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ABSTRACT
Intermittent streams are prevalent worldwide, yet the understanding of drivers of their changing flow patterns remains in-
complete. We examined hydrological changes spanning four decades (1982–2020) in Kings Creek, an intermittent grassland 
stream within the Konza Prairie Biological Station in Kansas, USA. We analysed streamflow data from a US Geological Survey 
gauge on Kings Creek and three upstream Long Term Ecological Reasearch (LTER) sub-watersheds with annual, biennial or 
quadrennial burn frequencies and linked trajectories of woody encroachment to increased evapotranspiration and changes in 
streamflow. Riparian woody cover doubled in the annually and biannually burned sub-watersheds and sevenfold in the quad-
rennially burned watersheds. We observed significant decreases (84%) in daily discharge and number of annual flow days (55%) 
at the downstream USGS Kings Creek gauge, with similar changes in the LTER sub-watersheds. The changing riparian cover, 
propelled by the regional expansion of woody plants, contributed to decreased streamflow by amplifying actual evapotranspi-
ration (ET). Seasonal assessments underscored the critical influence of late summer conditions (July–September), under which 
increases in ET were linked to rising temperatures and increased evapotranspiration by riparian cover. Our results highlight the 
significant hydrological impacts of woody encroachment in grasslands and emphasize the importance of long-term ecohydrolog-
ical monitoring in unravelling the interplay between climate and vegetation as controls on the hyper-variable flow patterns in 
this intermittent stream. Predicting and managing hydrological impacts on the flow of intermittent grassland rivers and streams 
worldwide requires accounting for the effects of accelerating woody encroachment.

1   |   Introduction

Non-perennial streams are common in the majority of river net-
works worldwide (Messager et al. 2021) and are under-studied 
and under-monitored with respect to hydrology (Krabbenhoft 
et  al.  2022). Recent studies have begun quantifying the inter-
mittency of stream networks (Leigh et  al.  2016; Shanafield 
et  al.  2020), though less is known about changes in intermit-
tency over time, particularly as related to global change (Sauquet 
et al. 2021; Tramblay et al. 2021). Zipper et al. (2021) documented 

changes in intermittency in US streams over time using long-
term United States Geological Survey (USGS) gauging station 
data and identified increased aridity as a primary factor driving 
increased stream drying. Across 540 sites, they demonstrated 
that streams in more arid regions exhibited trends towards lon-
ger dry periods over the past ~40 years. Their analysis controlled 
for watershed characteristics and land use changes, allowing 
them to isolate climate aridity as the dominant driver of increas-
ing intermittency trends across the continental United States. 
However, other potential drivers of temporal change in stream 
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intermittency, particularly the effect of vegetation mediated by 
evapotranspiration (ET), are not as well studied (McCabe and 
Wolock 2002; Rodgers et al. 2020).

The timing and rate of stream drying have strong policy implica-
tions and heavily influence biogeochemical cycles (Von Schiller 
et al. 2011), as well as ecological characteristics (Price et al. 2024). 
Therefore, the timing and duration of ‘zero flow’ (periods when 
water discharge is not measurable or falls below detection thresh-
olds in otherwise flowing channels) are commonly used in study-
ing intermittent water bodies (Zimmer et al. 2020). Understanding 
the patterns and causes of intermittent stream flow is important 
since drying is becoming more prevalent, and drying patterns 
vary in both space and time (Allen et al. 2020; Jaeger et al. 2014; 
Perkin et al. 2017). Although climate is a key factor influencing 
non-perennial stream flow regimes (Dodds  1997; Hammond 
et al. 2021), other factors can also lead to stream drying, including 
anthropogenic activities (Datry et al.  2023; Eng et al.  2019) and 
human water use (Datry et al. 2014; Zipper et al. 2022).

Grassland rivers and streams are vital components of the Great 
Plains ecosystem and other grasslands worldwide and are domi-
nated by intermittent streams (Dodds et al. 2004). The Great Plains 
is well suited for understanding drivers of stream drying due to its 
extensive stream network, long-term hydrological records, well-
documented woody encroachment and natural climate gradient 
that creates conditions ideal for examining interactions between 
changing vegetation and hydrology. However, woody plant en-
croachment is occurring in grasslands globally, altering infiltration 
rates, soil water storage and streamflow, which can lead to reduced 
water availability and streamflow duration (Zou et al. 2014). The 
Kings Creek gauge at the Konza Prairie Biological Station (KPBS) 
is the only ‘benchmark’ gauging station in the USGS network with 
its entire watershed in a relatively pristine grassland. It there-
fore represents an important sentinel gauge for estimating wider 
changes across grassland ecosystems.

Kings Creek has experienced the expansion of woody vegetation 
in its watershed (Veach et al. 2014, 2015) as well as changes in hy-
drology over the past four decades. Riparian shrub cover increased 
by about 57% from 1978 to 2020 (Keen et al. 2023), while mean dis-
charge and the number of flow days decreased from 1980 to 2010, 
with no concomitant decrease in annual precipitation (PPT) and 

a modest increase in temperature (Dodds et al. 2012). However, it 
remains unknown to what extent increasing stream intermittency 
can be attributed to vegetation changes and during which seasons 
these effects are most pronounced, largely because few datasets 
simultaneously track both vegetation dynamics and hydrologi-
cal metrics at appropriate scales and timeframes to capture these 
gradual ecological transitions.

Our overarching research goal was to investigate the relative im-
portance of changes in vegetation and climate as controls over 
the changing hydrology in the Kings Creek watershed from 1982 
to 2020. We hypothesized that discharge can be impacted within 
this watershed by interrelated changes in PPT, temperature and 
vegetative cover, with variable impacts as a function of position 
in the watershed (Figure  1). We base our study on one USGS 
discharge measurement station at the bottom of the watershed 
and discharge measurements at three upstream sub-watersheds 
(N1B, N2B and N4D) with different historical trajectories of 
woody vegetation encroachment. We also used additional long-
term data on environmental factors collected by the Konza Long-
Term Ecological Research programme. We hypothesized that 
along with the PPT and temperature, the variation in the vegeta-
tion composition of these upstream sub-watersheds would influ-
ence ET and flow regimes (defined in terms of annual or seasonal 
mean discharge and number of zero flow days). As woody vege-
tation increases, we predict that higher ET will lead to decreased 
discharge and fewer flow days in a year. Our research objectives 
were to (1) characterize changing discharge patterns and identify 
during which seasonal meteorological factors have the greatest 
impact on changes in discharge; (2) assess changes in meteoro-
logical factors that could influence the hydrology; and (3) link 
changes in meteorology and vegetative cover to discharge at the 
watershed outlet and upstream sub-watersheds.

2   |   Methods

2.1   |   Study Area Description

Kings Creek has a 10.6-km2 drainage area entirely within 
KPBS. KPBS is a 3487-ha tallgrass prairie located in the north-
ern part of the Flint Hills region near the city of Manhattan, 
Kansas (39.1 N and 96.9 W), co-owned by Kansas State 

FIGURE 1    |    Conceptual model of our study. The purple dashed arrows represent the hypothesized positive influences, and the orange solid lines 
represent the hypothesized negative influences of the controlling and intermediate variables on discharge and number of flow days.
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University and The Nature Conservancy (Figure 2). The site 
experiences a mid-continental climate, receiving roughly 
800 mm of PPT annually as averaged from 1982 to 2020 
(Table 2). Most PPT falls from April to September. Silty-clay 
loam soils are over two meters deep in lowland areas and at 
the bottoms of stream valleys (Vinton  1999). Apart from ri-
parian corridors on larger streams and rivers, this area of the 
Flint Hills historically consisted mostly of native tallgrass 
prairie and little woody vegetation. Although woody plant 
expansion is ongoing, the dominating perennial C4 grasses 
(Schizachyrium scoparium, Sorghastrum nutans, Andropogon 
gerardii and Panicum virgatum) as well as sub-dominant 
grass, forb and woody species are the primary vegetation of 
KPBS's regularly burned uplands (Abrams 1986; Collins and 
Calabrese  2012). The dominant woody species in upland 
areas consist primarily of rough-leaf dogwood (Cornus drum-
mondii), smooth sumac (Rhus glabra) and eastern redcedar 
(Juniperus virginiana), while riparian corridors are character-
ized by a more diverse woody community including American 
elm (Ulmus americana), hackberry (Celtis occidentalis), bur 
oak (Quercus macrocarpa) and green ash (Fraxinus pennsyl-
vanica). For this study, riparian areas were delineated based 
on topographic position within 30 m of stream channels, 
where greater soil moisture and protection from fire histori-
cally allowed for the establishment of woody vegetation even 
in otherwise grass-dominated landscapes.

KPBS features a merokarst geology where the weathering of 
limestone bedrock layers has produced a complex network of 
fractures, joints and perched aquifers. Mudstone layers sep-
arate these weathered limestone bedrocks, creating a shallow 
groundwater table (typically 1–5 m below the surface in valleys, 
and 5–15 m in upland areas) that is well-connected to the Kings 
Creek stream network. Groundwater residence times vary from 
days to months in shallow flow paths to several years in deeper 
aquifers (Sullivan et al. 2019, 2020; Vero et al. 2018). However, 
connections between the groundwater system and stream net-
work are highly localized (Gambill et al. 2024) typically occur-
ring at scales of tens to hundreds of meters where permeable 
limestone layers intersect the surface. Recent modelling demon-
strated that these localized connections create discrete zones of 
groundwater discharge supporting baseflow in specific reaches 
while nearby stream segments remain dry (Swenson et al. 2024; 
Zipper et al. 2025) Smaller upstream watersheds typically expe-
rience more zero flow days, except for short spring-fed reaches 
(Costigan et al. 2015).

2.2   |   Watersheds Analysed and Data Sources

Kings Creek is monitored by a USGS stream gauge (06879650 
KINGS C NR MANHATTAN, KS) and has been serving as a hy-
drological benchmark since 1979. The watershed drains native 

FIGURE 2    |    USGS Kings Creek watershed within the Konza Prairie Biological Station, located in Kansas, USA, including the Long-Term 
Ecological Research (LTER) watersheds N1B, N2B and N4D. The US Geological Survey has consistently monitored the USGS weather and stream 
gauging station at this site since 1979 (Gauge 06879650, red square). The yellow dots denote sub-watershed weirs, serving to measure discharge levels 
since 1987.
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tallgrass prairie and has extensive oak riparian forest in its lower 
reaches. Approximately half of the watershed upstream of the 
gauging station is under bison grazing and the rest is ungrazed. 
We compiled discharge data published on the USGS website for 
the period from 1982 to 2020, consistent with the available me-
teorological data from the nearby (< 1 km) Konza LTER weather 
station.

We also have three upstream sub-watersheds in which we 
have measured discharge using weirs since 1987. These weirs 
are in intermittent, third-order headwater streams (N1B, N2B 
and N4D) and were used to characterize discharge variation in 
sub-basins relative to the downstream USGS station (Table 1). 
These three small watersheds have been bison-grazed since 
1992 and burned every 1, 2 or 4 years (N1B, N2B and N4D, 
respectively). Data for these three weirs are publicly available 
(see Table 1). Discharge at these weirs is estimated by water 
height in v-notched weirs using Druck pressure transducers 
from 1987 to 2013 and from 2013 to the present using a YSI 
WaterLOG Bubbler/Pressure Sensor H-3553. During flow pe-
riods, discharge is monitored at each site every 5 min, and the 
sensors are calibrated against manual height readings roughly 
three times a week during flow. We experienced a few occa-
sions when our depth equipment malfunctioned. For example, 
about 1.2% of the 95,300 days of data were missing from wa-
tershed N4D; however, since we used annual or three-month 
averages of daily values (see results) this minimizes the influ-
ence of missing data.

We also calculated the proportion of riparian woody cover 
over time in watersheds N1B, N2B and N4D based on data 
for woody expansion from Dodds et  al.  (2023) and Keen 
et  al.  (2023). These data were created from a time series of 
remotely sensed images ground-truthed to plant surveys for 
three watersheds which bracket the burn frequencies of most 
watersheds in Kings Creek (1-, 2- and 4-year burn frequen-
cies). The aerial imagery was consistently collected at 1-m 
spatial resolution across all time periods (1982–2020), with 
images standardized for seasonal timing (predominantly late 
spring/early summer acquisitions) to minimize phenological 
differences in vegetation appearance. The classification of 
woody vegetation was verified through extensive field valida-
tion points (> 200 points per watershed) to ensure accuracy 
across the time series.

To extrapolate these measurements to the entire Kings Creek 
watershed, we applied a burn frequency-based approach. For 
sub-watersheds within Kings Creek that were burned annu-
ally, biennially or quadrennially, we directly applied the woody 
cover values from N1B, N2B and N4D, respectively. For sub-
watersheds with intermediate burn frequencies (e.g., 3-year 
burns), we used linear interpolation between the nearest burn 
frequency categories. For approximately 15% of the Kings Creek 
watershed with irregular fire histories or burn frequencies out-
side the 1- to 4-year range, we used the values from the 4-year 
burn treatment (N4D) as a conservative estimate, as these areas 
typically experience greater woody encroachment. We then cal-
culated a weighted average based on the proportional area of 
each burn frequency within the entire Kings Creek watershed 
to estimate overall woody cover. This approach accounts for the 
varying management histories across the watershed while being 
constrained by our detailed measurements from the representa-
tive sub-watersheds.

While our gauged sub-watersheds only covered 35.5% of the 
USGS watershed, the woody vegetation results are similar to 
an earlier study that assessed riparian woody expansion with 
aerial imagery of all watersheds feeding the USGS station over 
a shorter period (Veach et al. 2014, 2015). The data we used 
covered a longer timespan than the earlier study and allowed 
the use of our full record of discharge data. The N2B water-
shed was selected for a riparian woody vegetation removal 
experiment beginning in 2010. Vegetation within 30 m of the 
Kings Creek streambed and 10 m within the side channels 
of the creek was removed mechanically (Dodds et  al.  2023; 
Larson et al. 2019). Vegetation was cut along 4.8 km of stream 
channel, roughly 21% of the total watershed area, and cutting 
was repeated every 2 years. The cutting was not effective in 
decreasing woody vegetation cover, as the shrubs sprouted 
rapidly and had no observable effect on stream hydrology 
(Dodds et al. 2023).

We also collected meteorological data from the KPBS head-
quarters dataset AWE012, which monitors daily mean, max-
imum and minimum air temperature, relative humidity, 
total PPT and total solar radiation; mean, maximum and 
minimum soil temperature and mean wind speed. These 
data are mostly complete with very few days missing. When 
equipment malfunctions, it is repaired or replaced rapidly as 

TABLE 1    |    Summary of gauged watersheds. Data range represents the first year and the last year of data analysis for each site. Burn frequency at 
USGS gauge is listed as ‘mixed’ because various upstream watersheds in this grassland area feed the USGS gauge. These sub-watersheds are grazed 
and ungrazed, and some have variable burn frequencies (data available at 10.6073/pasta/c7bc668437d3bd7035cff8aa85b567a8).

Site Lat. and long. Data range Data set name
Watershed 
area (Ha)

Target burn 
frequency Grazers

USGS Gauge N 39.060747, 
W 96.354088

1982–2020 06879650 1060 Mixed Bison and 
ungrazed

N1B Weir N 39.08656, 
W 96.57703

1987–2020 DOI: 10.6073/
pasta/7b75a0efa4617f7d34dd9f2f583b686a

121 Every year Bison

N2B Weir N 39.08995, 
W 96.58900

1987–2020 DOI: 10.6073/pasta/
cff758a0736702b20d9b6338e9bbbc25

119 Every 2 years Bison

N4D Weir N 39.08735, 
W 96.5844

1985–2020 DOI: 10.6073/pasta/
c01278aaaac74572ee53a4a6ba3017d3

135 Every 4 years Bison
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many researchers rely on these data. We also used the Konza 
dataset AET01, which reports modelled daily grass-based ref-
erence ET using meteorological data from AWE012, includ-
ing wind speed, temperature, PPT and solar radiation under 
non-limiting water conditions for a hypothetical short grass 
(height of 0.12 m, a surface resistance of 70 s m−1, and an al-
bedo of 0.23) based on meteorological conditions at KPBS 
from AWE012 (see Table 2).

2.3   |   Calculation of ET, Excess Water 
and Excess Energy

We calculated ET for every season for statistical analyses of ef-
fects of grass and wood ET. Grass ET was calculated by multi-
plying daily reference ET obtained from the AET01 dataset by a 
crop coefficient (Kc). Daily Kc values representing tallgrass prai-
rie water use across the growing season used in this study were 
developed by Hutchinson et  al.  (2008) at KPBS and vary as a 
function of day of year. These values follow a seasonal pattern, 
ranging from 0.2 during the non-growing season (November–
March) to 1.1 during peak water use (day of year 189–206, 
mid-July), with gradual increases during spring green-up and 
decreases during fall senescence. We applied these day-specific 
Kc values to the corresponding reference ET value rather than 
using a single coefficient for the entire growing season. We 
note that calculated grass ET represents water use under non-
limiting water conditions, since Hutchinson et al. (2008) model 
was used to calculate the expected water use when soil water is 
not limited (Hervé-Fernández et al. 2023).

Woody vegetation has greater rates of ET than grasses at this 
site based on work by O'Keefe et  al.  (2020), who identified 
roughleaf dogwood (C. drummondii) as the primary woody 
encroacher in upland areas of this grassland and a common 
species in early woody riparian encroachment. Under field 
conditions at our site, rough-leaf dogwood demonstrates a 
notably higher canopy transpiration rate of 2.01 mm/day in 
contrast to the dominant grass species, big bluestem, which 
transpires at a rate of 0.91 mm/day during the growing sea-
son (O'Keefe et  al.  2020). Based on these data, we assumed 
woody vegetation has two times greater rates of ET than grass 
modelled in the ET dataset (AET01). This is a conservative es-
timate because the grasses go dormant earlier than the woody 
vegetation. We acknowledge this simplification introduces 

uncertainty, as actual ET ratios likely vary with vegetation 
age, density, topographic position and seasonal conditions.

We employed exponential equation regression models to analyse 
the temporal changes in riparian and whole watershed vegetative 
cover based on remote-sensed, ground-truthed image analyses 
(Dodds et al. 2023; Keen et al. 2023). The independent variable was 
year, and the dependent variable was the proportion of vegetation 
cover. When we averaged the values across all three watersheds, 
an exponential model exhibited an excellent fit to the change in 
vegetative cover data over time (R2 = 0.97) We then calculated three 
distinct ET values: one for grass ET, a second for grass + riparian 
woody cover ET, and a third for ET accounting for all woody cover 
in the entire watershed. We separated out woody riparian cover 
because riparian vegetation may be able to access stream water as 
well as groundwater before it enters the streams (Keen et al. 2022).

We also determined excess PPT and energy according to 
Tomer and Schilling  (2009). We note that this is a separate 
ET calculation from the data used for the statistical analyses. 
The calculation required estimating reference evapotranspi-
ration (ETO) with the Hargreaves method (Hargreaves and 
Allen 2003; Hargreaves et al. 1985) for the Kings Creek water-
sheds using temperature data collected by the KPBS weather 
station. We used this method to remain consistent with the 
original Tomer and Schilling  (2009) methodology to assess 
temporal trends in excess energy and PPT with the expansion 
of woody vegetation.

where PET is in mm day−1, Ra is the extraterrestrial radiation 
(MJ m−2 day−1), Tmax is the daily maximum air temperature (°C) 
and Tmin is the daily minimum air temperature (°C). ETO was 
calculated on a daily time step and then aggregated to seasonal 
and annual values for analysis.

The availability of unused water and energy are a function of PPT 
and ET and can fluctuate based on vegetation conditions (Tomer 
and Schilling 2009). Following Tomer and Schilling (2009), we 
normalized this unutilized portion on a scale from −1 to 1 where 
1 is complete excess, 0 is balanced, and −1 is the complete deficit 

(1)

PET = 0.0023Ra

�

Tmax − Tmin
2

+ 17.8

�

√

Tmax − Tmin

TABLE 2    |    Summary of data sources on factors that potentially influence discharge. Data range represents each site's first year and last year of 
data analysis.

Sample type Data set name Locations Data range Data citation

Meteorological data AWE012 Konza Prairie headquarters 
weather station

1982–2020 https://​doi.​org/​10.​6073/​
pasta/​​743c6​b205e​38a08​

7bc54​925ed​258f549

Riparian tree and shrub 
cover

RIV06 Watershed N1B, 
N2B, and N4D

1982–2020 10.6073/pasta/682b​
8d7a78aa814e96​
dba672cdabd34c

KPBS daily ET AET011 Konza Prairie headquarters 
weather station

2000–2020 https://​doi.​org/​10.​6073/​
pasta/​​b5a57​131dc​37d03​

5b7c1​4ec7a​8a49604
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of PPT (Pex) or excess evaporative demand (Eex) according to the 
equations:

To ensure valid water balance calculations, we focused on wet-
ter years (those exceeding the 60th percentile of annual PPT, 
n = 12 years between 2001 and 2020). We excluded specific 
drought years (2002, 2003, 2006, 2011, 2012, 2013 and 2018), 
which showed consistent patterns of low PPT coinciding with 
decreased discharge and flow days. This selection was neces-
sary because the Tomer and Schilling  (2009) method assumes 
that soil water storage remains relatively constant between 
years. During dry years, a significant portion of subsequent 
PPT replenishes soil moisture deficits and recharges shallow 
aquifers rather than contributing to streamflow or ET, which 
would confound the water balance calculations. By focusing on 
consistently wet years, we minimized the effects of year-to-year 
variations in soil and groundwater storage, allowing us to more 
directly analyse changes in PPT-ET partitioning.

2.4   |   Statistical Data Analysis

We transformed non-normal data when necessary. Log10 transfor-
mation of discharge and riparian cover normalized the data for all 
statistical analyses, including regression, correlation, ANCOVA, 
and structural equation modelling. This transformation addressed 
non-normal distributions and unequal variances, meeting critical 
assumptions for our entire analytical framework. To minimize is-
sues with zero-inflated data, we added 0.0001 cms (one unit less 
than our minimum detection limit) to each daily discharge value 
to retain information on daily mean discharge days with zero flow 
when using the log transformation.

We controlled for temporal autocorrelation in discharge data 
using an analysis of mean daily discharge from the USGS 
gauging station over the entire period of record. We offset the 
temporal series of data against itself starting at 10 days and 
increasing the sliding window offset by 10-day increments 
up to 90 days. We used this approach to find the time lag 
where temporal autocorrelation was no longer statistically 
significant (p > 0.05). This threshold indicates the point at 
which past daily discharge no longer significantly influenced 
current daily discharge, meaning observations separated by 
this time lag could be considered statistically independent of 
each other.

Once we determined the length of time lag for autocorrela-
tion, we used this window length for subsequent analyses. We 
moved the window by month through the year to see if varying 
the window start date influenced the relationship of change in 
discharge over time to assess if there were natural breaks or 
seasons with differences in discharge patterns. We then used 
the results from the USGS Kings Creek site to divide the data 
to account for seasonal factors for this and the upstream LTER 
sub-watersheds.

We focused on discharge and the number of flow days as our two 
key response (dependent) variables and their relationships with 
potential drivers (PPT, temperature, riparian cover and ET) over 
time for both USGS Kings Creek and LTER sub-watersheds for 
each period determined based on the autocorrelation analysis. 
We first explored the dataset with Pearson correlation for both 
USGS Kings Creek and individual LTER sub-watersheds to es-
tablish correlations among discharge and flow days with year, 
PPT, temperature and riparian cover by seasons. As the solar 
radiation and humidity are directly proportional to the tempera-
ture, we removed solar radiation and humidity from our further 
analysis. PPT and temperature were most strongly correlated 
with discharge, so we used analysis of covariance (ANCOVA) 
with year, PPT and temperature as the continuous variables, 
and season as an independent categorical variable to assess if 
the season interacted with the continuous variables to predict 
discharge or the number of flow days (i.e., if overall trends were 
strongly influenced by specific seasons). We also analysed tem-
perature and PPT as separate dependent variables to establish 
temporal trends in these variables with time.

We assessed the independent variables discharge and seasonal 
number of flow days against year, PPT, temperature and ripar-
ian cover with regression. Then we used ANCOVA to explore 
discharge and the number of flow days at LTER sub-watersheds 
as a function of season (categorical) with continuous variables of 
year, temperature and PPT and interactions of all variables. We 
analysed the proportion of woody riparian vegetation in each 
LTER sub-watershed to see how this impacted the discharge. 
Finally, we performed ANCOVA for discharge and flow days as 
a function of the sub-watersheds (N4D, N2B and N1B) with con-
tinuous variables of year, temperature and PPT.

We also employed ANCOVA to assess the influence of vegeta-
tion on the USGS Kings Creek gauge. Initially, we analysed the 
ET rates for the entire watershed, specifically focusing on grass 
ET measured in mm/3 months (ETgrass) with season as a cate-
gorical variable and year as a continuous variable. Subsequently, 
we expanded the analysis to include both grass ET and ripar-
ian area woody cover (ETgrass + wood), examining their combined 
effects with the same categorical and continuous variables. 
Finally, we conducted an ANCOVA to explore the influence 
of grass ET while incorporating the total proportion of woody 
cover across the entire watershed (ETtotal proportion wood). For this 
analysis, we employed temporal interpolation using exponential 
regression modelling (R2 = 0.9691) fitted to six measured time 
points of watershed-wide woody cover from 1980 to 2020. This 
highly significant model (R2 > 0.96) allowed us to interpolate an-
nual woody cover values for years between measurements. We 
then calculated (ETtotal proportion wood) by applying the 2× woody 
ET multiplier to these annual woody cover estimates, weighted 
by the proportional area of woody vegetation versus grassland 
across the entire watershed for each year.

We tested the model in Figure  1 with a structural equation 
model (SEM) to elucidate the interrelationships among key en-
vironmental variables. The SEM focused on two response vari-
ables: discharge and the number of flow days. ET was modelled 
as being influenced by three directly measured variables (PPT, 
temperature and riparian woody encroachment). Discharge and 
the number of flow days were both modelled as being influenced 

(2)Pex =
(PPT − ET)

PPT

(3)Eex =
(

PET − ET

PET

)
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7 of 19

by ET (grass with riparian wood cover) and PPT, since PPT 
can directly run off into the streams or be intercepted and lost 
through ET. All statistics were done with IBM SPSS Statistics 
27, except structural equation modelling, which was done in R 
Studio version 2023.12.1 + 402.

3   |   Results

3.1   |   Temporal Trends of Hydrology and Climate at 
USGS Kings Creek Gauge

Kings Creek at Konza Prairie is an intermittent stream that can 
flow or dry any month of the year. We found modest evidence for 
decreases in mean annual discharge, likely related to the high 
interannual variance; long-term data indicated a decrease in 
yearly mean discharge over time (F = 2.289, p = 0.139). However, 
using daily data resulted in a clearer decline in discharge; log10 
(daily mean discharge + 0.0001 cms) decreased 84% from 1982 
to 2020 (F = 413.761, p < 0.001) (Figure S1). The annual number 
of flow days at the USGS Kings Creek gauge showed a down-
ward trend (F = 8.973, p < 0.005) with a moderate correlation 
(R2 = 0.20), with predicted values from the regression model 
roughly halving from 240 to 120 days annually between 1982 
and 2020 (Figure  3B). Temperature demonstrates a warming 
trend, increasing by approximately 1.2°C over the 39-year pe-
riod (F = 19.27, p < 0.001) (Figure 3C). Yearly PPT shows a slight 

visual increase but with high variability and low confidence 
(R2 = 0.03, F = 1.21, p = 0.278) (Figure 3D and Tables S1–S3). We 
found no individually significant contributions of season, year, 
and season*year interaction with PPT patterns, but tempera-
ture dynamics are notably influenced by time (years) (Tables S5 
and S6).

3.2   |   Temporal Autocorrelation in Discharge

We offset the USGS discharge using a sliding window of 10 days up 
to 90 days (increasing the window size by 10 days for each correla-
tion) to estimate the temporal autocorrelation period and explore 
the times of the year that were most influential in the observed 
decrease in discharge and the number of flow days. By the time 
we reached the 90-day sliding window, temporal autocorrelation 
of discharge became non-significant. We then used a 5-day win-
dow between 80 and 90 days, and the temporal autocorrelation 
abruptly became non-significant with an 85-day time lag. Based 
on this, we divided the data into four 3-month seasonal periods in 
each year (Figure 4; see Table S4). We also tested if it mattered if 
we started the three-month periods in January, February, March 
or April using temporal autocorrelation. It made little difference 
(p > 0.05) which of the months we started our 3-month periods, 
so we analysed seasonal effects with January to March as season 
one (Julian Days 1–90), April–June as season two (Julian Days 91–
181), July–September (Julian Days 182–273) as season three and 

FIGURE 3    |    Annual mean daily discharge by year (A) and number of annual flow days by year (B), annual mean daily temperature (C) and annual 
total precipitation (D) at the USGS gauge in the Kings Creek watershed. The solid salmon-red line illustrates a regression fit for each graph where 
p < 0.05.
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8 of 19 Ecohydrology, 2025

October–December (Julian Days 274 to 365 or 366 depending upon 
leap-year) as season four (Figure 4).

3.3   |   Factors Influencing Discharge and Total Flow 
Days Per Season in the Three Sub-Watersheds

Watershed N4D (burned every 4 years) had an approximately sev-
enfold increase in the proportion of riparian woody cover between 
1980 and 2020 (F = 8921, p < 0.001; Figure 5C). At the N2B water-
shed, which burns every 2 years and excluding the years of manual 
removal, total riparian cover increased almost 200% over the same 
period (Figure 5B). The manual vegetation removal carried out in 
the N2B watershed during 2011–2013 had minimal impact on the 
long-term trend, causing a short-term decrease during the removal 
experiment but a rapid return to the trajectory of exponential in-
crease. Annually burned N1B had a riparian cover increase of 
about twofold from 1982 to 2020 (Figure 5A). The riparian zones 
cover approximately 20% of each watershed.

The ANCOVA for the sub-watersheds revealed that season, 
sites, PPT and riparian cover all influenced discharge (p < 0.01). 

PPT emerges as the dominant factor, with the highest F value 
(72.410). Temperature, however, does not impact discharge 
(p = 0.285). The interaction between sites and riparian cover 
(p < 0.001) suggests that riparian cover's influence on discharge 
varies across locations (Table  S7). In contrast, for flow days, 
season and PPT remain highly influential (p < 0.001), but wa-
tershed less so (p = 0.309). Temperature and riparian cover also 
show no significant main effects. Notably, interaction terms 
indicate that temperature, PPT and riparian cover affect flow 
days consistently across sites and seasons (Table S8).

3.4   |   Correlations With Discharge and the Number 
of Flow Days and How They Are Changing Over 
the Years for USGS Gauge and Upstream Sub-Basins

At the USGS Kings Creek gauge, discharge showed strong 
positive correlations with both annual PPT and the number 
of flow days. The number of flow days exhibited negative re-
lationships with both year (Figure  3B) and temperature (not 
shown). Temperature displayed a positive relationship with year 
(Figure 3C and Table S9).

FIGURE 4    |    Discharge averaged for each day from 1982–2020 at the USGS Kings Creek gauge. Boxes indicate the ‘seasons’ we used for subsequent 
analyses, which were defined based on periods where temporal autocorrelation was not significant.

FIGURE 5    |    Log10 scaled proportion of shrub and tree cover in riparian zones over time at the Kings Creek sub-basin watersheds with different 
burning frequencies. (A) N1B burns every year, (B) N2B burns every 2 years and (C) N4D burns every 4 years. All watersheds showed a significant 
increase in the total riparian cover. Note the vertical dashed line in Panel (B) indicates when riparian removal temporarily decreased woody cover 
following the whole watershed riparian removal experiment.
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9 of 19

The flow characteristics (mean discharge and number of flow 
days) were very variable in the sub-watersheds, generally with 
fewer flow days than at the USGS gauge. The LTER N4D water-
shed displayed strong positive correlations of both discharge (an-
nual) and the number of flow days with PPT. Unlike the USGS 
site, no significant correlation was found between discharge and 
temperature in this watershed. Over the study period, ripar-
ian cover steadily increased; yet, this increase did not correlate 
strongly with discharge or the number of flow days (Table S10).

The N2B watershed demonstrated similar patterns to those ob-
served in N4D, with discharge and the number of flow days pos-
itively correlated with PPT amounts. Temperature had a weak 
relationship with discharge and flow days (Table S11). In con-
trast, the N1B watershed exhibited different patterns compared 
to N4D and N2B. Discharge did not significantly relate to PPT, 
and there was a positive relationship between the number of 
flow days and PPT (Table S12).

3.5   |   What Might Influence Discharge 
and the Number of Flow Days at the USGS Station 
Over the Years by Season?

The ANCOVA for discharge at USGS Kings Creek gauge reveals 
PPT is a key driver affecting discharge (p = 0.002, F = 10.264). 
Season had weak relationships with discharge (p = 0.623) as 
did temperature and riparian cover. The absence of strong in-
teraction terms (all p > 0.05) suggests consistent effects of tem-
perature, PPT and riparian cover across seasons. At this site, 
PPT drove discharge variation (see Table  S13). Analysis of 
flow days presents a contrasting result to the discharge model. 
Increases in riparian cover were associated with a decrease in 
flow days (F = 4.074, p = 0.048), unlike in the discharge model. 
Surprisingly, neither season nor PPT showed significant main 
effects at the USGS gauge, diverging from sub-watershed results. 
Temperature remained weakly related. Again, interaction terms 
all had p > 0.12, indicating consistent variable effects across fac-
tor combinations (Table S14). In sum, these analyses suggest ri-
parian cover is a key control in determining the number of flow 
days at USGS Kings Creek, outweighing PPT and season.

3.6   |   Assessing ET Dynamics With Wood Across 
Seasons

Our ANCOVA analyses revealed that woody vegetation substan-
tially amplifies both seasonal ET patterns and long-term ET in-
creases. For the grassland-only ET scenario, we found modest 
seasonal variation (F₃,₇₂ = 2.562, p = 0.061) and a weak constant 
yearly increase (F₁,₇₂ = 4.245, p = 0.043), with a marginal season-
by-year interaction (F₃,₇₂ = 2.696, p = 0.052). When woody 
vegetation was included, these patterns became much more pro-
nounced. For the ET with riparian woody vegetation scenario, 
both season (F₃,₇₂ = 6.616, p = 0.001) and year (F₁,₇₂ = 26.801, 
p < 0.001) had strong effects, with a powerful season-by-year 
interaction (F₃,₇₂ = 7.096, p < 0.001). Similar strong effects were 
observed for the ET with total watershed woody vegetation sce-
nario, with notable effects of season (F₃,₇₂ = 6.440, p = 0.001), 
year (F₁,₇₂ = 25.937, p < 0.001) and their interaction (F₃,₇₂ = 6.908, 
p < 0.001). See Tables S15–17 for full ANCOVA results.

Our most striking finding is the significant increase in ET with 
time due to woody encroachment, with this effect most pronounced 
during late summer months. Specifically, the July–September 
trendline for ETgrass + wood and ETtotal proportion wood exhibited the 
steepest positive slopes, approximately 9.94 and 7.39 mm per de-
cade, respectively, while ETgrass showed a more moderate slope of 
6.36 mm per decade (Figure 6). This indicates that woody vegeta-
tion amplified the increasing trend in summer ET over the study pe-
riod. Over the entire 2001–2020 period, summer (July–September) 
ET increased dramatically by 56 mm (2.78 mm/year) in areas with 
riparian woody vegetation compared to just 28 mm (1.42 mm/year) 
in grass-only areas. Total ET during this critical period reached ap-
proximately 400 mm per three-month season in woody-influenced 
watersheds by 2020, representing an ~15% increase from the 350-
mm seasonal totals observed in 2000. The spring (April–June) 
period also showed notable increases in ET with woody vegeta-
tion present, with positive slopes of 1.42 mm/decade for ETgrass, 
3.44 mm/decade for ETtotal proportion wood and 1.42 mm/decade for 
ETgrass + wood suggesting an upward trend, although not as steep 
as the July–September period (Figure 6). Winter and fall periods 
showed minimal change over time, regardless of vegetation type. 
The predominant summer ET increase is particularly important 

FIGURE 6    |    Seasonal variation in evapotranspiration (mm/3 months (cumulative seasonal total)) dynamics for total watershed grass ET (A), total 
watershed grass + riparian woody cover ET (B) and total watershed grass + total woody cover ET (C) in the USGS Kings Creek watershed.
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10 of 19 Ecohydrology, 2025

for streamflow as it occurs during the period when water availabil-
ity is limited and demand is high, creating a seasonal water deficit 
that contributes directly to fall stream drying.

We analysed the relationship between PPT excess (Pex) and energy 
excess (Eex) for the USGS Kings Creek watershed (Figure 7) to un-
derstand the temporal dynamics of these drivers. During these wet 
years, both Eex and Pex were generally positive (Figure 7). During 
the spring (April–June) and fall (October–December) seasons, 
Pex was generally high and there was variability primarily along 
the Eex dimension among years (Figure 8), indicating that during 
these seasons, the availability of energy is the primary factor vary-
ing among years. In winter (January–March) and summer (July–
September), the points generally shift downward and to the left 
through time, indicating both Pex and Eex are decreasing, which 
is a pattern that would be expected under woody vegetation en-
croachment (Tomer and Schilling 2009).

The path coefficient of the structural equation modelling 
(Figure 9) indicates strong effects of PPT on both discharge and 
the number of flow days and a very strong influence of ET on dis-
charge, but not flow days. This modelling also shows that ET has 
a modest negative relationship with streamflow discharge (coef-
ficient = −0.002, p = 0.002). While the p value is small, the mag-
nitude is relatively small in standardized terms. Temperature 
(16.58) and riparian cover (219.29) show much larger direct ef-
fects on ET than ET shows on discharge. This explains the ap-
parent contradiction in our earlier analyses: the relationship is 
statistically strong (highly significant) but modest in effect size. 
PPT maintains the dominant direct effect on discharge (0.006, 

p < 0.001), while ET's influence operates both directly and 
through complex indirect pathways. The relationship between 
ET and flow days is even weaker (−0.041, p = 0.178), suggesting 
different mechanisms control flow persistence. The large coef-
ficients highlight the strong impacts of temperature and ripar-
ian areas, while the small coefficients suggest weaker effects for 
the other relationships in this watershed hydrological network, 
where ET serves as a key mediating process.

4   |   Discussion

4.1   |   Expanded Woody Vegetation Plays a Role in 
Declines in Stream Discharge and Flow Days

Our results highlight a decline in daily discharge by 84% and 
flow days by 55% at the USGS Kings Creek gauge from 1982 to 
2020. The USGS Kings Creek watershed basin is on a trajectory 
of change with riparian woody expansion occurring that could 
eventually spread to all streams in all watersheds at the site and 
replace all grass-dominated riparian areas (Dodds et al. 2023). 
This expansion was dramatic: near doubling of riparian cover in 
watersheds N1B and N2B, and a sevenfold increase in watershed 
N4D. This progressive increase in woody vegetation substan-
tially expanded the total leaf area available for transpiration, 
particularly in watersheds with less frequent burning.

The negative association of riparian cover with discharge, as me-
diated by ET in our study, indicates that increased woody vege-
tation is associated with reduced discharge, as has been shown 

FIGURE 7    |    (A–D) Comparative plots of excess precipitation (Pex) versus excess evaporative demand (Eex) for grass with wood in the USGS Kings 
Creek watershed for wet years from 2001 to 2020.
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FIGURE 8    |     Legend on next page.
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12 of 19 Ecohydrology, 2025

by others in catchment-scale hydrological systems (Bosch and 
Hewlett 1982; Zhang et al. 2001). Our data suggest a nonlinear 
response where impacts intensify once woody cover exceeds 
critical thresholds (approximately 30% in watershed N4D). This 
supports recent work suggesting that stream intermittency can 
be characterized by tipping point behaviour between wet and 
dry states (Zipper et al. 2022).

Encroachment of woody species in mesic grasslands is associ-
ated with increased ET due to the generally higher transpiration 
rates exhibited by woody plants compared to grasses (Huxman 
et  al.  2005; Keen et  al.  2022; O'Keefe et  al.  2020; Wilcox 
et al. 2022). In the KPBS riparian area, about 75% of the total 
PPT is lost to ET (Steward et al. 2011). This proportion is well 
supported by our Pex analysis, which shows winter (January–
March) and fall (October–December) seasons with positive Pex 
values around 0.2–0.5, indicating 50%–80% of PPT consumed by 
ET. Spring (April–June) shows similar patterns, while summer 
(July–September) shows Pex values approaching or below zero, 
particularly in recent years, indicating nearly 100% of PPT con-
sumed by ET. The significant increase in ET we documented 
during July–September, particularly in models incorporating 
woody vegetation, reflects the capture of subsurface water by 
woody species. This is further supported by observed correla-
tions between the spatial distribution of stream drying and sea-
sonal to annual ET rates in the watershed (Zipper et al. 2025).

The well-distributed and deeper root systems of woody veg-
etation compared to grasses enable them to access deeper 
soil water or groundwater, altering infiltration rates and flow 
paths (Nippert and Knapp 2007). While grasses are predomi-
nantly dependent upon water within the top 30 cm of the soil, 
with a majority of grass root biomass in the upper soil profile 
(Dahlman and Kucera  1968; Hintz  1999), woody C3 species 
access deeper soil water through extensive taproot systems. 
The use of stream water by shrubs along riparian areas, as 
indicated by water stable isotopes, shows substantial shrub 
consumption of stream water during portions of the growing 
season (Keen et al. 2022). When comparing our ET models, we 
found that riparian woody vegetation had a stronger per-area 
impact on streamflow than upland woody vegetation, likely 
due to riparian trees' direct access to stream water and shal-
low groundwater. While both riparian-only and total water-
shed woody vegetation models predicted significant increases 
in ET, the riparian model explained a slightly higher propor-
tion of discharge variance.

Our findings on decreasing streamflow align with changing 
vegetation-water dynamics in this watershed. Even during wet 
periods, over 95% of PPT travels through the subsurface rather 
than as direct runoff (Hatley et al. 2023), with increasingly long 
flow paths as the stream network dries (Swenson et al. 2024). 
Our discharge and ET results suggest this subsurface flow 

FIGURE 8    |    Seasonal breakdown of excess precipitation (Pex) versus excess evaporative demand (Eex) for the USGS Kings Creek watershed from 
2001–2020 (wet years only). Panels show (A–D) Pex patterns and (E–H) Eex patterns for winter (January–March), spring (April–June), summer (July–
September) and fall (October–December), respectively. Colour gradient represents the year progression from 2001 (cool colours) to 2020 (warm co-
lours). Red dashed lines indicate linear trends.

FIGURE 9    |    Structural equation model illustrating significant relationships according to the conceptual model. Blue estimates are significant at 
p < 0.002, while the purple estimate indicates significance at p = 0.032. (Here, ‘Q’ = log discharge, ‘ET’ = actual evapotranspiration, ‘Precip’ = precipi-
tation, ‘Temp’ = temperature and ‘Rip Cover’ = log riparian cover.) Solid arrows represent direct causal relationships, while dashed arrows represent 
covariances without assumed direct causality. Straight arrows indicate hypothesized directional effects, and curved arrows represent residual vari-
ances (self-loops) or correlations between variables. Numbers on paths are standardized path coefficients.
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path is increasingly exploited by woody vegetation. The dif-
ferential response we observed in watersheds with varying 
woody encroachment levels (N1B vs. N4D) further supports this 
mechanism.

Rising atmospheric CO₂ and temperature will complicate veg-
etation–water relationships. Current CO₂ levels of 420 ppm 
are projected to reach 550–900 ppm by 2100 (Change  2007), 
which will enhance woody C₃ species' dominance by increas-
ing their water-use efficiency, allowing them to keep stomata 
closed more often without becoming carbon-limited (Anadón 
et  al.  2014; Volder et  al.  2013; Wang et  al.  2018). Warming of 
2.5°C–5.5°C by 2100 (RCP4.5-8.5) will increase ET by 3%–5% 
per°C (Acharya et al. 2017), potentially raising annual ET de-
mand by 10%–25%. Our data show a shift towards more in-
tense, less frequent PPT events—a trend projected to continue 
(Davenport and Diffenbaugh 2021). These larger storms would 
likely lead to greater proportions of runoff and less infiltration, 
favouring woody vegetation with deeper roots that can tap into 
stored subsurface water.

Our results indicate that yearly burning in this grassland eco-
system could somewhat slow the expansion of woody vege-
tation, as the increase of woody riparian cover was slower in 
watershed N1B (burned annually) compared to N2B and N4D. 
However, even the annually burned watershed with slower en-
croachment still experienced discharge declines once sufficient 
woody cover was established. This threshold effect highlights 
important implications for targeted management interventions, 
suggesting that prevention of initial establishment may be more 
effective than managing established woody vegetation. Due to 
the complexity of stream intermittency, there might be many 
physical factors involved, each of which has a moderate effect 
(Snelder et  al.  2013). However, our results and those of Keen 
et al.  (2023) suggest that the increase in gross water use asso-
ciated with woody encroachment both inside and outside the 
riparian area leads to an increase in overall water use, making 
it more likely that woody cover decreases the amount of water 
that reaches streams and groundwater, regardless of the specific 
water source used by trees and shrubs.

4.2   |   Temporal Dynamics of ET Driven by 
the Interplay of Water and Energy

PPT and discharge usually display weak correlations due to in-
terception by plants (Costigan et al. 2015; Wine and Zou 2012). 
Our system is hyper-variable because average potential ET 
over all of the years is roughly equal to annual PPT (Acharya 
et al. 2017; Sadayappan et al. 2023). Thus, slightly wetter seasons 
or years can lead to streamflow, and modestly drier years or sea-
sons lead to dry streams. The effect of woody ET is most strongly 
illustrated by our results from late summer when vegetation de-
mand for water is high, the temperature is high, and even with 
periodic large storms, the streams often stop flowing.

The analysis of the excess PPT (Pex) versus excess evaporative 
demand (Eex) from 2001 to 2020 reveals additional evidence for 
vegetation-induced changes in the local hydrology as stream-
flow requires positive Pex. The July–September period reveals 
the gradual transition towards increased woody vegetation 

within the watershed that creates more evaporative demand 
as indicated by a shift downward and to the left on Figure 7C. 
The seasonal breakdown (Figure 8) shows this pattern is most 
pronounced during summer (July–September) and winter 
(January–March) months with Eex decreasing most strongly 
during July–September over time, while spring and fall seasons 
exhibit more variable patterns with less clear temporal trajecto-
ries. This pattern aligns with the watershed afforestation effects 
on the water and energy balance following woody vegetation ex-
pansion in other watersheds (Bosch and Hewlett  1982; Zhang 
et  al.  2001). We note this trend was evident even though we 
restricted the analysis to wetter years, which was necessary to 
avoid the problem of PPT renewing groundwater or soil mois-
ture. The trend would be stronger if we included drier years. This 
trend is particularly significant given that July to September typ-
ically represents the warmest and driest part of the year.

The temporal shift of the energy and PPT balance provides sub-
stantial evidence of potential consequences of an ecosystem 
transition from grassland to a more woody-dominated land-
scape, a change that can have profound implications for biodi-
versity, carbon storage, and local climate regulation (Banerjee 
et al. 2023; Dodds et al. 2023; Ekberzade et al. 2023; Feurdean 
et al. 2021; Keen et al. 2024; Liu et al. 2023). The trend could 
be part of a positive feedback loop, where initial increases in 
woody vegetation alter local surface water availability, further 
favouring woody encroachment (Wilcox et al. 2006, 2022). This 
self-reinforcing process aligns with documented threshold dy-
namics in grassland ecosystems (Ratajczak et al. 2012; Scheffer 
et al. 2015), where transitions accelerate once woody cover ex-
ceeds critical thresholds. D'Odorico et  al.  (2012) specifically 
identified hydrological feedbacks as key drivers of irrevers-
ible state changes in grasslands, where woody plants modify 
soil moisture regimes to their advantage, further suppressing 
grasses. It is important to consider these vegetation-induced 
changes in the context of broader climate change patterns, as 
rising temperatures and altered PPT regimes could amplify the 
hydrologic effects of vegetation change.

Specific drought years (2002, 2003, 2006, 2011, 2012, 2013 and 
2018) revealed a consistent pattern where low PPT coincided 
with decreased discharge and reduced flow days. These drought 
years exhibited discharge and flow day values 35%–50% lower 
than wet years, demonstrating how climate variability ampli-
fies vegetation-driven hydrological changes. With projected 
PPT changes bringing more intense but infrequent storms that 
favour woody vegetation, our models suggest riparian woody 
cover may reach 70%–90% by 2050, potentially reducing an-
nual discharge by 30%–50% and increasing zero-flow days by 
20–40 days. Even with intensive management (annual burning 
and woody removal), discharge may still drop 15%–25%. Only 
aggressive vegetation control combined with climate mitigation 
could maintain near-current streamflow patterns.

While our analysis focused on flow at watershed outlets, cumu-
lative PPT and ET can also have significant impacts on the spa-
tial distribution of flow within watersheds (Zipper et al. 2025), 
indicating potential widespread ecological impacts. The com-
pound effects of below-average PPT and increased ET demands 
from woody vegetation were particularly evident during these 
drought periods, resulting in more extensive stream drying than 
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would be expected from PPT deficits alone in a grass-dominated 
system.

The structural equation model in our study showed a high de-
gree of unexplained variance in flow days, as evidenced by the 
substantial flow days-flow days coefficient. This finding un-
derscores the complex nature of flow persistence in the USGS 
Kings Creek watershed system and suggests that factors beyond 
PPT and ET play crucial roles in determining the number of 
flow days. For example, the karstic landscape leads to complex 
hydrology as various geological layers connected by intricate 
flow paths respond to a variable climate (Costigan et al. 2015; 
Gambill et al. 2024; Zipper et al. 2025).

The largely unexplained decreases in flow days highlight a key 
distinction in hydrological drivers. While both our ANCOVA 
and structural equation modelling captured PPT's positive and 
ET's negative effects on discharge, flow persistence remained 
poorly explained. This suggests that unmeasured factors such as 
groundwater dynamics and subsurface characteristics play cru-
cial roles in determining flow days, representing an important 
area for future research (Huxman et al. 2005; Wilcox et al. 2022). 
Additionally, the high unexplained variance may indicate the 
presence of non-linear relationships or time-lagged effects that 
our linear model does not account for (although accounting for 
temporal autocorrelation could obviate this problem).

4.3   |   How Might This Apply to Other Grasslands?

While a decrease in streamflow with increased woodiness is 
common, diverse responses have been observed, indicating 
context dependence. Alterations in streamflow patterns re-
sulting from either woody encroachment or shifts in climate 
occur in diverse geographical contexts. For example, declines in 
streamflow occurred in encroached prairie regions, notably in 
Canada and the Great Plains of the United States (Starks and 
Moriasi 2017; Zou et al. 2018). In the North Concho catchments 
of Texas, an up to 70% reduction in streamflow coincided with 
an increase in woody cover as degraded grassland recovered 
to savannah grassland, and was probably related to decreased 
stormflows (Wilcox et  al.  2008). In the karst regions of the 
Matese and Picentini massifs in Southern Italy, spring discharge 
showed a significant declining trend despite a slightly positive 
(though not statistically significant) trend in annual PPT, with 
temperature increases playing an important role in this decline. 
This was especially evident in the Caposele spring catchment, 
which is notably undisturbed by groundwater abstraction or 
land-use changes (Fiorillo et al. 2021).

At KPBS, groundwater storage is one of the most important 
sources of stream water. In a recent investigation within the 
N4D watershed, Hatley et al. (2023) elucidated that groundwa-
ter discharge played a predominant role, contributing over 95% 
to streamflow during their sampling period from April to July 
2021. The study found minimal contributions from soil water 
(below 1%) and direct surface runoff (below 4%) to the over-
all streamflow dynamics. These findings are consistent with 
the substantive influence of groundwater in sustaining flow 
across various aquatic ecosystems, encompassing both small 
headwater non-perennial streams (Costigan et al. 2014; Hatley 

et al. 2023; Warix et al. 2021) and larger intermittent rivers (Vu 
et al. 2018; Zipper et al. 2022). The observed cyclical patterns of 
ET, both seasonally and annually, enhance our understanding 
of water and energy balance in grassland ecosystems and relate 
to stream drying at differing timescales (Zipper et  al.  2025). 
This may contribute to the phenomenon observed by Swenson 
et  al.  (2024), wherein a transition to slower and deeper flow 
paths occurred as the USGS Kings Creek stream network dried 
out over the summer.

Our Kings Creek studies offer a key comparison for global grass-
land studies. In the Edwards Plateau's karst catchments, stream-
flow increased from 1925 to 2010 alongside rising woody cover, 
while an Oklahoma catchment (1938–1992) saw stable stream-
flow and increased baseflow due to riparian woody expansion 
and slight PPT increases ( 2015; Wine and Zou  2012). Studies 
from Australian grasslands found that shrub encroachment al-
tered soil infiltration patterns, with infiltration rates varying 
spatially between shrub canopies and interspaces (Eldridge et al. 
2015). Archer et al. (2017) observed increased dry season flow 
in South American grasslands following woody encroachment, 
attributed to reduced fire and enhanced hillslope infiltration. 
These global contrasts highlight how climate, hydrogeology 
and management shape hydrological responses, with USGS 
Kings Creek providing critical insights into temperate grassland 
stream dynamics. Researchers and land managers in various 
grassland territories may consider adopting similar methodol-
ogies to scrutinize the ecological repercussions of evolving ET 
patterns and integrate these insights into the broader context of 
ecosystem dynamics (Cook et al. 2020; Ryu and Hayhoe 2017).

These substantial increases in woody cover reflect broader re-
gional trends in the Great Plains. Assessments of land cover 
change across Kansas show dramatic increases of 40%–60% 
in riparian corridors (Briggs et al. 2005). Similar patterns have 
been observed throughout the central Great Plains, where woody 
plant cover has increased by approximately 8%–15% per decade 
in areas without active management (Symstad and Leis 2017). 
The rates of woody encroachment in our more study watersheds 
exceed these regional averages, particularly in the 4-year burn 
watershed (N4D), suggesting that local factors such as topogra-
phy, hydrology and specific management histories may not have 
been taken into account previously.

4.4   |   Ecological and Water Yield Implications

Low and zero flow can impact various physical characteristics 
of stream habitats, including wetted area, maximum depth, and 
dissolved oxygen concentrations (Leopold and Maddock 1953). 
The ecological consequences are multifaceted, affecting the 
availability and suitability of habitats for organisms reliant on 
streamflow. Macroinvertebrate density and diversity, critical 
components of aquatic ecosystems, may experience significant 
reductions in diverted reaches (McKay and King  2006), pos-
ing challenges for species adapted to historical flow regimes 
(Maskey et al. 2022). Changes in discharge patterns also influ-
ence nutrient transport and cycling, with potential repercus-
sions for both terrestrial and aquatic nutrient dynamics (Dodds 
et al. 2004; Von Schiller et al. 2011; von Schiller et al. 2017). The 
role of hydrology in shaping water quality is pivotal (Li 2019), 
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with studies establishing a correlation between low streamflow 
and elevated concentrations of solutes in rivers and streams on a 
continental scale (Li et al. 2022).

While heightened riparian cover corresponds to decreased dis-
charge, ecological processes are also influenced by riparian 
vegetation, including nutrient retention, sediment filtration, 
habitat complexity, autotrophic/heterotrophic balance in grass-
land streams (Stagliano and Whiles  2002) and stream biology 
(Vandermyde and Whiles 2015). While woody vegetation might 
be more efficient at sediment and nutrient removal, the trade-
off between these vegetation benefits and reduced streamflow 
raises crucial questions about the overall ecological balance and 
sustainability of the watershed.

Cascading effects of decreased discharge may extend to down-
stream areas, where vegetation relying on streamflow may 
undergo water stress, impacting growth, reproduction, and 
community composition (Stromberg et al. 2010). In agricultural 
and human contexts, the decrease in mean discharge and flow 
days holds significant water yield implications, potentially af-
fecting downstream uses such as agricultural irrigation and 
municipal water supply. Long-term hydrological analyses of the 
Kansas River (which USGS Kings Creek drains to), indicate that 
drought-like flows are becoming more common even with rela-
tively constant annual PPT (Putnam et al. 2008). Woody expan-
sion in the region, combined with widespread agricultural water 
use, could partially explain this phenomenon. The characteri-
zation of seasonal influences on ET dynamics provides insights 
into the water use patterns of different vegetation types. Our 
assessment of hydrological effects of woody expansion suggests 
that woody encroachment will continue shaping water availabil-
ity and demand in the watershed. Although our analysis focused 
on surface hydrology, groundwater dynamics play a crucial role 
in stream intermittency within the USGS Kings Creek water-
shed's merokarst geology (Sullivan et al. 2020), and will be in-
fluenced by woody encroachment as well.

Woody encroachment likely affects groundwater-surface water 
dynamics in Kings Creek in three key ways: (1) deep-rooted 
woody species, as opposed to grasses, tap groundwater, lowering 
water tables and reducing streamflow (Keen et al. 2022); (2) en-
croachment alters infiltration and subsurface flow, redistribut-
ing recharge patterns (Gambill et al. 2024); and (3) as the stream 
network dries, baseflow becomes critical, but increased ET from 
woody plants accelerates depletion, extending zero-flow periods 
(Swenson et al. 2024). The uncorrelated discharge-PPT pattern 
in the annually burned N1B watershed suggests that hydrogeo-
logical buffering, rather than immediate PPT, governs stream-
flow. Future studies should integrate groundwater monitoring, 
seasonal water table dynamics, and isotopic analyses to refine 
our understanding of woody encroachment's impact on inter-
mittent streams.

5   |   Conclusions

Our study demonstrates that the USGS Kings Creek watershed 
has experienced significant hydrological changes from 1982 
to 2020, with an 84% decrease in daily discharge and a 55% 
reduction in annual flow days. These changes coincided with 

substantial increases in woody vegetation cover across all wa-
tersheds, ranging from a two-fold increase in annually burned 
areas to a sevenfold increase in areas burned every 4 years. 
Through structural equation modelling and seasonal analysis, 
we found that expanded riparian woody vegetation significantly 
influences stream discharge through increased ET, particularly 
during summer months. While our SEM showed a weaker di-
rect relationship between ET and flow days than between ET 
and discharge, our results indicated that riparian woody cover 
was significantly associated with decreased flow days. This 
suggests that woody vegetation affects flow persistence through 
complex pathways that may not be fully captured in our struc-
tural models. Notably, this impact showed pronounced seasonal 
variation, with the strongest effects during summer months 
(July–September) when increased ET from woody vegetation 
combined with higher temperatures created conditions where 
water demand frequently exceeded availability, leading to more 
extensive stream drying.

This effect is amplified by rising temperatures, which showed 
a 1.2°C increase over the study period, and increased rates of 
ET. This warming rate of approximately 0.31°C per decade is 
consistent with broader regional warming trends across the 
Great Plains, where average temperatures have increased by 
0.25°C–0.35°C per decade since the 1970s (Shafer et  al.  2014; 
Tebaldi et  al.  2021). However, the warming at Kings Creek is 
almost twice as high as the global average of approximately 
0.18°C per decade over the same period (Change 2007), indicat-
ing that this grassland ecosystem may be experiencing accel-
erated warming compared to global means. Yearly PPT shows 
a slight increase but with high variability and low confidence, 
which also aligns with regional climate assessments showing 
increased PPT variability rather than consistent directional 
changes for the central Great Plains.

In the USGS Kings Creek watershed and similar regions, our 
findings indicate an increased need for adaptive management 
strategies to counteract ongoing vegetation changes and their 
hydrological impacts. These efforts may include intensified 
actions to maintain the historical grassland ecosystem. The 
observed trends provide insight into the current state of the wa-
tershed and raise critical questions about the ecosystem's future 
trajectory under continued climate change and vegetation shifts.

Our results emphasize the need for a more comprehensive 
approach to modelling flow persistence in ecohydrological 
systems. Future research should focus on incorporating addi-
tional variables such as soil moisture dynamics, groundwater 
table fluctuations, root depth distributions, karst connectivity 
patterns, and antecedent watershed conditions. Additionally, 
exploring non-linear modelling techniques and considering 
various spatial and temporal scales could better capture the 
intricate dynamics governing flow days. This finding not only 
highlights the complexity of eco-hydrological systems but also 
opens new avenues for investigating the factors that control flow 
persistence in intermittent streams.

While the number of studies of intermittent streams has greatly 
increased in the last decade, especially focused on its ecol-
ogy (Allen et  al.  2020; DelVecchia et  al.  2022), much work is 
needed to understand the hydrology of intermittent streams. 
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Our findings could extend beyond just the USGS Kings Creek 
watershed, forming a foundational basis for identifying poten-
tial strategies to enhance resilience in grasslands regionally and 
potentially globally. Policymakers and managers, guided in part 
by the techniques used in this study, could potentially evaluate 
and predict how streams may be vulnerable to climate-induced 
intermittency, enabling more effective decision-making.
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Supporting Information section. Table S1: Regression analysis of USGS 
stream gage yearly mean discharge as a function of year. Table  S2: 
Regression analysis of USGS stream gage daily mean log10 discharge as 
a function of year Table S3: Regression analysis of USGS stream gage 
number of flow days by year as the independent variables. Table S4: 
Offset the USGS daily log10 discharge data by the periods from 10 days 
up to 90 days to estimate the autocorrelation period. ** Correlation 
p < 0.01 (2-tailed). * Correlation p < 0.05 level (2-tailed). n = 15,349 
Table  S5: Precipitation at Konza Prairie Biological Station as a func-
tion of the season as an independent categorical variable and year as 
a continuous variable. R Squared = 0.554 (Adjusted R Squared = 0.532) 
Table S6: Temperature at Konza Prairie Biological Station as a func-
tion of the season as an independent categorical variable and year as 
a continuous variable. R Squared = 0.976 (Adjusted R Squared = 0.975) 
Table S7: ANCOVA for log10 discharge at LTER watersheds (N4D, N2B, 
and N1B) as a function of Season (categorical) and site (N4D, N2B, and 
N1B) with continuous variables of temperature, precipitation, and ri-
parian cover. R Squared = 0.585 (Adjusted R Squared = 0.567) Table S8: 
eco70108-sup-0001-Supplementary_Material.docx.: ANCOVA for the 
number of flow days at LTER watersheds (N4D, N2B, and N1B) as a 
function of Season (categorical) and site (N4D, N2B, and N1B) with 
continuous variables of temperature, precipitation, and riparian cover. 
R Squared = 0.486 (Adjusted R Squared = 0.463) Table  S9: Pearson 
Correlation for USGS Kings Creek log10 discharge and associated vari-
ables. From 1982 to 2020. **. Indicates that correlation is significant at 
the 0.01 level (2-tailed) where *. Indicates correlation is significant at the 
0.05 level (2-tailed). Mean daily temperature (Temp), log10 discharge, 
Number of flow days (flow days), and total precipitation (Precip) within 
each season. The riparian cover is the average of the three LTER water-
sheds. The discharge and riparian cover were log-transformed. N = 39. 
Table  S10: Pearson Correlation for LTER watershed N4D log10 dis-
charge and associated variables. From 1985 to 2020. **. indicates that 
correlation is significant at the 0.01 level (2-tailed) where *. indicates 
correlation is significant at the 0.05 level (2-tailed). Variables are similar 
to Table 2. N = 34 Table S11: Pearson Correlation for LTER watershed 
N2B log10 discharge and associated variables. From 1987 to 2020. **. 
indicates that correlation is significant at the 0.01 level (2-tailed) where 
*. indicates correlation is significant at the 0.05 level (2-tailed). Variables 
are the same to table 2. N = 34 Table S12: Pearson Correlation for LTER 
watershed N1B log10 discharge and associated variables. From 1987 
to 2020. **. indicates that the correlation is significant at the 0.01 level 

(2-tailed). Variables are same as table 2. N = 34 Table S13: ANCOVA for 
discharge at USGS Kings Creek gage as a function of Season (categori-
cal) with continuous variables of temperature, precipitation, and ripar-
ian cover. R Squared = 0.586 (Adjusted R Squared = 0.528). Table S14: 
ANCOVA for the number of flow days at USGS Kings Creek gage as a 
function of Season (categorical) with continuous variables of tempera-
ture, precipitation, and riparian cover. R Squared = 0.412 (Adjusted R 
Squared = 0.330) Table  S15: ANCOVA for the whole watershed grass 
ET (mm/season) at USGS Kings Creek gage as a function of Season (cat-
egorical) with continuous variables of year. R Squared = 0.961 (Adjusted 
R Squared = 0.957. Table S16: ANCOVA for the whole watershed grass 
ET and riparian area woody cover (mm/season) at USGS Kings Creek 
gage as a function of Season (categorical) with continuous variables 
of year. R Squared = 0.962 (Adjusted R Squared = 0.958). Table  S17: 
ANCOVA for whole watershed grass ET including whole watershed 
total prop wood (mm/season) at USGS Kings Creek gage as a function of 
Season (categorical) with continuous variables of year. R Squared = 0.962 
(Adjusted R Squared = 0.958). Figure S1: Long-Term Decline in Kings 
Creek Discharge (1987–2020) via 5-Year Moving Average 
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