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ABSTRACT

The conversion of grasslands to shrublands, known

as woody encroachment, has increased vegetation

water use, particularly in mesic systems. However,

declines in soil moisture due to woody encroach-

ment have not been extensively explored. This

study examines the impacts of woody encroach-

ment on the depth and degree of soil drying in a

mesic tallgrass prairie in Kansas, USA. We com-

pared soil drying beneath roughleaf dogwood

(Cornus drummondii) and non-encroached tallgrass

prairie using half-hourly measurements of soil

moisture from 2021 to 2024 (event scale), electrical

resistivity in June and October of 2022 (seasonal

scale), and neutron probe measurements collected

monthly between 1984 and 2021(decadal scale).

Across all time scales, we found increased soil

drying beneath shrubs compared to grasses, par-

ticularly in deeper layers. Soil moisture declined up

to 20% more at 60 cm depth beneath shrubs

compared to grasses after individual storm events,

whereas declines at 15 cm were similar beneath

shrubs and grasses. Electrical resistivity imaging

suggested double the depth and degree of seasonal

soil drying beneath shrubs compared to grasses.

Over nearly four decades, woody-encroached

catchments experienced a greater degree of soil

drying than grass-dominated catchments, espe-

cially at depths below 1 m. The intensification of

soil drying, combined with larger storms in mesic

grasslands, is likely to have consequences for deep
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carbon storage and export and for groundwater

recharge in woody-encroached grasslands.

Key words: woody-encroached grasslands; soil

moisture; soil drying; electrical resistivity tomog-

raphy; roots; plant water use strategies; moisture

whiplash.

HIGHLIGHTS

� Soil moisture decline after storms was up to 20%

greater under shrubs than grasses.

� Resistivity images showed twice the depth of soil

drying under shrubs than grasses.

� Woody encroachment increased deep (> 1 m)

soil drying over nearly four decades.

INTRODUCTION

Grasslands and savannas worldwide are experi-

encing woody plant encroachment, defined by the

increase in native woody plant cover in grass-

dominated ecosystems (Honda and Durigan 2016;

Stevens and others 2017; Schmidt and others

2024). As woody shrubs expand into grasslands,

the effects on infiltration, plant water use, and

streamflow can vary depending on environmental

conditions including climate, bedrock composition,

and soil characteristics (Huxman and others 2005;

Acharya and others 2018; Zou and others 2018;

Deng and others 2021; Wilcox and others 2022).

These complexities have prompted several studies

aimed at improving our process-based under-

standing of subsurface hydrology in woody-en-

croached landscapes (Acharya and others 2017b;

Vero and others 2017; Sullivan and others 2019;

Wen and others 2022; Jarecke and others 2024).

Moreover, accounting for the ecohydrological

linkages associated with vegetation change is criti-

cal for disentangling the effects of woody

encroachment and climate change on water yields

(Schreiner-McGraw and others 2020; Sadayappan

and others 2023). For example, in mesic tallgrass

prairie of the central USA, woody-encroached

catchments experienced significant stream drying

despite an increase in precipitation over the last

few decades (Keen and others 2023). While the

decline in streamflow is associated with increased

evapotranspiration by woody plants compared to

grasses in mesic climates (Zou and others 2014;

Logan and Brunsell 2015; Dodds and others 2023;

Keen and others 2023, 2024b; Sadayappan and

others 2023), the degree, and thus importance, of

deep subsurface drying in response to climate and

woody plant encroachment is not well understood

(Ilstedt and others 2016; Acharya and others

2017a; Niemeyer and others 2017).

Physiological and morphological differences be-

tween grasses and woody plants, including shrubs

and trees, influence their water use strategies,

affecting both the depth and amount of soil water

depletion. Woody plants are known to maintain

higher transpiration rates than grasses both in up-

land landscapes (O’Keefe and others 2020; Keen

and others 2023) as well as riparian corridors (Scott

and others 2006). They typically have a higher leaf

area index than grasses (Tooley and others 2022),

providing more surface area for carbon and water

exchange. Woody shrubs also develop root systems

capable of efficiently using near-surface soil water

(O’Keefe and others 2022) while also producing

extensive coarse-root systems that can extend over

2 m into the soil profile (Ratajczak and others

2011). C4 grasses of tallgrass prairie can also be

deeply rooted, but they concentrate the majority of

their roots in surface soils and, as a result, rely al-

most exclusively on shallow soil moisture (0 to

30 cm; Nippert and others 2012). In contrast,

shrubs exhibit plasticity in their depth of water

uptake within individual growing seasons, pri-

marily accessing deeper water sources during dry

conditions to reduce competition with grasses

(Keen and others 2024a, 2024b; Nippert and Knapp

2007; Ratajczak and others 2011). Additionally, the

coarse woody roots of shrubs and trees create

channels that facilitate the preferential flow of

water to deeper soil layers (Guo and others 2020;

Jarecke and others 2024), which may benefit them

long term by promoting root growth and access to

nutrients over a greater soil volume (Johnson and

Lehmann 2006).

The contrasting water use strategies of grasses

and woody plants in woody-encroached grasslands

directly influence soil-moisture variability. Chan-

ges in both long-term soil-moisture availability and

short-term fluctuations can significantly impact

subsurface hydrological processes, including

groundwater recharge (Schreiner-McGraw and

others 2020). These changes also regulate microbial

processing of soil organic matter (Maggi and Por-

porato 2007; Tiemann and Billings 2011) and the

export of carbon and nutrients (Macpherson and

Sullivan 2019; Sullivan and others 2019; Wen and

others 2020, 2022) at hourly to seasonal timescales.

Over longer time periods, woody encroachment in

mesic grasslands has been associated with increased
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loss of soil organic carbon (Jackson and others

2002) as well as the accumulation of soil organic

carbon (Li and others 2019). However, the mech-

anisms remain unclear. Thus, understanding

changes to soil drying with land cover change over

multiple temporal scales is important to connect

short-term carbon and nutrient production and

mobilization to long-term ecosystem carbon bud-

gets.

Here, we investigate the influence of woody

encroachment on soil drying in a native tallgrass

prairie of the North American Central Great Plains.

Specifically, we quantified the depth and degree of

soil drying beneath shrubs and grasses over event,

seasonal, and decadal scales. We analyzed three

years of half-hourly soil-moisture measurements,

repeated electrical resistivity surveys conducted

during one growing season, and 37 years of

monthly neutron probe soil-moisture measure-

ments. These data were collected from catchments

experiencing significant shrub encroachment, as

well as from catchments where annual prescribed

burning has limited shrub encroachment (Wedel

and others 2024). Previous research at this site

provides evidence that shrubs can increase the

abundance and depth of coarse roots, enhance soil

porosity and saturated hydraulic conductivity, and

promote deeper infiltration and drainage of pre-

cipitation compared to grasses (Jarecke and others

2024). While increased shrub cover can result in

deeper water flow paths and faster flow velocities,

we hypothesized that catchments with greater

shrub cover would also exhibit greater soil-mois-

ture losses, driven by the deeper rooting systems

and increased rates of water uptake by shrubs

compared to grasses. We discuss how the rooting

systems of woody plants and their capacity to de-

plete soil water in deep subsurface soil volumes

may impact hydrological and biogeochemical cy-

cling in grasslands undergoing woody encroach-

ment.

MATERIALS AND METHODS

Study Area

Our study took place at the Konza Prairie Biological

Station, a 3487-ha native tallgrass prairie in Kan-

sas, USA (Figure 1). The climate in this region is

midcontinental with cool, dry winters and warm,

wet summers. Most of the precipitation occurs as

rainfall between April and September. The mean

annual water-year precipitation at the Konza

Prairie between 1984 and 2023 was 844 mm, and

the mean annual temperature was 12.8�C.

The bedrock at the Konza Prairie consists of

merokarst, comprising interbedded limestone and

thicker mudstone units. These limestone layers

give rise to bench-and-slope landforms, with an

elevation difference of roughly 60 m between the

ridgetops and the catchment outlets (Sullivan and

others 2019). Soils range from 20 to 50 cm deep on

the ridgetops to over 2 m deep in valley bottoms

(Sullivan and others 2020). Soil properties,

including soil texture, bulk density, field capacity,

and residual water content (Table S2) were mea-

sured at the backslope hillslope position in the

grassland site in watershed N1B and woody-en-

croached site in watershed N4D (Figure 1). Soil

analysis methods are described in Jarecke and

others (2024). Soil texture at the grass site was silty

clay loam in the A horizon (0–25 cm) and clay

loam in the B horizons (30–100 cm). The woody-

encroached site had greater clay content in both A

and B horizons resulting in a soil texture classifi-

cation of clay loam in the A horizon (0–20 cm) and

clay in B horizon (20–75 cm). Soils at the neutron

probe sites in watersheds 1D, 4B, and 20B are

classified as mesic lowland soils (Pachic Argiustolls,

Tully series) characterized by deeper colluvial and

alluvial deposits (Craine and Nippert 2014).

The vegetation at the Konza Prairie includes

perennial C4 grasses and a diverse range of C3

grasses, forbs, and woody plants. Woody

encroachment occurs due to a combination of fac-

tors including climate warming, rising atmospheric

carbon dioxide concentrations, and fire suppres-

sion, all of which favor the recruitment and growth

of woody species (Briggs and others 2005; Archer

and others 2017; Collins and others 2021). Woody

shrubs have expanded rapidly across mesic tallgrass

prairie since 2000, and shrub cover is particularly

pronounced in areas that experienced less-frequent

prescribed fire (Ratajczak and others 2014). Among

the woody plant species encroaching at the Konza

Prairie, Cornus drummondii (rough-leaf dogwood) is

the most prevalent. Other encroaching woody

species include Rhus glabra, Rhus aromatica, Gleditsia

triacanthos, Juniperus virginiana, Prunus americana,

Zanthoxylum americanum, and Rubus pensilvanicus

(Wedel and others 2024). In 1984, vegetation was

the same across neutron probe sites and dominated

by perennial warm-season grasses, primarily

Andropogon gerardii, Sorghastrum nutans, and Schi-

zachyrium scoparium. Other graminoids and peren-

nial forbs were present with high species diversity

but low abundance (Craine and Nippert 2014).

The Konza Prairie is divided into 60 watersheds

that are managed with different prescribed fire

frequency (burned every 1, 2, 4, or 20 years) and
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Figure 1. TheKonza Prairie is located inKansas, USA. Precipitation, air temperature, and relative humiditywere recorded at

the Konza Prairie headquarters’ meteorological station. We used measurements from neutron probes (1984–2021) in

watershed 1D, 4B, and 20B (points). In addition, we used soil sensors (2021–2024) and electrical resistivity surveys (2022) in

watersheds N1B and N4D (crosses) to assess soil moisture at different temporal and spatial scales. Watersheds 1D and N1B

underwent prescribed burns annually to prevent increases in woody encroachment. A slight increase in the cover of

dominant woody encroachers occurred in N1B but not 1D from 1983 to 2021. Woody cover increased moderately in

watersheds 4B and N4D (burned every four years), while watershed 20B (burned every 20 years) saw the greatest increase.
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grazing treatments (grazed by American bison or

ungrazed). Table 1 details the fire and grazing

treatments for the watersheds included in this

study. Watersheds 1D and N1B were burned every

spring. There was no increase in woody cover in

the ungrazed watershed 1D between 1983 and

2021. However, the cover of dominant woody

encroachers in the grazed watershed N1B increased

from 0.2% in 1983 to 21% by 2021 (Figure 1)

because grazing reduced C4 grass dominance,

allowing forbs and shrubs to increase their cover

(Collins and others 1998; Veen and others 2008;

Ratajczak and others 2022). However, this increase

was modest compared to watersheds burned less

frequently. We refer to 1D and N1B as ‘1-yr burn’

watersheds. Greater woody cover expansion oc-

curred in watersheds burned every four years, 4B

and N4D, which we refer to as ‘4-yr burn’ water-

sheds. The largest increase in woody cover was

observed in the 20-yr burn watershed 20B, where

prescribed fires were implemented every 20 years.

This watershed was the most severely en-

croached—woody cover reached 96% by 2021,

compared to just 0.03% in 1987 (Figure 1).

Meteorological and Soil-Sensor Data

Precipitation, air temperature, and relative

humidity were measured every 15 min at the

Konza Prairie Headquarters (Figure 1). Precipita-

tion was collected with an OTT Pluvio2 rain gauge

(OTT HydroMet). Air temperature and relative

humidity were collected with an HMP5C probe

(Campbell Scientific, Inc.). Soil moisture, soil

temperature, and electrical resistivity (ER) were

measured at the midslope position in N4D (woody-

encroached) and N1B (non-encroached). Three soil

sensors were installed in November 2020 at each of

three soil depths (15, 40, and 60 cm) beneath Cor-

nus drummondii (rough-leaf dogwood) in N4D and

beneath grasses in N1B. Soil moisture and soil

temperature were recorded every 30 min after in-

stalling frequency-domain reflectometry sensors

(TEROS-12, METER, Pullman, WA, USA) hori-

zontally into undisturbed soil. We used soil mois-

ture and precipitation time-series data over

approximately 3.3 years—April 1, 2021, to July 21,

2024 (Figure 2). Large gaps of missing data oc-

curred in N1B between May 10, 2023, and August

21, 2023, due to power issues to the data logger.

Thus, we excluded data during this period from our

analysis. Soil oxygen was also recorded every

30 min at the same soil depths as soil moisture. We

calibrated the millivolt output of each soil O2 sen-

sor (SO-120, Apogee Instruments, Logan, UT, USA)

in open air at 100% humidity prior to deployment.

The sensors were then installed horizontally, less

than 30 cm from the adjacent soil-moisture sen-

sors.

Event Drying Analysis

We used soil-moisture measurements from fre-

quency-domain sensors described above to quan-

tify soil drying following individual storm events.

Measurements at 15 and 60 cm depths were used

to quantify relatively shallow and deep soil drying.

However, we acknowledge that limited spatial

replication may not fully capture underlying

heterogeneity in subsurface moisture dynamics.

We delineated storms and identified the peak soil

moisture during each storm following the methods

described in Jarecke and others (2024). The decline

in soil moisture after the peak was examined for

individual storm events. Soil-drying periods ended

at the minimum soil-moisture value that occurred

Table 1. Descriptions of Subsurface Measurements, Watershed Size, Burn Frequency, and Grazing
Treatments in Each of the Study Watersheds—N1B, N4D, 1D, 4B, and 20B.

Measurements Watershed size (ha) Burn frequency Grazing treatment

N1B Soil moisture

Soil temperature

ERT

120.9 1-yr Grazed

N4D Soil moisture

Soil temperature

ERT

135.7 4-yr Grazed

1D Neutron probe 41.6 1-yr Ungrazed

4B Neutron probe 54.2 4-yr Ungrazed

20B Neutron probe 58.7 20-yr Ungrazed
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before the next soil-moisture peak. We excluded

drying periods that lasted less than 2 days and more

than 60 days as well as periods that contained two

or more consecutive hours of missing data. Drying

periods were also excluded from further analysis if

the maximum soil-moisture value was below the

field capacity or if the minimum soil-moisture va-

lue was above the field capacity. These criteria

enabled us to isolate drying curves that included

both soil-moisture decline caused by gravity drai-

nage and decline due to evapotranspiration (ET).

After gravity drainage, downward unsaturated flow

occurs but at a much smaller rate than ET. We

estimated unsaturated hydraulic conductivity to be

less than 0.1 mm day-1 for soils at our site (data

not shown), compared to canopy transpiration

rates of approximately 0.91 mm day-1 from dom-

inant grasses (A. gerardii) and 2.01 mm day-1 from

dominant shrubs (C. drummondii) at the Konza

Prairie (O’Keefe and others 2020). Therefore, we

attribute post-drainage soil moisture declines pri-

marily to ET. Finally, we removed drying periods

when the overall soil-moisture decline was less

than 0.03 m3 m-3, which is the accuracy limit of

our soil-moisture sensors.

Next, we isolated the portion of each drying

period where drying occurred due to ET and fol-

lowed rapid gravity drainage. To do this, we found

the minimum first derivative of the locally esti-

mated scatterplot smoothed (LOESS) volumetric

water content (dVWC/dt) for the entire drying

period (Figure 3). The minimum first derivative

occurred when soil moisture declined rapidly due

to drainage, which occurred, on average, within

32 h of the onset of soil drying. We then identified

the time stamp after the minimum derivative

value when the derivative became greater than

- 0.01 m3 m-3. We chose this value after testing

multiple values ranging from - 0.03 to - 0.005

and visually inspected drying curves to identify the

Figure 2. Daily rainfall and maximum daily vapor pressure deficit (VPD) at the Konza Prairie headquarters and the

volumetric soil water content measured every 30 min at soil depths of 15 and 60 cm from April 1, 2021 to July 21, 2024.

The grass site is located in watershed N1B and the woody-encroached site is located in N4D. The growing season from April

to September coincides with elevated VPD, larger rainfall events, and increased soil-moisture variability than the dormant

season from October to March.
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value that captured the shift from relatively steep

declines in soil moisture (more negative deriva-

tives) to gentler declines (less negative derivatives),

which we interpreted as the transition from rapid

drainage to slower ET drying. We visually assessed

whether soil moisture declines above and below

field capacity captured the transition from rapid

gravity drainage to slower unsaturated drying, but

we found this method to be highly inconsistent,

leading to over- or underestimates in the timing of

ET drying. Thus, we concluded that the derivative-

based approach more accurately captured this

transition.

Seasonal Drying Analysis

We quantified the change in electrical resistivity

(ER) between June 29 and October 3, 2022, which

spans the warmest period of the year. The change

in ER between the two dates allowed us to deter-

mine how soil drying over the growing season

differed below grass and roughleaf dogwood over a

broader spatial extent than the soil-moisture

probes. There was 119 mm of rainfall during the

two weeks prior to the June sampling date and

18 mm of rainfall during the two weeks prior to the

October sampling date. The ER transects were

established in watersheds N1B and N4D (Fig-

ure 1) � 5 m upslope of our soil-moisture sensors

in the mid-hillslope position. The transect in N1B

was covered by grasses including big bluestem

(Andropogon gerardii), switchgrass (Sorghastrum nu-

tans), and Indiangrass (Panicum virgatum) as well as

forbs—Baldwin’s ironweed (Vernonia baldwinii),

white sagebrush, (Artemisia ludoviciana), Canada

goldenrod (Solidago canadensis), and butterfly

milkweed (Asclepias tuberosa). The transect in N4D

was centered on a transition from a similar species

composition of grasses and forbs to roughleaf dog-

wood (Cornus drumondii).

Each transect was 22.5 m and ran north to south

with relatively little change in elevation. We in-

stalled 46 electrodes spaced every 0.5 m along each

transect and monitored soil ER using a ZZ Universal

96 resistivity unit (ZZ Resistivity Imaging, South

Australia). ER data sets were collected using a di-

pole–dipole configuration. We collected three data

sets on each sampling date and 316 quadripoles per

data set. We used the mean of apparent resistivity

from the three data sets in the inversion. We then

corrected the mean apparent resistivity values for

differences in mean soil profile temperature be-

tween the June and October survey dates using

Hayley and others (2007). The mean daily soil

profile temperature was calculated from 30-min

measurements at 15, 45, and 60 cm. Soil temper-

ature was assumed to be laterally uniform at each

site and differences beneath each land cover were

Figure 3. Example of a soil-moisture drying period following a storm event, showing (a) the transition from drainage to

evapotranspiration (ET)-driven drying marked by the vertical dashed red line. (b) We identified ET drying when the first

derivative of the loess-smoothed soil moisture (dVWC/dt) first reached a value greater than - 0.01 (horizontal dotted red

line) after the onset of drying. Soil drying periods ended at the minimum soil-moisture value that occurred before the next

soil-moisture peak.
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assumed to be negligible beneath 60 cm based on

the minimal changes in soil temperature at 60 cm.

We inverted the temperature-corrected data

using ResIPy v3.5.4 (Blanchy and others 2020).

The standard deviation of repeat measurements

from the three datasets on each sampling date

were used to weight the data in the difference

inversion. The median standard deviation in June

was 0.001 X-m at the grass transect and 0.002 X-
m at the woody-encroached transect. The median

standard deviation in October was 0.005 X-m at

the grass transect and 0.009 X-m at the woody-

encroached transect. Linear filtering was used to

regularize the difference inversion for estimating

change in resistivity (LaBrecque and Yang, 2001).

We used the depth of investigation method

(Oldenburg and Li 1999) within the ResIPy soft-

ware to estimate the depth below which the

model was minimally sensitive to the data in our

background data set. Inversions generally were

sensitive up to 2 m deep beneath the woody-en-

croached transect and up to 2.5 m beneath the

grass transect. A positive change in resistivity from

the time-lapse inversions indicated an increase in

resistivity from the background data (June 2022),

which was used as a proxy for examining the

spatial patterns of soil drying from June to Octo-

ber 2022.

Decadal Drying Analysis

Neutron probe data were available from 1984 to

2021 (Nippert 2024). Soil-moisture measurements

were taken at 25, 50, 75, 100, 125, 150, 175, and

200 cm and reported in units of kg m-3. We ex-

cluded the 200 cm depth from our analysis due to

substantial periods of missing data. At two times

within this record, the model of probe used for

measurements was changed (January 1998 and

December 2015, Figure S1). A Troxler 3400

(Troxler Electronic Laboratories, NC, USA) was

used from 1984 to 1998, a Troxler 4300 was used

from 1998 to 2015, and an InstroTek CPN 503

(InstroTek Inc., NC, USA) was used from 2015 to

2021. We selected watersheds 1D (1-yr burn), 4B

(4-yr burn), and 20B (20-yr burn; Table 1) for

these analyses because all three have complete re-

cords. We chose not to use the grazed replicates

(N1B, N4D, N20B) because the record for the

grazed 1-yr burn watershed (N1B) ended in 1992

and was needed to compare to the less frequently

burned watersheds with higher woody cover. Burn

treatments were initiated in these watersheds be-

tween 1977 and 1983, and substantial increases in

woody cover in less frequently burned watersheds

were mainly observed after 2000 (Figure 1, Rata-

jczak and others 2014).

Each watershed had two permanent access tubes

for neutron probe measurements (Figure 1), and

measurements were taken every two weeks from

April to November, and then once per month from

November to March when temperatures were

above - 6.6�C. For each watershed, we averaged

the values from the two access tubes prior to

analysis. We calculated z-scores and values greater

than 2.5 standard deviations from the mean were

considered outliers and removed (Figure S1). Va-

lues removed as outliers comprised less than 1% of

total data points. After removing the outliers, we

calculated the difference in mean annual soil-

moisture values between the 1-yr burn watershed

and the 4-yr and 20-yr burn watersheds:

DSM4�yr burn ¼ SM1�yr burn � SM4�yr burn:

DSM20�yr burn ¼ SM1�yr burn � SM20�yr burn

where SM1-yr burn, SM4-yr burn, and SM20-yr burn

represent annual mean soil-moisture values for the

non-encroached (1D), moderately encroached

(4B), and severely encroached (20B) watersheds,

respectively. These differences were calculated to

examine drying in the encroached watersheds rel-

ative to the non-encroached watershed to avoid

comparing raw moisture values and any issues

caused by the probe switches in 1998 and 2015.

Linear regression and modified Mann–Kendall

tests with trend-free pre-whitening (Mann 1945;

Kendall 1948) were performed using the tfpwmk

function in the modifiedmk package in R (Pataka-

muri and O’Brien 2021) for each depth and treat-

ment combination separately. We gap-filled

missing mean annual soil-moisture values at the

175 cm depth using time-series spline interpolation

with the na.interp function from the forecast package

in R (Hyndman and others 2020) before perform-

ing the Mann–Kendall test because Mann–Kendall

trends tests cannot handle missing values. For both

treatment comparisons (1-yr vs. 4-yr and 1-yr vs.

20-yr), 18% (seven of 39 total years) of data was

missing and needed to be interpolated. Shallower

depths (25, 50, 75, 100, 125, and 150 cm) did not

have missing values to gap fill.

RESULTS

Event Drying

We observed a greater number of soil-drying peri-

ods at the grass site in N1B compared to the woody-

encroached site in N4D (Figure S2). Specifically, at
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15 cm depth, there were 46 drying periods beneath

grasses and 29 beneath shrubs, while at 60 cm, we

identified 20 drying periods beneath grasses and 10

beneath shrubs. Before the onset of ET drying, ra-

pid soil drainage occurred (for example, Figure 3).

Soil drainage lasted, on average, 23 h beneath

grasses (SD = 11 h) and 32 h beneath shrubs

(SD = 18 h). Higher clay content at the woody-

encroached site compared to the grass site

(Table S1) may contribute to slower drainage at

that location.

The impact of vegetation type on soil-moisture

dynamics revealed greater soil-moisture decline

beneath shrubs than grasses at 60 cm but not at

15 cm. Following the onset of ET drying, the

average duration of a drying period at 15 cm was

9 d (SD = 8 d) beneath both grasses and shrubs.

The average total soil-moisture decline between 1

and 18 d was similar beneath both vegetation types

at 15 cm (Figure 4). However, for drying periods

that lasted up to 22 d, the average total decline was

8.7% greater beneath shrubs compared to grasses.

The length of drying periods lasted longer at 60 cm

compared to 15 cm, averaging 16 d (SD = 13 d)

beneath grasses and 19 d (SD = 13 d) beneath

shrubs. We found that total soil-moisture decline at

60 cm was more pronounced beneath shrubs than

grasses after � 7 d of drying (Figure 4). The aver-

age decline in soil water content was 4–13%

greater beneath shrubs than grasses for drying

periods that lasted between 7 and 34 d and was 14–

20% greater beneath shrubs for events that lasted

between 34 and 42 d (Figure 4).

Due to the difference in the number of drying

periods between the grass and shrub sites (Fig-

ure S2), we also repeated our analysis and included

only storm events where both the grass and shrub

sites had a drying signal. If a drying period occurred

after a storm at the grass site but not the woody-

encroached site or vice versa, it was not included in

the analysis. As a result, there were fewer drying

periods captured at 15 cm and 60 cm than in our

original analysis. There were 17 drying periods at

15 cm and 4 events at 60 cm in which both the

grass and shrub sites responded to the same storm

event. Despite this reduced sample size, the average

decline in soil moisture at 15 cm beneath the grass

and shrubs was similar to our results that included

all storm events (Figure S3). However, at 60 cm

depth, soil moisture declined 3–12% more beneath

shrubs than grasses during drying periods lasting 7–

34 days (Figure S3).

Seasonal Drying

Time-lapse ER imaging revealed soil drying be-

tween June and October below the woody-en-

croached transect in N4D and grass transects in

N1B. An increase in resistivity was used as a proxy

for soil water decrease from June 29 to October 3,

2022. The percentage change in resistivity was

positive in the upper 2 m of soil beneath the ER

transects, reflecting drier soil conditions in October

compared to June. There was a greater increase in

soil drying (greater percent change in resistivity) in

the upper 2 m at the woody-encroached transect

(Figure 5a) compared to the grass transect (Fig-

ure 5b). The mean increase in resistivity for the

upper 2 m was 1.6 times greater beneath the

woody-encroached transect (441%) compared to

beneath the grass transect (271%). Along the

transect, change in resistivity was most variable in

the upper 0.5 m (Figure S4). However, the greater

increase in resistivity at the woody-encroached

compared to the grass site was notable across the

depth profile, with the greatest differences occur-

ring between 1 and 2 m (Figure S4).

Decadal Drying

The difference in mean annual soil moisture be-

tween the 1-yr burn watershed (1D) and the 4-yr

burn (4B) and 20-yr burn (20B) watersheds

showed a positive linear trend from 1984 to 2021

(Figure 6). This indicated an increasing degree of

soil drying over time in the more encroached (4-

and 20-yr burn) watersheds compared to the non-

encroached (1-yr burn) watershed. Sen’s slopes for

this trend were statistically significant (p value

ranged from 0.01 to < 0.001) at all soil depths for

the 1-yr burn vs. 20-yr burn comparison, and at all

but the 25 and 50 cm depths for the 1-yr burn vs.

4-yr burn comparison (p value ranged from 0.003

to < 0.001, Table S2).

The slopes were greater for deeper soils (75–

150 cm) compared to shallower soils (25–50 cm)

and were highest at the deepest measured depth of

175 cm, indicating a stronger drying trend in dee-

per soil layers (Figure 6, S5, S6). Additionally, slope

values for the 1-yr burn vs. 20-yr burn comparison

exceeded those for the 1-yr burn vs. 4-yr burn

comparison at all depths except 120 cm (Table S2),

suggesting a more pronounced drying trend in the

watershed with the greatest amount of woody

cover.
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DISCUSSION

Woody Encroachment Intensifies Deep
Soil Drying

Our findings suggest deep soil drying is exacerbated

in woody-encroached areas over timescales ranging

from days to decades. Increased soil drying beneath

shrubs was most pronounced at intermediate-to-

deep soil depths (50–200 cm) compared to near-

surface soils (< 50 cm) over all temporal scales.

Initial analyses of soil-moisture trends at the Konza

Prairie between 2002 and 2010 showed that shrub

expansion was associated with greater soil-mois-

ture losses in deep soils (75–125 cm) but not in

shallow soils (25 and 50 cm; Craine and Nippert,

2014). Our analysis of long-term neutron probe

data supports these findings and extends our

understanding of the scope of long-term, continued

decline in soil moisture in woody-encroached

catchments. For instance, the positive linear trends

in Figure 6 suggest that the amount of soil moisture

depletion from deep soils is increasing due to the

progressive expansion of woody plants in areas

with low burn frequency. Notably, more intense

soil drying occurred in the 20-yr burn watershed

compared to the 4-yr burn watershed. Interest-

ingly, both the 4-yr and 20-yr burn watersheds

started out wetter in deeper soil layers than the

annually burned watershed potentially due to

heterogeneity in subsurface properties. Despite

this, soil moisture was lower in the 4-yr and 20-yr

burn watersheds by the end of the long-term soil

moisture record in 2020 (Figure 6), highlighting

the strong drying trends in areas with increased

woody cover.

The intensification of soil drying that has oc-

curred over decades in woody-encroached grass-

lands is consistent with, and thus likely driven by,

the water use strategies of encroaching shrubs and

trees (Keen and others 2024a, 2024b; Zou and

others 2018) that allow them to maintain higher

canopy transpiration rates compared to grasses

even when shallow soil water availability becomes

limiting (O’Keefe and others 2020). While C4

grasses of tallgrass prairie can have rooting depths

up to 2 m, total root biomass and water uptake are

concentrated in shallow (< 30 cm) soil layers

(Nippert and others 2012; Nippert and Knapp

2007). Results from isotopic studies at the Konza

Prairie suggest that encroaching shrubs take up

surface soil moisture during wetter periods of the

growing season but shift to deeper soil moisture

Figure 4. The average decline in soil moisture (%) at 15 cm and 60 cm beneath grasses and shrubs (woody-encroached).

Points represent mean values across all drying periods, with error bars indicating ± standard error. We isolated the portion

of each drying period that began after soil drainage ended, during which further declines in soil moisture were primarily

driven by evapotranspiration (ET). The percent decline in soil moisture is relative to the soil moisture at the onset of ET

drying. There was a greater decline in soil moisture beneath shrubs than grasses at 60 cm but not at 15 cm.
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when water becomes limiting (Keen and others

2024a, 2024b), thus avoiding direct competition

with C4 grasses during drier periods of the growing

season. At this site, soil water d18O declines with

depth but levels off between 40 and 60 cm (Nippert

and Knapp 2007). As a result, isotopic studies are

limited to assessing plant water uptake up to

60 cm. Drying in deeper soil layers (50–200 cm)

indicates that water uptake by clonal shrubs ex-

tends deeper into the soil profile than can be

measured with isotopes alone.

Our results agree with other studies that report

that woody shrubs and trees use deeper water

sources than neighboring grasses, especially during

seasonally dry periods (Acharya and others 2017a,

2017b; Jayawickreme and others 2008; Kulmatiski

and Beard 2013a; Niemeyer and others 2017; Zou

and others 2014). Moreover, our inferences are

consistent across multiple spatial and temporal

scales. In addition to greater seasonal and annual

drying, our analysis of soil-moisture declines be-

tween storm events suggest that shrubs use a

greater proportion of deep soil moisture than

grasses over relatively short time scales—for

example, days to weeks (Figure 4). These results

suggest that shrubs use water from deeper soil

horizons, even without significant water stress.

Soil-moisture dynamics differed beneath the

grasses and shrubs such that very few storms

(n = 4) were followed by concurrent drying periods

at 60 cm beneath both shrubs and grasses. This

limited our ability to compare drying rates across a

full range of antecedent conditions. A longer record

of high-frequency soil-moisture data could help to

clarify how soil drying rates respond to differences

in antecedent soil moisture and atmospheric vapor

pressure deficit. In addition, differences in initial

moisture conditions—potentially due to variations

in soil properties and subsurface flow beneath

shrubs and grasses—may have influenced the

magnitude of seasonal soil drying observed by

electrical resistivity measurements.

The intensification of soil drying due to woody

encroachment is of particular interest given that

movement of water to deeper soil depths can also

occur with shrub or tree encroachment (Kulmatiski

and Beard 2013b; Jarecke and others 2024). In a

mesic grassland site in Oklahoma, USA, the

encroachment of eastern red cedar increased infil-

tration capacity of the soil (Zou and others 2014);

however, a large portion of this water was used by

woody plants, and as a result, the downward flux

Figure 5. Change in ER from June 29 to October 3, 2022 at the (a) woody-encroached (N4D) and (b) grass transects

(N1B). An increase in the inverted resistivity indicates a decrease in soil moisture. The upper 2 m of the woody-

encroached transect exhibited a larger increase in soil drying (higher percent change in resistivity) compared to the grass

transect.
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of water below the rooting zone decreased

(Acharya and others 2017a, 2017b). The deep soil

drying trends in this study support the idea that,

although woody root systems can increase infil-

tration depths in the hours immediately following

rain events (Jarecke and others 2024), the net ef-

fect of shrub encroachment over longer timescales

is soil drying, and ultimately, declines in water

yield (Sadayappan and others 2023; Keen and

others 2024a, 2024b). These competing processes,

now evident to varying degrees at multiple sites,

highlight the challenges of predicting the net con-

sequences of woody encroachment on deep soil-

moisture variations.

Moisture Whiplash Induced by Woody
Encroachment May Have Strong
Implications for Deep Biogeochemical
Processes

In grasslands, soil moisture typically fluctuates less

in deep soils compared to near-surface soils, where

rainfall infiltration and plant water uptake are

more dynamic. However, changes in rainfall

Figure 6. Difference in mean annual soil moisture at 25, 75, 125, and 175 cm between the 1-yr burn and 4-yr burn

watersheds (DSM4-yr burn) and between the 1-yr burn and 20-yr burn watersheds (DSM20-yr burn) from 1984 to 2021; p

values correspond to the modified Mann–Kendall test and the slope refers to the Sen’s slope value. Negative values

indicate the moisture content at the 1-yr burn watershed was less than that of the 4-yr and 20-yr burn watersheds while

positive values indicate the opposite.
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patterns and the deepening of woody root systems

could potentially alter the magnitude and fre-

quency of wet-dry cycles in deep soil layers. In this

context, we define ‘moisture whiplash’ as the rapid

shift from extremely dry to very wet soil condi-

tions. Similar terms, including ‘weather whiplash’

and ‘hydroclimate whiplash’, have been used to

describe the abrupt transition from extremely dry

to wet meteorological conditions (Swain and others

2025). Research indicates that such transitions

have increased globally from 1940 to 2023, driven

by rising evaporative demand and the atmosphere’s

increasing water–vapor-holding capacity (Swain

and others 2025).

Climate-change projections for the central Uni-

ted States predict an increase in the frequency and

severity of growing season drought, in addition to

more frequent and intense extreme precipitation

events (Easterling and others 2000; Hatfield and

others 2013; Flanagan and Mahmood 2021). The

Great Plains region in particular is a hotspot for the

rapid intensification of droughts, known as ‘flash

droughts’, which have increased in frequency from

1979 to 2016 due to rising temperatures and in-

creased evaporative demand (Christian and others

2019). Observations from the Konza Prairie (1898

to 2021; Keen and others 2024a, 2024b) and across

the central Great Plains (1979 to 2013; Feng and

others 2016) have also shown that large rainfall

events are becoming more frequent in this region.

The juxtaposition of more frequent flash droughts

with an increase in large rainfall events highlights

the region’s growing susceptibility to extreme

hydrological variability. These conditions are ex-

pected to favor deeply rooted woody plants by

directing more water to deeper soil layers that are

more accessible to shrubs and trees than grasses

(Kulmatiski and Beard 2013b). Enhanced prefer-

ential flow to deeper soil layers that can occur with

increased rainfall intensity and/or prolonged rain-

fall (Hu and others 2019) may be even more

exaggerated where soils are rich in 2:1 clay min-

erals, such as those at our study site. These soils can

exhibit considerable shrinking of soil structural

units under dry conditions, which can significantly

increase soil macroporosity (Hirmas and others

2025) and enhance the occurrence of preferential

flow (Demand and others 2019).

Changes to soil-moisture variation, including

moisture whiplash events, will have important

implications for biogeochemical processes. For

example, soil-moisture variations strongly affect

soil O2 concentrations, and thus the overall rate of

respiration as well as proportions of anaerobic and

aerobic respiration (Tiedje and others 1984). Time-

series data of soil O2 concentrations at our site also

revealed that gas exchange with the atmosphere

occurred more readily beneath shrubs than grasses

at 60 cm (Figure 7). The variation in soil O2 con-

centrations, particularly in 2022 and 2024,

demonstrates the enhanced ability of woody-en-

croached soils to rapidly restore atmospheric O2

after a rainfall event. The more rapid re-supply of

soil O2 after periods of O2 depletion beneath shrubs

may be the result of the coarser root abundance

beneath shrubs compared to grasses (Jarecke and

others 2024). Root coarsening in woody-en-

croached soils can increase the abundance of soil

macropores, which in turn may increase the effi-

ciency of gas exchange between the soil and

atmosphere (Hinsinger and others 2009; Wen and

others 2022). As a result, processes that modify

soil-moisture dynamics deep within the soil profile

by altering root abundance and size have the

potential to shift soil gas fluxes and associated O2

availability, and thus the redox conditions that

govern soil microbial activities (Billings and others

2024). Furthermore, the rewetting of relatively dry

soils, compared to those with high antecedent

moisture contents, can significantly increase soil

respiration rates leading to greater soil emission of

CO2 (Tiemann and Billings 2011; Sang and others

2022).

While drier conditions promote the vertical

transport of soil CO2 to the atmosphere (Wen and

others 2022), relatively wet conditions, especially

after a period of drought, can increase the mobi-

lization of dissolved organic carbon (Kaiser and

Kalbitz 2012; Bowering and others 2023; Souza

and others 2023). Radiocarbon data from across the

Midwest US suggest that rapid water penetration

can deliver fresh photosynthate deep into the soil

profile (Souza and others 2023). This suggests that

deep carbon accumulation could accompany shrub

encroachment from surface- or near-surface dis-

solved organic carbon infiltrating preferential flow

paths to deep horizons. In addition, woody

encroachment may promote carbon accumulation

through input of root-derived soil organic carbon

into deep soil (Li and others 2019), where soil or-

ganic carbon pools have a greater probability of

long-term storage (Hicks Pries and others 2023).

CONCLUSION

Soil moisture is a key driver of water and carbon

cycling in grassland ecosystems. Our results show

that woody encroachment in a mesic grassland

intensified soil drying from event to seasonal to

decadal scales. This effect is more pronounced in
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deeper soil horizons (50–200 cm) compared to

near-surface soils across all timescales. High tran-

spiration rates and the ability of shrubs to shift to

deeper water sources have exacerbated soil drying

during more than three decades of rapid shrub

expansion. Intensified soil drying is concurrent

with observations of increased stream drying de-

spite increases in precipitation in the central Great

Plains. As woody encroachment in grasslands

continues, shifting climate conditions—marked by

extreme drought and heavy rainfall—are likely to

amplify subsurface moisture variations in deep soil

layers, with significant implications for grassland

carbon and nutrient cycling.
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