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Abstract

Riparian zones and the streams they border provide vital habitat for organisms,

water quality protection, and other important ecosystem services. These areas

are under pressure from local (land use/land cover change) to global (climate

change) processes. Woody vegetation is expanding in grassland riparian zones

worldwide. Here we report on a decade-long watershed-scale mechanical

removal of woody riparian vegetation along 4.5 km of stream channel in a

before–after control impact experiment. Prior to this removal, woody plants had

expanded into grassy riparian areas, associated with a decline in streamflow, loss

of grassy plant species, and other ecosystem-scale impacts. We confirmed some

expected responses, including rapid increases in stream nutrients and sediments,

disappearance of stream mosses, and decreased organic inputs to streams via

riparian leaves. We were surprised that nutrient and sediment increases were

transient for 3 years, that there was no recovery of stream discharge, and

that areas with woody removal did not shift back to a grassland state, even

when reseeded with grassland species. Rapid expansion of shrubs (Cornus

drummondii, Prunus americana) in the areas where trees were removed allowed

woody vegetation to remain dominant despite repeating the cutting every

2 years. Our results suggest woody expansion can fundamentally alter terrestrial

and aquatic habitat connections in grasslands, resulting in inexorable movement

toward a new ecosystem state. Human pressures, such as climate change, atmo-

spheric CO2 increases, and elevated atmospheric nitrogen deposition, could con-

tinue to push the ecosystem along a trajectory that is difficult to change.

Our results suggest that predicting relationships between riparian zones and the

streams they border could be difficult in the face of global change in all biomes,

even in well-studied sites.

KEYWORD S
alternative states, nutrients, riparian zone, stream discharge, thresholds, water quality,
woody vegetation

Received: 12 October 2022 Revised: 28 December 2022 Accepted: 25 January 2023

DOI: 10.1002/eap.2830

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Ecological Applications published by Wiley Periodicals LLC on behalf of The Ecological Society of America.

Ecological Applications. 2023;33:e2830. https://onlinelibrary.wiley.com/r/eap 1 of 23
https://doi.org/10.1002/eap.2830

https://orcid.org/0000-0002-6666-8930
https://orcid.org/0000-0002-4675-5738
https://orcid.org/0000-0002-5270-1381
https://orcid.org/0000-0002-7939-342X
https://orcid.org/0000-0001-9845-3558
https://orcid.org/0000-0003-1636-9569
mailto:wkdodds@ksu.edu
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/r/eap
https://doi.org/10.1002/eap.2830
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feap.2830&domain=pdf&date_stamp=2023-03-26


INTRODUCTION

Riparian zones are key control points in material transfer
between terrestrial and aquatic habitats due to high
biogeochemical activity (McClain et al., 2003). The ripar-
ian zone mediates water flow into stream channels,
where moisture may select for woody plant growth due
to increased water availability relative to other upslope
terrestrial landscapes (Rood et al., 2003). Riparian vegeta-
tion can exert controls on stream channel morphology
(Sweeney et al., 2004), strongly affect water quality
(Banner et al., 2009; Dodds & Oakes, 2006; Dosskey et al.,
2010; Grudzinski et al., 2016), and alter energy flow and
food webs in streams (Baxter et al., 2005; Vandermyde &
Whiles, 2015). Deforestation in temperate forested water-
sheds can strongly increase movement of nutrients and
sediments to streams without intact riparian zones
(Hobbie & Likens, 1973). However, the role of riparian
zones in controlling the movement of nutrients
(e.g., Herndon et al., 2015; Van Meerveld et al., 2019) and
water (Tabacchi et al., 2000) to streams is complex and
context dependent. Thus, the implications of large direc-
tional changes in species cover or composition in riparian
zones (e.g., invasive species, turnover in plant functional
groups) may be difficult to predict, particularly under a
changing climate.

Woody expansion in grasslands is common globally
(Briggs et al., 2005; Naito & Cairns, 2011; Scholes &
Archer, 1997) and occurs over decades (Silva et al., 2009;
Veach et al., 2014; Veach, Dodds, & Skibbe, 2015). This
expansion has implications for stream ecosystem func-
tion (Larson et al., 2018; Reisinger et al., 2013; Riley &
Dodds, 2012) and terrestrial plant diversity (Ratajczak
et al., 2012). Woody expansion is likely due to a combina-
tion of local and regional factors for grasslands. Riparian
zones have greater soil moisture than the remainder of
the terrestrial landscape and are typically subject to
reduced fire intensity, allowing trees and woody shrubs
to proliferate while avoiding the competitive edge of
C4 grasses for water uptake from surface soils (Bond &
Midgley, 2000). Locally, fire suppression is a common
contributor to woody plant expansion (Briggs et al., 2005;
Scholes & Archer, 1997). Even in frequently burned
areas, elevated CO2 may allow tree saplings to reach
disturbance-resistant heights faster or conserve more car-
bon belowground, facilitating resprouting after fire
(Kgope et al., 2010).

Positive feedbacks and shifts in competitive hierar-
chies can accelerate and then cement transitions from
grassland to woodland. For example, when woody plants
displace grasses, it reduces fire fuel load, which lowers
woody plant mortality and increases woody recruitment
at the grass–woody plant ecotone (Anderies et al., 2002;

Ratajczak et al., 2011). Mature woody plants develop a
deeper root system and avoid belowground competition
with grasses (Anderies et al., 2002; O’Keefe et al., 2019;
Ratajczak et al., 2011). These functional vegetative prop-
erties suggest the possibility of hysteresis, where transi-
tions to an alternative riparian woody state are difficult
to reverse (Collins et al., 2021). However, traditional
models of alternative stable states do not necessarily con-
sider changes under shifting baselines (Frelich & Reich,
1999; Ritchie et al., 2021) as are occurring with human-
induced climate change, propagule pressure of newly
dominant species, and broad-scale atmospheric nitrogen
deposition.

Kings Creek on Konza Prairie Biological Station
(KPBS) is one grassland area experiencing the expansion
of woody riparian vegetation (Veach et al., 2014; Veach,
Dodds, & Skibbe, 2015). Earlier hectometer-scale manip-
ulative experiments at Kings Creek removed woody ripar-
ian vegetation on either side of stream channels. These
experiments compared woody removal areas to naturally
grassy and forested areas above and below the removal
zones. The researchers documented that, in woody
removal zones, (1) stream communities shifted to fila-
mentous green algae from a thin diatom-dominated bio-
film cover (Riley & Dodds, 2012) and toward a higher
proportion of grazing invertebrates (Vandermyde &
Whiles, 2015), (2) removals increased the rates of stream
gross primary production by increasing light (Riley &
Dodds, 2012), and (3) removals increased benthic stream
and riparian soil denitrification rates (Reisinger et al.,
2013) and marginally influenced soil microbial commu-
nities with stronger shifts in bacterial compared with fun-
gal components (Veach, Dodds, & Jumpponen, 2015).
Thus, woody expansion and subsequent removal on
Kings Creek can have strong effects on local stream and
riparian soil properties.

Many ecological responses are sensitive to scale
(Levin, 1992). Therefore, large-scale experiments that cap-
ture ecosystem and meta-community responses are required
tomatch theminimum scale at whichmanagement and bio-
diversity conservation occurs (Schindler, 1998). In 2010, we
performed a large-scale manipulation that cut all woody
riparian vegetation in a 119-ha watershed on Kings Creek
along 4.8 km of stream channel to assess the cumulative
influences of woody riparian vegetation on stream and ripar-
ian ecosystem structure and function. We hypothesized that
nutrients, sediment, and water transport would all increase
once woody vegetation was no longer intercepting these
materials. We physically removed trees and shrubs biannu-
ally for the duration of the experiment and tested statistical
differences related to the removal using a before–after con-
trol impact (BACI) approach. We also established vegetation
transects in the removal area under three conditions:
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woody, grassland, and woody replanted with grassland
seeds. Stream data for 3 years before and 3 years after the
removal showed significant water chemistry responses
(Larson et al., 2018). Removal resulted in 10- to 100-fold
increases in stream water nitrate and two- to 25-fold
increases in total and soluble reactive phosphorus and
suspended solids. Long-term stream monitoring before the
experiment indicated declines in discharge and an increased
number of no-flow days, which did not correlate with pre-
cipitation or temperature trends (Dodds et al., 2012), but
Larson et al. (2018) found no significant hydrologic changes
over 3 years after woody removal.

The expansion of woody vegetation is generally
expected to have the greatest hydrologic impact in
mesic grasslands, where precipitation exceeds evapo-
transpiration (Huxman et al., 2005), with woody removal
potentially facilitating streamflow recovery. On average,
precipitation at KPBS roughly equals evapotranspiration
(Keen et al., 2022), except during drought years in woody
encroached watersheds, when increased transpiration by
woody vegetation causes evapotranspiration to outpace
precipitation (Logan & Brunsell, 2015). Woody removal
studies in other grassland ecosystems have mixed effects
on hydrology. Removal has led to increases in streamflow
or groundwater recharge in some cases (Bosch &
Hewlett, 1982), but this trend is not universal (Dugas
et al., 1998; Wilcox, 2002; Wilcox et al., 2006). When no
detectable recovery in streamflow was observed 3 years
after removal, Larson et al. (2018) left the question open
as to whether the stream ecosystem state was in a new
configuration or if the changes were temporary and more
time was necessary to detect recovery. This is an impor-
tant question, because the influence of woody riparian
vegetation on grassland streamflow is controversial and
there are few direct whole-watershed manipulative exper-
iments testing the effects of woody removal in grassland
ecosystems (Brown et al., 2005).

Ten years after removal, we can now assess the
decade-long changes of key populations, communities,
and functions in this experiment in addition to shorter-
term changes in stream water quality. We now test
whether riparian vegetation shifted with the removal in
formerly forested areas, and whether cut riparian areas
replanted with grassland forb and grass seeds became simi-
lar to nearby natural grassy riparian areas. We also ana-
lyzed longer-term records of stream hydrology, stream
chemistry, organic matter deposition, and responses of
stream mosses to canopy opening. Finally, we conducted
surveys of channel morphology before and 10 years after
woody removal. We hypothesized that removal of woody
vegetation followed by regular cutting of woody vegetative
regrowth and replanting areas with grassland seed would
(1) cause terrestrial plant communities to move to a state

more similar to open riparian areas, with more rapid shifts
in areas that were replanted, (2) shift hydrology to more
water yield and fewer zero-flow days, resulting in stream
water isotopic signatures approaching those of water
sources previously exploited by woody species with deeper
roots, (3) have modest effects on stream chemistry,
(4) widen stream channels and have modest effects on the
concentration of suspended sediments in the stream water,
(5) decrease allochthonous detrital inputs to streams, and
(6) cause stream channel moss cover to become more
similar to areas with more open canopy. We then used
these data to address directional changes and alterations
of stream and riparian ecosystem states in the region,
with implications for riparian functions in other biomes
as well.

METHODS

Site description, removal, and general
experimental design

We used a BACI design. We provide timelines, major
sample types, and sampling dates in Table 1. Trees and
shrubs were expanding in the riparian zone and some
upland areas for decades prior to removal (Veach et al.,
2014; Weihs et al., 2016). Upland and some riparian area
flora were predominantly grass (Andropogon gerardii,
Panicum virgatum, Schizachyrium scoparium, and
Sorghastrum nutans). Dominant tree species in the
woody riparian zone prior to removal included Celtis
occidentalis (Hackberry), Cercis canadensis (redbud),
Gleditsia triacanthos (honey locust), Quercus macrocarpa
(bur oak), Quercus muehlenbergii (chinquapin oak), and
Ulmus americana (American elm). The common shrub
species were Cornus drummondii (roughleaf dogwood),
P. americana (American plum), and Rhus glabra (smooth
sumac) and were generally more abundant in areas with
more moisture (e.g., seeps on the hillslopes and riparian
zones furthest upstream).

The geology of the site is characterized by 1- to
2-m-thick limestone units alternating with 2- to 4-m-thick
mudstone layers. Soils in uplands are shallow and those in
the lowland are silty-clay loams up to 2 m thick.
Soils are fine, smectitic, mesic Udertic Paleustolls.
Most streamflow is dominated by shallow groundwater
pathways through the limestone, with very modest con-
tributions by surface sheet flow, even during strong
rainstorms (Hatley et al., 2023).

We have one treatment and two control watersheds on
KPBS (Figure 1a,b). The treatment watershed was N2B
(39.08995 N, 96.58900 W), and the control watersheds were
N4D (39.087356 N 96.584417 W) and N1B (39.08656 N,
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96.57703 W). We picked two control watersheds that
bracketed the burn frequency of the treatment watershed,
and bison have been present on all watersheds since
1992 at ~0.21 animal units (AU)/ha. Watershed N2B has
an area of 119 ha and is burned every 2 years. The control
watershed N1B had an area 120 ha and was burned every
year, and the other control watershed, N4D, had an area of
135 ha and was burned every 3 to 4 years. We cleared the
entire stream drainage (4.8 km stream length) of water-
shed N2B of woody riparian vegetation (trees and shrubs)
within 30 m of each side of the main channel, and side
channels were cleared to 10 m on either side during winter
2010–2011 (Figure 1b–e). We used chainsaws, a walk-
behind field and brush mower (DR power equipment),
and Stihl 450 brush cutters to cut the vegetation. Wherever
possible we cut woody material to less than 15 cm in
height. Trees whose trunk diameter was >50 cm were gir-
dled and left standing. All cut material was removed to
outside the stream channel, and materials except for large
tree trunks and branches were either removed from the
30-m boundary or piled for burning inside of the 30-m
boundary. Woody stumps and stems were not treated with
herbicide; therefore, we recut a third to half of the stream
riparian each year during the winters of 2011–2020. We

rotated to any area uncut the previous year or where
woody regrowth was the thickest.

Mapping historic trends and removal areas

We tracked changes in overstory woody plant cover,
within and outside of riparian areas, for the control and
treatment watersheds using remote sensed aerial imagery
(following the same approach and images as Keen
et al. [2022]). We combined images from several sources
(see Appendix S1: Table S1 in Keen et al. [2022] for the
source of each image and related details) to identify com-
parable true color aerial images (red, green, and blue
wavelengths) with a resolution of at least 1 m. This
search yielded color images from 2002, 2003, 2010, 2012,
2014, 2016, 2018, 2019, and 2020 and a black-and-white
image from 1978. In our experience, grassy areas are eas-
ier to differentiate from shrubs, appearing as a homoge-
neous green to beige in true-color images and white to
light gray in black-and-white images. Further, grasses
were probably dominant in the 1978 image (Ratajczak
et al., 2014). Therefore, this image was still included in
analyses (Appendix S1: Table S1 in Keen et al. [2022]).

TAB L E 1 Sample types and activities with locations and dates (NA, not applicable).

Sample type/activity Locations Dates/frequency

Initial cutting Whole watershed riparian November 2010–February 2011

Follow-up cutting Half watershed every other year 2011–2020

Watershed burning Entire watershed, biannually 2009, 2011, 2013, 2015, 2017, 2019, 2021

Discharge measurements Weirs at N2B treatment and two control
watersheds

1986–2020 every 5 min

Water chemistry samples Weirs at N2B treatment and two control
watersheds, N4D, N1B

1986–2020 three times per week when
flowing

Water isotopes Weirs at N2B treatment and two control
watersheds, N4D, N1B

2010–2020 three times per week when
flowing

channel morphology Upstream from weirs at N2B, N1B 2010, 2011, 2013, 2019 (N1B, N2B), 2010,
2011, 2013 (N4D)

Moss surveys Transects up from N2B and N4D weirs 2011 and 2020

Leaf surveys, long term Mainstem transects (AL) collected year round 1980–2020

Leaf material in stream channel Mainstem stream, immediately below cut area
on N2B, in cut area N2B, in control
watershed N1B

2020

Plant surveys Four transects of 10 m, with four plots in open
grassland, four plots in cut riparian forest
with supplemental seed, and four plots in
cut riparian forest without supplemental
seed

2010, 2011, 2020

Remotely sensed plant cover Mainstem stream, from headwaters to
terminus in N1B, N2B, and N4D

1978, 2002, 2003, 2010, 2012, 2014, 2016,
2018, 2020
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Within each watershed, we established a network of per-
manent plots for photo interpretation of vegetation types.
Each circular plot was 1256 m2 (20-m radius), with 38 plots
in the nonriparian zone and 29 plots in the riparian area.
This level of replication allowed for ~50 m between plots.
We could obtain larger sample size for the nonriparian zone
because the riparian zone only occupies approximately one
fifth of the watershed. We placed plots within the riparian
zone at regular intervals with randomization (10–20 m). Our
plots in the broader watershed were at similar intervals but
skipped over semiriparian side channels.

We used photo interpretation to outline woody vege-
tation for each combination of image and plot. Polygons
were drawn around all distinguishable trees, shrubs,
and areas that were indistinguishable from woody vege-
tation (this category comprises <5% of woody plant cov-
erage overall but most coverage in the 1978 image) at a
submeter resolution. Two users (Brynn Ritchey and Zak
Ratajczak) interpreted each image to increase accuracy,
both of whom have experience working with ground-
truthing and aerial surveys of vegetation on site (Keen
et al., 2022).

F I GURE 1 Location of experimental and control watersheds at Konza Prairie Biological Station, moss and organic material sampling

locations (red stars), and litterfall sampling locations (red ellipse) (a), experimental and control watersheds with woody removal areas

indicated by white lines (30 m on each side of channel) and blue lines (10 m on each side of channel). Weirs near watershed labels (b).

Aerial imagery of treatment watershed before (c), 4 years after (d), and 9 years after (e) woody removal. Note the side channel in the uncut

adjacent watershed retained canopy cover, but the main channel has no canopy cover over stream.
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Plant community sampling and postcut
reseeding

In fall 2010, we established plant community plots to assess
the potential ability of the riparian zone to shift to a grass-
land state based on cutting alone and cutting with
replanting. The three treatments were (1) naturally open
riparian grassland before the removal, (2) areas cleared of
woody vegetation, and (3) areas cleared of woody vegetation
and seeded with prairie plant species. The addition of the
seeded treatment was designed to determine whether recov-
ery of grassland vegetation was hindered by propagule limi-
tation. The seeded and nonseeded removal plots were
adjacent to each other and randomly assigned. Each com-
munity type had four plots, each of which was 10 m parallel
along and 3 m perpendicular to the stream channel. Each
plot had four plant composition transects along which we
sampled four 1-m2 subplots along each transect. Vegetative
cover of vascular plant species was determined using a mod-
ified Daubenmire scale (Gibson & Hulbert, 1987).

We planted plots with seed collected from nearby
species in fall 2010. Seeds were collected from 70 species,
with six species (listed by mass), S. nutans, A. gerardii,
Antenneria neglecta, Elymus canadensis, Silphium
laciniatum, and Silphium integrifolium, making up more
than half of the total seed mass added. The seeding rate
was relatively high (~38 kg/ha). This was about twice the
recommended rate for grassland restoration, since we did
not clean or test seeds for viability. While we did not
clean seed (e.g., no pappus removed, seeds like those of
purple prairie clover not removed from pods, wild coffee
seeds not removed from fruits), Echinacea seeds were
separated from the capitulum. Seed for each species was
stored in paper bags at room temperature until time of
seeding. Seeds were sown onto each plot and gently
raked in on 28 December 2010 shortly after woody cut-
ting. A paper bag was prepared for seed addition in each
treatment plot, with all species mixed. Seed was hand
broadcast, passing over the treatment plot at least three
times in the process of emptying each bag to ensure even
spread and that any smaller seeds settling to the bottom
would be spread throughout.

Hydrology and water chemistry

Hydrology and water chemistry were measured at weirs
N2B, N4D, and N1B. Weirs are of a v-notch design with
water height measured using Druck pressure transducers
from 1987 to 2013 and YSI WaterLOG Bubbler/Pressure
Sensors H-3553 from 2013 to the present. Sensors measure
and log depth every 5 min, and the sensors are calibrated
against manual height measurements approximately every

3 days during flow and converted to discharge with a rat-
ing curve.

Water chemistry and suspended sediment samples
were also taken at weirs three times per week during
flow, but the frequency was decreased to once per week
in 2020 because of the COVID-19 restrictions. Samples
were collected using acid-washed containers and kept on
ice until being returned to the laboratory, where they
were processed the same day.

Dissolved inorganic and total N and P were
subsampled and stored frozen for analyses using standard
methods on an OI Analytical Flow Solution IV analyzer.
Samples for dissolved materials were filtered through a
0.4-μm filter (glass fiber filter, GF/F, Cytiva Whatman)
and analyzed for dissolved inorganic N (NO3

−–N +
NO2

−–N, NH4
+–N), orthophosphate (PO4

3−), and
dissolved organic carbon. Total N and P samples were
not filtered. Laboratory N and P analyses were verified
biannually via shared sample analysis of US Geological
Survey Standard Reference Sample (http://bqs.usgs.gov/
srs/). Dissolved organic C samples were filtered, acidified,
and analyzed using a Schimadzu TOC-L.

Weekly stream water isotopic samples (during periods
of flow) were collected from the treatment watershed
(N2B) and two adjacent watershed streams for compari-
son (N1B and N4D). Stream water samples were analyzed
for δ18O using a Picarro WS-CRDS isotopic water ana-
lyzer at the Stable Isotope Mass Spectrometry Laboratory
at Kansas State University. Isotopic ratios are expressed
in delta notation relative to Vienna Standard Mean
Ocean Water. The long-term within-run precision was
<0.15‰ for δ18O.

Channel morphology and stream
sediments

Channel morphology transects were surveyed in 2011
and resurveyed in 2019 in watersheds N2B (seven tran-
sects) and N1B (eight transects) as in Grudzinski and
Daniels (2018). Briefly, we established permanent cross
sections in each watershed, spaced at about 20-m inter-
vals. We surveyed each cross section with a surveyor’s
level and leveling rod at a 15.2-cm spatial resolution.
Bank-full width (w) was measured for each transect, and
cross-sectional depth (d) was calculated by averaging all
depth measurements across the bank-full width. The w:d
ratio was determined by dividing the bank-full width by
the average cross-sectional depth, and channel area was
determined by multiplying bank-full width by average
cross-sectional depth.

We determined volatile and total suspended solid
concentrations with water samples collected as
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previously outlined. Measured samples (50–4000 mL)
were filtered onto prepared and preweighed Whatman
934 AH 1.5-μm retention glass microfiber filters
(precombusted in a muffle furnace at 500�C and
weighed). Sample filters were then oven dried at 100–
105�C, weighed, combusted at 500�C, and reweighed
(to the nearest 0.1 mg). We calculated total suspended
sediment concentrations as follows: total suspended
solids/L = (total mass − filter mass)/volume filtered. We
calculated volatile suspended solids (ash-free mass) con-
centrations as follows: volatile mass/L = (dry filter
sample − combusted mass)/volume filtered.

Periodically, we subjected a batch of filters to a sec-
ond drying and weighing to check for problems associ-
ated with water of rehydration. Rewetting and redrying
of roughly one in 20 samples over the few hundred taken
yielded less than 1% change in measured weights.

Stream moss, organic material, and litter
deposition

Organic material in the stream channel was surveyed in
four locations on 8 January 2021 in dry channels that had
not flowed since woody leaf senescence (Figure 1a). The
four sites were (1) upstream of the weir in the removal
area watershed N2B (39.08995 N, 96.58900 W), (2) down-
stream of removal area in watershed N2B in a channel
with intact riparian forest (39.08994 N, 96.58859 W),
(3) further downstream of the previous point, in mature
gallery forest and at one of the long-term litter deposition
sites (39.09867 N, 96.88967 W), and (4) in the control
watershed N1B, in an area of younger riparian forest with
small trees (39.08656 N, 96.57703 W). Each site had
ten 0.25-m2 quadrats spaced over a few 100 m. We took
10–20 paces upstream and blindly cast the quadrats into
the channel. All leaves, small wood, and seed parts were
collected from inside the quadrats and weighed in the
field. For large samples, the entire damp sample was
weighed and an ~30-g subsample was placed in a paper
bag to assess damp mass to dry mass. The entire sample
was taken and weighed for smaller samples. The subsam-
ples were weighed again and then the bag alone after
3 days of drying at 60�C. The proportion of damp to wet
mass for each sample was used to correct the dry mass of
the entire sample. A subset of 18 samples of collected
leaves was ashed at 450�C to determine the ratios of ash-
free dry mass (AFDM) to dry mass. This factor was 0.74
with a SD of 0.07.

We assessed long-term litter collection data to
understand how litter deposition changes with forest
development. We used the Gallery Forest Litterfall data
(Table 1), which is a series of 32 permanently located,

50 × 50 × 50-cm3 “deep-dish” litterfall collectors (open
top wire mesh boxes). The boxes are arranged along five
transects on the north fork of Kings Creek in areas with
riparian forest outside the bison grazed area (Figure 1a).
Each transect had two to 11 boxes depending on the
width of the riparian area of a given transect. Samples
were collected monthly, March to December, weather
permitting. Samples were dried for a minimum of 3 days
at 60�C. Finally, samples were sorted into woody,
seed/reproductive, and leaf categories and weighed.

We surveyed in-stream moss cover upstream of the
weirs on watersheds N2B and N4D in May 2011 (immedi-
ately after the cutting treatment) during baseflow and on
8 January 2021 under dry conditions. Briefly, a 0.25-m2

quadrat was randomly placed within the active stream
channel every 6 m along the stream channel until 10 tran-
sects in the main channel of N2B and N4D were sampled.
The square quadrat had a grid with 50 equally sized
subquadrats and proportion of moss cover was estimated
for each subquadrat. The data are represented as the pro-
portion of moss cover.

Statistical methods

Detailed results and platforms for statistical tests are
available in Appendix S1 and S2. For each seeded and
nonseeded plot, we used transect as the unit of replica-
tion by averaging all four subplots within each transect
and calculated the species richness and Shannon’s index,
grass cover, forb cover, and woody plant cover. Shannon’s
index (H) was expressed as eH, which is interpreted as the
estimated number of species with equivalent abundance.

For all univariate plant community response variables,
we performed an ANOVA with treatment (open grassland,
seeded riparian removal, and unseeded riparian removal),
year, and their interactions as main effects, with a random
effect for plot. Transect was included as a random effect,
and the model was implemented using the “lmer” function
from the lme4 packages (Bates et al., 2015). All variables
met assumptions of normality of residuals and homogene-
ity of variance of residuals, so no transformations were
needed. Pairwise contrasts were performed for response
variables with significant interaction terms using estimated
marginal means (using the emmeans package and
“emmeans” function in R [Lenth et al. 2019]) contrasts
with a Tukey honest squares difference (HSD) adjustment
to p-values.

We also calculated changes in plant community com-
position as a function of treatment and time. Zero satura-
tion can distort multivariate composition, so we only used
species that were found in at least 20% of all combinations
of treatment, plot, and sampling year, which yielded a

ECOLOGICAL APPLICATIONS 7 of 23

 19395582, 2023, 4, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2830 by K

ansas State U
niversity, W

iley O
nline Library on [11/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



matrix with 41 species. Composition was measured using
nonmetric dimensional scaling, which identified two axes
of composition. We used Bray–Curtis as our distance met-
ric and the Wisconsin double transformation for scaling,
where each unit step indicates an ~50% turnover in
composition. This approach resulted in a stress value of
0.146. To determine whether differences in non metric
multi dimensional scaling (NMDS) space were significant,
we performed a permutational multivariate ANOVA with
treatment, year, and their interactions as factors
(Appendix S1: Table S11). We used Bray–Curtis as the dis-
tance metrics and with 1000 permutations. We used the
vegan package in R for composition analyses (Oksanen
et al., 2020).

We tested for temporal trends and differences by water-
sheds in stream water 18O with analysis of covariance
(ANCOVA) using year as the continuous and watershed as
the categorical variable using Statistica 13 (Dell Statsoft).
Stream chemistry and hydrology were aggregated at
3-month intervals or greater. This was because streamflow
was autocorrelated at shorter time windows (data not
shown). Autocorrelation was determined using nonpara-
metric ranked correlation and offsetting the mean daily
discharge by sequentially increasing time steps.

Proportion of moss cover data was highly zero-
inflated; therefore, we used a negative binomial general-
ized linear regression model using the “glm.nb” function
in the MASS R package (Venables & Ripley, 2002). The
watershed (treatment watershed N2B vs. control water-
shed N4D), time of sampling, and their interaction were
fixed independent variables in the model. Comparisons
were calculated using the estimated marginal means
(“emmeans” in emmeans package [Lenth et al., 2019])
contrasts that use a Tukey HSD to p-values to determine
statistical differences for the interaction term in pairwise
comparisons.

We used ANCOVA (general linear model in
Statistica) to test for changes in channel morphology over
time and to compare watersheds N1B and N2B. This
analysis used year as the continuous and watershed as
the categorical variable, with depth, width, width:depth
or width × depth (area) as the response variable.

RESULTS

Vegetative cover

We removed woody vegetation (trees and shrubs) such
that the channel was no longer shaded along much of its
length over the period of study. Spatial imagery of the
stream channel before and after the onset of woody
removal shows that trees were removed effectively along

the entire length of the channel and that vegetation did
not cover the channel (Figure 1c–e). A more detailed
analysis of vegetative cover revealed that shrub cover
replaced tree cover in the riparian zone despite repeated
cutting of resprouting trees and shrubs (Figure 2). How-
ever, the shrubs were not tall enough to obscure the
channel.

Starting in the 1980s, woody cover was <50% in the
riparian zone and barely detectable outside the riparian
zone (Figure 2). By 2010, just before cutting occurred,
total woody cover in general was greater in the riparian
zones of all the watersheds than outside of the riparian
zone. Total cover increased both inside and outside of the
riparian zone in all watersheds, but potentially less in the
annually burned watershed (N1B) than in the biannually
(N2B) and quadrennially burned (N4D) watersheds.

Proportional tree cover was near zero outside the
riparian zones in all three watersheds throughout the
experiments. Riparian tree cover in the two control
watersheds increased from 1980 through 2020. Riparian
tree cover in the removal watershed increased to ~45% by
2010 and then dropped to less than 10% after removal.
The residual tree cover reflects that our plots for remote
sensing were slightly wider than the corridor of riparian
tree removal.

The proportion of shrub cover increased in all water-
sheds both inside and outside of the riparian zone. Pro-
portional shrub cover was greater in the riparian zones
than outside. Shrub cover increased the most in the ripar-
ian zone of the treatment watershed following woody
removal. This occurred despite repeated cutting of
resprouting or newly recruiting shrubs and trees in the
riparian zone and explains why total woody riparian
cover did not change in the woody removal treatment.

Plant community trends

All but one univariate plant community response vari-
able were significantly different in riparian versus open
communities (Figure 3, Appendix S1: Tables S1 and S2).
For all treatments, there was no significant difference
between the seeded and unseeded treatments for any of
the response variables. Species richness had a significant
treatment by year interaction (p < 0.05). Richness was
greater in open prairie relative to riparian with or with-
out seed in 2010 and 2020, but similar in 2011. The Shan-
non index (eH) was not significantly different among
treatments (p = 0.08) but did significantly decrease over
time by a similar magnitude across treatments (p < 0.001
for year and p = 0.18 for the interaction term).

Treatment, year, and their interaction were both sig-
nificant (p < 0.001) for grass cover and woody cover
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(Appendix S1: Tables S4 and S6) but followed opposite
patterns: In open prairie, grass cover was higher and
increased over time, compared to lower cover in the
riparian treatments and a decrease over time. Woody
plant cover was higher in the riparian treatments, with a
decrease in cover after cutting, followed by an increase.
Woody plant cover was lower in open prairie and
changed little over time. Treatment and year were both
significant for forb cover (p < 0.05), with lower cover in
the riparian treatments and a decrease over time across
treatments.

Two NMDS axes explained a large proportion of
community composition (Appendix S2: Figure S1). A
clear separation of species typical of open prairie ver-
sus those typical of forest, wetland, shrub thicket, and
early succession forest was apparent on the first axis.

Seeding had no apparent influence on community
structure. Among open prairie species there was little
separation of species along the second axis, with many
plots centered near dominant prairie grasses (e.g., big
bluestem A. gerardii, little bluestem S. scoparium) and
common forbs (e.g., stiff-leaved goldenrod, Solidago
rigida). In contrast, the second axis spans several dif-
ferent woody plant subcommunities (Appendix S2:
Figure S1).

Before and just after tree removal, riparian composition
reflected forest species, such as the overstory tree species
U. americana, understory shrubs such as poison ivy
(Toxicodendron radicans) and coral berry (Symphoricarpos
orbiculatus), and vines (e.g., common moonseed,
Menispermum canadense). Just after tree removal, the ripar-
ian community included some species more common in

F I GURE 2 Proportion of shrub (a–c), tree (d–f), and total woody (g–i) cover in riparian zones and upland areas of treatment watershed

(N2B) (a, d, g), and the two control watersheds, N1B (b, e, h) and N4D (d, f, i). Error bars = 1 SE. Arrow indicates beginning of woody

removal.
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open habitats, such as the grasses Poa pratensis and Elymus
virginicus (Appendix S2: Figure S2). As of 2020, the riparian
community now resembles a shrub thicket, with abundant
roughleaf dogwood (C. drummondii), which is the most

common encroaching shrub in open tallgrass prairies on
site (Ratajczak et al., 2011, 2014). Other thicket-forming
shrubs were also common in riparian plots (e.g., prickly
ash, Zanthoxylum americanum), along with marshlike

F I GURE 3 Univariate changes in species richness (top left), eveness (top right), grass cover (middle left), forb cover (middle right),

woody cover (bottom left), and tall shrub and tree cover (bottom right). Circles stand for open grassland, squares for riparian areas without

seed, and diamonds for riparian areas with added seed. Letters within each panel denote statistically significant differences between groups.
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herbaceous species, such as Marsh Muhly (Muhlenbergia
racemosa).

Hydrology

We saw no clear response of hydrology to woody removal.
However, these streams are highly variable with respect to
discharge and intermittent conditions (Figure 4). ANCOVA
using hydrologic data from N2B, N1B, and N4D indicated
that year had no significant effect on mean discharge or the
proportion of days in a year with flow, but that watershed
was significant (p = 0.009) with respect to mean discharge
but not proportion of days with flow. This relationship

corresponds to the slightly larger watershed size and greater
discharge rates in N4D compared to the other two water-
sheds (Appendix S1: Tables S11 and S12).

Stream water δ18O decreased significantly by year
(p = 0.02; Figure 5), and there was a marginal difference by
watershed (p = 0.08, ANCOVA; Appendix S1: Table S13).
Errors within years were highly correlated across water-
sheds (e.g., years with high δ18O variability occurred in all
watersheds simultaneously). Unfortunately, we did not
have ample prevegetation removal data to test for changes
specific to the vegetation removal in watershed N2B against
the other twowatersheds. However, all watersheds behaved
very similarly regardless of vegetation cutting or burn
frequency.

F I GURE 4 Mean daily discharge in each year and total proportion of days with flow in each year from watersheds N2B (open symbols)

and N1B (closed symbols). Error bars = 1 SE. Arrow indicates start of woody removal in treatment watershed.
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Nutrient dynamics

Nutrient chemistry varied by analyte and by treatment
(Figure 6). Nitrate exhibited almost a 100-fold increase in
the treatment watershed (N2B) and then dropped close to
pretreatment levels. This was significant by year and
comparing before and after cutting (Appendix S1:
Table S23), indicating that the cutting did cause a large
spike in nitrate. The control watersheds did not have an
overall increase over time, nor did they have a strong
increase in the years immediately after cutting. In con-
trast, dissolved organic carbon did not respond to the cut-
ting or watershed, but it did increase in all watersheds
over the period of record. Total phosphorus increased to
a peak in the early 2000s and then decreased, with

significant differences by year and before and after cut-
ting (Appendix S1: Table S19). The peak in 2000 was
before removal, and there was a subsequent decline fol-
lowing that peak, with a brief peak in total P immediately
following cutting, with concentrations moving back to
the long-term trend of decline in the years following the
cutting. We analyzed other nutrients (e.g., ammonium,
soluble reactive P) and did not see differences related to
the removal (Appendix S1: Tables S19 and S22).

Channel morphology and sediment
transport

We found that the removal of woody riparian vegeta-
tion led to more than a doubling of suspended sediment
concentrations during the 3 years immediately follow-
ing the cutting in the treatment watershed (Figure 7).
After this initial increase, we observed a decrease in
sediment concentration approaching that observed
prior to the woody vegetation removal. The control
watershed had substantially greater and more variable
sediment concentrations but did not exhibit the peak
we saw following cutting of the treatment watershed.
Volatile sediments mirrored total suspended sediments
in the treatment watershed, but they were less tightly
coupled in the control watersheds. Given the apparent
nonlinear response to cutting, we elected not to analyze
these trends statistically.

We saw no significant effect of year on depth or
width, width × depth (area), or width:depth of the stream
channel (Appendix S1: Tables S14, S15, S17, and S18).
However, N2B had greater width:depth than N1B (13.3 and
10.3, respectively, p = 0.007; Appendix S1: Table S16), indi-
cating differences were not due to treatment. Had differ-
ences been due to treatment, then year should have been
significant.

Stream channel moss and organic
material, temporal trends of riparian leaf
deposition

The proportion of moss differed by watershed
(t = 1.97, p = 0.05; Appendix S1: Table S24) and sam-
pling period (t = 4.17, p < 0.001) and had a significant
watershed-by-sampling-period interaction (t = −4.27,
p < 0.001). Specifically, moss represented a greater pro-
portion of active stream channel in the treatment water-
shed N2B relative to control treatment N4D in 2011
(immediately after the removal, z = 4.16, p = 0.002)
but became significantly lower in N2B 10 years after
removal (z = −4.17, p = 0.0002), so that it was similar

F I GURE 5 Trends in average yearly stream water δ18O in

treatment (open symbols) and two control watersheds (closed

symbols). Error bars = 1 SE. Arrow indicates start of woody

removal on treatment watershed.
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in proportion to N4D in 2020 (Figure 8) indicating
that long-term removal lowered the coverage of moss
within streams.

Organic matter deposition in Konza riparian forests
increased from 1981 to 2019 (Figure 9a Appendix S1:
Table S25), with an increase of about 7 g m−2 year−1

per decade. The highest rate of deposition was
about 110 g m−2 year−1. The instream channel surveys

(Figure 9b, Appendix S1: Table S26) revealed the low-
est mass of leaves in the woody removal area, interme-
diate levels in the young riparian forest of N1B, and
the highest masses in the intact riparian forest of N1B
and further down in Kings Creek. Maximum deposi-
tion in stream channels was fivefold or more than
maximum from long-term litter collections. However,
litter collections are made with everything that falls

F I GURE 6 Trends in annual mean concentrations of nitrate, dissolved organic carbon, and total phosphorus by year for treatment

(N2B, open symbols) and two control (N1B, N4D, closed symbols) watersheds. Note that nitrate and total P are on a log scale, but dissolved

organic C is not. Error bars = 1 SE. Arrows indicate start of woody removal on treatment watershed.
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directly into the collector boxes, and stream channels
also include lateral litter transport from adjacent
terrestrial habitats.

DISCUSSION

Long-term research is full of “ecological surprises” (Dodds
et al., 2012; Paine et al., 1998) and, increasingly, allows
for the detection of novel ecosystems (Hobbs et al., 2009).

Predictive ecology strives to anticipate these events
such that they are not surprises (Dodds, 2009). The
unpredictability of ecology may in part be based on the
fundamental results of evolutionary processes, the inability
of reductionism to predict emergent properties (Mayr, 2004),
and the complexity of systems composed of neither very
large nor very small numbers of total individual compo-
nents, also referred to as middle-number systems (Newman
et al., 2019). Further complicating prediction is the fact that
we are in a no-analog world, and the idea of ecological

F I GURE 7 Annual mean concentrations of suspended total and volatile sediments in treatment (N2B) and control (N4D) as function of

year. Error bars = 1 SE. Arrow indicates start of woody removal on treatment watershed.
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equilibrium may be an outdated construct, especially as
many ecological drivers change rapidly (Hughes et al., 2013;
Svenning & Sandel, 2013; Williams & Jackson, 2007). Eco-
logical surprises can be most evident and transformational
when systems cross thresholds and enter alternative ecologi-
cal states, and now some tools may be able to predict the
onset of such system shifts (Bestelmeyer et al., 2011; Dudney
et al., 2018; Scheffer &Carpenter, 2003).

Konza Prairie Biological Station is an area with an
extraordinary number of ecological publications. A search
of the “Web of Science core collection” in 2021 finds
584 papers using the term “Konza Prairie,” with about
33 new publications per year over the last decade.
These papers include those using the words “plant
physiology” (11 papers), “evapotranspiration” (25),
“hydrology” (25), “discharge” (20), “riparian” (20),
“woody expansion” (15), “stream” (81), and “water chem-
istry” (22). Thus, we expect fewer ecological surprises at
this site than other less studied areas. Yet, we found sev-
eral responses that followed expected trajectories based
on past work on site, and several others that diverged
from our expectations.

Results that matched predictions

Some of the responses were relatively easy to predict.
For example, many species of stream bryophytes adapt
well to low light, and some species (but not all) may not
tolerate higher temperatures and desiccation associated
with open canopy and dry stream beds (Marschall &
Proctor, 2004; Stream_Bryophyte_Group, 1999). Our gen-
eral observations in Konza streams suggest that stream-
associated mosses are more abundant in shaded areas,
and our survey results were consistent with this view as
moss cover decreased in the removal over a decade and

increased in the control watershed where riparian canopy
cover was steadily increasing. Mosses are slow growing,
and their responses to ecological disturbances can be evi-
dent on a decadal scale (Slavik et al., 2004), which was
the timeframe over which we observed a response.

The fact that leaf deposition rates strongly decreased
was also logical given that we removed riparian trees,
and this had been predicted based on prior smaller-scale

F I GURE 8 Proportions of moss in treatment (N2B) and

control (N4D) watersheds. Error bars = 1 SE.

F I GURE 9 Mean annual litter deposition rates (a). Each

year’s mean litterfall represents 200–600 individual measurements

of annual litterfall in riparian zone of Kings Creek. Ash-free dry

mass (AFDM) of leaf litter collected in stream channels (b).

Different letters by bars denote p < 0.05 post hoc ANOVA.
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research (Vandermyde & Whiles, 2015). However, shrub
cover increased, and this did not result in corresponding
increases in dead leaf standing stocks in the stream chan-
nels. While shrubs produce leaf area similar to deciduous
forests (Ratajczak et al., 2011), the shrubs are not as tall
and their leaves are smaller, so they are less likely to be
transported into the channel and will degrade more
quickly. Our prior observations were that large amounts
of shrub leaves were rarely found in stream channels,
even when they dominated riparian vegetation. Our
results matched prior estimates of leaf input into the
streams, which found annual inputs of 482 g AFDM m−2

total organic material in the same reach as our downstream
reach and 118 g AFDM m−2 in upstream reaches
without canopy cover (Gurtz et al., 1988). Assuming a
74% AFDM/DM conversion based on prior measurements
(95% CI ± 4%), our values were 388 and 79 g AFDMm−2 in
the same downstream reach and the woody removal
reaches, respectively. Dodds et al. (1996) measured annual
inputs of 89 and 26 g AFDM m−2 at the same downstream
location and an upland grassy area, respectively, using litter
trap methods to account for vertical and lateral inputs.
While these numbers were obtained with different
methods, years, and sampling areas, they all point to sub-
stantially greater allochthonous carbon influx rates in areas
with closed canopy riparian vegetation. These results all
point to food web shifts in the stream of the removal area as
we expect greater primary production with more light
(Riley & Dodds, 2012) and shifts to organisms less depen-
dent upon allochthonous leaf material in open areas
(Stagliano &Whiles, 2002; Vandermyde &Whiles, 2015), as
shown from prior experiments.

Unanticipated responses

Rapid shrub replacement and lack of seeding
effect

Our observed responses of shrubby riparian woody vege-
tation differed from those observed by O’Connor et al.
(2020) manipulating upland shrubs with cutting. They
found substantial reductions in shrub density after
removing half of the aboveground biomass (simulated
browsing) in shrub islands of the dominant shrub
C. drummondii repeated five times every year for 3 years.
Both “browsed” and “nonbrowsed” shrubs were burned
in the third year. After the simulated browsing and burn-
ing treatment, shrub cover decreased by 90% and physio-
logical indicators of shrub health declined substantially.
These areas were mostly upland (not riparian), so it
could be that the differential responses to cutting were
due to lower moisture availability or more intense

biomass removal. Also, we removed all aboveground
biomass in the winter when nutrients would have been
translocated to roots, and O’Connor et al. (2020)
removed biomass repeatedly during the growing season.
Like this browsing study, we expected the woody
removal treatments to decrease total cover with repeated
cutting. However, in our study shrub cover increased
dramatically, essentially replacing trees as the dominant
cover in riparian zones. Shrub cover also increased in
nonriparian zones, but at a much lower rate. Removal
of tree canopies likely resulted in an increase in light
availability in the riparian zone, which could have con-
tributed to the rapid expansion of resprouting shrub spe-
cies (Briggs et al., 2005; Heisler et al., 2004) as well as
decreased competition for nutrients and water below
ground.

The dramatic increase in shrub cover in the woody
removal treatments is consistent with increases in shrubs
often observed from single top kills from fire or cutting
(Heisler et al., 2004). All the dominant woody species that
occur at KPBS, except Juniperus virginiana, are capable
of resprouting. Top kill of resprouting shrubs often has
the unintended consequence of increasing stem and can-
opy density in the long term (Heisler et al., 2004). Lasting
reductions typically depend on chemical treatment
coupled with prescribed fire (Brock & Brock, 2004; Engle
et al., 2006; Nelson et al., 2006; Stubbendieck &
Kottas, 2005) or other interventions, like burning under
extreme drought conditions (Twidwell et al., 2016). While
our intervention of repeated cutting of shrubs coupled
with biannual burning was extreme, it was insufficient to
stop the trajectory of increased woody riparian cover.

Standard management practice in grazed pastures in
the region is cutting trees with stumps treated with herbi-
cide and aerial spraying to kill shrubs. However, given the
research goal of Konza, these treatments were not allow-
able under management restrictions. It is possible others
in the region would also avoid herbicides (e.g., producers
of organic beef). Our data illustrate the challenges to
woody removal without chemical applications to reinforce
the physical removal treatment over time.

Seeding grassland species in addition to cutting also
did not restore conditions similar to those in naturally
grassland riparian areas. However, establishment of
seeded species was poor, for several possible reasons.
Dry weather could have prevented reestablishment of
grassland species, as 2012 was an exceptionally dry year
(569 mm, the driest since 1988). Additionally, bison and
other grazers could have consumed existing grassland
species or newly sprouted seeds and trampled sprouting
seeds in the riparian zone, leading to poor recruitment of
seedlings. We noted heavy bison use of the newly cleared
riparian areas, and Knapp et al. (1998) documented that
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bison prefer nitrogen-rich regrowth. It is also likely that
other herbivores (e.g., browsing deer, grasshoppers) pre-
fer new growth that is most nutritious. Our stream data
suggest high nitrogen availability following cutting that
could have led to high nitrogen in regrowth. Increased
grazing could have also decreased fire intensity and mod-
erated its influence on controlling woody vegetation.

Lack of a hydrology effect

We also expected that cutting woody vegetation would alter
stream hydrology prior to our study. Evapotranspiration
often increases following woody encroachment in
grasslands (Acharya et al., 2017; O’Keefe et al., 2020), partic-
ularly in more humid areas (Huxman et al., 2005). Shrubs
typically have higher transpiration rates than grasses
(O’Keefe et al., 2020; Scott et al., 2006; Wang et al., 2018). In
addition, the deeper root systems of shrubs provide access
to less variable water sources compared to shallow-rooted
grasses (Nippert & Knapp, 2007), allowing shrub transpira-
tion to occur at consistently high rates throughout the grow-
ing season (O’Keefe et al., 2020). This is compounded by the
near doubling of leaf area that occurs with woody encroach-
ment on site, leading to higher rates of watershed-scale
water loss via transpiration (Keen et al., 2022; Ratajczak
et al., 2011). Thus, we initially hypothesized that low flow
conditions in Kings Creek were a result of woody expansion
in the riparian zone (Dodds et al., 2012) and that removing
woody riparian vegetation would decrease evapotranspira-
tion and restore stream flow.

Instead, there has been no rebound in streamflow
after a decade of riparian tree removal. This is likely a
result of (1) the continued expansion of woody cover out-
side of the riparian zone, which is estimated to have
increased watershed-scale transpirative water loss by
roughly 25% since 1978 (Keen et al., 2022), and (2) the
rapid replacement of cut trees with resprouting shrubs in
the riparian zone (Figure 2), which could have canceled
out the expected reduction in tree water use after
removal. The overall increase in woody cover within and
outside the riparian zone (Figure 2g) and the associated
increase in transpirative water loss make it likely that
expansion of woody cover has decreased the amount of
water making it into the stream/groundwater system,
despite a decade of riparian tree cutting (Keen
et al., 2022).

In addition to increasing evapotranspiration, woody
encroachment has the potential to impact belowground
movement of water by altering soil structure and increas-
ing soil macroporosity and preferential flow paths
(Sullivan et al., 2019; Vero et al., 2018; Wilcox et al., 2022).
Successful removal of established woody vegetation may

effectively alleviate the increase in transpirative water loss,
but the impacts of woody root systems on soil structure and
infiltration pathways likely leave legacies that last for years
to decades in the system as roots decay (Lu et al., 2020). In
this way, removing aboveground woody vegetation—even
when fully successful—only addresses part of the problem
of woody encroachment with regard to grassland
ecohydrology and water yield.

Konza Prairie has an underlying merokarst geology,
where water moves through complex systems of perched
limestone aquifers, and stream discharge is primarily fed
by groundwater (Costigan et al., 2015; Hatley et al., 2023;
Macpherson, 1996). Groundwater levels respond rapidly
to precipitation inputs, indicating a high degree of
connectivity between surface and subsurface water pools
(Brookfield et al., 2017; Vero et al., 2018). Alterations to
the connectivity of this system caused by above- and
belowground effects of woody encroachment could result
in longer-term changes in stream discharge that cannot
be reversed with a decade of woody vegetation removal.
This is particularly true in a system encroached by clonal,
resprouting shrubs that are exceedingly difficult to
remove once established, as was found in this study.

Unpredictable and decoupled stream nutrient
influences

Woody removal in riparian corridors was expected to
decrease leaf inputs and, consequently, decrease dissolved
organic carbon exports in the streams. Although we did
see decreased leaf inputs, dissolved organic carbon concen-
trations were not impacted by woody removal. Rüegg et al.
(2015) hypothesized that greater concentrations of organic
carbon in upland streams were related to more algal pro-
ductivity. We would expect more algal productivity in open
channels than in closed ones based on logic and prior
experiments, but the removal did not influence dissolved
organic carbon concentrations relative to control water-
sheds. As all watersheds that we analyzed had increases in
riparian woody vegetation, this could be driving the
increases in dissolved organic C over time. Some car-
bon forms (dissolved black carbon) in Kings Creek are
relatively unresponsive to decadal patterns of fire his-
tory (Ding et al., 2013). However, Pisani et al. (2016)
did find that stream sediment carbon matched terres-
trial carbon sources (C4 grasses, woody vegetation,
algal producers), indicating shorter-term linkages with
terrestrial carbon.

We were surprised initially at the dramatic increases
in nitrate concentrations given that prior research
reported nitrate increases with forest removal, but not
necessarily with just riparian removal (see Discussion in
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Larson et al., 2018). Prior research indicated that woody
removal could increase NO3

− content in riparian soils,
leading to increased rates of denitrification (Reisinger
et al., 2013). However, denitrification removes NO3

−, so
we could not be certain of the cumulative effects of
whole-watershed influences on stream water chemistry.

Channel morphology stasis

We anticipated increases in channel width, width:depth,
and channel area following the removal of riparian vege-
tation, as losses in riparian vegetation can increase ero-
sion (e.g., Abernethy & Rutherfurd, 2000; Prosser
et al., 2001), including within our study area (Grudzinski
et al., 2016). However, rapid replacement of trees with
shrubs (Figure 2) could have minimized the period of
higher sediment mobility, explaining the lack of signifi-
cant changes in channel morphology after removal
(Figure 7). Despite cutting at the surface, subsurface tree
roots can remain intact for several years, while new
shrub roots begin to establish. These new root systems
and the rapid replacement of surface cover are likely
effective at preventing meaningful amounts of stream
bank widening (e.g., Polvi et al., 2014) and, thus, changes
to channel morphology within the study area.

Moving baselines and decoupled drivers
of ecosystem indicators

Paine et al. (1998) hypothesized that ecological surprises
(novel state change shifts) were most likely to happen
under compound perturbations. Resilience science also
suggests that extreme reductions in the dominant organ-
ism (woody plants) and with no recovery by the opposing
dominant organisms (grasses and herbaceous species)
means it is likely the novel system state is now
entrenched/resilient. Our data suggest that under com-
pound perturbations (CO2 and atmospheric N fertiliza-
tion, climate change, and riparian woody expansion),
our site is subject to state shifts in several fundamental
ecological characteristics at the terrestrial–aquatic
interface. Perhaps the most unexpected finding was that
compounded disturbance failed to revert the ecosystem
to a grass-dominated ecosystem, even with reseeding.

The most striking response to the woody removal
manipulation was the increase in nitrate concentrations
by almost two orders of magnitude and sediments by
10-fold in the first 3 years of the experiment, followed by
a rapid fall to previous levels. However, this is not a
return of nitrate concentrations to a stable state, as they
have been consistently increasing in the treatment

watershed (N2B) and one of the control watersheds
(N4D) since the 1970s. What is driving these increases is
not well understood. Similarly, there are long-term
increases in dissolved organic carbon, total phosphorus,
and water δ18O across watersheds. The increase in
dissolved organic carbon could be tied to expansion of
woody vegetation, but the exact mechanisms of this are
not known, other than the fact that woody riparian vege-
tation directly input more coarse organic materials into
the stream channels (O’Keefe & Nippert, 2017; Ratajczak
et al., 2011). However, if the carbon trend were a short-
term response, we would expect the dissolved organic
carbon in the treatment watershed to decrease since we
clearly lowered the amount of coarse organic material
entering the stream channel.

The transition of riparian zones in this watershed to a
woody vegetative state seems inexorable without very
strong management strategies. In the short term, we were
successful at removing aboveground tree biomass, but we
stimulated riparian shrub growth in our experimental
watershed. If we were to continue the frequent burning
but remove the pressure of continued tree removal, we
would expect trees to eventually recover. This is because
recent data on site suggest these tree species can sprout
underneath shrubs and use them as shield against fires
(Nippert et al., 2021). The dominant encroaching shrubs
at our study site (C. drummondii, P. americana, and
R. glabra) are not common under the oak gallery forest
that eventually establishes in riparian zones. Thus, we
believe that shrub-dominated riparian zones are transi-
tional. Aerial imagery for the Kings Creek watershed
from 1939 indicates very little tree cover in the riparian
zones of our study watersheds and less shrub cover
(Briggs et al., 2005). Our data on shrub and tree cover
support the idea of transition to gallery forest through a
shrub state (Figure 2). Here we see in the watershed in
which trees have most recently expanded (N1B) that there
is a corresponding decrease in shrub cover. Similarly, in
watershed N4D, riparian tree cover is increasing more rap-
idly than shrub cover, though not causing riparian shrub
cover to decrease. Finally, our treatment of removing trees
seemed to result in explosive increases in shrub cover,
suggesting that tree growth suppresses shrub growth.

Our results have different implications for management
depending upon the specific goals. Maintaining grassy ripar-
ian zones is the goal of ranchers in the region and could be
the goal of those trying to “restore” native grassland streams
by managing their riparian zones. Our data suggest that
herbicide treatments or potentially more frequent cutting or
browsing (e.g., goats or elk) during the growing season are
the only approaches likely to achieve those goals. Our data
do not support the idea that woody removal could increase
discharge in these systems, though given the large
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hydrologic variability, even larger-scale and longer-term
experiments may be necessary to achieve this goal. If con-
servation goals are to shift stream food webs to those found
in streams with more grassy riparian cover (less coarse
organic carbon input, more algal production), then the
removal approach we took here could work.

We have a system that appears to be moving into a new
stable ecosystem state, streams dominated by tree-covered
riparian zones. Prior regional research of mostly forested
areas based on oak tree burn scars from Oklahoma indi-
cated a median fire interval of every 3 years prior to
European settlement (DeSantis et al., 2010). A similar study
of oak trees in Arkansas indicated a mean fire interval of
4.6–16 years (Guyette & Spetich, 2003). Mean fire return
intervals in northeast Oklahoma determined from pine tree
burn scars were 7.5 years prior to settlement (Stambaugh
et al., 2013). Mean fire intervals for trees in grass-dominated
Tallgrass Prairie Preserve in the southern part of the Flint
Hills indicated mean fire return intervals prior to European
settlement of 3.4 years (Allen & Palmer, 2011). These data
indicate that areas with tallgrass prairie (e.g., Tallgrass Prai-
rie Preserve) could be maintained historically with fire fre-
quencies less than 3 years. Our treatment watershed was
burned every 2 years, but tree cover continued to increase
for decades in this watershed (and those burned annually
and every 4 years) during the study. Riparian tree cover
increased in spite of this burning, consistent with the analy-
sis of Veach, Dodds, and Skibbe (2015). As we documented
in this paper, the shifts in riparian vegetation have cascad-
ing effects on the stream ecosystems they border, ultimately
leading to streams more similar to those in deciduous forest
systems further to the east inmoremesic regions.
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