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Abstract: The meteorological droughts in the climate transition zone of the Great Plains of the USA are
projected to intensify, potentially leading to major shifts in water provisioning services in rangelands.
To understand how meteorological drought interacts with vegetation to regulate runoff response, we
collected precipitation, root zone soil moisture, and runoff data from experimental grassland and
juniper (Juniperus virginiana L., redcedar) woodland watersheds for five years encompassing a drought
year to pluvial year cycle. We contrasted the frequency distribution of precipitation intensities and
applied wavelet analysis to reveal the coherence between precipitation and root zone soil moisture
patterns. Compared with grassland, the root zone soil moisture in woodland had a narrower range,
with the peak frequency skewed to a lower soil moisture content. The conversion of herbaceous
vegetation to evergreen juniper woodland results in a delayed response of runoff to precipitation due
to reduced antecedent soil moisture. The reduction of streamflow from the woodland watershed was
greater in the normal and pluvial years than in the drought year. Thus, conversion from grassland to
evergreen woody vegetation prolongs the impact of meteorological drought on soil moisture and
streamflow. Restoring prairie that is heavily encroached by woody species may serve as an adaptive
measure to mitigate the climate change impact on water resources and other ecosystem services
provided by rangeland.

Keywords: meteorological drought; soil moisture; runoff; vegetation transition; wavelet analysis

1. Introduction

Root zone soil moisture is positively correlated with streamflow potential in semiarid and
subhumid rangelands [1–3]. For these rangelands, streamflow is an important ecosystem service
dominated by surface runoff generated from infiltration excess or saturation excess overland flow [4,5].
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The amount and the partition of those two overland flow processes are largely controlled by antecedent
soil moisture conditions [6], climate (e.g., precipitation), and land surface permeability (e.g., vegetation
type). The precipitation in rangelands is generally pulsed [7], and the magnitude and frequency of
storm intensity vary greatly both spatially and temporally. As a result, the climate-change-induced
precipitation anomalies and vegetation-induced changes in land surface permeability and plant water
use will interact to control root zone soil moisture evolution and dynamics. These interactions
alter the streamflow generation mechanism and ultimately modify the water resources provided by
rangeland watersheds.

The Great Plains of the United States is susceptible to great climate anomalies, and any unusual
sequences of rainfall events may flip a region from a drought condition in one year to a pluvial
condition in the next year or even in the same year [8–11]. Projections that precipitation will increase
during both winter and spring but decrease during summer and autumn [12] may mean that drought
conditions will become more prevalent. A shift from pluvial condition to drought intensifies the root
zone soil moisture stress and may translate a meteorological drought to a hydrological drought [13,14].
The temporal dynamics of root zone soil moisture are heavily influenced by changes in vegetation
functional types [15,16]. The propagation of a precipitation pulse towards soil moisture is attenuated
by the vegetation canopy interception and root zone water uptake [17–19].

During the last several decades, rangeland in the south-central Great Plains has been under a
progressive transition from herbaceous towards woody dominance primarily due to the encroachment
of shrubs and tree species [20], particularly eastern redcedar (Juniperus sp.) [21]. This process alters
soil hydrological properties [22]. The soil infiltration capacity of 25.2 mm h−1 reported for restored
grassland [23] is much less than the report of nearly 100 mm h−1 capacity for redcedar woodland [22].
Although an increase in soil infiltration capacity may assist conservation of water in the ecosystem
by reducing overland flow from high-intensity storm events and may improve percolation of soil
moisture to the deep soil layers [24], an increase in rooting zone soil moisture uptake and transpiration
by woody plants may actually result in a reduction or depletion of rooting zone soil moisture [25,26].
For both grassland and juniper woodland watersheds, a decrease in root zone soil moisture is directly
correlated with the reduction of runoff [6]. How, and if, woody plant encroachment affects root zone
soil moisture differently during drought, normal, or pluvial years remains largely unexplored in the
climate transition zone.

Root zone soil moisture is a transient property primarily controlled by stochastic precipitation
forcing, antecedent soil moisture condition, topography, soil surface evaporation, and vegetation water
uptake [27–29]. As a result, soil moisture exhibits stochastic behavior, and analysis in the frequency
domain may provide an insightful assessment of the mean condition of soil moisture stress over a
range of spatial and temporal scales. For the same reason, coherence analysis illustrates the probability
or continuity of precipitation propagation through the soil profile and the potential for surface runoff

and deep recharge.
The goal of this study is to reveal the vegetation and soil moisture interaction and streamflow

responses during a period encompassing a transition from drought to the pluvial condition in the
climate transition zone of the south-central Great Plains of the USA. We intend to answer three
questions—1. How does the vegetation impact on soil moisture conditions in the drought, normal, and
pluvial years? 2. How does the coherence of precipitation and soil moisture vary along with soil depth
between grassland and woodland and evolve with the meteorological condition at the sub-seasonal
scale? 3. How will precipitation and vegetation interact to dictate the annual runoff depth? In this
study, we collected precipitation, soil moisture, and runoff data from a grassland watershed and an
adjacent redcedar watershed for five years, encompassing a fast transition from a drought episode to a
pluvial condition. We analyzed and contrasted the precipitation regimes and soil moisture dynamics
at the sub-seasonal scale (weekly to bi-weekly) using frequency distribution and wavelet analysis.
We analyzed the relationship between precipitation and streamflow for grassland and woodland
watershed at an annual scale to illustrate the climatic dependence of vegetation impact on streamflow.



Water 2019, 11, 2357 3 of 12

2. Method

2.1. Study Site

The study site is located in the Oklahoma State University Range Research Station, about 11 km
southwest of Stillwater, Oklahoma, USA. The climate is continental with a long-term (1950 to 2016)
mean annual precipitation of approximately 894 mm. The study site is mostly covered by a mosaic
of grassland and oak woodland, with increasing areas being converted to evergreen woodland after
decades-long encroachment by redcedar. The land is currently being managed for research purposes.
To understand the hydrological impact of redcedar encroachment, multiple experimental watersheds,
for each of the main vegetation types, were instrumented and monitored since 2008 or 2010 (see Qiao
et al., 2015 for a detailed description of the watersheds) [30]. For this study, we chose one grassland
watershed and one redcedar watershed, similar in size, slope, and well-drained soil, but different in
vegetation cover.

2.2. Precipitation, Soil Moisture, and Streamflow Data

Precipitation in both grassland and redcedar woodland watersheds was determined by automatic
siphoning tipping bucket rain gauges (TB3, Hydrological Services America, Lake Worth, FL, USA). The
rain gauges, with 0.25 mm resolution, were capable of measuring rainfall intensities up to 500 mm h−1

with ±3% accuracy. The soil moisture content at multiple depths was measured using soil moisture
sensor arrays (Meter Environment, Pullman, WA, USA). Each watershed was equipped with three
arrays comprised of four ECH2O EC-5 sensors and an EM50 data logger simultaneously measuring
and logging soil moisture content at four soil depths (5, 20, 45, and 80 cm) at 15 min intervals [22].
Runoff depth was quantified using H-flumes equipped with optical shaft encoders with a stage level
resolution of 3 mm (50386SE-105, HydroLynx, West Sacramento, CA, USA). Each watershed had a rain
gauge and shaft encoder connected to a data logger (CR1000 or CR200X, Campbell Scientific, Logan,
UT, USA) to measure and record precipitation and runoff at five-minute intervals. The precipitation
amounts recorded by the two rain gauges were similar, and in this study, we used the precipitation
recorded at the redcedar woodland for the frequency and coherence analysis. Thirty-minute rainfall
intensities (mm h−1) were used for frequency analysis.

2.3. Meteorological Drought Index

We used the Standardized Precipitation Index (SPI) [31] to calculate annual and monthly
meteorological drought indices using 1950–2016 precipitation data for the study site (https:
//www.ars.usda.gov/; https://www.mesonet.org/). The year 2011 was identified as a drought year and
2015 as a pluvial year, whereas 2012, 2013, and 2014 were identified as normal years. For simplicity, we
selected 2011, 2013, and 2015 to represent a drought year, a normal year, and a pluvial year, respectively,
in the wavelet analysis.

2.4. Frequency Distribution

To facilitate the analysis of the frequency distribution of the time series (precipitation and soil
moisture content), we arranged the series xn, n = 1, 2, . . . , N Nin ascending order and divided the series
into equidistant class intervals. The frequency of each interval was obtained by dividing the number
that falls into each class by the total length of the series. The frequency distribution of precipitation was
logarithmically transformed to facilitate visualization of the low frequency numbers in the histogram.

2.5. Wavelet Analysis

In this study, the Morlet wavelet (ω0 = 6) is used as follows:

ψ0(t) = π−1/4eiω0te−t2/2 (1)

https://www.ars.usda.gov/
https://www.ars.usda.gov/
https://www.mesonet.org/
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where ω0 = aω[1] and t = η/a[1], respectively, are dimensionless frequency and dimensionless time, η
is the time parameter [T],ω is the frequency parameter [1/T] [32].

The continuous wavelet transform (CWT) of a time series xn, n = 1, 2, . . . , N is its convolution
with the stretched and translated wavelet function ψ0(t):

WX
n (a) =

√
∆t
a

N∑
n′=1

xn′ψ
∗

0

[
(n′ − n)∆t

a

]
(2)

where ∗ corresponds to the complex conjugate, and ∆t[T] is the time step of the series xn, n = 1, 2, . . . , N.
The parameters a[T] and n[1] are a scale expansion factor and a time shift factor, respectively, to adjust
the scale and location of the wavelet in the time-frequency domain [32].

The wavelet power spectrum (WPS) is the squared amplitude of the CWT (i.e.,
∣∣∣WX

n (a)
∣∣∣2) since the

wavelet function is complex. Normalized WPS values were used to facilitate the comparison of the
different WPSs. The normalized WPSs were obtained by dividing by the variance of the time series
and were used to identify the dominant scale and time of the series changes [32]. The significance test
of WPS was estimated against the red noise spectrum since the soil moisture series has distinctive red
noise characteristics [16].

The definition of wavelet coherence (WTC) is similar to that of a correlation coefficient, and the
WTC of two time series xn and yn is defined as:

R2
n(a) =

∣∣∣∣S(a−1WXY
n (a)

)∣∣∣∣2
S
(
a−1

∣∣∣WX
n (a)

∣∣∣2)·S(a−1
∣∣∣WY

n (a)
∣∣∣2) , (3)

here, WXY
n (a) = WX

n (a)WY∗
n (a) and is the cross wavelet transform of xn and yn, S is a smoothing

operator to smooth the wavelet transformation along the scale axis in time [33].
The Monte Carlo method was used to test the significance level of the wavelet coherence. We

first generated the order of 1000 surrogate data set pairs with the same AR(1) coefficients as the input
data sets and then calculated the wavelet coherence of each pair. Considering the edge effect, only
the values outside the cone of influence (COI) were used to perform a pointwise significance test
(0.05 level) against red noise at each scale. Detailed descriptions of the COI and the significance test of
WTC are given in other papers [16,32–34].

3. Results

3.1. Precipitation Characteristics

The frequency distribution of 30 min rainfall intensities was heavily skewed towards low-intensity
events with the majority (about 80%) being less than 10 mm h−1, irrespective of the year (Figure 1a).
Heavy storm events with 30 min rainfall intensities higher than 25.2 mm h−1 occurred mainly during
the rainfall season (April–November), and the number of the events varied from 4 to 13 events per
year. On average, there were more such high rainfall intensity storms recorded for the normal and wet
years than for the drought year (Figure 1b).

3.2. Impact of Woody Encroachment on Soil Moisture

Compared with the grassland watershed, soil moisture in the woodland watershed fluctuated over
a narrower range, and peak frequency always occurred with a lower soil moisture value, irrespective
of the year and its associated meteorological conditions (Figure 2). In the drought year (2011), the soil
moisture in woodland fluctuated in a low and narrow range. Near the surface, the soil moisture content
varied but remained less than 0.25 cm3/cm3. The range of soil moisture content values narrowed even
more with deeper soil depth, and 70% or more of the values were less than 0.15 cm3/cm3. Grassland
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soil moisture was more variable for all depths and all years. With the fading of drought in 2013, the soil
moisture in woodland encompassed a wider range along the entire soil profile. For both watersheds, no
apparent difference in soil moisture frequency distribution pattern was observed between the normal
and the pluvial years.
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woodland (black bar) at different soil depths in (a) a drought year, 2011, (b) a normal year, 2013, and (c)
a pluvial year, 2015.
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3.3. Coherence between Precipitation and Soil Moisture

There was strong coherence between precipitation and soil moisture at daily to monthly scale
for the surface layer (5 cm) irrespective of vegetation and meteorological conditions (Figures 3 and 4).
For a normal year and the pluvial year, strong coherence existed during the growing season under
both vegetation types at weekly and bi-weekly scales, but there was no or low coherence during the
early spring and winter for woodland. For the drought year, the coherence decreased substantially
for subsoil depths (20, 45, and 80 cm) for the woodland, but the coherence dropped only slightly
for grassland.
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Figure 3. The wavelet coherence between precipitation and soil moisture content in grassland at
different depths (i.e., 5, 20, 45, and 80 cm) in (a) a drought year (2011), (b) a normal year (2013), and
(c) a pluvial year (2015). Wavelet coherence is indicated by a color scale ranging from 0–1 with the
value of 1 (the darkest red-brown) indicating the greatest coherence. To highlight the energy change of
the time-series at a small scale, the vertical axis of the wavelet coherence has a logarithmic axis, and
the abscissa axis is linear. The arrow pointing right indicates that the precipitation and soil moisture
content is in phase; oppositely, the soil water and precipitation are out of phase. Only the areas which
are pointwise significant at the 5% level and fall outside the cone of influence (COI) are colored.



Water 2019, 11, 2357 7 of 12

Water 2018, 10, x FOR PEER REVIEW  7 of 12 

 

 
Figure 4. Same as Figure 3, but for woodland. 

3.4. Runoff and Runoff Coefficients 

The mean annual runoff depth in the grassland watershed was 54.07 ± 27.6 mm, significantly 
higher than 21.54 ± 10.41 mm in the encroached watershed (Table 1). An increase in precipitation led 
to a linear increase in runoff depth for both watersheds, but the runoff coefficient in grassland was 
three times greater than in woodland (Table 1).  

Table 1. Annual runoff response to precipitation for grassland watershed and redcedar woodland 
watershed. Runoff increases linearly with precipitation in grassland watershed. 

IGUE  Precipitation (P, mm) 
Runoff (D, mm) Runoff Coefficient (%) 

Grassland¶ Woodland# Grassland Woodland 
2011 625.9 2.04 1.38 0.33 0.22 
2012 630.3 50.81 21.29 8.06 3.38 
2013 979.1 61.06 19.91 6.24 2.03 
2014 707.8 13.98 9.31 1.98 1.32 
2015 1020.7 142.47 55.85 13.96 5.47 

Mean (SE) 792.75 (96.21) 54.07 (27.6) 21.54 (10.41) 6.11 (2.69) 2.48 (1.01) 
¶D = 0.23*P − 128.28 (R2 = 0.64); #D = 0.08*P − 42.47(R2 = 0.56). 

4. Discussion 

4.1. Storm Intensity, Infiltration Capacity, and Vegetation Impact 

Overland flow derived from infiltration excess or saturation excess does not have a pathway in 
the soil matrix and is mostly regulated by soil infiltration capacity and precipitation characteristics 

Figure 4. Same as Figure 3, but for woodland.

3.4. Runoff and Runoff Coefficients

The mean annual runoff depth in the grassland watershed was 54.07 ± 27.6 mm, significantly
higher than 21.54 ± 10.41 mm in the encroached watershed (Table 1). An increase in precipitation led
to a linear increase in runoff depth for both watersheds, but the runoff coefficient in grassland was
three times greater than in woodland (Table 1).

Table 1. Annual runoff response to precipitation for grassland watershed and redcedar woodland
watershed. Runoff increases linearly with precipitation in grassland watershed.

IGUE
Precipitation

(P, mm)
Runoff (D, mm) Runoff Coefficient (%)

Grassland¶ Woodland# Grassland Woodland

2011 625.9 2.04 1.38 0.33 0.22
2012 630.3 50.81 21.29 8.06 3.38
2013 979.1 61.06 19.91 6.24 2.03
2014 707.8 13.98 9.31 1.98 1.32
2015 1020.7 142.47 55.85 13.96 5.47

Mean (SE) 792.75 (96.21) 54.07 (27.6) 21.54 (10.41) 6.11 (2.69) 2.48 (1.01)
¶D = 0.23*P − 128.28 (R2 = 0.64); #D = 0.08*P − 42.47(R2 = 0.56).
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4. Discussion

4.1. Storm Intensity, Infiltration Capacity, and Vegetation Impact

Overland flow derived from infiltration excess or saturation excess does not have a pathway in
the soil matrix and is mostly regulated by soil infiltration capacity and precipitation characteristics
(e.g., the maximum 30 min storm intensity). The soil infiltration capacity for the studied grassland
watershed averages 25.2 mm h−1 based on in situ measurements [23]. In contrast, the soil infiltration
capacity for the studied redcedar woodland averages above 100 mm h−1 based on in situ double-ring
measurements [22]. The time series of 30 min rainfall intensities showed that storm events with a 30
min intensity higher than 25.2 mm h−1 occur even during a drought year at the study site, suggesting
that infiltration excess overland flow likely exists on herbaceous dominated rangeland (Figure 1).
However, no storm event with a 30 min intensity higher than 100 mm h−1 occurred during the study
period, suggesting that infiltration-excess overland flow rarely ensues on the redcedar woodland.
It is important to note, that the studied grassland was derived from historically cultivated lands,
which experienced a substantial loss of surface soils. In contrast, native tallgrass prairie soils without
cultivation history are highly permeable [35]. The saturated infiltration capacity of the well-managed
native prairie was reported to be greater than the 10 yr return rainfall intensity of 68 mm h−1 for the
tallgrass prairie region of the south-central Great Plains [36]. Vegetation impact on the streamflow
generation mechanism might differ in native prairie without cultivation history.

4.2. Drought Reduces the Coherence of Subsoil Soil Moisture to Precipitation Pulse

Precipitation is a stochastic process, and soil moisture content is a transient property [28]. The
frequency distribution of soil moisture in the drought year suggests a low probability of forming a
saturation condition that would lead to saturation excess overland flow. Decreased coherence between
precipitation and soil moisture in the woodland during the normal and pluvial years suggests a
reduced connection between gross precipitation and soil moisture. This disconnection occurs likely
from the alteration of the following two hydrological processes—1. Attenuation of gross precipitation
by vegetation structure through interception; this effect is more pronounced in woodland than in
grassland due to the larger interception surface and the thicker litter layer [37]; and 2. Reduction
in percolation through the surface soil and rooting zone due to the frequently dry surface soil layer
and the continuous root water uptake in the rooting zone. This results in either a delayed or lack of
response of soil moisture in deep soils to a precipitation pulse and reduces the deep recharge potential.
Reduced coherence between the precipitation pulse and deep soil moisture for the redcedar woodland
during pluvial condition suggests that the vegetation transition from herbaceous cover to woodland
in the subhumid rangeland of the southern Great Plains will likely reduce the localized recharge of
groundwater despite the increase of infiltration capacity and the potential decrease of overland flow in
the redcedar woodland system [38,39].

4.3. Increase in Soil Moisture Stress and Reduction in the Runoff from Redcedar Woodland

Frequency analysis shows that the soil moisture content associated with peak frequency is lower
in woodland than in grassland in the year of normal precipitation. This result suggests that the
reduction of infiltration-excess overland flow in the redcedar woodland does not convert to an overall
improvement in the soil moisture condition. In contrast, the soil moisture content in the redcedar
woodland is generally lower than that in grassland for the same depth, in particular for subsoil layers.
Continuous and excessive depletion of soil moisture in the subsoil layers in the redcedar woodland
during a drought episode is likely to be associated with the altered water uptake pattern, the changed
rooting structure, and the vegetation phenology of the redcedar, compared to grassland condition [26].
The frequent existence of dry surface layers interrupts the propagation of net precipitation into deeper
soil layers and, therefore, affects the coherence of precipitation and soil moisture dynamics [16].
Hydrologically, the depletion of soil moisture also decreases the possibility of the formation of a
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saturated soil profile, especially during drought years when precipitation is low. Consequently, it will
decrease the occurrence of saturated overland flow, another important mechanism of runoff generation
in semiarid and subhumid watersheds [6], especially during the growing season [40].

4.4. Water Resources Challenges in the South-Central Great Plains under Climate Change

The south-central Great Plains of the USA relies heavily on groundwater in the form of aquifers [41]
and surface water in the form of impoundments and reservoirs for irrigation, municipal water supplies,
and the oil and gas industry [42,43]. With climate change and the concurring increase in population,
water demand is projected to increase drastically. For example, the water demand in Oklahoma is
estimated to increase by 33% statewide by 2060 as compared to the 2010 water demand [44]. An
increase in water demand will likely lead to water stress in most parts of the south-central Great Plains
and will affect the higher water demanding sectors, including irrigation, thermoelectric, municipal
supply, and the oil and gas industry, all vital for the economic and social well-being of this region.

Evapotranspiration (ET) is the predominant component of the water budget in both arid and
semiarid regions [45], and water resources available for non-ecosystem services (groundwater recharge
for aquifers and runoff for reservoirs and wetlands) are the residual between precipitation and ET. In
moist forest systems where available solar energy input limits the annual ET, there is usually a trade-off

between runoff and groundwater replenishment. As a result, a decrease in overland flow associated
with reforestation usually transfers into an increase in groundwater recharge and baseflow [46],
which is a desirable outcome in water resource conservation. Our frequency analysis of soil moisture
content and direct runoff measurement suggest that this trade-off does not necessarily occur in the
water-controlled, semiarid, and subhumid region. Even without considering the vegetation impact,
modeling simulations indicate that streamflow and groundwater storage in the study region are likely
to decrease in the long run due to increases in frequency and strength of droughts [41,47]. The parallel
conversion of the vegetation functional type from herbaceous to woody vegetation will exacerbate
the decline in water resources due to increased transpiration and canopy interception of rainfall by
redcedar as compared to the replaced prairie. In their modeling study, Starks and Moriasi [48] found
that even a 20% redcedar encroachment into existing grassland would decrease the current municipal
water supply to Oklahoma City, the largest city of Oklahoma, by 27%. Another study suggests a 20%
reduction in annual streamflow for a selected Oklahoma watershed upon the complete conversion of
existing rangeland into redcedar woodland [49]. The drier climatic outlook for the region, as estimated
by global climate models [12,50], could make water management more challenging.

Another critical challenge in water resource management arises as an indirect impact of redcedar
encroachment. Redcedar is highly flammable, and a combination of redcedar expansion and a low soil
moisture condition is reported to be associated with the increased occurrence of wildfires in Oklahoma
between 2008 and 2012 [51]. Wildfire removes vegetation and ground surface cover, imposing a
profound impact on water quality and water resource infrastructure [52]. Therefore, an improved
understanding of the effects and feedback between climate, soil moisture, and vegetation type, and the
ability to incorporate that knowledge into modeling and long-term planning would benefit future water
resource management and sustainability in the central Great Plains and other water-limited regions.

5. Conclusions

With the projected increase in drought frequency and the concurring increase in population,
augmenting and sustaining landscape runoff to streams and reservoirs becomes an increasing challenge
in the south-central Great Plains of the USA. Replenishment of soil moisture is difficult during drought,
and the depletion of root zone soil moisture is exacerbated under evergreen redcedar woodland.
Streamflow from grassland declines sharply in response to meteorological drought but rebounds
rapidly when precipitation returns to normal. In contrast, runoff from evergreen woodland is low
during normal precipitation years, becomes lower during drought, and remains lower for a protracted
period after rainfall returns to normal. Thus, the conversion from grassland to evergreen woody
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vegetation reduces the resilience of the hydrological systems to change in climate and can prolong the
impact of meteorological drought on hydrological drought. For natural resource managers, restoring
and maintaining prairie by preventing the proliferation of redcedar in the central Great Plains could
serve as an adaptive measure to counter climate change impact on water resources.
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