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Abstract
Whole-plant hydraulics provide important information about responses to water limitation and can be used to understand 
how plant communities may change in a drier climate when measured on multiple species. Here, we measured above- and 
belowground hydraulic traits in Cornus drummondii, an encroaching shrub within North American tallgrass prairies, and 
Andropogon gerardii, a dominant C4 grass, to assess the potential hydraulic responses to future drought as this region 
undergoes woody expansion. Shelters that reduced precipitation by 50% and 0% were built over shrubs and grasses growing 
in sites that are burned at 1-year and 4-year frequencies. We then measured aboveground (Kshoot), belowground (Kroot), and 
whole-plant maximum hydraulic conductance (Kplant) in C. drummondii and Kroot in A. gerardii. We also measured vulner-
ability to embolism (P50) in C. drummondii stems. Overall, we show that: (1) A. gerardii had substantially greater Kroot than 
C. drummondii; (2) belowground hydraulic functioning was linked with aboveground processes; (3) above- and belowground 
C. drummondii hydraulics were not negatively impacted by the rainfall reductions imposed here. These results suggest that 
a multi-year drought will not ameliorate rates of woody expansion and highlight key differences in aboveground and below-
ground hydraulics for dominant species within the same ecosystem.
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Introduction

Woody plants have increased in abundance and distribution 
in herbaceous ecosystems globally over the past century 
(Ravi et al. 2009; Archer et al. 2017). This shift in land 
cover, known as woody encroachment, can have substan-
tial impacts on the structure and functioning of grasslands 
and savannas. For instance, conversion from herbaceous to 

woody-dominated systems can alter aboveground net pri-
mary productivity (Knapp et al. 2008), reduce vegetation 
diversity (Ratajczak et al. 2012), alter soil microbial pro-
cesses (Mureva and Ward 2017), reduce surface runoff and 
soil water recharge (Zou et al. 2018), and alter ecosystem-
level water fluxes (Wang et al. 2010; Logan and Brunsell 
2015; Keen et al. 2022). Woody encroachment has been 
attributed to a variety of drivers including reduced fire fre-
quency (Briggs et al. 2005), overgrazing (Archer 2010), loss 
of native browsers (O’Connor et al. 2020), and rising atmos-
pheric CO2 concentrations (Archer et al. 1995). However, 
woody encroachment dynamics are often site-specific, which 
can complicate predictions of land cover change in different 
ecosystems. Predicting patterns and consequences of woody 
encroachment is also complicated by an incomplete under-
standing of how different woody species respond to ongoing 
climate changes. Improved predictions of ecosystem struc-
ture and function in historically herbaceous ecosystems will 
therefore require a detailed understanding of the mechanisms 
facilitating the expansion of individual woody species in 
specific ecosystems, under both current and future climate 
conditions.
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Several woody species are exhibiting encroachment 
throughout the Great Plains region of North America includ-
ing Cornus drummondii C.A. Mey. (roughleaf dogwood), 
Rhus glabra L. (smooth sumac), and Juniperus virginiana 
L. (eastern red cedar) (Ratajczak et al. 2014a). C. drum-
mondii is native to tallgrass prairie but has increased in 
abundance and distribution over the past several decades 
due to reduced fire frequency in the region (Ratajczak et al. 
2014b). When burned infrequently, this clonal shrub grows 
large and densely enough to limit herbaceous growth in its 
understory and consequently reduces fuel loads such that 
subsequent fires are far less intense (Ratajczak et al. 2014a). 
Additionally, C. drummondii is deep-rooted and uses deep 
soil water throughout the growing season (Ratajczak et al. 
2011). Consistent use of deep water allows this shrub spe-
cies to maintain stable physiological rates despite seasonal 
fluctuations in temperature and precipitation (Muench et al. 
2016), resulting in substantially greater water-use than co-
occurring shrubs and herbaceous species (O’Keefe et al. 
2020). Thus, the reliance of C. drummondii on a stable water 
source that is inaccessible to many neighboring species may 
also contribute to its ongoing expansion in the Great Plains.

That C. drummondii thrives on deep soil water raises the 
question: would encroachment by this species change with-
out access to a reliable water supply? Water stored deep in 
the soil is typically recharged annually by winter precipi-
tation (Ransom et al. 1998) and may decline over time as 
drought intensifies and/or woody utilization of deep water 
increases with expanding woody cover (Vero et al. 2018). 
Furthermore, the rate and extent of soil water depletion 
may be exacerbated by the fire regime experienced by the 
system. Fire frequency impacts soil water availability such 
that annually burned soils are drier and more susceptible to 
drought than infrequently burned soils (Knapp et al. 1993; 
Briggs and Knapp 1995). Drier, shallow soils can cause 
plants with dimorphic root systems to switch reliance from 
shallow to deep water sources (Nippert and Knapp 2007), 
which may further diminish deep supplies. If deep water 
stores are depleted, C. drummondii may experience water 
limitation that impacts its physiology, growth, and ability to 
shade out grasses. However, whether these responses also 
impact its expansion across the landscape depends in part 
on the response of grasses to drought. Grasses often domi-
nate in herbaceous systems due to their superior abilities to 
use shallow soil water (Holdo and Nippert 2023). If water 
limitation impacts grass functioning such that they lose their 
competitive advantage for resource extraction, woody plants 
may increase in dominance. Consequently, an understanding 
of both woody and grass responses to drought, specifically 
under different fire regimes, is necessary to predict the extent 
of future woody expansion in tallgrass prairies.

In particular, hydraulic traits may provide key insights 
into responses of C. drummondii and co-occurring grasses to 

drought. Hydraulic traits (e.g., hydraulic conductivity, vul-
nerability to embolism, hydraulic capacitance) are those that 
influence water transport throughout the plant and conse-
quently, plant performance when water is both abundant and 
limiting. Characteristics such as hydraulic conductivity and 
vulnerability to embolism mechanistically link water loss 
with carbon gain (Anderegg et al. 2018), reduce uncertainty 
in model estimates of water flux and community dynam-
ics (Christoffersen et al. 2016; Mencuccini et al. 2019), and 
have even been used to explain widespread plant mortal-
ity across broad spatial scales (Choat et al. 2012; Anderegg 
et al. 2015). Furthermore, when measured on multiple spe-
cies, these traits have the potential to predict community and 
ecosystem responses to drought (Griffin-Nolan et al. 2018). 
Hydraulic traits are tightly coordinated, and thus, are most 
informative when studied in multiple organs throughout 
entire plants (McCulloh et al. 2019). However, our under-
standing of whole-plant hydraulic functioning in herbaceous 
and woody grassland species is remarkably limited. Previ-
ous studies in grasslands have examined leaf hydraulics in 
grasses (Ocheltree et al. 2014, 2016), but almost no informa-
tion exists regarding water movement through roots or stems 
(but see Martre et al. 2001; Meunier et al. 2018). Knowledge 
about hydraulic traits in C. drummondii roots and stems, as 
well as in the root systems of co-occurring grasses, will be 
crucial for understanding how tallgrass prairie communities 
respond to water limitation in an era of climatic and land-
use changes.

Our objective was to assess how experimental changes in 
water availability and fire frequency impact hydraulic func-
tioning in C. drummondii and Andropogon gerardii Vitman 
(big bluestem), a dominant C4 grass. We were specifically 
interested in understanding the hydraulic responses that 
facilitate water movement aboveground (shoot maximum 
hydraulic conductance; Kshoot), belowground (root maximum 
hydraulic conductance; Kroot), and throughout whole-plants 
(whole-plant maximum hydraulic conductance; Kplant), as 
well as aboveground hydraulic vulnerability to loss of func-
tion under water limitation (stem vulnerability to embolism 
as assessed by the pressure inducing 50% loss of hydraulic 
conductivity; P50). Specifically, we assessed the following 
questions: (1) Does Kroot differ between A. gerardii and C. 
drummondii? (2) How does A. gerardii Kroot vary under 
experimental fire and drought? (3) How do C. drummon-
dii hydraulics (Kshoot, Kroot, Kplant, and stem P50) vary under 
experimental fire and drought? Given that grasses have 
fibrous shallow root systems that are efficient at water uptake 
(Ma et al. 2018; Wargowsky et al. 2021), we hypothesized 
that A. gerardii would have greater Kroot than C. drummon-
dii. However, because the deep root system of C. drummon-
dii relies on stable water while the shallow root system of A. 
gerardii routinely experiences fluctuations in water availabil-
ity, we hypothesized that C. drummondii hydraulics would 
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be negatively impacted by a multi-year drought while A. 
gerardii would adjust its hydraulics less to drought. Because 
fire can further reduce soil moisture, we hypothesized that C. 
drummondii will experience greater reductions in maximum 
hydraulic conductance under drought when more frequently 
burned. Finally, we predicted that under more water stressed 
conditions, plants would increase the water supply to a given 
leaf area by reducing leaf area and/or increasing the pressure 
gradient from the roots to leaves.

Materials and methods

Site description

Research was conducted in 2019 and 2020 at the Konza 
Prairie Biological Station (KPBS), a Long-Term Ecologi-
cal Research (LTER) site located in the Flint Hills region 
of northeastern Kansas, USA (39.1° N, 96.9° W). KPBS is 
a 3487 ha area of native tallgrass prairie that is divided into 
experimental watersheds, each of which receives various fire 
(burned every 1, 2, 4, or 20 years) and grazing (grazed by 
Bison bison, cattle, or ungrazed) treatment combinations. 
The landscape is generally dominated by few dominant C4 
grass species and many subdominant forb and shrub species 
(Smith and Knapp 2003).

KPBS experiences a midcontinental climate with cool, 
dry winters and warm, wet summers. Long-term mean 
annual precipitation is 842 mm (1982–2021), approximately 
75% of which occurs during the growing season (April–Sep-
tember). Annual precipitation was 970.8 mm in 2019 and 
832.8 mm in 2020. Long-term (1982–2021) mean annual 
temperature at this site is 12.7 ℃ and mean growing season 
(May–September) temperature is 22.6 ℃. Growing season 
temperatures averaged 22.5 and 22.3 ℃ in 2019 and 2020, 
respectively, and growing season maximum temperatures 
reached 36.8 and 35.6 ℃ in 2019 and 2020, respectively 
(Nippert 2024). During the growing season, mean relative 
humidity between 9:00 and 13:00 was 62.5% in 2019 and 
61.9% in 2020; maximum relative humidity exceeded 99% 
during the same daytime hours in both growing seasons 
(Nippert 2024).

Experimental setup

This study was conducted in lowland locations of two 
ungrazed watersheds, one of which is burned every year 
(K1B) and one of which is burned every 4 years (K4B). 
Rainout shelters (6.3 m2) that reduce precipitation by 
50% (drought) or 0% (control) were built in 2018 over 
mature C. drummondii and co-occurring C4 grasses. Four 
control shelters and three drought shelters were built in 
each watershed, resulting in 14 total shelters. Precipitation 

treatment differences were verified with volumetric soil 
moisture measurements recorded every 30  min using 
30 cm Campbell Scientific CS605 time domain reflec-
tometry (TDR) probes at 10, 15, and 30 cm depths in each 
shelter. These data showed that soil moisture at the 10, 
15, and 30 cm depths was an average of 20.9%, 18.6%, 
and 10.4% lower, respectively, under the drought shelters 
compared to the control shelters (Table S1, Fig S1, Online 
Resource 1).

Maximum hydraulic conductance

We used a high-pressure flow meter (HPFM; Tyree et al. 
1993) to measure maximum hydraulic conductance (K; g 
m−2 s−1 MPa−1) in intact C. drummondii and A. gerardii 
roots (Kroot) and in C. drummondii shoots (Kshoot). Maxi-
mum hydraulic conductance is a metric of ease of water 
flow through a tissue with native embolisms removed. 
Three clonal ramets were measured on the same individual 
shrub per shelter and three individual grasses were meas-
ured per shelter. C. drummondii maximum hydraulic con-
ductance measurements were taken twice per year in 2019 
and 2020 (June and August each year; DOY 142–149 and 
217–227 in 2019; DOY 154–156 and 210–218 in 2020). 
Because A. gerardii stems were too small to maintain a 
tight seal with the HPFM in 2019 and early in the 2020 
growing season, maximum hydraulic conductance meas-
urements were only collected in August 2020.

For C. drummondii, each ramet was cut near the soil 
surface and the protruding root end was wrapped in a 
damp paper towel while the shoot end was attached to 
the HPFM. A 20 mmol L−1 KCl solution flowed from the 
HPFM into the shoot and the pressure differential of the 
solution entering the sample was monitored until stabi-
lized (approximately 10–15 min). The pressure differential 
was then recorded along with the temperature of the solu-
tion. Immediately following the shoot measurement, the 
HPFM tubing was attached to the root end and maximum 
root hydraulic conductance was measured using the same 
method. For each ramet, stem diameter was recorded and 
each leaf was collected in a plastic bag. Leaves were then 
brought back to the laboratory and their area measured 
with a 3100C leaf area meter (Li-Cor, Inc., Lincoln, NE, 
USA). Maximum hydraulic conductance was measured 
on A. gerardii roots as described above for C. drummon-
dii roots. We could not measure A. gerardii shoots due to 
extensive water leakage through the leaf sheath. For A. 
gerardii, a smaller gasket was used to attach the root crown 
tissue to the HPFM and the entire cut tiller was collected 
to measure leaf area.

Leaf area-specific maximum hydraulic conductance was 
calculated for all samples as:
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where F is the flow rate calculated from the pressure dif-
ferential and a calibration coefficient, P is the pressure of the 
water entering the sample, and T is the temperature of the 
solution (Yang and Tyree 1994). The calibration coefficient 
was calculated prior to measurements by measuring flow 
rate through the HPFM at set pressures using a gravity feed 
apparatus. The constants were used to correct the viscosity 
of the solution based on the solution temperature (Kestin 
et al. 1978), and the entire calculation was standardized by 
the leaf area of that sample. To understand the impacts of 
Kroot and Kshoot on whole-plant water-use, we calculated 
whole-plant maximum conductance (Kplant) as:

Vulnerability to embolism

We also assessed the vulnerability of C. drummondii stems 
to loss of hydraulic function by measuring hydraulic vul-
nerability curves in July 2019. One C. drummondii stem 
(~ 50 cm long and 2.1–7.5 mm diameter) was collected from 
each shelter, wrapped in damp paper towels, double-bagged, 
and shipped overnight to the University of Wisconsin-Mad-
ison. Samples were recut under water to 14.0–20.4 cm in 
length with a razor blade and rehydrated in a 20 mmol L−1 
KCl solution under a partial vacuum overnight. The fol-
lowing day, hydraulic conductivity was measured on fully 
hydrated samples using a hydrostatic pressure head. Hydrau-
lic conductivity was then repeatedly measured as each sam-
ple was subjected to increasingly negative xylem pressures 
using the centrifuge method (Alder et al. 1997). The pres-
sure at which 50% of the maximum hydraulic conductivity 
was lost (P50) was then calculated for all curves within each 
water treatment*fire treatment group. Vulnerability curves 
were analyzed with a Weibull model using the fitplc pack-
age (Duursma and Choat 2017). Differences in P50 values 
between treatments were determined as having non-overlap-
ping 95% confidence intervals.

Leaf water potential

Hydraulic conductance is mediated in part by water potential 
gradients throughout the plant following:

where Q is the flow rate of water and ΔΨ is the pressure dif-
ference throughout the plant (e.g., Ψroot – Ψleaf). To provide 

(1)
K =

((

F

P

)

×
(

0.359 + 1.421(−0.04∗T)
)

)

Leaf area

(2)K−1
plant

= K−1
shoot

+ K−1
root

(3)K =
Q

ΔΨ

additional insight regarding patterns of whole-plant water 
movement, we estimated this pressure difference using 
predawn (ΨPD) and midday (ΨMD) leaf water potential meas-
urements. Leaf water potential was measured on C. drum-
mondii and A. gerardii using a Scholander pressure chamber 
(PMS Instrument Company, Albany, OR, USA). Measure-
ments were made once in each month that maximum hydrau-
lic conductance was measured (DOY 161 and 232 in 2019 
and DOY 154 and 224 in 2020 for C. drummondii; DOY 
224 in 2020 for A. gerardii), within approximately a week 
of conductance measurements. For each set of measure-
ments, 3 leaves per species were collected in each plot and 
equilibrated in a plastic bag for approximately 60 min prior 
to measurement. Leaves for predawn measurements were 
collected approximately 1 h before sunrise and leaves for 
midday measurements were collected at 12:00 h. Assuming 
ΨPD is approximately equivalent to the water potential of the 
rhizosphere, we then calculated the pressure differential as 
ΔΨleaf =  − (ΨPD – ΨMD).

Statistics

All statistical analyses were performed in R version 4.1.1 
(Team RC 2021). All data were checked for normality using 
normal qq-plots and homogeneity of variance was deter-
mined by assessing residuals versus fitted plots (Faraway 
2016). Data were then log- or square-root transformed as 
necessary (see Online Resource 1). We used the following 
analyses to address each question:

(1)	 Does Kroot differ between A. gerardii and C. drum-
mondii? We addressed our first question using a fixed 
effects linear model to compare Kroot between A. gerar-
dii and C. drummondii, for all treatments combined. 
Because A. gerardii data were only collected in August 
2020, we also only included C. drummondii data col-
lected in August 2020 in these analyses.

(2)	 How does A. gerardii Kroot vary under experimental 
fire and drought? To address our second question, we 
compared A. gerardii Kroot across treatments using a 
fixed effects linear model, with precipitation treatment 
and fire treatment as fixed effects. We used the same 
model to compare A. gerardii leaf area, ΨPD, ΨMD, and 
ΔΨleaf across precipitation and fire treatments. Finally, 
we used a linear regression model to compare the rela-
tionship between A. gerardii Kroot (unstandardized by 
leaf area) and leaf area.

(3)	 How do C. drummondii hydraulics (Kshoot, Kroot, 
Kplant, and stem P50) vary under experimental fire and 
drought? We addressed our third question by com-
paring C. drummondii Kshoot, Kroot, and Kplant across 
treatments with a fixed effects linear model, using pre-
cipitation treatment, fire treatment, and sampling date 
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as fixed effects. The same model was used to evaluate 
C. drummondii leaf area, ΨPD, ΨMD, and ΔΨleaf across 
precipitation treatments, fire treatments, and sampling 
date. The relationships of leaf area with Kshoot, Kroot, 
and Kplant (all unstandardized by leaf area) were ana-
lyzed with linear regression models.

Results

(1)	 Does Kroot differ between A. gerardii and C. drummon-
dii? Maximum root hydraulic conductance (Kroot) was 
significantly lower in C. drummondii than in A. gerardii 
(p < 0.001; Table S2, Online Resource 1). Specifically, 
Kroot was 90% lower in C. drummondii compared to A. 
gerardii in August 2020 (Fig. 1).

(2)	 How does A. gerardii Kroot vary under experimental 
fire and drought? We found that A. gerardii Kroot was 
generally lower in the drought treatment when annu-
ally burned, although this trend was not significant 
(p = 0.058; Fig. 2; Table S3, Online Resource 1). Leaf 
area was significantly greater in the drought treatment 
for annually burned A. gerardii (p = 0.042; Fig.  3; 
Table S4, Online Resource 1), which would conse-
quently lower leaf-area specific Kroot (Eq. 1). However, 
when not standardized by leaf area, A. gerardii Kroot 
and leaf area exhibited no relationship (p = 0.480; Fig. 
S2d; Table S5, Online Resource 1). Finally, we found 
evidence that the drop in Kroot was associated with 
changing water potential gradients. ΨMD was lower in 
annually burned A. gerardii compared to those burned 
every four years (p < 0.001; Fig. S3; Table S6, Online 
Resource 1), resulting in a larger pressure differential 
(ΔΨleaf) (p < 0.001; Fig. 4; Table S7, Online Resource 
1).

(3)	 How do C. drummondii hydraulics (Kshoot, Kroot, 
Kplant, and stem P50) vary under experimental fire 

and drought? Aboveground shrub hydraulics differed 
between fire treatments but not precipitation treat-
ments. Kshoot was significantly greater in annually 
burned shrubs compared to shrubs burned every four 
years, particularly in June and August 2020 (p < 0.001; 
Fig. 5b; Table S8, Online Resource 1). Annually burned 
shrubs had lower leaf area than shrubs burned every 
four years (p < 0.001; Fig. 6a, b; Table S4, Online 
Resource 1), which would increase leaf-area specific 
Kshoot in shrubs burned every four years (Eq. 1). When 
comparing pressure differentials, we found that ΔΨleaf 
was significantly lower in annually burned shrubs com-
pared to those burned every four years (p < 0.040) and 
during June compared to August (p < 0.001; Fig. 4a, b; 
Table S7, Online Resource 1).

Belowground shrub hydraulics differed between precipi-
tation treatments but not fire treatments. Kroot was gener-
ally greater in droughted C. drummondi shrubs compared 
to shrubs from the control treatment, particularly in August 
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2019 (p = 0.046; Fig. 5c; Table S8, Online Resource 1). 
Kroot was also greater in August compared to June for all 
treatments except the control shrubs in 2019 (p = 0.002; 
Fig. 5c, d). Leaf area was generally lower in drought treat-
ment compared to the control (p = 0.002), noticeably so in 
August 2019, which likely increased Kroot calculated on a 
leaf area basis (Eq. 1).

Whole plant hydraulics were generally more variable than 
above or belowground maximum conductance considered 
alone. We found that Kplant varied significantly across precip-
itation * fire treatment (p = 0.033), and fire * sampling date 
combinations (p = 0.002), with 4-year burned, droughted 
shrubs having higher Kplant values than control shrubs in 

both years (Fig. 5e, f; Table S8, Online Resource 1). In 2020, 
Kplant was greater in annually burned shrubs under control 
water conditions compared to droughted shrubs and dur-
ing August compared to June (Fig. 5f). Finally, when not 
calculated on a leaf area basis, Kplant (p < 0.001), as well as 
Kshoot (p < 0.001) and Kroot (p < 0.001), all exhibited strong 
positive relationships with leaf area (Fig. S2a-b-c; Table S5, 
Online Resource 1).

Stem vulnerability to embolism (P50) ranged 
between − 4.22 and − 3.18 MPa and was generally lower in 
stems from the 4-year burn treatment compared to stems 
from the 1-year burn treatment (Fig. S5, Online Resource 1; 
Table 1). Annually burned stems from the drought treatment 

Fig. 4   The pressure differential 
(ΔΨleaf) between ΨPD – ΨMD 
calculated for C. drummondii in 
a 2019 and b 2020, as well as 
for c A. gerardii in 2020. Shown 
are means ± 1SEM and n = 3–4 
per treatment combination. Cor-
responding statistics are shown 
in Table S7
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had the greatest P50 (i.e., they were more vulnerable to 
embolism) and exhibited non-overlapping 95% confidence 
intervals with P50 values measured from all other treatment 
groups (Table 1).

Discussion

Whole-plant hydraulic functioning can provide cru-
cial insight regarding how plants respond to water stress 
(McCulloh et al. 2019), yet we have limited information 
about aboveground hydraulic traits in grassland species and 
even less about the hydraulic traits of their roots. Here, we 
show how experimental changes in water availability and fire 
frequency can impact Kshoot, Kroot, and Kplant in C. drummon-
dii. We also provide a first assessment of Kroot in A. gerardii 
which, to our knowledge, has never before been measured in 
grasses. Overall, we show several key findings: (1) A. gerar-
dii has substantially greater Kroot on a leaf area basis than 
C. drummondii; (2) belowground hydraulic functioning is 
tied to aboveground processes (e.g., C. drummondii leaf area 
exhibits a significantly positive relationship with Kshoot, Kroot, 
and Kplant); (3) above- and belowground C. drummondii 

hydraulics were not negatively impacted by drought. These 
results provide insight regarding woody encroachment 
dynamics under drought and highlight the importance of 
understanding both aboveground and belowground hydrau-
lics for multiple dominant species within plant communities.

We found that A. gerardii had significantly greater Kroot 
than C. drummondii. This result is not surprising given that 
C4 grasses typically have dense, fibrous root systems that 
can maximize water uptake in resource-limited systems (Ma 
et al. 2018). In fact, C4 grasses are often characterized as 
“aggressive” users of water because they exhibit root traits 
that allow them to sustain higher transpiration and growth 
rates than woody plants under wet conditions (Xu et al. 
2015; Wargowsky et al. 2021; Belovitch et al. 2023). Con-
sistent with this notion, previous work at this site has shown 
that grass root biomass and total root length are greatest 
within the top 20 cm of soil (Nippert et al. 2012), and that 
grass root biomass is significantly greater in shallower soil 
compared to woody root biomass (R. Keen, unpublished 
data). Additional work has shown that these grasses have 
thin, dense shallow roots (Tucker et al. 2011) that exhibit 
anatomical traits resulting in high theoretical conductance 
(Nippert et al. 2012; O’Keefe et al. 2022). Combined, these 
traits should produce root systems that have overall higher 
Kroot than shrub root systems. Such a strategy likely benefits 
A. gerardii in the pulse-driven climate of the Great Plains, 
as this species can take advantage of periodic precipitation 
inputs to surface soils throughout the growing season more 
effectively than co-occurring forbs or shrubs that do not 
have an extensive fibrous root system. Given that A. gerar-
dii experiences substantial fluctuations in water availabil-
ity throughout a growing season, we hypothesized that the 
hydraulic response of this species would not differ under the 
contrasting precipitation treatments.

Contrary to our hypothesis, A. gerardii Kroot was nega-
tively impacted by drought—but only when annually burned. 
Kroot, which indicates the root hydraulic conductance for 
a given leaf area (Eq. 1), could decline across treatments 
in this fashion if root hydraulic conductance declined and 
leaf area remained constant, if root hydraulic conduct-
ance remained the same and leaf area increased, or if root 
hydraulic conductance declined and leaf area increased. 
Each of these scenarios would decrease the hydraulic con-
ductance per leaf area. Figure 3 indicates that there was a 
large increase in leaf area within the drought plots, which 
is consistent with a lower Kroot. Interestingly, A. gerardii 
leaf area was not related to Kroot when unstandardized by 
leaf area (Fig. S2d). Additional factors—such as root die-off 
under drought—may have also contributed to the decrease in 
Kroot observed in annually burned, droughted A. gerardii. We 
unfortunately could not measure root biomass within these 
long-term sampling plots. However, recent work conducted 
in the same watersheds has shown that grass fine roots 
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Fig. 6   Leaf area measured for C. drummondii in control and drought 
precipitation treatments and in watersheds burned every 1 and 
4  years, across a 2019 and b 2020. Shown are means ± 1SEM and 
n = 3–4 per treatment combination. Corresponding statistics are 
shown in Table S4

Table 1   Stem P50 (the pressure at which 50% of the maximum 
hydraulic conductivity is lost) measured for C. drummondii in control 
and drought precipitation treatments and in watersheds burned every 
1 and 4 years (n = 3–4 per treatment combination)

Shown are P50 values and their 95% confidence intervals. See Fig. S5 
for corresponding vulnerability curves

1-year 4-year

Control  − 3.71 (− 3.51, − 3.90)  − 4.04 (− 3.68, − 4.51)
Drought  − 3.18 (− 2.90, − 3.43)  − 4.22 (− 3.83, − 4.65)
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have anatomical traits that might increase susceptibility to 
drought, and that these trait values differ with fire frequency. 
O’Keefe et al. (2022) showed that annually burned grass 
roots tend to have wider conduit diameters, fewer conduits, 
and lower conduit structural safety than roots from 4-year 
burned grasses. These traits are associated with greater 
hydraulic efficiency and reduced hydraulic safety (Sperry 
et  al. 2002; Pratt et  al. 2007), suggesting that annually 
burned grass roots may be more susceptible to drought than 
roots belonging to grasses burned every 4 years. Fire fre-
quency drives differences in surface soil moisture availabil-
ity, with less frequent fire resulting in greater soil moisture 
and grass productivity during drought (Knapp et al. 1993). 
With more frequent and pronounced dry soil conditions, 
grass roots in annually-burned locations are more likely to 
lose hydraulic connectivity with soil moisture, leading to a 
higher potential for root hydraulic dysfunction (Zeppel et al. 
2015). Combined, these results indicate that annually burned 
grasses have a root system with a lower maximum hydraulic 
conductance that may also be more vulnerable to embolism 
than roots from 4-year burned grasses.

The reduction in Kroot was also associated with a greater 
pressure differential between A. gerardii roots and leaves 
(ΔΨleaf). A larger ΔΨleaf may have been a response to the 
reduction in Kroot as a mechanism to maintain high transpi-
ration rates (Eq. 3). Indeed, the increase in ΔΨleaf resulted 
from a decrease in ΨMD, not from changes in ΨPD, sug-
gesting that water availability in the rhizosphere did not 
influence midday leaf water status during this time period. 
This mechanism highlights that above- and belowground 
hydraulic functioning is tightly coordinated and that more 
studies should consider whole-plant responses to drought 
(McCulloh et al. 2019).

In C. drummondii, belowground hydraulic traits were 
more responsive to drought than aboveground traits, par-
ticularly later in the growing season. Furthermore, these 
responses were surprisingly positive; droughted C. drum-
mondii roots had a greater capacity for moving water than 
control roots. We suggest the increase in Kroot was likely a 
byproduct of aboveground responses to drought—specifi-
cally, leaf area dynamics. Leaf area was lower in droughted 
C. drummondii, which would increase Kroot calculated on 
a leaf area basis. The reduction in leaf area is consistent 
with previous work showing that C. drummondii exhibits 
reduced growth rates under drought Wedel et al. (2021a) 
and suggests that this shrub is somewhat affected by water 
limitation. However, because hydraulic conductance can be 
positively correlated with growth rate (Zhang and Cao 2009; 
Fan et al. 2012), the higher Kroot in droughted shrubs may 
promote rapid regrowth after wetter conditions return. This 
notion is supported by our observation that leaf area was 
positively related to Kroot, Kshoot, and Kplant unstandardized 
by leaf area (Fig. S2a-c, Online Resource 1). Thus, a higher 

maximum conductance supports greater C. drummondii leaf 
area which could, along with other factors such as leaf thick-
ness and chlorophyll density (McClendon 1962; Pickett and 
Kenworthy 1939), facilitate the rapid growth of this species 
in tallgrass prairie.

Kshoot in C. drummondii did not differ in response to the 
precipitation treatments but was greater in annually burned 
shrubs compared to those burned every four years, especially 
in 2020. Similar to Kroot, this pattern was likely due to the 
effect of lower leaf area on Kshoot (Eq. 1). Other factors, such 
as xylem diameter and number, could also be associated 
with differences in Kshoot across fire treatments. High Kshoot 
would theoretically be associated with wider xylem vessels 
(Tyree et al. 1994) and would promote rapid leaf regrowth 
after a fire in annually burned areas. Similarly, (Wedel et al. 
2021b) found that resprouting C. drummondii stems produce 
leaves with lower leaf mass per area and higher leaf nitrogen, 
which promotes high photosynthetic rates during periods of 
regrowth. Thus, C. drummondii exhibits a variety of above-
ground hydraulic, photosynthetic, and morphological traits 
that likely allow this species to persist in fire-dominated sys-
tems, even when frequently burned.

To investigate the impacts of Kroot and Kshoot on whole-
plant hydraulics, we calculated Kplant and compared these 
values to patterns of ΔΨleaf. Kplant was generally variable 
across treatments and through time, but was higher in the 
4-year burn droughted treatment compared to 4-year burn 
control treatment. Throughout our experiment, ΔΨleaf in 
these same shrubs was higher, the same, or lower than the 
4-year control shrubs, suggesting that water potential gra-
dients did not always compensate for differences in Kplant 
to maintain transpiration rates (Eq. 3). For instance, the 
greater Kplant and ΔΨleaf in August of both years suggests 
that transpirational demand also increased during this time 
(Eq. 3). This result, supported by leaf gas exchange data (R. 
Keen, in press), is surprising given that previous work has 
shown that C. drummondii exhibits stable photosynthetic 
rates through time (Muench et al. 2016) and highlights the 
need to understand plant functioning when water is both 
plentiful and limiting.

Finally, C. drummondii stems grown under drought were 
more vulnerable to embolism than control stems, but only 
in the annually burned treatment (Table 1). This result could 
indicate that annually burned stems exhibit “cavitation 
fatigue” similar to others who have also observed increased 
hydraulic vulnerability in stems following drought (Hacke 
et al. 2001; Anderegg et al. 2013). Conversely, stems from 
the four-year burn treatment exhibited the lowest vulner-
ability to embolism (Table 1). These contrasting results may 
indicate that stems grown in different fire regimes vary in 
xylem traits (e.g., conduit diameter, wall thickness, or pit 
membrane thickness and frequency) that alter hydraulic 
responses to drought (Sperry et al. 2002; Pratt et al. 2007). 
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However, the link between fire regimes and plant hydrau-
lics is generally not well known. Some previous work has 
shown that resprouted individuals exhibit greater hydraulic 
efficiency and lower hydraulic safety, compared to unburned 
plants, as a mechanism to increase growth following fire 
(Venturas et al. 2016). If occurring here, that same mecha-
nism could explain our observed difference in P50 values 
across treatments. Overall, these observations highlight the 
need for further research into the relationships between fire 
and plant hydraulic function, particularly as they apply to 
understanding species responses to global change.

The extent of woody encroachment in the future will 
likely depend on the interplay between shrub and grass 
performance under drought i.e., reductions in shrub perfor-
mance relative to grasses have the potential to slow rates of 
woody encroachment and vice versa. Here, we found lit-
tle evidence suggesting that the hydraulic functioning of C. 
drummondii declines with water limitation. Although leaf 
area was significantly reduced, droughted C. drummondii 
exhibited greater Kroot and lower root vulnerability to embo-
lism than control shrubs. Lower root vulnerability to embo-
lism would consequently allow C. drummondii to maintain 
hydraulic functioning under lower water potentials while 
greater Kroot may facilitate the recovery of aboveground 
growth after drought ends. Fire frequency impacted some 
aboveground C. drummondii traits (e.g., Kshoot, leaf area, 
ΔΨleaf, and stem P50), but these responses were not influ-
enced by drought. These results highlight the remarkable 
capacity of this species to persist through periods of stress 
across different fire regimes. Based on these findings, we 
suggest that rates of shrub encroachment might not decline 
in a drier climate. Predicting encroachment trajectories in 
dynamic systems will remain challenging, as emphasized by 
our observations that C. drummondii hydraulic conductances 
often varied across the June and August sampling dates.

The hydraulic responses of A. gerardii to drought further 
support this notion. Kroot in A. gerardii decreased during 
drought, but only when annually burned (i.e., under a fire 
regime that already limits woody encroachment). In the 
4-year burn treatment, where woody encroachment is more 
prevalent, A. gerardii did not experience drought-induced 
changes Kroot. These results suggest that water limitation 
does not likely impact the competitive ability of grasses 
such that they would change rates of woody encroachment in 
locations where this phenomenon typically occurs. Further-
more, the belowground response of A. gerardii to drought 
was associated with increased leaf area, suggesting that 
any reductions in hydraulic functioning did not translate to 
reductions in aboveground performance. Finally, A. gerardii 
Kroot was substantially greater than that of C. drummondii, 
regardless of treatment, suggesting that A. gerardii should 
maintain competitive superiority for water uptake despite 
reductions in Kroot under drought.

Finally, these results are reported after only two years of 
experimental drought. Longer or more intense periods of 
drought may reduce deep water stores to a greater extent and 
result in different dynamics within shrub-grass communities. 
Furthermore, whether these species will be able to adjust 
their hydraulic traits over longer periods is unclear, particu-
larly given the contrasting literature supporting (Lemaire 
et al. 2021) and showing little evidence for (Bittencourt et al. 
2020) hydraulic trait acclimation. Future studies should con-
tinue to investigate the responses of multiple species to long 
term drought in order to better understand the trajectories 
of ecosystem change in tallgrass prairies exposed to mul-
tiple interactive global change drivers. Aboveground and 
belowground hydraulic traits, in particular, will be key for 
understanding whole plant responses to water limitation and 
resolving uncertainty in predictions of grassland functioning 
under different climate change scenarios.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00442-​024-​05543-w.

Acknowledgements  We would like to thank Greg Tooley and Emily 
Wedel for assisting with sample collection, and Rick Meinzer for assis-
tance with the HPFM. The Konza Prairie Biological Station provided 
logistical support and the maintenance of the long-term fire and graz-
ing treatments.

Author contribution statement  All authors conceived the ideas and 
designed the methodology. KO and RK collected the data. KO analyzed 
the data and wrote the manuscript. All authors contributed critically 
to the drafts.

Funding  Funding was provided by the Department of Energy Terres-
trial Ecosystem Science Award DESC0019037, Konza Prairie LTER 
Program (NSF DEB 1440484 and 2025849) the School of Natural Sci-
ences at St. Edward’s University, the Division of Biology at Kansas 
State University, and the University of Wisconsin-Madison College of 
Letters and Science.

Availability of data and material  Data used in this study are available 
upon request.

Code availability  Not applicable.

Declarations 

Conflict of interest  Not applicable.

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  All authors gave final approval for publication.

References

Alder NN, Pockman WT, Sperry JS, Nuismer S (1997) Use of centrifu-
gal force in the study of xylem cavitation. J Exp Bot 48:665–674

https://doi.org/10.1007/s00442-024-05543-w


940	 Oecologia (2024) 204:931–941

Anderegg WRL, Plavcová L, Anderegg LDL et al (2013) Drought’s 
legacy: multiyear hydraulic deterioration underlies widespread 
aspen forest die-off and portends increased future risk. Glob 
Chang Biol 19:1188–1196

Anderegg WRL, Flint A, Huang CY et  al (2015) Tree mortality 
predicted from drought-induced vascular damage. Nat Geosci 
8:367–371

Anderegg WRL, Wolf A, Arango-Velez A et al (2018) Woody plants 
optimise stomatal behaviour relative to hydraulic risk. Ecol Lett 
21:968–977

Archer SR (2010) Rangeland conservation and shrub encroachment 
new perspectives on an old problem. In: DuToit JT, Kock R, 
Deutsh JC (eds) Wild Rangelands: conserving wildlife while 
maintaining livestock in semi-arid ecosystems, vol 8. Blackwell 
Publishing, New York, pp 53–97

Archer S, Schimel DS, Holland EA (1995) Mechanisms of shrubland 
expansion: land use, climate or CO2? Clim Change 29:91–99

Archer SR, Andersen EM, Predick KI, et  al (2017) Woody plant 
encroachment: causes and consequences. Rangeland systems: 
Processes, management and challenges. p 25–84.

Belovitch MW, NeSmith JE, Nippert JB, Holdo RM (2023) African 
savanna grasses outperform trees across the full spectrum of soil 
moisture availability. New Phytol 239:66–74

Bittencourt PR, Oliveira RS, da Costa AC, Giles AL, Coughlin I, Costa 
PB, Bartholomew DC, Ferreira LV, Vasconcelos SS, Barros FV, 
Junior JA (2020) Amazonia trees have limited capacity to accli-
mate plant hydraulic properties in response to long-term drought. 
Glob Change Biol 26(6):3569–3584

Briggs JM, Knapp AK (1995) Interannual variability in primary pro-
duction in tallgrass prairie: climate, soil moisture, topographic 
position, and fire as determinants of aboveground biomass. Am 
J Bot 82:1024–1030

Briggs JM, Knapp AK, Blair JM, Heisler JL (2005) An ecosystem in 
transition: causes and consequences of the conversion of mesic 
grassland to shrubland. Bioscience 55:243–254

Choat B, Jansen S, Brodribb TJ et al (2012) Global convergence in the 
vulnerability of forests to drought. Nature 491:752–755

Christoffersen BO, Gloor M, Fauset S et al (2016) Linking hydrau-
lic traits to tropical forest function in a size-structured and trait-
driven model (TFS v. 1-Hydro). Geosci Model Dev 9:4227–4255

Duursma C (2017) fitplc: an R package to fit hydraulic vulnerability 
curves. J At Mol Phys. 4:e002

Fan Z-X, Zhang S-B, Hao G-Y et al (2012) Hydraulic conductivity 
traits predict growth rates and adult stature of 40 Asian tropical 
tree species better than wood density. J Ecol 100:732–741

Faraway JJ (2016) Extending the linear model with R: Generalized 
linear, mixed effects and nonparametric regression models, 2nd 
edn. CRC Press, Boca Raton

Griffin-Nolan RJ, Bushey JA, Carroll CJW et al (2018) Trait selec-
tion and community weighting are key to understanding eco-
system responses to changing precipitation regimes. Funct Ecol 
32:1746–1756

Hacke UG, Stiller V, Sperry JS et al (2001) Cavitation fatigue. Embo-
lism and refilling cycles can weaken the cavitation resistance of 
xylem. Plant Physiol 125:779–786

Holdo RM, Nippert JB (2023) Linking resource- and disturbance-based 
models to explain tree-grass coexistence in savannas. New Phytol 
237:1966–1979

Keen RM, Nippert JB, Sullivan PL et al (2022) Impacts of riparian and 
non-riparian woody encroachment on tallgrass prairie ecohydrol-
ogy. Ecosystems. 26:290–301

Kestin J, Sokolov M, Wakeham WA (1978) Viscosity of liquid water 
in the range− 8 C to 150 C. J Phys Chem Ref Data 7(3):941–948

Knapp AK, Fahnestock JT, Hamburg SP, Statland LB (1993) Land-
scape patterns in soil-plant water relations and primary production 
in tallgrass prairie. Ecology 74:549–560

Knapp AK, Briggs JM, Collins SL et al (2008) Shrub encroachment 
in North American grasslands: shifts in growth form dominance 
rapidly alters control of ecosystem carbon inputs. Glob Chang 
Biol 14:615–623

Lemaire C, Blackman CJ, Cochard H et al (2021) Acclimation of 
hydraulic and morphological traits to water deficit delays hydrau-
lic failure during simulated drought in poplar. Tree Physiol 
41:2008–2021

Logan KE, Brunsell NA (2015) Influence of drought on growing sea-
son carbon and water cycling with changing land cover. Agric for 
Meteorol 213:217–225

Ma Z, Guo D, Xu X et al (2018) Evolutionary history resolves global 
organization of root functional traits. Nature 555:94–97

Martre P, North GB, Nobel PS (2001) Hydraulic conductance and mer-
cury-sensitive water transport for roots of Opuntia acanthocarpa 
in relation to soil drying and rewetting. Plant Physiol 126:352–362

McClendon JH (1962) The relationship between the thickness of 
deciduous leaves and their maximum photosynthetic rate. Am J 
Bot 49:320–322

McCulloh KA, Domec J-C, Johnson DM et al (2019) A dynamic yet 
vulnerable pipeline: Integration and coordination of hydraulic 
traits across whole plants. Plant Cell Environ 42:2789–2807

Mencuccini M, Manzoni S, Christoffersen B (2019) Modelling 
water fluxes in plants: from tissues to biosphere. New Phytol 
222:1207–1222

Meunier F, Zarebanadkouki M, Ahmed MA, Carminati A, Couvreur 
V, Javaux M (2018) Hydraulic conductivity of soil-grown lupine 
and maize unbranched roots and maize root-shoot junctions. J 
Plant Physiol 227:31–44

Muench AT, O’Keefe K, Nippert JB (2016) Comparative ecohydrology 
between Cornus drummondii and Solidago canadensis in upland 
tallgrass prairie. Plant Ecol 217:267–276

Mureva A, Ward D (2017) Soil microbial biomass and functional diver-
sity in shrub-encroached grasslands along a precipitation gradient. 
Pedobiologia 63:37–45

Nippert J (2024) AWE01 Meteorological data from the konza prairie 
headquarters weather station. Environ Data Initiative. https://​doi.​
org/​10.​6073/​pasta/​91046​9efbf​1f7e8​d54c2​b1ca8​64ede​c9

Nippert JB, Knapp AK (2007) Soil water partitioning contributes to 
species coexistence in tallgrass prairie. Oikos 116:1017–1029

Nippert JB, Wieme RA, Ocheltree TW, Craine JM (2012) Root charac-
teristics of C4 grasses limit reliance on deep soil water in tallgrass 
prairie. Plant Soil 355:385–394

O’Connor RC, Taylor JH, Nippert JB (2020) Browsing and fire 
decreases dominance of a resprouting shrub in woody encroached 
grassland. Ecology 101:e02935

O’Keefe K, Bell DM, McCulloh KA (2020) Bridging the flux gap: Sap 
flow measurements reveal species-specific patterns of water use 
in a tallgrass prairie. J Geophys Res 125:1–17

O’Keefe K, Bachle S, Keen R et al (2022) Root traits reveal safety and 
efficiency differences in grasses and shrubs exposed to different 
fire regimes. Funct Ecol 36:368–379

Ocheltree TW, Nippert JB, Prasad PVV (2014) Stomatal responses to 
changes in vapor pressure deficit reflect tissue-specific differences 
in hydraulic conductance. Plant Cell Environ 37:132–139

Ocheltree TW, Nippert JB, Prasad PVV (2016) A safety vs efficiency 
trade-off identified in the hydraulic pathway of grass leaves is 
decoupled from photosynthesis, stomatal conductance and pre-
cipitation. New Phytol 210:97–107

Pickett WF, Kenworthy AL (1939) The relationship between structure, 
chlorophyll content and photosynthesis in apple leaves. Proc Amer 
Soc Hort Sci 37:371–373

Pratt RB, Jacobsen AL, Ewers FW, Davis SD (2007) Relationships 
among xylem transport, biomechanics and storage in stems and 
roots of nine Rhamnaceae species of the California chaparral. 
New Phytol 174:787–798

https://doi.org/10.6073/pasta/910469efbf1f7e8d54c2b1ca864edec9
https://doi.org/10.6073/pasta/910469efbf1f7e8d54c2b1ca864edec9


941Oecologia (2024) 204:931–941	

Ransom R, Todd W (1998) Soils and soil biota. Grassland dynamics: 
long-term ecological research in tallgrass prairie. Oxford Univer-
sity Press, New York, pp 48–66

Ratajczak Z, Nippert JB, Hartman JC, Ocheltree TW (2011) Positive 
feedbacks amplify rates of woody encroachment in mesic tallgrass 
prairie. Ecosphere 2:a121

Ratajczak Z, Nippert JB, Collins SL (2012) Woody encroachment 
decreases diversity across North American grasslands and savan-
nas. Ecology 93:697–703

Ratajczak Z, Nippert JB, Briggs JM, Blair JM (2014a) Fire dynamics 
distinguish grasslands, shrublands and woodlands as alternative 
attractors in the Central Great Plains of North America. J Ecol 
102:1374–1385

Ratajczak Z, Nippert JB, Ocheltree TW (2014b) Abrupt transition of 
mesic grassland to shrubland: evidence for thresholds, alternative 
attractors, and regime shifts. Ecology 95:2633–2645

Ravi S, D’Odorico P, Wang L et al (2009) Post-fire resource redistri-
bution in desert grasslands: a possible negative feedback on land 
degradation. Ecosystems 12:434–444

Smith MD, Knapp AK (2003) Dominant species maintain ecosystem 
function with non-random species loss. Ecol Lett 6:509–517

Sperry JS, Stiller V, Hacke UG (2002) Soil water uptake and water 
transport through root systems. In: Waisel Y, Eshel A, Beeck-
man T, Kafkafi U (eds) Plant Roots. CRC Press, Boca Raton, pp 
1036–1068

Team RC (2021) R: A language and environment for statistical com-
puting (Version 4.0. 5)[Computer software]. R Foundation for 
Statistical Computing.

Tucker SS, Craine JM, Nippert JB (2011) Physiological drought toler-
ance and the structuring of tallgrass prairie assemblages. Eco-
sphere 2:1–19

Tyree MT, Sinclair B, Lu P, Granier A (1993) Whole shoot hydraulic 
resistance in Quercus species measured with a new high-pressure 
flowmeter. Ann Sci for 50:417–423

Tyree MT, Davis SD, Cochard H (1994) Biophysical perspectives of 
xylem evolution: is there a tradeoff of hydraulic efficiency for 
vulnerability to dysfunction? IAWA J 15:335–360

Venturas MD, MacKinnon ED, Dario HL, Jacobsen AL, Pratt RB, 
Davis SD (2016) Chaparral shrub hydraulic traits, size, and life 

history types relate to species mortality during California’s his-
toric drought of 2014. PLoS ONE 11(7):e0159145

Vero SE, Macpherson GL, Sullivan PL (2018) Developing a conceptual 
framework of landscape and hydrology on tallgrass prairie: a criti-
cal zone approach. Vadose Zone J 17:1–11

Wang L, Caylor KK, Villegas JC (2010) Partitioning evapotranspira-
tion across gradients of woody plant cover: assessment of a stable 
isotope technique. Geophys Res Lett 37:1–7

Wargowsky IK, NeSmith JE, Holdo RM (2021) Root vascular traits dif-
fer systematically between African savanna tree and grass species, 
with implications for water use. Am J Bot 108:83–90

Wedel ER, Nippert JB, Hartnett DC (2021a) Fire and browsing interact 
to alter intra-clonal stem dynamics of an encroaching shrub in 
tallgrass prairie. Oecologia 196:1039–1048

Wedel ER, O’Keefe K, Nippert JB et al (2021) Spatio-temporal differ-
ences in leaf physiology are associated with fire, not drought, in 
a clonally integrated shrub. AoB Plants 13:lab037

Xu X, Medvigy D, Rodriguez-Iturbe I (2015) Relation between rain-
fall intensity and savanna tree abundance explained by water use 
strategies. Proc Natl Acad Sci U S A 112:12992–12996

Yang S, Tyree MT (1994) Hydraulic architecture of Acer saccha-
rum and A. rubrum: comparison of branches to whole trees and 
the contribution of leaves to hydraulic resistance. J Exp Bot 
45(2):179–186

Zeppel MJ, Harrison SP, Adams HD, Kelley DI, Li G, Tissue DT, 
Dawson TE, Fensham R, Medlyn BE, Palmer A, West AG (2015) 
Drought and resprouting plants. New Phytol 206(2):583–589

Zhang J-L, Cao K-F (2009) Stem hydraulics mediates leaf water status, 
carbon gain, nutrient use efficiencies and plant growth rates across 
dipterocarp species. Funct Ecol 23:658–667

Zou CB, Twidwell D, Bielski CH et al (2018) Impact of eastern red-
cedar proliferation on water resources in the great plains USA—
current state of knowledge. Water 10:1768

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Contrasting shrub and grass hydraulic responses to experimental drought
	Abstract
	Introduction
	Materials and methods
	Site description
	Experimental setup
	Maximum hydraulic conductance
	Vulnerability to embolism
	Leaf water potential
	Statistics

	Results
	Discussion
	Acknowledgements 
	References




