined as the rapid channelling of water through a rela-
tively small portion of soil-pore space that bypasses a drier soil
matrix (Nimmo 2021). Live roots develop saturated films on
their surface that increase water flow (Bogner et al. 2010), and
decayed roots leave behind tissue that coats channel walls and
enhances water flow (Angers and Caron 1998). Preferential
flow has been observed along laterally oriented coarse roots
(Guo et al. 2020) as well as vertically oriented coarse roots that
can shunt water to deeper soil layers (Li et al. 2009; Schwérzel,
Ebermann, and Schalling 2012). Moreover, increased root
density and root biomass tend to be greater in preferential
flow pathways than in the surrounding soil matrix (Bogner
et al. 2010; Y. Zhang et al. 2015), suggesting that root systems,
including fine roots, play an important role in soil water flow
and nutrient and solute transport.

Roots can indirectly influence soil structure through the re-
lease of organic material. Root exudates can enmesh soil
particles and stabilise aggregates, which can increase soil per-
meability (Denef et al. 2002; Gyssels et al. 2005). In contrast,

root growth can also clog existing pores and break down mac-
roaggregates, which can decrease soil permeability. However,
the presence of roots tends to increase porosity and enhance
water flow more often than it reduces pore space (Sullivan
et al. 2022). Relatively small increases in soil macroporosity
can have large effects on saturated hydraulic conductivity
(Eck et al. 2016; Lu et al. 2020). Thus, changes in rooting-depth
distributions with increased woody cover are likely to result
in notable changes in soil hydrologic fluxes and flow paths
(Beven and Germann 2013) with implications for vertical and
lateral hydrologic connectivity in the subsurface (Banwart
et al. 2019; Xiao, Brantley, and Li 2021) and biogeochemical
processes such as chemical weathering and carbon fluxes and
export (Wen et al. 2021, 2022).

Our study tested the degree to which woody encroachment
in tallgrass prairie can alter root abundance, soil physical
structure and hydraulic properties and soil water flow during
rain events. We examined how flow velocities changed under
woody and grassy cover as a function of antecedent soil water
content and storm characteristics (duration and intensity),
which other studies identify as important drivers of preferen-
tial flow (Hardie et al. 2013; Nimmo 2021). In addition to ex-
amining natural rain events, we also investigated soil wetting
during a rainfall simulation using electrical resistivity (ER)
tomography as a noninvasive way to understand the spatio-
temporal distribution of infiltration dynamics during high
rainfall intensity (e.g., Garré et al. 2011; Nimmo et al. 2009).
We chose to examine soil water dynamics during intense rain-
fall because rainfall variability and intensity are expected
to increase in many grassland systems as a result of climate
change (Reidmiller et al. 2017). We hypothesised that the rel-
atively coarse roots of woody shrubs would lead to deeper soil
water infiltration and greater soil water flow velocities than
the generally finer roots of grassland herbaceous species. We
also hypothesised that high rainfall intensity would increase
water movement to deeper portions of the soil profile beneath
woody shrubs and grasses. However, we expected that the soil
water flow velocities would be higher beneath shrubs than
grasses across the range of rainfall intensities due to a greater
abundance of coarse roots. The rapid response time in ground-
water levels at the Konza Prairie also suggests that preferen-
tial flow is prevalent in the vadose zone (Vero et al. 2017).
Thus, we do not expect infiltration excess to occur at our sites
even when soils are near saturation. The propensity for pref-
erential flow of water to deeper soil layers during high inten-
sity rainfall may indeed benefit deeply rooted woody plants.
For example, previous studies indicated that high rainfall
intensity may increase the availability of deep soil water for
woody-plant growth (Berry and Kulmatiski 2017; Holdrege,
Beard, and Kulmatiski 2021; Kulmatiski and Beard 2013),
although this effect is mediated by soil characteristics (Case
and Staver 2018). We discuss the implications of our results for
quantifying shifts in hydrologic connectivity and what such
shifts can mean for critical zone functions.

2 | Methods

To investigate the role of woody encroachment in infiltration
and drainage dynamics, we collected a combination of soil and
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hydrological data from a mesic grassland. We examined the
depth distributions of coarse and fine roots and soil hydraulic
properties beneath grasses and beneath woody shrubs. Data de-
scribing soil properties provided important context for under-
standing the impact of woody encroachment on soil water flow.
We calculated soil water velocities based on 2years of rainfall
and soil moisture data. In addition, we investigated the spatial
and temporal disparities of soil water beneath woody and grass
cover during a short-term rainfall simulation using ER imaging.

2.1 | Study Site

Our study took place in native tallgrass prairie at the Konza
Prairie Biological Station in northeastern Kansas, USA
(Figure 1a). The Konza Prairie is 3487 ha catchment divided
into 60 subcatchments that are managed with different pre-
scribed fire frequency (burned every 1, 2, 4 or 20years) and
grazing treatments (grazed by cattle, bison or ungrazed). The
vegetation at the Konza Prairie includes dominant peren-
nial C, grasses and a wide variety of C, grasses, forbs, and
woody species. Roughleaf dogwood (Cornus drumundii) is
the predominant woody shrub, showing rapid expansion in
mesic tallgrass prairie since 2000 with a greater degree of
woody cover in catchments that are burned less frequently
(Ratajczak, Nippert, and Ocheltree 2014).

The climate is midcontinental with cool, dry winters and warm,
wet summers. The mean annual water-year precipitation (1984-
2022) was 838 mm, with most precipitation occurring as rainfall
between April and September. The mean annual temperature
from 1983 to 2023 was 12.9°C. July is the warmest month on
average, with a mean temperature of 26.1°C between 1983 and
2023. January is the coldest month with a mean historic tem-
perature of —1.1°C between 1983 and 2023 (Nippert 2024).

In this study, we leveraged existing data from two catchments
that were burned at different frequencies resulting in high versus
low woody-plant cover (Figure 1b). Catchment N4D (39.087356 N
96.584417W) was burned every 4years, and catchment N1B
(39.08656N, 96.57703W) was burned annually since 1988. Both
catchments are grazed by native bison and include diverse assem-
blages of grass and forb species. However, N4D has lower vegetation
diversity and more woody cover than N1B as observed from 1-m
resolution imagery from the USDA National Agriculture Imagery
Program (US Department of Agriculture 2023; Figure 1b,c). We
refer to our sites within N4D as ‘woody-encroached’ or ‘shrub’ and
sites within N1B as ‘grass’.

The bedrock at the Konza Prairie is merokarst and consists
of limestone units interbedded between thicker mudstone
units that create complex subsurface features including
sinkholes and perched aquifers (Macpherson 1996; Sullivan
et al. 2020). The limestone units at the Konza Prairie create
high-relief bench and slope features with ~60m of elevation
change between the ridgetops and catchment outlets (Sullivan
et al. 2019). Soils along the ridgetops are shallow loess (<
20-50 cm deep), while soils in the valley can reach up to ~2m
thick as a result of colluvial inputs from upslope (Hirmas and
Mandel 2017; Johnson, Willey, and Macpherson 2007). Soil
moisture profiles occur at three hillslope positions—summit,

backslope and toeslope—in each of the two study catch-
ments (Figure 1c). The summit positions in the grass (N1B)
and woody-encroached (N4D) catchment are in the Benfield-
Florence complex, while the backslope positions are in the
Clime-Sogn complex (Soil Survey Staff n.d.). The toeslope
is within the Ivan and the Clime-Sogn complex in the grass
catchment. In the woody-encroached catchment, the toeslope
is within the Ivan map unit. The Benfield is classified as fine,
mixed, superactive, mesic Udertic Argiustolls. The Florence is
classified as clayey-skeletal, smectitic, mesic Udic Argiustolls.
The Climeis classified as fine, mixed, active, mesic Udorthentic
Haplustolls. The Sogn is classified as clayey, mixed, superac-
tive and mesic Lithic Haplustolls, and the Ivan is classified as
fine-silty, mixed, superactive and mesic Cumulic Hapludolls.

2.2 | Photo-Derived Root Abundance

As noted above, soil-monitoring sites were located at three
hillslope locations—the summit, backslope and toeslope
(Figure 1c). We define the summit as the relatively flat crest of the
hill, the backslope as the mid or transition position between the
upper and lower parts of the hill and the toeslope as the base of
the hill. Soil pits in the woody-encroached sites were dug directly
under roughleaf dogwood (Cornus drummondii), while pits in
the grass sites were dug in grass-dominated areas where we could
avoid forbs to the best extent possible. We removed soil up to 1m
below the surface. However, large rocky areas were encountered
below 70cm at the backslope and summit woody-encroached
sites, which prevented us from digging to 1m at all sites. After
opening the soil pits, a vertical face was cleaned to expose undis-
turbed soil and roots. We photographed the vertical face of the
soil pit from the surface down to a depth of 1 m, ensuring that the
horizontal surface area captured was at least 20cm wide.

The high-resolution photos (e.g., Figure S1) of the pit face
were analysed in Image-J software (Schneider, Rasband, and
Eliceiri 2012) to identify the presence (or absence) of fine and
coarse roots. We used the software to overlay a 1 X 1 cm grid on
each image. The grid was positioned to align with measuring
tapes that spanned ~20cm horizontally and up to 1m verti-
cally. The measuring tapes allowed the software to display grid
cells with a known area. We recorded the presence of fine roots
(diameter < 1 mm) or coarse roots (diameter > 1 mm) in each
1cm? grid cell. We focused on the presence/absence of roots in
each cell, not the root count. If a cell had both fine and coarse
roots, we only recorded the presence of coarse roots due to
their larger volume, following methods in Billings et al. (2018).
This approach was used based on each coarse root occupy-
ing a greater volume than a fine root and thus modifying soil
structure to a greater extent. The presence/absence data at the
centimetre scale were then converted into the fraction of each
5-cm-thick layer containing fine or coarse roots:

Root fracti Y cells with presence of roots
oot fraction =

Y total cells analysed

We tested whether the distribution of root fractions from 10 to
70 cm differed beneath grass and woody shrubs. Root fractions
for depths less than 10 cm were excluded from the analysis due
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FIGURE1 | (a) Location of the 3487-ha Konza Prairie Biological Station in northeast Kansas, USA. (b) The areal imagery shows the vegetation

cover in our study watersheds, N4D and N1B. The woody-encroached watershed, N4D, is burned every 4years, and the grass watershed, N1B, is

burned annually, resulting in less woody shrub cover in upland areas. Riparian corridors include trees while upland areas are occupied by grasses,
forbs and woody shrubs. (c) Soils were sampled for root abundance and soil physical properties at three hillslope positions—the summit (SU),
backslope (BS) and toeslope (TS). Soil sensors at the backslope site in the grass and woody-encroached watersheds were used to assess soil water
velocity during storm events. Electrical resistivity (red line) was measured beneath shrubs and grasses at the backslope site in the woody-encroached

watershed.

to poor image quality; root fractions for depths greater than
70cm were excluded because that was the deepest depth we
could photograph across all soil pits. The root fractions were
not normally distributed for each group, so we used a Mann-
Whitney U-test to test for significant differences in median
root fractions assuming a significance level of 0.05. This test
was performed separately for each of the root classes—fine,
coarse and total (proportion of fine or coarse roots).

2.3 | Soil Properties

We determined soil-water retention and saturated hydraulic
conductivity (K ) at the summit, backslope, and toeslope sites
(Figure 1c) by collecting undisturbed soil cores in triplicate
from the A horizon at 15cm and from B horizons at 40 and
60cm. In addition, we collected bulk soil samples at 15, 40 and

60cm to assess soil texture. We were unable to extract three
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cores at each depth of the summit and toeslope sites due to
rocky soils. As a result, we analysed soil properties at the back-
slope sites only. We did not test for statistical differences in soil
properties beneath grasses and shrubs due to our limited sam-
ples size (n=3). However, the availability of soil moisture and
electrical-resistivity data at the backslope site allowed us to use
multiple lines of evidence to address our research objectives.

We measured K, based on Darcy's law using the falling-head
technique (Klute and Dirksen 1986) with the KSAT benchtop
instrument (METER, Pullman, WA, USA). This instrument esti-
mates K for the bulk soil. Although macropores comprise small
fractions of soil volume, they can contribute to more than 70% of
soil water flow (Watson and Luxmoore 1986; Zhang et al. 2019).
To explore the impact of soil macropores on soil water flow, we
used the soil-water retention curve to estimate soil effective po-
rosity as an indicator of soil macropores. We defined soil effective
porosity from the perspective of the soil pore size distribution
derived from the soil-water retention curve (Han, Giménez, and
Lilly 2008). We estimated a unique inflection point (Figure S2) to
distinguish the macropore and micropore domain for individual
soil samples (Baver 1939; Dexter and Bird 2001).

Soil-water retention curves were derived from the soil cores
used for K, measurements. We followed the evaporation
method (Wind 1968) using a HYPROP system (METER,
Pullman, WA, USA). In this study, we used soil-water retention
data in the wet range, defined as matric potential > -1000cm.
The measured matric potential (k) and volumetric water con-
tent (6) were fitted to the van Genuchten (van Genuchten 1980)

water retention equation by optimizing s, 6, « and n:

0,—0,
0=0,+

[1+aln)"]

where 6, (cm?cm™)is the residual soil water content, 6_(cm*cm ™)
is the saturated soil water content, 4 (cm) is soil matric potential, a
(cm™) is related to the inverse of the air-entry pressure head and
n (dimensionless) is an empirical shape parameter. The inflection
point occurs where the shape of the soil-water retention function
transitions from convex to concave. The second derivative of the
van Genuchten function with respect to h reflects changes in the
curvature of the soil-water retention curve, which is influenced
by the soil properties. The inflection point is the point at which
the second derivative is zero (Dexter 2004). Therefore, the inflec-
tion point of each water retention curve can be identified by

We defined effective porosity as the volume of soil water drained
between saturation and the matric potential at the lower bound-
ary of the macropore domain determined by the inflection point.
The effective porosity (¢s) was then calculated as

¢eff = 05 -0 (h'l)
The pore size distribution is unique across soils between sites

(woody-encroached and grass) and among depths, resulting in
distinct estimated porosity in the macropore domain using the

water retention curve in these locations. To separate nonequilib-
rium flow in macropores, we further calculated the matrix satu-
rated hydraulic conductivity, which is controlled by soil texture
(Lin et al. 1999). Matrix K, was estimated with the ROSETTA
pedotransfer function using sand, silt and clay fractions; bulk
density; and field capacity as inputs (Schaap, Leij, and Van
Genuchten 2001). Thus, matrix K, represented the flow of water
through largest fraction of water-filled pores of the soil matrix.
We determined soil textural composition with the sieving and
the pipette method (Gee and Or 2002). Soil bulk density was
measured with the core method (Grossman and Reinsch 2002).
Soil water content at a matric potential of —330cm (—33 kPa) was
calculated from the fitted van Genuchten water retention curve
and was used as field capacity water content.

2.4 | Estimation of Soil Water Velocity

Soil moisture was recorded every 30 min from sensors (TEROS
12, METER, Pullman, WA, USA) that were installed horizon-
tally into undisturbed soil at 15, 40 and 60cm in November
2020. We used soil moisture and precipitation time series data
between 1 April 2021 and 10 May 2023 (Figure 2) to estimate
bulk soil water velocity during precipitation events > 2mm. We
excluded data between 10 May 2023 and 21 August 2023 due to
missing data at the grass site that occurred due to a loss of power
to the data logger. The remaining data did not contain missing
values before 10 May 2023. We visually inspected the soil mois-
ture and precipitation data for spurious data and outliers and
concluded that the data did not require additional correction.
Precipitation was assumed to infiltrate and flow vertically to
reach soil sensors buried along a vertical soil profile. Thus, bulk
soil water velocity was calculated as distance/time where dis-
tance was equal to the depth of the soil sensor (i.e., the distance
of water flow through the soil profile from the land surface).
Precipitation has been measured every 15min since 2010 with
an OTT Pluvio? rain gauge (OTT HydroMet) at the Konza Prairie
Headquarters, located ~3km from our study sites (Figure 1a).
The backslope position had a complete record of half-hourly soil
moisture data, whereas sites at toeslope and summit positions
had extensive periods of missing data due to sensor or data log-
ger malfunction. Thus, we performed the velocity analysis using
only the soil moisture record from the backslope position.

We leveraged a method developed by Hirmas et al. (In review)
to estimate the bulk soil water velocity using soil moisture time-
series data. The method identified soil moisture peaks through a
series of steps to evaluate outliers of the time derivative of the soil
water content. First, a Hampel filter was used to detect outliers
among the positive derivative values of the time-series data based
on the median absolute deviation (MAD). Values greater than 3
MAD above the MAD were considered meaningful outliers and
were retained as potential peaks. Next, the derivative values in log
space were further filtered to include only peak values that were
more than 1.5 times the standard deviation of the log derivative
median. When soil moisture peaks were clustered within 2h, the
largest peak among the cluster of peaks was selected as the final
peak for further analysis. Once the final soil moisture peaks were
identified, the onset of each peak's rising limb was identified as an
increase in soil moisture that exceeded 0.02m*m3 and occurred
between the soil moisture peak and the previous soil moisture
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FIGURE2 | Dailyrainfall from the Konza Prairie headquarters and the soil moisture measured every 30 min from 1 April 2021 to 21 August 2023

at 15, 40 and 60cm at the grass and woody-encroached backslope site. Soil water flow velocities (cmh™!) were estimated using the onset time of the

soil moisture rising limb (n =61 for grass site; n =56 for woody-encroached site) that occurred within 48 h of the storm onset.

peak. The soil moisture “event” was omitted if any missing values
were present within a 2-h interval around the onset or peak time.

We used the precipitation-event delineation method used by
Araki et al. (2022). The onset of a storm event was determined
from nonzero precipitation measurements. Precipitation mea-
surements nested within a 6-h period were classified as the
same storm event. A threshold of 5days was enforced as the
maximum duration of an event to avoid excessively long events.
Next, we assigned a unique identifier to each storm onset and
soil moisture onset pair. We selected storm onsets that occurred
within 2days prior to the onset of the soil moisture peak event.
Note that we removed an event from the analysis if the onset
of the storm occurred more than 2days before the onset of the
soil moisture rising limb or if the onset of the storm followed
the onset of the soil moisture rising limb due to relatively large
distance between the meteorological station and our sites
(Figure 1a). The bulk soil water velocity (cmday~!) was calcu-
lated by the sensor depth (15, 40 or 60cm) divided by the time
difference between the onset of the storm and onset of the soil
moisture rising limb. This value represented the fastest measur-
able component of water flow through the bulk soil. To account
for the portion of water that would flow through the macropore
domain of the soil, we multiplied the bulk soil water velocity by
the effective porosity at each sensor depth. This normalised ve-
locity value was referred to as the effective velocity (cmday™1).
The log-scaled effective velocities were approximately nor-
mally distributed. We compared the mean of log-scaled effec-
tive velocities at the grass and woody-encroached sites using an

independent t-test and compared the variance using the F-test.
We performed a linear regression to test how effective velocity
was correlated to rainfall intensity, storm duration and anteced-
ent soil water content. The storm duration was defined as the
time span between the storm end and storm onset. The rainfall
intensity was defined as the maximum rate of precipitation ob-
servation during a storm event. The antecedent soil water con-
tent was defined as the soil water content recorded 1h before
the storm onset time. Statistical analysis and visualisation were
performed with R (R Core Team 2023).

2.5 | ERImaging During Rainfall Simulation

We conducted a rainfall simulation from 23 to 24 August 2023
to test the spatiotemporal dynamics of soil water infiltration
and drainage beneath grass and shrubs. Two plots were es-
tablished in the woody-encroached watershed ~5m upslope of
the backslope site (Figure 1c). Each plot was 9m?2, and plots
were positioned ~8m apart. One plot included grasses—big
bluestem (Andropogon gerardii), switchgrass (Sorghastrum
nutans) and Indiangrass (Panicum virgatum) as well as forbs—
ironweed (Vernonia baldwinii), white sagebrush, (Artemisia
ludoviciana), Canada goldenrod (Solidago canadensis) and
butterfly milkweed (Asclepias tuberosa), and the other plot
was dominated by roughleaf dogwood (C. drummondii).

A 24.5-m-long transect that passed through each plot was es-
tablished for ER imaging. The centre of the grass plot was at
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7m along the transect, and the centre of the shrub plot was at
16.5m along the transect (Figure 3a). The midpoint of the tran-
sect marked the transition from predominantly grass to predom-
inantly shrub. The shrub C. drummondii is clonal and primarily
spreads vegetatively to form large amorphous shrub ‘islands’
that buffer interior stems against fire (Nippert et al. 2021). Our
shrub plot was located near the centre of a large shrub island.
The stems of shrub C. drummondii in the centre of an island are
generally the oldest, evident by greater height and stem diameter
compared to the smaller stems on the periphery of an island. The
transect was also positioned along an elevation isoline to avoid
topographic effects of both the rainfall simulation and the ER
measurements. We installed 48 electrodes spaced every 0.5m
along the transect and monitored soil ER using a Syscal Pro re-
sistivity metre (IRIS Instruments, France). We used a dipole-di-
pole configuration with 735 quadripoles. Each quadripole was
stacked three to five times for QA/QC, and the standard devi-
ation of the stacked measurements was used to weight the data
during inversion. ER acquisition took place during five data ac-
quisition periods from 22 to 24 August, during which multiple
ER surveys were automatically collected approximately every
30min, resulting in 40 total data sets (Figure 3b). We collected
three data sets (Period 1) on 22 August to map natural variabil-
ity prior to the rainfall simulation. Periods 2, 3 and 4 took place
before, during and after each of three rain pulses from 23 to 24
August, and the final collection period (Period 5) took place be-
fore dismantling the setup on 24 August (Figure 3b).

We used two sprinklers with an oscillating motor attached to
a tripod base to deliver water to each of the two plots. More
information on the sprinkler system can be found in Dodds
et al. (2022). The tripod was positioned in the centre of the plot

and directly above the ER transect. Water was delivered as three
‘rain’ pulses spaced 12 h apart. To observe soil moisture changes
in the upper 2m of soil, we chose to apply a volume of water
that was representative of the largest storm events observed at
the Konza Prairie between 2001 and 2022. Each pulse delivered
~850L of water or an equivalent of ~5cm of rainfall to each plot,
resulting in a total of ~15cm of rainfall over the three pulses.
This total fell within the upper range of the long-term (2001 to
2022) maximum weekly rainfall observed at the Konza Prairie
during the growing season. The 95" percentile of weekly total
rainfall was 8.4cm, and the maximum weekly total was 17.6 cm.
Although the same amount of water was distributed onto the
plot during each pulse, the rate of application was slightly differ-
ent due to issues with the water pump during the first pulse. The
initial pulse lasted ~60 min due to insufficient water pressure to
the pump. This issue was resolved after the first pulse was com-
plete. The second and third pulses each lasted ~35min.

To account for changes in soil temperature in the near-surface
soil environment, we corrected the apparent resistivity to
a standard temperature of 25°C following the methods in
Hayley et al. (2007). Soil temperature was measured every
30min over the duration of the experiment using soil tem-
perature sensors (TEROS 12, METER Environment) buried
at three depths in the soil profile—15, 40 and 60cm. We de-
fined a pseudo depth for each quadripole following methods
described in Edwards (1977). Apparent resistivity for pseudo
depths 0-15, 15-40 and >40cm was corrected using the tem-
perature data at 15, 40 and 60cm, respectively. Soil tempera-
ture ranged from 26.3°C to 27.7°C at 15cm, 25°C to 25.3°C
at 40cm and 23.6°C to 23.8°C at 60cm during the duration
of the rainfall experiment (Figure 3b). We assumed that soil
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FIGURE 3 | (a) A schematic showing the position of grass and shrub plots along the 24.5m electrical resistivity (ER) transect. (b) The median

time of each ER data set is shown as dashed grey lines, and the start and end of the rain pulse is shown as blue boxes. Data sets were collected from

22 to 24 August 2023 during five distinct periods labelled at the top of the plot. Five background data sets were collected before the first rain pulse.

All data were corrected for soil temperature.
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temperature was laterally uniform and did not vary below
60cm, the latter of which seemed reasonable given the mea-
sured temperature ranges.

Temperature-corrected data were inverted using ResIPy 3.4.5
(Blanchy et al. 2020). First, the prerainfall data were inverted
separately to obtain five background resistivity profiles. We used
the inverted prerainfall data sets to calculate the mean coeffi-
cient of variation induced by repeat ER measurements as an in-
dicator of background variability. We estimated the background
variability of the prerainfall data during Period 1 to be 4.6%,
which led to changes of up to 18% in the inverted models. Only
resistivity differences greater than this were considered mean-
ingful. The prerainfall data set with the lowest mean stacking
error the morning of the rainfall experiment was used as our
background data set during difference inversion. We did not fil-
ter the ER data sets, and the stacking errors for each data set were
used as the error model in the resistivity difference inversions.
The median stacking error was 0.56%, and the mean stacking
error was 1.7%. We used linear filtering to regularise the differ-
ence inversion for estimating change in resistivity (LaBrecque
and Yang 2001). The final weighted root mean square error, nor-
malised to the data error, varied between 1.1% and 2.4% with a
mean of 1.6% (Table S1). In addition, we quantified the depth
below which the data did not affect the inversion in the inverted
background data sets using the depth of investigation method
(Oldenburg and Li 1999). Inversions generally were sensitive
to the top 2m of the subsurface. A negative change in resistiv-
ity indicated a decrease in resistivity from the prerainfall data,
which was used as a proxy for examining the spatial and tem-
poral patterns of soil wetting. To further examine the temporal
patterns of soil wetting, we estimated the average resistivity for
multiple soil depths under the centre 2m of the grass and shrub
plot each. The centre of the plot was directly below the sprin-
kler (Figure 3a) and therefore received the most rainfall. The
average resistivity values were estimated for each 10-cm depth

increment up to 2m, which were considered meaningful data
based on the modelled depth of investigation.

3 | Results
3.1 | Soil Properties

Both the coarse and total root fractions from 10 to 70cm were
greater beneath shrubs than grasses (p<0.001; Figure 4). In
contrast, the fine root fraction from 10 to 70cm did not differ
beneath shrubs and grasses (p =0.92). In general, root fraction
decreased with increasing soil depth at both shrub and grass
sites (Figure 4). Average coarse-root fraction was greater be-
neath shrubs than grasses across all soil depths. In contrast, av-
erage fine and total root fractions appeared to be greater beneath
shrubs primarily between 35 and 50cm.

We could only assess the saturated hydraulic conductivity and
effective porosity at the backslope position due to difficulty ex-
tracting soil cores in rocky soils at the summit and toeslope. The
soil texture at the grass backslope was silty clay loam at 15 and
60cm and clay loam at 40cm. The soil texture at the woody-
encroached backslope was silty clay at 15cm and clay at 40 and
60cm. The mean and standard error of bulk and matrix K, for
the grass and woody-encroached site were calculated from three
replicate cores taken at each of three depths—15, 40 and 60cm
(Figure 5). The mean bulk K, across all depths was 68cmh™
at the woody-encroached site and 20cmh! at the grass site.
Although each set of replicate soil cores was extracted from the
same soil pit, the inclusion of rock and root fragments led to
highly variable bulk K. The highest bulk K. beneath woody
shrubs was in the B horizon at 60cm (mean=116+75cmh™1).
In contrast, bulk K, beneath grasses was highest in the A hori-
zon at 15cm (mean=24=+15cmh!). The effective porosity de-
clined with depth beneath both vegetation types. However, soils
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FIGURE 4 | We used high-resolution photos from six soil pits beneath grasses and woody shrubs to estimate the fraction of coarse, fine and total

roots in each 5-cm depth interval. Data show the mean and standard error for each 5cm increment between 10 and 70 cm.
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beneath shrubs appeared to have a greater mean effective po-
rosity than soils beneath grasses. This was most pronounced in
the B horizon at 60cm, with the mean effective porosity being
0.03m3m~3 greater at the woody-encroached site compared to
the grass site (Figure 5c). Additional details on soil properties
are provided in Table S2.

3.2 | Soil Water Storage and Flow

‘We examined the distribution of soil water content measured
half-hourly from 1 April 2021 to 10 May 2023 at the woody-
encroached and grass backslope site. There were no missing
values recorded within this time frame. The mean and dis-
tribution of soil water content at 15cm were similar beneath
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FIGURE 5 | (a) Bulk saturated hydraulic conductivity (K), (b)
matrix K, and (c) effective porosity were measured from three cores
taken as each sample depth—15, 40 and 60 cm—at the backslope site in
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error values of the three cores collected at each depth are shown.

grasses and shrubs but notably different at the deeper B horizon
depths, 40 and 60cm (Figure 6). The mean soil water content
was 0.02m3m™3 greater beneath grasses than shrubs at 40 cm.
In contrast, the mean soil water content was 0.03 m3m~=3 greater
beneath shrubs than grasses at 60 cm (Table 1 and Figure 6). The
woody-encroached site had a greater range in soil water content
at 40 and 60cm than the grass site. For example, the maximum
soil water content at 40 and 60cm was higher, and the mini-
mum soil water content was lower beneath shrubs than grasses
(Table 1).

The mean bulk soil water velocity was not statistically different
between the grass and woody-encroached sites at any of the soil
depths. When bulk soil water velocity was normalised by the ef-
fective porosity, we observed slightly greater mean effective ve-
locities at the woody-encroached site than at the grass site in the
B horizon at 40 and 60cm (Figure 7). However, the difference in
mean effective velocity between the grass and woody-encroached
sites was not statistically significant at any of the depths. Note
that we analysed the soil water velocities on a log scale due to the
skewed distribution of the data. Bulk soil water velocity across
all sites and depths ranged from 1 to 120cmh~! with an overall
mean equal to 14cmh~1, and the median bulk soil water velocity
increased with depth at both the woody-encroached and grass
sites (Figure S3). All values of bulk soil water velocity exceeded
the matrix K, at 40 and 60cm. The effective velocities were not
well correlated to storm duration (data not shown). Antecedent
water content and rainfall intensity appeared to be positively
correlated with effective velocity beneath shrubs (Figure 8). The

20 woody-
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FIGURE 6 | The kernel density distribution of soil water content
measured half-hourly at 15, 40 and 60cm from 1 April 2021 to 10 May

2023. The dashed line indicates the mean soil water content value at the
woody-encroached (orange) and grass (green) site.
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TABLE1 | The mean, maximum and minimum soil water content (m*m~3) at 15, 40 and 60 cm at the grass and woody-encroached backslope site

from half-hourly measurements between 1 April 2021 and 10 May 2023.

Site Depth Mean (m3*m3) Max (m3*m—3) Min (m3m3)
Grass 15cm 0.29 0.43 0.19
Grass 40cm 0.28 0.42 0.18
Grass 60cm 0.29 0.42 0.18
Woody-encroached 15cm 0.29 0.46 0.21
Woody-encroached 40cm 0.26 0.49 0.16
Woody-encroached 60cm 0.32 0.48 0.17
15 cm 40 cm 60 cm
10.04 w
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FIGURE 7 | The effective velocity (cmh™) is shown on the log scale. The number of events for which the effective velocity was calculated was
greater in the A horizon at 15cm (n =33 for grass and n =28 for shrub) than in the B horizons (40 cm:n =15 for grass and n =13 for shrub; 60cm:n =13
for grass and n=15 for shrub). The mean effective velocity (white diamond) increased with soil depth but was not statistically different between the
grass and woody-encroached sites at 15 (p=0.67), 40 (p=0.52), or 60cm (p=0.27). Similarly, the variance of the effective velocities did not differ
beneath shrubs and grasses at 15 (p=0.81), 40 (p =0.50) or 60cm (p=0.08).

log-scaled effective velocity showed a positive linear correlation
with antecedent water content at the woody site (p=0.002) but
not at the grass site (p =0.4). Similarly, log-scaled effective veloc-
ity at the woody-encroached site had a positive linear relation to
log-scaled rainfall intensity (p=0.03) but showed no relationship
at the grass site (p=0.1). Although the relationships between
environmental variables and effective velocity were statistically
significant at the woody-encroached site, the relationships were
weak (°<0.2).

3.3 | ER During Rainfall Simulation

Water was applied to the shrub and grass plot in three pulses for
a total of 15cm of rainfall in ~36h. We conducted the rainfall
simulation in late August following an extended period of soil
drying from mid-July to mid-August. Prior to the rainfall experi-
ment, soil water content in the upper meter of soil was the lowest
observed during the 2023 growing season (Figure 2). The spa-
tial and temporal evolution of ER was examined as the percent

change in resistivity from background conditions. Decrease in
resistivity during the rainfall simulation was used as a proxy for
soil water increase.

We observed a notable decrease in resistivity in the upper 0.5m
within 2h of the first rain pulse (Figure 9a). During the initial rain
pulse, we also observed a larger decrease in resistivity for shal-
low soils beneath the shrubs than grasses (Figure 10). However,
following the second and third rain pulses, we observed a simi-
lar decrease in resistivity in the upper 0.5m beneath both vegeta-
tion types. In contrast, we observed a different response beneath
shrubs and grasses between 0.5 and 2m. At depths below 0.5m,
we found little to no detectable change in resistivity beneath the
grasses (Figure 10a) and relatively minor (< 20%) decreases in
resistivity beneath the shrubs (Figure 10b) during the first rain
pulse. However, after the second rain pulse, the decline in resistiv-
ity was spatially variable from 0.5 to 1 m beneath the grasses, while
there was a notable decrease in resistivity (20% to 60%) from 0.5
to 1m beneath the shrubs. In addition, we observed a greater de-
gree of lateral wetting in the top meter of soil beneath the grasses
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FIGURE8 | (a)Effective velocity on the log scale had a positive linear correlation with the antecedent soil water content at the woody-encroached

site (p=0.002) but not at the grass site (p=0.4). (b) Log-scaled effective velocity also had a weak, positive linear correlation to log-scaled rainfall

intensity at the woody-encroached site (p=0.03) while no significant correlation was observed at the grass site (p=0.1). Grey band is the 95%

confidence interval for the regression line.

than beneath the shrubs after the second and third rain pulses
(Figure 9b,c). After the third and final rain pulses, resistivity de-
creased by more than 20% up to 2-m depth beneath the shrubs;
a similar magnitude of change in resistivity was restricted to 1m
beneath the grasses (Figures 9c and 10). The final measurements
were collected ~36h after the start of the first rain pulse. At this
time, resistivity had decreased between 38% and 80% in the top
2m of profile beneath the shrubs, while the decrease in resistivity
beneath the grasses ranged from 20% to 82% and was confined to
the top 1.2m.

4 | Discussion

Our study compared how woody encroachment-impacted
changes in root abundance, soil hydraulic properties and
soil water flow compared to the native grassy state. The
abundance of coarse roots was greater beneath shrubs than
grasses, which may have increased preferential flow of water
to deeper depths below shrubs. Moreover, the differences in
infiltration observed beneath these two vegetation types may
also be the result of concentrated water delivery via stem flow
below the woody shrub canopy. Saturated hydraulic conduc-
tivity (K,,) and effective porosity were also greater below
shrubs than grasses suggesting that shrubs also affect soil hy-
draulic properties in ways that may result in deeper flow paths
and faster flow velocities, potentially altering vertical hydro-
logic connectivity in woody-encroached grasslands. These
findings support previous modelling results that predicted a
greater contribution of deep flow paths to streamflow gen-
eration following woody encroachment at the Konza Prairie

(Sadayappan et al. 2023). In addition, our work highlights the
importance of future studies exploring how soil properties are
influenced by altered rooting architectures in ways that drive
modified soil water flows. Below, we discuss potential mecha-
nisms that led to our observations, including preferential flow
along live and/or dead root channels, and increased soil mac-
ropores via root growth and decay.

4.1 | Faster and Deeper Water Flow Beneath
Shrubs Than Grasses

During the rainfall simulation, notable decreases in ER were
observed up to 1m beneath grasses and up to 2m beneath
shrubs, suggesting that more water moved to deeper soil lay-
ers beneath shrubs than grasses. In contrast, there appeared
to be a greater degree of lateral wetting underneath grasses
than shrubs. Deeper water flows beneath shrubs may be at-
tributed, in part, to root-induced preferential flow that moved
water to deeper soil layers while bypassing a portion of the
soil matrix. Woody shrubs are associated with deeper rooting
systems and a greater proportion of coarse roots compared to
grasses (Figure 4). We found that, on average, the fraction of
coarse roots for each 1-cm depth increment ER between 10
and 70cm depth was 2.5 times greater beneath shrubs than
grasses.

Previous work has shown that root size and density play im-
portant roles in promoting preferential flow along live roots
as well as dead root channels, which can facilitate deep soil
water recharge. For example, the flow of water along the
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FIGURE9 | Percentchange in electrical-resistivity data during a three-pulse rainfall simulation from 23 to 24 August 2023. The grass and shrub

plot received 5cm of water during each pulse separated by 12h. Time since the start of the first rain pulse is displayed on the left. Images in panelsa, b

and c were collected within 2 h after the first, second and third rain pulses, and panel d displays the final measurements 36 h after the first rain pulse.

Decreases in resistivity are shown in blue and indicate an increase in subsurface water content. Positive percent change (increases in resistivity) or
a negative percent change within the background variability (0% to —18%) is shown as white in the image since these data likely represent artefacts

in the inversion process.

soil-root interface, known as funnel flow, has been observed
where there is a relatively high root density in forest soils
(Bogner et al. 2010). Also, coarse roots, such as tap roots, of
trees can facilitate soil water recharge up to 2.7m (Burgess
et al. 2001). Moreover, decayed roots of woody shrubs can en-
hance the downward movement of water to deeper depths in
arid environments (Devitt and Smith 2002).

In addition to funnel flow, the deeper and faster water flow
beneath shrubs may be explained by root effects on soil po-
rosity and hydraulic properties. We found greater effective
soil porosity and saturated hydraulic conductivity beneath
shrubs than grasses. This finding aligns with previous studies
that found coarse roots, in general, increased K, especially
in fine-textured soils (Lu et al. 2020). It is possible that an in-
crease in coarse-root abundance beneath shrubs led to the ob-
served increase in effective porosity. Root channels, formed by
live, dead, or decaying roots, are considered biotic macropores.
Water tends to flow more quickly and efficiently through soil
macropores compared to the smaller pores found within the soil
matrix. Small increases in effective porosity can increase K,
exponentially because Poiseuille's law states that the flow rate in
fluid-filled pores is proportional to the fourth power of the pore
radius. Moreover, controlled experiments on intact soil columns
indicate that macroporosity and the number of independent
macropore paths can explain up to 75% of the variability in K,
values (Luo, Lin, and Schmidt 2010).

We expected that differences in effective porosity at the grass
and woody-encroached sites would also lead to differences in

soil water velocities. We found greater mean effective velocity
(bulk soil water velocity normalised by the effective porosity)
beneath shrubs than grasses (Figure 7), which may indicate that
an increase in macropores at 40 and 60 cm elevated effective ve-
locities beneath shrubs compared to grasses. However, the ef-
fective velocities beneath shrubs and grasses were also highly
variable among storm events. As a result, the difference in mean
effective velocity beneath shrubs and grasses was not statisti-
cally significant at any measured depth. This may be attributed,
in part, to a relatively small number of events that could be
used to quantify bulk soil water velocity. Although there were
90 storm events with more than 2mm of rainfall during our 2-
year analysis period, we were only able to calculate soil water
velocities at 15cm for 42% of the storm events and at 40 and
60cm for 18% and 19% of storm events. While not every storm
event initiated a notable soil moisture increase, there were other
factors that limited our ability to calculate soil water velocities
for more storms. First, soil moisture was recorded every 30 min,
making it difficult to accurately estimate the timing of the soil
moisture peak onset since soil moisture can increase over the
span of minutes. Second, rainfall was recorded 3km from our
soil moisture monitoring sites (Figure 1a). The relatively coarse
temporal resolution of soil moisture data and the large distance
between rainfall and soil moisture sensors can lead to uncer-
tainties in the recorded time of the soil moisture peak and storm
onsets. This was evident in our data set when the onset of the
soil moisture rising limb preceded the storm onset.

Another factor that can influence the infiltration and drain-
age dynamics of rainfall is canopy interception and stemflow.
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FIGURE 10 | The average percent change in resistivity over time for each 10-cm layer beneath (a) the centre of the grass plot and (b) the centre of
the shrub plot. The median time stamp for each survey (n=35) is displayed on the x-axis as hours since the start of the first rain pulse. Red blocks at
the top of each plot indicate the start and end time of each of the three rain pulses. If the change in resistivity was positive, we chose not to display
the data at this depth (e.g., white space) since these data likely represent artefacts of the inversion process. Yellow colours indicate no change because
differences in resistivity from the background are within the range of the natural variability of our prerainfall measurements.

While we did not measure these processes in our study, we
observed that the canopies of shrubs and grasses played an
important role in the redistribution of water to the soil surface
during the rainfall simulation. Anecdotally, we observed that
a fraction of water was intercepted by the shrubs and rerouted
via stemflow to the centre of the woody plot. In contrast, rain-
fall was more evenly distributed in the grass plot, resultingin a
greater surface area that received water. While we do not have
direct evidence of water flow along coarse roots at the base of
the woody stems, it is possible that the concentration of water
along the stem induced preferential flow along coarse roots,
which led to an accumulation of water in deeper soil layers.
The observation agrees with previous studies that conclude
that a disproportionate amount of precipitation is funnelled
to the base of shrubs and trees, creating preferential entry
of water into the soil along root-channel macropores (Guo
et al. 2020; Levia and Frost 2003; Li et al. 2009; Schwirzel,
Ebermann, and Schalling 2012). Precipitation that has been
channelled by leaves and branches and eventually flows down
the stem can alter the chemical composition of water enter-
ing the soil due to dry deposition on leaves and foliar leach-
ing into the rainwater (Johnson and Lehmann 2006). Thus,
from an ecological perspective, the double-funnelling of water
along stems and roots may be beneficial for woody plants be-
cause deeper nutrient fluxes would promote root growth over
a greater soil volume.

4.2 | The Influence of Antecedent Moisture on
Preferential Flow Beneath Shrubs and Grasses

Water flow in soil is typically categorised as uniform flow or pref-
erential flow. The bulk soil water velocities observed following
natural rainfall events provide evidence that preferential flow is
common beneath both grasses and shrubs at our site (Figure S1).
Bulk soil water velocity has been used in previous studies to
identify the occurrence of preferential flow (Hardie et al. 2013).
If velocities exceed the matrix K, the infiltrated water is likely
moving faster than diffuse flow of the wetting front. We found
that, among all depths, the mean bulk soil water velocity was eight
times greater than average matrix K, beneath the shrubs and 11
times greater beneath grasses. Thus, for the average storm event,
infiltrated water appeared to be moving faster than diffuse flow in
the soil matrix, indicating the occurrence of preferential flow be-
neath both grasses and shrubs. While we were not able to calculate
the volume of water moving to depth, the greater effective veloci-
ties (bulk soil water velocity normalised by the effective porosity)
below shrubs than grasses indicated that shrubs have the potential
to expedite water flow through macropores. In addition, we found
that, where shrubs were present, a relation emerged between effec-
tive velocities and factors that are known to influence the occur-
rence of preferential flow—antecedent water content and rainfall
intensity. We found that effective velocities were greater under
wetter antecedent conditions below shrubs. However, this was not
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the case for soil water velocities below grasses (Figure 8). Thus,
storm events that occur during relatively wet antecedent condi-
tions below shrubs may be more likely to induce preferential flow
and move water to deeper soil depths. This is also corroborated by
our observations that deeper (> 1 m) drainage beneath the shrubs
during the rainfall simulation occurred only after shallow soils be-
came wet during the first rain pulse (Figure 9b). Preferential flow
generally manifests after soils have reached a threshold anteced-
ent water content, with macropores becoming hydraulically active
(Nimmo 2021). However, research findings vary regarding how
antecedent moisture levels affect soil water flow. Some studies find
a greater occurrence of preferential flow with higher antecedent
water content (Hu et al. 2019), while others indicate a decrease in
preferential flow (Hardie et al. 2011).

Another factor that has been shown to influence soil water veloc-
ities and the occurrence of preferential flow is rainfall intensity.
Our findings align with previous studies that found a positive cor-
relation between rainfall intensity and the occurrence of prefer-
ential flow (Hu et al. 2019; Wiekenkamp et al. 2016) and deeper
soil water fluxes (Kulmatiski and Beard 2013). The simulated
rainfall intensity during our ER measurements was ~96mmh~!.
This represents an extreme event at the Konza Prairie where the
95 percentile of rainfall intensity observed from 2021 to 2023 was
70mmh~1, and the maximum was 171 mmh~". The relatively high
rainfall intensity during the rainfall simulation may have contrib-
uted to the deep infiltration of water (below 1 m) in the shrub plot.
It is possible that the depth of infiltration may have been shallower
with a lower rainfall intensity. Moreover, the antecedent soil mois-
ture condition prior to the rainfall simulation was relatively dry.
Thus, simulating rainfall during three separate periods over 2days
allowed us to increase antecedent soil moisture by the third rain
pulse, which is when we observed the deepest penetration of water
in both plots (Figure 10).

At the Konza Prairie, soils are wetter from October to March when
vegetation is dormant compared to the growing season (April to
September). Thus, we might expect storm events during this pe-
riod to contribute a greater proportion of incident precipitation to
deeper depths. Previous work at the Konza Prairie concluded that
increased soil infiltrability beneath shrubs may reduce soil water
residence times (Anhold 2023) and increase the movement of
water to greater depths (Keen et al. 2024). However, while deeper
drainage may occur in the dormant season, woody encroachment
may also reduce total recharge on an annual basis due to elevated
transpiration rates of woody shrubs compared to grasses during
the growing season (Keen et al. 2022; O'Keefe et al. 2020). A de-
cline in recharge has also been observed in a drier climate setting
of a subhumid prairie where deeper soil drying beneath encroach-
ing eastern red cedar compared to grasses reduced the overall
downward flux of water below 2m (Acharya et al. 2017). Thus, the
impact of antecedent moisture on preferential flow and vertical hy-
drologic connectivity may depend on seasonality, climatic setting
and subsurface hydraulic properties.

4.3 | Implications for Hydrologic Connectivity
and Catchment Coevolution

The net effects of woody encroachment—and associated root
systems—on groundwater recharge and streamflow are not well

understood across diverse systems. Increases in woody cover—
which alters both ET and soil infiltrability—may enhance or
reduce hydrologic connectivity depending on climate, plant
physiology, soils and bedrock composition (Wilcox et al. 2022).
In arid rangelands, woody shrubs and trees appear to promote
vertical preferential flow and deeper water percolation than
in intercanopy spaces (Bargués Tobella et al. 2014; Devitt and
Smith 2002). Laterally oriented roots can also promote prefer-
ential flow (Ghestem, Sidle, and Stokes 2011). Root influences
on soil infiltrability can impact hydrologic connectivity at
larger scales. However, this phenomenon is rarely incorporated
into hydrologic models. The effect of woody cover increase on
soil infiltrability in our study aligns with conclusions drawn
in relevant studies conducted in a diversity of conditions. The
combination of geophysical, soil and root data used in our
study provides a basis for calibrating hydrologic models to im-
prove projections of the preferential-flow pathways that impact
streamflow generation.

Another important implication of woody encroachment and
enhanced vertical connectivity is how it can affect chemi-
cal weathering, stream-water chemistry and the evolution of
catchment landforms over longer timescales than those ad-
dressed by our study (Wen et al. 2021, 2022; Xiao, Brantley,
and Li 2021). Given the ‘fill-and-spill’ nature (Tromp-van
Meerveld and McDonnell 2006) of the merokarst environ-
ment at the Konza Prairie (Hatley et al. 2023), the change in
infiltration patterns and possible accompaniment of change
in biogeochemical function with woody encroachment may
create the ideal environment to study catchment coevolu-
tion, defined as ‘the process of spatial and temporal inter-
actions between water, energy, bedrock-derived minerals,
sediments, carbon, ecosystems and anthropogenic influ-
ences that lead to changes of catchment characteristics and
responses’ (Troch et al. 2015). For example, Wen et al. (2021)
demonstrated with numerical experiments that carbonate-
weathering rates at the Konza Prairie can double due to en-
hanced water and carbon fluxes at deeper depths following
woody encroachment. In addition, long-term stream-water
chemistry data from a woody-encroached watershed at the
Konza Prairie have shown an increase in chemical weather-
ing (Macpherson and Sullivan 2019), while groundwater con-
centrations of CO, have also been rising (Macpherson 2009;
Macpherson et al. 2019). These changes may be occurring be-
cause of woody encroachment. Moreover, average annual pre-
cipitation and temperature have both been increasing at the
Konza Prairie over the past several decades (Keen et al. 2024;
Sadayappan et al. 2023), and our data suggest changes in in-
filtration patterns with increased woody cover. These changes
have the potential to stimulate generation of soil CO, (Vero
et al. 2017) and increase the flux of CO, into the subsurface.
Anhold (2023) found higher dissolved CO, concentrations in
groundwater from the grassy watershed (N1B) compared to
the woody-encroached watershed (N4D) and suggested that
the difference may reflect decreased soil water residence
time in response to woody encroachment. Specifically, if soil
water-residence time is lower in the woody-encroached wa-
tershed, then it would decrease the time available for open-
system weathering in the soil, leading to greater drawdown
of dissolved CO, as recharge water makes its way through the
subsurface and reacts with bedrock (Drever 1997). Additional
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research is needed to fully evaluate this interpretation, but if
accurate, it is consistent with our findings and implies that
mineral weathering shifts deeper into the subsurface in re-
sponse to woody encroachment.

The transition zone where mineral concentrations shift from
that of unweathered bedrock to weathered rock/regolith is sensi-
tive to climate and land cover changes and plays a crucial role in
secondary porosity development, thereby influencing hydrologic
flow paths (Brantley et al. 2017). Thus, understanding catchment
co-evolution necessitates comprehending the evolution and
inter-relationship of hydrological flow paths and biogeochemi-
cal fluxes over time. This overarching inquiry is closely tied to
an important question of the Anthropocene: How have human
activities accelerated the evolution of subsurface environments
(Singha et al. 2024)? For instance, if the deepening of roots from
woody plants in formerly herbaceous systems prompts enhanced
root and microbial respiration, organic-acid exudation or water
fluxes at greater depths, the deepening of nested reaction fronts
into the subsurface prompted by woody encroachment may alter
the trajectory of catchment co-evolution.

5 | Conclusions

Our results showed that woody encroachment in a tallgrass
prairie resulted in elevated coarse-root abundance and effec-
tive porosity well into the B horizon. These direct impacts
of woody shrubs on soil structure created greater saturated
hydraulic conductivity at the woody-encroached sites com-
pared to grassy sites. Shifts in root abundance with land cover
change will likely modify K, throughout the rooted profile
over time—a dynamic process that is not well-defined in hy-
drologic models. Additionally, changes in soil structure and
root size can impact infiltration and drainage of precipitation
by altering flow pathways and subsurface hydrologic connec-
tivity. Our analysis of ER during simulated rainfall events re-
vealed distinctions in the lateral and vertical extent of water
flow beneath shrubs and grasses. We also found faster flow
rates and deeper penetration of water beneath shrubs com-
pared to grasses. Our results underscore the impact of land
cover change on shaping soil hydrological processes and the
significance of woody encroachment on ecohydrological func-
tioning of grassland ecosystems. Defining changes to soil
water flow paths and soil water redistribution following woody
encroachment will be important for predicting and modelling
future changes in water cycling as well as the biogeochemical
functioning of woody-encroached landscapes, including sub-
surface weathering and carbon and nutrient cycling.
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