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ARTICLE

Near-surface soil moisture dynamics in a prairie hillslope 
seep/headwater stream system in Texas, USA
Shannon L. Jones a, Michael C. Slatteryb and Emily C. Ritterb

aDepartment of Geography and the Environment, Division of Natural Sciences and Mathematics, University 
of Denver, Denver, CO, USA; bDepartment of Environmental Sciences, Texas Christian University, Fort Worth, 
TX, USA

ABSTRACT
This 20-month study of a prairie hillslope seep system builds upon and 
extends the soil moisture record from a previous study conducted 
during the most extreme drought ever recorded in Texas. We seek to 
improve understanding of how prolonged drought impacts seep- 
headwater hydrology, and to determine how well dominant vegeta-
tion reflects changes in volumetric soil moisture (θv). Results show the 
entire hillslope saturates after storm events, but due to severe 
drought, no surface runoff or channel flow was recorded. We docu-
mented changes in soil moisture, with the highest θv occurring along 
the deeper footslope soils. We hypothesize hyperseasonal environ-
ments, or seasonal waterlogging/desiccation of upland vegetation in 
poorly drained soils, exist in the study area and are the first to quantify 
hyperseasonality, or % change in magnitude of θv throughout 
a hydrologic year. The seep and riparian plots aligned with lower 
hyperseasonality, indicating seasonal hypoxia, but not complete 
desiccation. High hyperseasonality occurred along the midslope bar-
rens, indicative of a true hyperseasonal environment. We suggest a ≥ 
90% threshold would likely indicate true hyperseasonal cyclicity of 
anaerobic and xeric regimes. Our results provide insight to how 
extreme drought impacts seep-headwater systems, and how pre-
dicted hotter, drier conditions may alter their hydrologic regime.
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Introduction

Headwater streams provide fundamental connectivity between uplands and higher order 
channels. They are critical for landscape morphology and ecosystem functioning 
(Costigan et al., 2015; Dodds et al., 2004; Hack & Goodlett, 1960), and provide valuable 
ecosystem services in a variety of chemical, physical, and biological contexts (Doyle et al., 
2002; Levick et al., 2008; Llado & Slattery, 2015; Swadek & Burgess, 2012). Headwaters are 
often associated with features such as seeps, springs, and riparian wetlands that provide 
inflow from precipitation, surface runoff, and groundwater (Alexander et al., 2007). 
Although these first- and second-order channels comprise roughly 70% of the total 
channel length across a landscape, they are often undervalued and vulnerable to sig-
nificant alteration from land use change (Wohl, 2017).
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Within grassland prairie ecosystems, the beginnings of headwater streams typically 
form at the convergence of hillslopes that lack riparian woodland canopies and con-
stantly fluctuate between flooding and drying (Dodds et al., 2004). Hillslope seeps, often 
associated with the upmost reaches of prairie headwater streams, occur along the sides of 
hills where distinct lateral and vertical changes in subsurface substrate cause infiltrated 
water to flow laterally (Libala et al., 2020; Vidon & Hill, 2004). During periods of high 
saturation, excess water can flow downslope toward the base of the hillslope and con-
tribute to surface runoff within headwater channels. Although, their current extent is 
unknown, grassland seep-headwater systems have been characterized around the world, 
including in central California (McLaughlin et al., 2017), Spain (Arnau et al., 2008), the 
Ethiopian highlands (Alemie et al., 2019), the South African drylands (Grenfell et al., 
2019), Perth, W.A. (George, 1992), and New Zealand (McGlynn et al., 2002).

Several studies on hillslope seeps have analyzed vegetation aspects (Doyle et al., 2002; 
Fermanich et al., 2006; Llado & Slattery, 2015; Morley & Calhoun, 2009; Swadek & 
Burgess, 2012; Taylor, 2010) and nutrient cycling (O’Driscoll & DeWalle, 2010; Verheyen 
et al., 2015). In North Texas, the earliest known description of seep environments 
describes muhly grass (Muhlenbergia reverchonii) growing on shallow soils that become 
seeps after storm events but are the driest habitats in mid-summer (Dykstheruis, 1946). 
This early observation describes the connectivity between hillslope and headwater pro-
cesses based on underlying rock strata and recognizes that toeslopes form ephemeral 
headwater drainages (Dykstheruis, 1946). O’Kennon and Taylor (2015) characterized the 
herbaceous vegetation occurring in seep communities of shallow soils over impermeable 
limestone bedrock and clayey marls in Texas and Oklahoma. They noted that vegetation 
within these seeps is often very distinctive and supports unique species adapted to wet 
conditions (O’Kennon & Taylor, 2015). Swadek and Burgess (2012) examined the 
relationships among the vegetation, soils, and geology on cretaceous limestone in 
North Central Texas. In these environments, plant community structure and composi-
tion correspond to changes in geology and soil depth (Swadek & Burgess, 2012).

Headwater riparian zones in grassland prairie ecosystems are also heavily dependent 
upon the soil moisture availability, forming unique habitats that support an abundance of 
annual grasses and herbs. Small-scale topographic changes influence soil characteristics 
and moisture variability, and vegetation is often a key indicator of these changes (Ferreira 
et al., 2015). The hydrology of these riparian zones alternates between complete soil water 
saturation (anaerobic) soil conditions followed by a drying period to complete desicca-
tion for days to months, followed by a re-wetting period throughout the hydrologic year 
(Sarmiento, 1984; Sarmiento & Pinillos, 2001). These habitats, known as hyperseasonal 
habitats, have been documented in the tropical savannas of Venezuela (Sarmiento, 1984; 
Sarmiento & Pinillos, 2001), the Great Plains (Dodds et al., 2004; Llado & Slattery, 2015), 
and in Tennessee and Kentucky (Taylor & Estes, 2012). They are influenced by water 
levels within the stream channel where wetland species often coexist with upland species.

Muhly seeps, appropriately named for the dominance of muhly grass, predominantly 
exist near headwaters where a thin, soil barrens resides over hard limestone bedrock (Llado 
& Slattery, 2015; Swadek & Burgess, 2012; Williams, 2008). Their areal extent is currently 
unknown. A study by Llado and Slattery (2015) is the only previous study to our knowledge 
that conducts near-surface soil moisture measurements of a seep-barren system dominated 
by muhly grass in Texas. Llado and Slattery (2015) monitored near-surface soil moisture 
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content and matric potential along a hillslope transect with a Muhly seep in response to 
precipitation events at the onset of one of the most severe droughts ever recorded in North 
Texas (Nielsen-Gammon, 2011; NOAA National Centers for Environmental Information, 
State of the Climate: Drought for Annual 2011, 2012). They found that after precipitation 
events, water permeates through fractured limestone and encounters a marl layer that acts 
as an aquitard, causing water to flow horizontally from the hillslope (Llado & Slattery, 
2015). The vegetation within these seep systems is often very distinctive and supports 
unique species adapted to wet conditions. Results indicated the seep responded rapidly to 
rainfall and remained at or close to saturation for five to seven days following storm events. 
Although Llado and Slattery (2015) quantified the near-surface soil moisture regime in the 
seep-barren system, their study lacked a spatial analysis of moisture across the hillslope or 
its relationship to flow characteristics within the headwater stream.

Our study is an extension of the previous study by Llado and Slattery (2015). We 
continued monitoring volumetric soil moisture (θv) and matric potential (ψm) in 
a restored prairie grassland in Fort Worth, Texas for two years (2012–2014) following 
one of the most extreme and widespread droughts ever recorded in Texas (Llado & 
Slattery, 2015; Nielsen-Gammon, 2011; NOAA National Centers for Environmental 
Information, State of the Climate: Drought for Annual 2011, 2012). This study builds 
upon and expands the scope of the previous study by Llado and Slattery (2015) in several 
important ways. First, we extend the sampling of θv and ψm by 20 months, thereby giving 
us a total of three years of data on the hydrologic response of the hillslope-seep system. 
We reiterate a point made by Llado and Slattery (2015) that developing a more complete 
understanding of soil moisture dynamics of Muhly seeps is important from a practical 
standpoint since they are being considered for delineation as possible isolated wetlands. 
Extending the temporal record allows us to assess this further. Second, by repositioning 
the θv and ψm probes across the slope, we provide a greater resolution to the hydrological 
response of not only the seep, but the colluvial toeslope next to the ephemeral channel. 
Thus, we were able to assess the degree of lateral hydrologic connectivity between the 
hillslope and ephemeral channel. Third, by measuring soil moisture across a new 
0.2-hectare grid, we assess changes in soil moisture spatially across the hillslope in 
response to precipitation events. Finally, we surveyed vegetation during the Fall of 
2012 to compare to fall hydrophytic vegetation identified in Jue’s (2011) study. Warm 
season grasses and forbs are dominant in the southern mixed-grass prairie and have 
maximum growth in the summer and become dormant in the late fall. Cool-season 
species begin growing in the fall and have maximum growth in the spring. Thus, 
surveying fall vegetation coincides with the expected growing season of dominant 
species, including Muhly grass, in the southern mixed-grass prairie within the Great 
Plains ecosystem.

Given the limited knowledge on how grassland seep-headwater systems (particularly 
muhly systems) respond to precipitation input and interact hydrologically with hillslope 
and seep vegetation, topography, and soil texture properties, our paper seeks to improve 
understanding of the spatial and temporal dynamics of soil moisture and hydrologic 
connectivity between hillslopes and channels. We hypothesized that the differences in 
spatio-temporal characteristics of soil moisture across the entire hillslope is associated 
with distinctive vegetation in the seep and headwater stream and propose and test the use 
of an equation to define hyperseasonality as it pertains to the range of soil moisture 
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content throughout a full hydrologic year. Theoretically, hyperseasonal environments 
would have substantial change in soil moisture conditions throughout the year, indicat-
ing complete saturation and complete desiccation. To understand the links between 
vegetation and soil moisture patterns, we monitored and quantified the seasonal vegeta-
tion-soil-hydrology interactions to provide insight into how these linkages could help 
future research and provide information for improved management and protection of 
these vulnerable grassland features.

Study site and methods

Location, topography, and soils

This study area is located along the east shore of Benbrook Lake in Tarrant County, Texas 
within the Grand Prairie ecoregion, a sub-component of the Great Plains ecoregion 
(Figure 1). The Grand Prairie comprises of mid- and tall-grasses, seeps, wetlands, short-
grass barrens, and riparian river environments. The climate is humid subtropical with an 
average annual rainfall of 882 mm. Precipitation is bimodal, with an increase from March 
through June and from September through October, with two dry periods from 
November through February and July through August (Llado & Slattery, 2015; NOAA 
(National Oceanic and Atmospheric Administration), 2016; Ressel, 1981; Southern 

Figure 1. Location of the study site within the Clear Fork Watershed east of Lake Benbrook, TX. The 
hillslope transect (A to A’) and the soil moisture grid (SMG) are shown within the hillslope hollow, 
along with the basin soils. The profile along the transect (bottom) is adapted from Llado and Slattery 
(2015). Red squares indicate location of coupled soil moisture (SM) and equitensiometer (EQ) probes.
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Regional Climate Center, 2016; Swadek & Burgess, 2012). Prior to the study, between 
October 2010 and July 2011, Texas experienced one of the most extreme and widespread 
droughts ever recorded. The 2010–2011 12-month rainfall was the driest on record, 
receiving less than 25% of the normal 12-month precipitation, and average temperatures 
greater than 2°C above normal, resulting in above average evaporation and further 
depletion of streamflow and reservoir levels (Nielsen-Gammon, 2011).

The ephemeral seep-headwater system drains into the Clear Fork Watershed of the 
Trinity River and is important to native plants, animals, and migratory bird species. The 
study area is within a restored mid- to tall-grass prairie that was formerly pastureland and 
rangeland; with minimal human activity on-site. A mixture of both native grassland species 
and introduced species are present. The headwater channel begins along the base of 
a hillslope comprised of thick (~40 cm) silty loam marl and clay Bolar soils, with ~20 cm 
of loamy thin, gravelly Aledo-Bolar clay soils formed over fragmented Duck Creek lime-
stone at the top of the hillslope and seep environment, with a mid-slope barrens environ-
ment interspersed with thin (>10 cm) sandy clay loam (Hill, 1901; Ressel, 1981; Scott et al., 
2003; Griffith et al., 2004; Omernik et al., 2012; Llado & Slattery, 2015). Further downstream, 
headwater riparian zones comprise of woody species. The region surrounding the study site 
has been significantly disturbed by past development including the construction of the dam, 
roads, a golf course, and encroaching neighborhoods.

Soil moisture monitoring

We used the same transect from Llado and Slattery (2015) study along the eastern edge of 
a hillslope hollow (Figure 1) and placed six Delta-T SMP200 soil moisture sensors (±3% 
optimal range of 0–50% soil water volume) and corresponding Delta-T EQ2 matric 
potential equitensiometers (±2% optimal range of 0 to −100 kPa and a ± 5% optimal 
range of −100 to −1000 kPa) along the hillslope approximately 6 cm below the surface. 
We relocated the probes accordingly: 1) below the Muhly grass limestone outcrop in 
loamy clay where water laterally seeps (33 cm A-horizon), 2) the tall-grass marl layer 
(20 cm A-horizon) 3) the flat mid-slope shortgrass sandy loam limestone barrens (5 cm 
A-horizon), 4) the steeper tall-grass clay loam below the barrens (43 cm A-horizon), 5) 
the clay loam colluvial riparian toeslope (20 cm A-horizon), and 6) the clay loam 
colluvium along the right bank of the headwater channel (18 cm A-horizon). Three 
Delta-T GP1 compact data loggers recorded data from the soil moisture probes and 
equitensiometers at 10-minute intervals throughout the duration of the study.

We demarcated 56 points within a soil moisture grid (SMG) across the hillslope 
spaced five meters apart across five rows spaced 10 meters apart, extending from the 
edge of the Muhly seep into the riparian zone along the right bank of the headwater 
channel. We used the SMG to measure the spatial variability of θv across the hillslope 
using a Delta-T HH2 handheld moisture meter one day before, during, and several days 
after each precipitation event in addition to detailed, point-specific measurements along 
the transect to determine spatial and temporal patterns of soil moisture response to 
precipitation and drying across the hillslope.

Rainfall was measured using a Texas Electronics TE525 tipping bucket rain gauge at 0.01- 
inch increments that we converted to millimeters. We supplemented our onsite rainfall with 
data from the Community Collaborative Rain, Hail, and Snow Network (Community 

PHYSICAL GEOGRAPHY 5



Collaborative Rain, Hail and Snow Network, 2014) TX-TN-57 weather station (r2 value = 0.97). 
We selected storms of variable intensity and duration for detailed analysis so long as each 
event generated precipitation greater than 10-mm or were short-duration, but high intensity.

For flow metrics, we installed a v-notch weir and pressure transducer downstream of 
the hillslope transect to record stage at 15-min intervals. However, due to the drought, 
there was no recorded flow for the duration of the study.

Vegetation survey

We surveyed vegetation during the fall, when muhly grass produces an inflorescence. The 
survey was adapted from the Braun-Blanquet relevé method (Braun-Blanquet, 1929, 1964) 
to describe floristic composition and vegetation structure across the hillslope using rapid 
delineation of the SMG to document perceivable changes in vegetative communities or 
topography (Poe, 1955). We used a handheld GPS unit to capture the locations of notice-
able transitions in vegetation. Within each zone, we recorded dominant species based on 
height class and cover class. We defined dominant species as perennial species that covered 
12.5% or greater area within each plot. Plots were grouped into associations, or the smallest 
unit of vegetation that reflect patterns of plant species occurrence and frequency (Jennings 
et al., 2009). Data was compared to Jue’s (2011) vegetation survey data to better understand 
how the multi-year drought affected vegetation patterns across the hillslope.

Data analysis

We surveyed hillslope topography using a total station and used GIS to convert survey 
data to a slope map and created multiple continuous soil moisture surface rasters using 
kriging to assess the spatial variation of moisture across the SMG before, during, and 
after precipitation. We assessed the spatio-temporal soil response by comparing differ-
ences between the rasters. Statistical analysis of the θv and ψm along the transect was 
performed with Minitab 15 software.

Polygon shapefiles of the surveyed vegetation patches were laid over the SMG rasters 
to determine patterns between vegetation and θv. Another raster, created by using 
the percent change query, showed the percent change in soil moisture between the 
wettest (A) and driest (B) records of the study, as follows: 

H ¼ B � Að Þ=Aj j � 100 (1) 

where B = the lowest soil moistures recorded across the hillslope and A = the highest soil 
moistures recorded. We considered areas with the highest variation in volumetric soil 
moisture content as being the most “hyperseasonal,” which is adapted from the original 
definition by Sarmiento (1984).

Results

Rainfall, storm intensity, and streamflow conditions

Table 1 shows the Southern Regional Climate Center (SRCC) monthly rainfall averages 
from 1971–2000, the rainfall record from Llado and Slattery (2015) study, and the data 
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from our 20-month monitoring period which is shown in bold. The 40-year historical 
data show an average annual rainfall as 882 mm, with two wet periods occurring in late 
spring and mid-fall. The rainfall totals between August 2012 and February 2013 were 50% 
of the typical long-term at the time of year, with January being the wettest month 
(83.3 mm) and November being the driest (0.5 mm).

Ten storm events are shown in Table 2. The highest amount of precipitation occurred 
on 1/8/2013, with relatively consistent rainfall intensities for the duration of the storm. 
Two, short-duration, high-intensity storm events on 2/9/2013 and 11/5/2013 had the 
highest 10-min intensities but generated low rainfall totals. The 12/25/2012 was a long 
duration snowfall event measured in snow water equivalent with a moderate 60-min 
intensity. Although there was more rainfall during the 20-month study than 2010 or 
2011, there was no recorded flow in the headwater stream.

Soil moisture dynamics

Representative θv and ψm response curves spanning the series of storms from 9/29/2012 
to 2/22/2013 are shown in Figure 2. The median and mean θv and ψm values measured 
over the entire study period along the hillslope transect are shown in Figure 3. Between 

Table 1. Monthly rainfall totals (in mm) from historic data, from Llado and Slattery 
(2015) study, and from our study (in bold).

Month
SRCC 1971–2000 
Climate Normals 2010 2011 2012 2013 2014

January 48.3 81.5 35.0 174.0 83.3 2.8
February 60.2 75.4 21.0 63.8 36.8 11.7
March 77.7 94.7 0.00 129.3 30.0 15.2
April 81.3 89.9 61.0 56.1 78.7 35.6
May 130.8 49.8 139.0 54.9 62.2 78.5
June 82.0 75.0 2.0 63.0 49.0 125.2
July 53.8 69.0 0.00 13.5 97.5 14.0
August 51.6 19.0 10.0 1.3 26.2 17.0
September 61.5 198.0 36.0 57.4 44.3 88.9
October 104.4 16.0 139.2 8.9 69.3 76.2
November 65.3 37.0 16.3 0.5 28.4 66.3
December 65.3 33.0 103.9 30.5 86.1 41.9
Yearly Totals 882.1 838.4 563.3 653.0 692.0 573.3

Table 2. Storm intensities of different durations for significant precipitation 
events. * Indicates SWE.

Date
24-hr total 

(mm)
10-min intensity 

(mm/hr)
30-min intensity 

(mm/hr)
60-min intensity 

(mm/hr)

9/29/2012 43.9 13.7 10.2 6.60
10/14/2012 7.6 38.1 15.2 N/A
12/25/2012* 24.6 9.1 12.2 8.89
1/8/2013 69.9 16.8 11.7 10.2
2/9/2013 18.5 47.2 32.0 18.5
10/13/2013 24.4 16.8 12.7 10.9
10/15/2013 25.7 9.1 6.6 4.8
10/26/2013 17.3 25.9 18.3 10.9
11/4/2013 9.1 7.6 5.1 3.1
11/6/2013 10.7 47.24 20.3 10.7
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Figure 2. Changes in θv content and ψm along the hillslope transect. (a) 9/28/2012 to 11/1/2012; (b) 
12/18/2012 to 2/23/2013.
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June 2013 and September 2013, the soil moisture probes along the transect failed due to 
extremely low soil moisture and high temperatures.

We noted a consistent response in the soil moisture data before, during, and after the 
10 precipitation events. Prior to the 09/29/2012 storm, the entire slope was exceptionally 
dry, with all probes recording θv < 16.5%. The Muhly seep (SM1) reached a θv content of 
32% within 8 hours after the onset of rainfall, peaking at 49.5% five hours later. All 
equitensiometers exceeded −33kPa (field capacity, θfc) within 5.5 to 8.0 hours following 
the event. The Muhly seep (EQ1) reached saturation (i.e., 0kPa) 9.3 hours after the 
midpoint of the storm (i.e., 50% of the rainfall total) and remained saturated for 12 hours 
following the cessation of rainfall (see arrow, Figure 2a). Unfortunately, the probe at EQ5 
(the tall-grass-riparian savanna boundary) failed for approximately 36 hours during the 
peak slope response preventing us from ascertaining whether that site fully saturated 
during the event. Notwithstanding, the θv data support the equitensiometer data, indi-
cating that the Muhly seep (SM1, EQ1) is the wettest location during the storm event.

The sequence of storms from 12/25/2012 through 2/10/2013 (Figure 2b) also showed 
a consistent response in θv and ψm along the hillslope transect. The Muhly seep (SM1), 
and the lowest sections of the colluvial toeslope (SM6), are generally the wettest during 
these storms, with the mid-slope, shortgrass-forb barrens (SM3), the driest. The equi-
tensiometers confirmed that the Muhly seep (EQ1) saturates more frequently than any 
other location along the hillslope transect and remains saturated for an average of 
4.4 hours following the cessation of rainfall. The upper section of the colluvial toeslope 
at EQ5 also reached saturation, but only following the storm on 1/8/2013 (Figure 2b) 
suggesting that water from upslope had presumably migrated downward, then laterally, 
through the limestone and into the colluvium at EQ5 within the tallgrass-riparian 
savanna boundary. This is supported by the data from EQ4, located within the tall- 
grass area, which consistently shows the slowest drying curve following rainfall, suggest-
ing a delayed release of water to the lowest sections of the transect. As an example, the 
slope at EQ5 remained above θfc for 19 days following the onset of rainfall on 1/8/2013.

Figure 3 shows θv across the slope over the entire study period, with median θv values 
between 25.9% and 36.4%. The θv data displayed in the box plots show that mean values for 

Figure 3. Box plot of volumetric soil moisture content (θv) measured during the entire study period. 
The diamonds within each box show the statistical mean. Statistical differences between sites was 
determined using the Mann-Whitney U-test.
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all probes, except SM4, fall below the median values, indicating that the soil moisture data is 
skewed, reflecting the extended drought throughout the study. SM1 (the Muhly seep) and 
SM6 (the colluvial toeslope) have the highest overall mean θv contents and are significantly 
wetter than the sampling sites along the mid-slope sections of the transect. Mean θv 

decreases downslope from the Muhly seep into the shortgrass-forb barrens, where soils 
are thinnest, and then increases further downslope into the colluvium at SM5 and SM6.

Figure 4 shows ψm exceedance frequency curves during the 20-month study period for all 
potentials up to −100 kPa. Of note is the Muhly seep (EQ1), which remains saturated for 8.1% 
of the time (±2% optimal range) and above −10kPa for 27.8% of the time, which is consistent 
with results from Llado and Slattery (2015). The shortgrass-forb barrens (EQ3), with its 
thinner soils, remain wet (i.e., between 0 and −10 kPa) for 23% of the time, but then dry out 
relatively rapidly and follows a recession curve that mimics the Muhly seep. The delayed 
release of moisture from the top of the toeslope (EQ4), noted above, shows up clearly on the 
exceedance curve (see arrow, Figure 4), as does the accumulation of water further downslope 
in the colluvium (EQ5) which remains above −33kPa for 62.3% of the time.

For the duration of the study, the SMG had a range in θv integrated across the hillslope 
of 6.8% to 39.1%. The mean θv was lowest in November 2012 and was highest in 
January 2013, with the barrens showing slightly lower mean θv than the rest of the 
hillslope, consistent with the data shown in Figure 3. This moisture trend across the 
hillslope is more pronounced during drying cycles following storm events. Ten days after 
the 1/8/2013 event, the barrens dried to θv values of 25.1% to 26%, whereas the footslope 
remained greater than 32%. Nineteen days after the storm event, the seep and barrens 

Figure 4. Matric potential (ψm) exceedance curves derived from equitensiomer data along the 
experimental hillslope transect for the 20-month study period. Field capacity (−33kPa) is represented 
by the dashed line.
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both had mean θv contents lower than 25% while the θv along the footslope remained 
greater than 28%.

Relationship between vegetation and soil moisture

Vegetation plots surveyed across the SMG were selected according to cover class dominance 
and species distinguishing plots from adjacent plots (Figure 5). Plot A and D had distinct 
species that include little bluestem (Schizachyrium scoparium) and composite dropseed 
(Sporobolus compositus var. compositus). The only perennial dominant in Plots B and E was 
composite dropseed. Plot C, F and G occurring over the hillslope seep contained muhly 
grass (M. reverchonii) and other wetland species. However, during our study composite 
dropseed was a diagnostic species and muhly grass was not dominant in any of the plots.

Plot H, above weathered limestone with locally thin soils, was characteristic of a barrens 
environment, with high species richness and a total vegetative cover of 50%. Dominant 
species included tulip prickly pear (Opuntia phaeacantha), fringed bluestar (Amsonia 
ciliata), white prairie rose (Rosa foliolosa), and several annual forbs. The plot resembled 
herbaceous vegetation found on barrens described by Swadek and Burgess (2012). Below 
the barrens in Plot J, diagnostic species were composite dropseed and little bluestem, but 
this plot deviated from the other plots due to the steep slope with exposed bedrock and 
fragmented colluvium. Plot K had a high presence (75% cover) of big bluestem 
(Andropogon gerardii). At the bottom of the hillslope, composite dropseed was dominant 
in both Plots L and M, which can best be described as riparian shrubland savanna.

Figure 6 shows the vegetation plots overlaying the SMG rasters. The vegetative patterns, 
when compared to θv, appear to align well with moderate θv trends across the hillslope. Plot 
A, Plot B, and Plot C align with fast drying contours, while the area within Plot L has the 
highest θv. The θv contours within Plot G show distinct drying patterns in this portion of the 
hillslope with the θv content slightly higher than the contours within Plot H and lower than 
those in Plot F. Plot K and Plot L are also distinct from adjacent plots, although some of the 
θv contours slightly extend outside these plots. A concentric drying pattern of the θv 

contours exists along the border of Plot L and Plot M, which may align with the change 
in vegetation along the base of the hillslope.

Vegetation plots were also compared to the percent hyperseasonality along the 
hillslope (Figure 7). The hyperseasonality ranged from 65% to 100% change in soil 
moisture content between the highest and lowest values recorded during the study. 
Generally, plots determined to have high percent hyperseasonality, such as the midslope 
tall-grass (F) and barrens (H) plots were moderately correlated. Wetland and riparian 
plots (B, D, and L) had lower than 85% hyperseasonality, but seemed to align better, 
indicating that wetter seep and riparian vegetation along the hillslope are not as “hyper-
seasonal” as the midslope containing the barrens.

Discussion

Seep-headwater hydrology

In seep-headwater stream systems in prairie grassland environments, the changes in soil 
moisture before, during, and after storm events are a function of soil depth, vegetation 
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Figure 5. Fall vegetative plots surveyed and labeled alphabetically across the SMG. Transect 
shown in red with paired moisture probes and equitensiometers. Species in each plot were 
selected according to cover class dominance and species distinguishing plots from adjacent 
plots.
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response, and the topographic characteristics of the hillslope. Our study helped to better 
understand these relationships during extreme drought conditions, and how vegetation 
responds to and indicates changes in the underlying topography and soil moisture conditions.

This study was conducted during years 3 and 4 of the most severe drought ever 
recorded in Texas, which made data collection challenging. However, it did provide an 
opportunity to quantify hillslope hydrologic response during prolonged drought 
compared to the onset of the drought during the previous study (Llado & Slattery, 
2015). Despite extreme dry conditions, the SMG data show almost the entire surface 
of the hillslope saturates following storm events, yet we did not observe any chan-
nel flow.

Our results indicate that during the drying phase, soil moisture patterns spatially align 
with soil depth, which correlates with the inference that soil moisture patterns during 
intermediate wet-dry periods is a function of soil depth and topographic characteristics of 
the hillslope (Tromp-van Meerveld & McDonnell, 2006b). Results are also consistent with 
Llado and Slattery (2015) findings that variations of soil depth and texture affect soil 
moisture across the hillslope, causing the barrens to have a lower range of soil moisture 
than the rest of the slope due to shallow sandy loam over an impermeable clay layer. 
However, our results differ from previous results with the barrens having a similar drying 
curve to the seep above θfc, while the barrens dried the fastest during onset of the drought.

Where slope gradients were higher (EQ1, EQ4, and EQ5), the matric potential 
remained above θfc longer than sites with flatter slopes (EQ3, EQ6). A horizons on the 
steeper slopes are relatively thicker than other parts of the hillslope and perennial tall- 
grass roots are deeper, which could provide clues as to how vegetation relates to plant 
available soil moisture during extreme drought. Additionally, our results verified that the 
footslope remained relatively wetter than the rest of the hillslope after a precipitation 
event, indicating a concentration of water draining downslope of the barrens (Llado & 
Slattery, 2015; Tromp-van Meerveld & McDonnell, 2006a; Western et al., 2004). This is 
consistent with other studies that correlate topography with saturation and downslope 
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Figure 6. Vegetative plots overlaying (a) wettest, (b) moderate, and (c) driest SMGs. The transect is 
indicated by the red line. Vegetation plots correspond with Fig 6.
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migration of water into deeper, clay-rich soils at the footslope, but that other factors may 
better explain the spatial variability of soil moisture across the hillslope (Peterson et al., 
2019; Wilson et al., 2004).

When compared to data from Llado and Slattery (2015), our results show a similar θv 

drying curve along the transect; however, our results show more variability and skewness 
toward low θv in the interquartile range, but consistently higher means for all probes. Data 
from our study also indicate that ψm generally remained at or above θfc for longer for all 
locations along the transect than the previous study. Prior to our study, the Muhly seep 
remained at or above θfc for 29.4% of the time, compared to 48% of the time during our study. 
However, we found no evidence to suggest that the Muhly seep has a higher soil moisture 

Figure 7. Vegetation plots over % hyperseasonality raster. The red line indicates the hillslope transect.
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content than the rest of the hillslope, or that the seep is hydrologically connected to the 
headwater channel. Although there was no evidence of overland flow during the monitoring 
period, hillslope seeps have been observed as flowpaths into headwaters in similar environ-
ments (Swadek & Burgess, 2012). Results from Llado and Slattery (2015) indicate the seep 
remains hydrologically active and releases water slower than the rest of the hillslope, despite 
limited rainfall. It is likely that during wetter years, water is retained for longer in the loamy 
clay soils, drains through fractured limestone at the top of the hillslope, then seeps out laterally 
when infiltration is restricted by the mid-slope clay marl layer. We speculate that saturation of 
the seep environment is more likely influenced by local factors such as antecedent moisture 
conditions prior to individual storm events as well as seasonally and changes in soil texture 
and depth of substrate that cause a “fill and spill process” downslope (Tromp-van Meerveld & 
McDonnell, 2006a). Thus, the seep could contribute to both surface and subsurface transmis-
sivity downslope, but additional monitoring of other factors, such as groundwater and 
porosity, is needed to determine factors influencing overland flow.

Below the seep, rapid drying is consistent for both studies. Interestingly, our results show 
a topologically controlled drying trend within the mid-slope, with EQ2 remaining above θfc 

~38%, EQ3 ~ 48%, and EQ4 ~ 50% of the time. The previous study showed opposite results, 
where the thinnest part of the barrens remained drier than upslope (Llado & Slattery, 2015). 
We hypothesize that during wetter years, saturation within the seep flows downslope 
toward the channel, but there was simply not enough antecedent soil moisture during 
our study to cause subsurface stormflow or contribute to water table storage. This is 
consistent with other findings that suggest that riparian zones at the base of the hillslope 
respond independently from upslope zones during dry conditions, with increasing runoff 
generation occurring during wetter conditions when flow paths between soil water in the 
hillslope become connected (Llado & Slattery, 2015; McGlynn et al., 2004; McMillan & 
Srinivasan, 2015; Ocampo et al., 2006; Penna et al., 2011; Wenninger et al., 2004).

Hyperseasonality and vegetation response

This is the first study that we know of that attempts to quantify hyperseasonality and to 
provide a basis for monitoring it. Because our study was conducted during drought 
conditions, true hyperseasonal moisture regimes of prolonged anaerobic conditions 
and complete drying defined by Sarmiento (1984) were not observed during the study. 
However, there is potential for them to exist since results show greatest hyperseason-
ality occurred in the barrens, which is similar to cerrado hyperseasonal environments 
where dryland species, such as cacti, are present but the species richness is limited by 
hypoxia from waterlogging and surface ponding (Amorim & Batalha, 2006; Llado & 
Slattery, 2015; Swadek & Burgess, 2012).

Areas of high hyperseasonality partially match defined vegetative plots, suggesting 
that other factors, such as underlying geologic and pedologic properties and bound-
aries, may be better predictors of hyperseasonal environments. Figure 7 shows hyper-
seasonality greater than 90% is found along the boundary of Plots F & H and Plots K & 
L, indicating that high hyperseasonality might be better related to plot boundaries and 
changes in topography. Conversely, areas with hyperseasonality less than 85% aligned 
better with seep and riparian plots, indicating that these environments are likely 
seasonal, well-drained, or retain moisture during wetter years. These results are 
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comparable to results from Amorim and Batalha (2006) that determined hyperseaso-
nal environments were distinguished from seasonal grasslands that are well-drained, 
and floodplain grasslands which remain waterlogged throughout the year. However, 
thresholds for categorizing high and low hyperseasonality is inconclusive since the 
entire hillslope had a hyperseasonality greater than 65%. As mentioned previously, we 
would expect true hyperseasonal environments to have greater than 90% change in 
magnitude between the highest and lowest soil moisture values, as was found in the 
mid-slope environments. A 90% change in magnitude would likely account for the full 
hyperseasonal cycle of aerobic wetting to complete anaerobic saturation (full satura-
tion >30%), followed by aerobic drying to complete desiccation (less than 10% soil 
moisture) in a hydrologic year (Jue, 2011), although more research is needed to 
determine a threshold.

Results indicate that vegetation plots best aligned with concentric drying patterns 
during moderate soil moisture conditions. We speculate that vegetation within the seep 
and headwater channel are seasonally hydrophytic in the spring and may be more closely 
related to changes in soil moisture regimes than fall hydrophytic vegetative communities, 
although hydrophytic conditions were not present during our study due to extreme 
drought conditions (Jue, 2011; Llado & Slattery, 2015). Previous vegetation surveying 
across the hillslope by Jue (2011) shows that more vegetative communities meet hydro-
phytic criterion in the fall, but during the spring only the Muhly seep meets jurisdictional 
hydrologic requirements but lacked hydric soil criteria, perhaps due to the onset of 
extreme drought conditions (Llado & Slattery, 2015).

The effects of a multi-annual drought in addition to seasonal changes in temperature 
and precipitation seem to directly affect the antecedent soil moisture conditions and 
vegetative composition along the hillslope. In both Llado and Slattery (2015) and our 
study, muhly grass in the seep, was present, but stunted, which indicates that its growth is 
severely limited by drought, similar to findings by Cianciaruso et al. (2005). Furthermore, 
low species richness during periods of extreme drought may explain why species, such as 
composite dropseed, were dominant during our study (Cianciaruso et al., 2005; 
Sarmiento et al., 2004). However, additional vegetation surveying is recommended to 
monitor seasonal and longer term changes in species distributions and community 
structure in less severe and non-drought conditions.

Overall, the hyperseasonality index was somewhat useful to determine hypersea-
sonal moisture regimes, but more work is needed to fully understand the relationship 
between percent hyperseasonality and vegetative response. One possibility as to why 
vegetative patches did not align well to extremes in θv is that corresponding ψm above 
θfc or below permanent wilting points cannot be utilized by plants. Another possible 
factors affecting our results are that we measured ψm changes in the top 6 cm of the 
rooting zone, which has the highest variability in θv (Anderson & Burt, 1978; Bárdossy 
& Lehmann, 1998; Chorley & Beckinsale, 1980; Van Schaik et al., 2008). Another 
consideration is that θv contours were calculated by interpolation, and thus involves 
some uncertainty in their positions. Furthermore, small-scale variations of species 
compositions across the hillslope made it difficult to differentiate between adjacent 
vegetative plots, but the relevé method provides a rapid and repeatable estimate of 
relative species abundances from cover classes. We suggest grouping similar vegetative 
patches into larger zones such as the hillslope seep, mid-slope barres, tallgrass, and 
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headwater channel that would likely align better with larger topographic and soil 
controls.

Conclusion

Relatively few studies have documented how changes in soil moisture under extreme 
drought influences and affects vegetation in prairie headwater stream and seep systems. 
As noted at the outset of the paper, our study was conducted a few years into one of the 
most severe droughts ever recorded in North Texas. Although dry conditions made data 
collection challenging, our study characterizes the interrelations between vegetation, soil, 
and hydrology in prairie headwater systems in extreme dry conditions, thus increasing 
our understanding of seep-headwater systems.

Our results indicate that long-term regional drought affects the distribution and 
conveyance of water across the hillslope and subsurface which impacted vegetative 
communities, infiltration and runoff downslope, and channel flow. During Llado and 
Slattery (2015) study, ponded water was present in the muhly seep and the headwater 
channel. This previous study also determined the muhly seep remained saturated longer 
the rest of the hillslope – including the footslope – and showed a delayed release of water 
indicating factors, such as soil properties or an underlying perched water table, more 
strongly influenced seep hydrologic conditions than topography. Our results show 
a delayed release of water in the colluvial toeslope, indicating a shift in dominant 
controls, with topography becoming a stronger control of soil moisture during increas-
ingly dry conditions at the study area. Although our results indicate that vegetative plots 
did not entirely reflect the underlying hydrologic conditions, vegetation can provide 
important clues regarding soil depth and seasonal and yearly antecedent moisture 
conditions. Continued and detailed investigations of the vertical distribution of soil 
moisture, hyperseasonal moisture regimes, and the spatial and seasonal vegetative 
response is important to determine how these systems may respond to predicted regional 
trends toward hotter and drier conditions.

Correspondingly, this study is the first to develop a metric to quantify hyperseasonal 
environments. Monitoring across the hillslope using a SMG and a percent change index 
was useful in assessing hyperseasonality. However, further investigation on why vegeta-
tion plots did not align well across the hillslope with areas of high hyperseasonality 
indicates the need for monitoring at different locations and timescales. Future research 
on vegetative communities along distinct pedologic and geologic may provide clues as to 
which factor(s) are the strongest predictors of hyperseasonal moisture regimes.

Jue (2011) suggests Muhly seeps make up 10% of the North Central Texas Prairie. 
However, given the ubiquity of headwater streams in the region and ongoing mapping, 
we speculate that hillslope seep systems are more widespread. These seep-headwater 
systems are likely hydrologically connected to downstream intermittent channels during 
wetter years, but would likely not be delineated as jurisdictional waters of the United 
States during moderate to extreme drought conditions, based on the 2020 Navigable 
Waters Protection Rule which excludes “ephemeral features that flow only in direct 
response to precipitation” (USACE and EPA, 2020). Excluding these hydrologic features 
from jurisdictional protection could cause these features to be disturbed, buried, or 
eliminated by encroaching residential, commercial, and industrial development and 
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reduce the effectiveness of critical ecosystem services they provide, such as flood mitiga-
tion, nutrients and organic matter transport, thermal regulation, and habitat for aquatic 
and terrestrial flora and fauna (Mazeika et al., 2019; Roy et al., 2009).

In grassland regions around the world, the loss of seep-headwater systems could 
result in flashier downstream flow, lower rates of groundwater recharge, and 
increased water supply vulnerability. Thus, prioritizing research could improve 
management and protection of these systems. Furthermore, the compound effects 
of climate change and habitat fragmentation along with conversion and burial of 
grassland headwaters signifies the need to monitor seasonal, annual, and interannual 
hydrology within these systems to develop a more complete understanding of their 
current hydrological functioning and effects to downstream environments. Lastly, 
long-term monitoring of seep-headwater systems could provide early indications of 
and improve planning and preparation for more sustained and potentially more 
severe effects to local and regional hydrology of more severe to help us better plan 
and prepare.
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