
Impact of Drought on Ecohydrology
of Southern California Grassland

and Shrubland

Luciana Chavez Rodriguez,1* Scot Parker,2 Nicole M. Fiore,2

Steven D. Allison,1,2 and Michael L. Goulden2

1Department of Ecology and Evolutionary Biology, University of California, Irvine, Irvine, California 92697, USA; 2Department of
Earth System Science, University of California, Irvine, Irvine, California 92697, USA

ABSTRACT

Through their rooting profiles and water demands,

plants affect the distribution of water in the soil

profile. Simultaneously, soil water content controls

plant development and interactions within and

between plant communities. These plant-soil water

feedbacks might vary across plant communities

with different rooting depths and species composi-

tion. In semiarid environments, understanding

these differences will be essential to predict how

ecosystems will respond to drought, which may

become more frequent and severe with climate

change. In this study, we tested how plant-soil

water feedbacks responded to drought in two

contrasting ecosystem types—grassland and

shrubland—in the coastal foothills of southern

California. During years 5–8 of an ongoing precip-

itation manipulation experiment, we measured

changes in plant communities and soil moisture up

to 2 m depth. We observed different water use

patterns in grassland and shrubland communities

with distinct plant functional types and water use

strategies. Drought treatment did not affect peren-

nial, deep-rooted shrubs because they could access

deep soil water pools. However, mid-rooted shrubs

were sensitive to drought and experienced de-

creased productivity and die-off. As a result, water

content actually increased with drought at soil

depths from 50–150 cm. In grassland, biomass

production by annual species, including annual

grasses and forbs, declined with drought, resulting

in lower water uptake from the surface soil layer.

An opportunistic ‘‘live fast, die young‘‘ life strategy

allowed these species to recover quickly once water

availability increased. Our results show how

drought interacts with plant community composi-

tion to affect the soil water balance of semiarid

ecosystems, information that could be integrated

into global scale models.
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HIGHLIGHTS

� The study elucidates drought effects on the

ecohydrology of semiarid ecosystems.

� Drought leads to a negative plant-soil water

feedback in grassland communities.

� In shrubland communities, mid-rooted shrubs

are most impacted by drought.

INTRODUCTION

Drought is a global threat (Hanson and Weltzin

2000; West and others 2019; Vicente-Serrano and

others 2020) that is projected to increase in severity

and frequency at global and local scales as a con-

sequence of climate change and anthropogenic

activities (Pokhrel and others 2021). Drought can

impact terrestrial water storage, including soil wa-

ter stocks (Marks and others 1993; Bhattacharya

2021; Wossenyeleh and others 2022). At the same

time, the effects of drought on water resource

availability depend on vegetation dynamics and

responses to climate change (Beaulieu and others

2016) via plant-soil water feedbacks (Yang and

others 2009; Asbjornsen and others 2011; Wang

and others 2019), in which plant communities

control water distribution in soil and, in turn, soil

water content constrains plant establishment and

growth. Because of the complexity of these feed-

backs, drought effects on the structure and function

of terrestrial ecosystems are uncertain (Ostle and

others 2009; Bhattacharya 2021) even when con-

sidering vegetation in global climate models (Ostle

and others 2009; Silber and others 2017).

Soil water content reflects the balance between

precipitation, irrigation, infiltration, net lateral

flow, deep discharge, evaporation, and transpira-

tion (Rodriguez-Iturbe and others 1999; Rodriguez-

Iturbe 2000; Rodriguez-Iturbe and others 2001).

Changes in water input due to drought events di-

rectly influence soil moisture dynamics (Porporato

and others 2001; Wang and others 2006; Hickel

and Zhang 2006; Hajek and Knapp 2022), with

significant consequences for plant physiology

(Porporato and others 2001; Wang and others

2006), density, and biomass. Plants have evolved

different strategies to cope with water stress

(Lambers and others 2008; Malı́ková and others

2016; Arbona and others 2017), forming a fast-slow

plant economy spectrum among species (Carvajal

and others 2019) to optimize scarce water re-

sources. According to Ryel and others (2008), plant

species access water from two different soil water

pools: (i) a near-surface water pool called the

‘‘growth pool’’ that is accessed by all plant species,

but exploited more efficiently by opportunistic

‘‘live fast, die young’’ annual grasses and forbs

(ruderal species), which possess shallow root sys-

tems and are characterized by rapid growth and

water exploitation (Burnett and others 2016); and

(ii) a deeper water pool called the ‘‘maintenance

pool’’ which is mainly exploited by deep-rooted

and perennial plant species (Schenk and Jackson

2002). Thus, plants within an ecosystem may re-

spond to drought differently. This is important be-

cause vegetation cover is a crucial component of

the water cycle (Asbjornsen and others 2011),

controlling soil water over space and time (Wang

and others 2019). Understanding community shifts

in plant-soil water interactions in response to glo-

bal change plays an important role in land man-

agement, conservation, and restoration

(Asbjornsen and others 2011).

Arid and semiarid ecosystems cover about 50 %

of the world’s surface (Ryel and others 2008). The

foothill regions of southern California are a semi-

arid environment that encompasses a stable mosaic

of coastal sage scrub (CSS) and annual grassland

ecosystems (Minnich 1983; Bowler 2000). This

area is considered a hotspot of biodiversity and

endemism (Myers and others 2000; Kimball and

others 2014). CSS is a diverse community com-

posed of subshrubs, woody drought-deciduous

shrubs, and evergreen shrubs (Kimball and others

2014). Southern California’s annual grasslands are

dominated by invasive Eurasian grass and forb

species, with native grasses and forbs making up

the minority of the community (Bowler 2000).

These diverse ecosystems are ideal for testing how

different coexisting plant communities respond to

global change (drought) and how the plant-soil

water feedback differs from one plant community

to the other.

In this study, we investigated plant-soil water

interactions and soil water dynamics of the two

dominant plant communities (shrubland and

grassland) by looking at vegetation changes and soil

moisture patterns to a depth of 2 m during years 5–

8 of the ongoing Loma Ridge Global Change

Experiment established in 2007. This experiment

includes a long-term precipitation manipulation

and aims to understand the resilience of Southern

California’s ecosystems to changing environmental

conditions like drought, fire, and nitrogen deposi-

tion, with a particular focus on aboveground bio-

mass development, ecological succession (Potts and

others 2012; Kimball and others 2014; Khalili and

others 2016) and soil microbial activity (Allison and
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others 2013; Finks and others 2021). Acknowl-

edging the importance of vegetation effects on soil

water content, the specific questions addressed in

this work are (i) how do changes in water input

affect shrubland and grassland communities in

Southern California? (ii) how do shrubs and grasses

affect water content over time and along the soil

profile? and (iii) how do shrubs and grasses amplify

or dampen the effect of altered water input on soil

water content? We hypothesized that due to plant-

soil water feedbacks as a consequence of different

rooting depths and plant functional types, there

should be distinct soil water profiles in grassland

versus shrubland. For example, under drought, the

combined effect of low precipitation and efficient

water exploitation by grassland species should be

reflected in lower soil water content throughout

the soil profile. Conversely, due to their deep root

systems, shrubs should be more resistant to

drought and thus, soil water content throughout

the soil profile should be more stable regardless of

water treatment. However, prolonged drought

might reduce water recharge to deeper soil layers to

a point where it could potentially affect perennial

shrubs more than opportunistic, annual plant spe-

cies.

MATERIALS AND METHODS

Study Site

The Loma Ridge Global Change Experiment hosts a

mosaic of annual grassland, dominated by invasive

Eurasian grasses, adjacent to CSS, a drought-de-

ciduous shrubland with some evergreen chaparral

species (Allison and others 2013; Khalili and others

2016). It is located on a gentle, northwest-facing

slope near the crest of Loma Ridge in the foothills of

the Santa Ana Mountains in Orange County, Cal-

ifornia (Lulow and Young 2011; Kimball and others

2014; Khalili and others 2016; Kimball and others

2016). The site is located on the unceded ancestral

homelands of the Acjachemen and Tongva

Indigenous peoples. The border between these two

plant communities is well-defined and has been

relatively stable over the last 80 years (Potts and

others 2012).

The site has a Mediterranean climate with

monthly average temperatures ranging from 9.7 to

24.1 �C, and minimum temperatures rarely drop-

ping below 0�C. Mean annual precipitation be-

tween 2007 and 2020 was 276 mm, and mostly

occurs between November and April (Kimball and

others 2014; Khalili and others 2016; Kimball and

others 2016).

Experimental Design: Precipitation
Manipulation Experiment

The precipitation manipulation of the experiment,

as described in previous studies (Potts and others

2012; Allison and others 2013; Kimball and others

2014; Khalili and others 2016; Kimball and others

2016), started in 2007 and consisted of 24 plots

within 8 blocks in CSS (each 18.3 � 12.2 m) and 24

plots within 8 blocks in grassland (each 9.1 � 6.1

m) communities. In both grassland and shrubland,

one plot in each block was randomly selected to

receive 40% additional water input (‘‘added water’’

treatment), another eight were designated to re-

ceive 40% less water input (‘‘drought’’ treatment),

and the remaining eight were used as control plots

(‘‘ambient water’’ treatment). Each plot was sub-

divided into six subplots, 2 � 2 m in the grassland

and 4 � 4 m in the shrubland (Figure S1). The

uphill and downhill subplots of each plot were

subject to artifacts due to wind and lateral water

flow. Therefore, data were only collected from the

middle subplots, either from the right or left side

(Figure S1).

The drought treatment was achieved by con-

structing frames with translucent,

retractable polyethylene roofs. These roofs re-

mained open for roughly 95% of the year to reduce

potential impacts on temperature and humidity

(Kimball and others 2014). Air temperature and

relative humidity sensors installed in representative

plots showed no differences among the different

treatments. Roofs were closed during larger storms

to reduce precipitation frequency and amount in

the drought treatment plots. Collected rainwater

was stored in polyethylene tanks and applied to the

added water treatment plots using a drip irrigation

system. The volume of water added was controlled

using Hersey positive-displacement water meters.

Over the study period (2011–2015), ‘‘drought’’

plots received 51% less water than ambient water

plots, but added water plots received only 33%

more than ambient water plots because storms

occasionally overwhelmed the experiment’s water

storage capacity (Kimball and others 2014). Based

on the analysis of six nearby precipitation datasets,

the water addition and restriction targets were se-

lected to reflect the regional precipitation variabil-

ity in southern California. This avoids the

simulation of flood or drought events that are

outside the study area’s observable historic range.
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Soil Measurements

Soil Texture

Following the hydrometer method (Gee and Bau-

der 1986), soil texture was measured for each plot

from 22 soil samples taken at depths 0, 15, 30, 45,

100, and 200 cm under constant temperature.

Soil Water Content

Soil volumetric water content was measured at the

surface and down to 2 m along the soil profile.

Three different devices were used, which allowed

cross-validation of the measurements. Automated

TDR sensors (Campbell CS616 30 cm Water Con-

tent Reflectometers) measured volumetric water

content in the top 30 cm of soil every 30 min year-

round. Two sensors were installed in each of the

middle subplots and each of the lower subplots,

totaling eight sensors for the entire plot.

A Campbell Hydrosense handheld TDR sensor

was used to manually measure volumetric water

content in the top 20 cm of soil at eight locations

per plot with permanently installed TDR waveg-

uides, four in the middle subplots and four in the

lower subplots. (see Figure S1). These measure-

ments were taken every two to three weeks during

the wet (winter) season and every four to six weeks

during the dry (summer) season.

A CPN Hydroprobe 503DR neutron probe was

used to measure volumetric soil water content ev-

ery 25 cm down to 2 m every two to three weeks

during the wet season and four to six weeks during

the dry season. Further information regarding data

management and units transformation are found in

the supplementary section ‘‘Additional data pro-

cessing for soil water content’’.

Estimation of Soil Water Content Metrics

We interpolated in time and space the measured

volumetric water content along the soil profile

using the Kriging method. To perform Kriging, we

first transformed the data using the R package ‘‘sp’’

(Pebesma and Bivand 2005; Bivand and others

2013) and fitted the semivariogram using the

function ‘‘variogram’’ with a Gaussian model in the

package ‘‘gstat’’ (Pebesma and Wesseling 1998;

Pebesma 2004; Gräler and others 2016) (Fig-

ure S3). Kriging was obtained with the function

‘‘krige’’ also included in the package ‘‘gstat’’. Using

the interpolated volumetric water content, together

with our soil texture measurements, we estimated

matric potential using empirical equations from

Saxton and others (1986) that relate soil volumetric

water content and soil texture:

W ¼ A � hB ð1Þ

where h is the soil volumetric water content and A

and B:

A ¼ exp½�4:396� 0:0715 � ð%CÞ � 4:880 � 10�4 � ð%SÞ2

� 4:285 � 10�5 � ð%SÞ2 � ð%CÞ� � 100
ð2Þ

B ¼ �3:140� 2:22 � 10�3 � ð%CÞ2 � 3:484 � 10�5 � ð%SÞ2

� 3:484 � 10�5ð%SÞ2 � ð%CÞ
ð3Þ

where %C is the percent clay content in soil, and

%S is the percent sand content in soil.

Additionally, we calculated the total

extractable water (TEW) in mm as the difference

between the ambient soil water content and water

content at the wilting point, as proposed by Vicca

and others (2012):

TEW ¼ sw� swwp

� �
� d ð4Þ

where sw is the soil volumetric water content, swwp

is soil volumetric water content at the wilting

point, and d is the thickness of the soil layer in mm.

The full analysis can be found in the following

repository (https://doi.org/10.5281/zenodo.824223

6).

Plant Measurements

Biomass of Grassland Species

Biomass in the grassland was measured by har-

vesting all annual herbaceous (including grass and

forb species) that grow within 14 cm � 50 cm

quadrat placed on the ground at four different

locations within the permanent monitoring subplot

of each plot (Figure S1). These locations were

changed annually to avoid resampling bias. The

sampling was performed in late spring. Relative

cover of grasses, forbs, litter, and bare soil was as-

sessed and recorded within each quadrat prior to

harvest. Live biomass and litter within the quadrats

were harvested, separated, dried at 65�C for 48 h,

weighed, and scaled to the appropriate units

(g m�2).

Shrubland Community Composition

Shrubland community composition was measured

annually. Each permanent subplot was divided into

a grid of 0.5 m by 0.5 m squares, and all species

present in each grid cell were recorded, with each

cell accounting for approximately 1.6% of the total

grid area. Measurements were conducted in late
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spring. Cover values were calculated based on the

total ground cover by adding all recorded species,

bare ground, and litter and rescaling to 100%.

Statistical Analysis

Statistical analyses were carried out for soil texture

and plant variables (grassland biomass and shrub-

land community composition). Assumptions of

normality of residuals and homogeneity of vari-

ances were visually verified using ‘‘qq-plots’’-like

plots from the ‘‘edress’’ package (Goode and others

2021) in R version 4.0.4 (2021-02-15) for all vari-

ables. In most cases, the collected data slightly

violated the homoscedasticity and normality of

residual assumptions even after data transforma-

tion (logarithmic, exponential, and Box-Cox

transformations were tested). We proceeded with

the statistical analysis using the untransformed

data due to the robustness of the statistical method

to minor deviations from these assumptions (Knief

and Forstmeier 2021).

For soil texture, we used a linear mixed model

for each soil fraction (clay, silt, and sand) using the

function ‘‘lmer’’ from the package ‘‘lme4’’ (Bates

and others 2015). As fixed effects, we used plant

community (grassland and shrubland) and soil

depth, and we used the block from the original

experimental design as a random effect. Pairwise

comparisons were carried out using the ‘‘glht’’

function from the ‘‘multcomp’’ package (Hothorn

and others 2008). Similarly, we used a linear mixed

model for biomass of grassland species, keeping

water treatment (added, drought, and ambient)

and year of sampling (2012–2015) as fixed effects

and block as a random effect. Pairwise comparisons

were also carried out using the ‘‘glht’’ function

from the ‘‘multcomp’’ package (Hothorn and oth-

ers 2008).

To test the effects of water treatment on shrub-

land community composition, we performed a

PERMANOVA analysis using the seven most

dominant species in the community that make up

more than 75% of the total cover in the shrubland

community from 2011 to 2015. The PERMANOVA

analysis was performed using the ‘‘vegan’’ package

(Oksanen and others 2022) and the function

‘‘adonis2’’ with a Bray–Curtis dissimilarity distance

(Finks and others 2021) calculated with the ‘‘veg-

dist’’ function. Convergence of the ‘‘vegdist’’ was

achieved, and the stress parameter obtained was

0.239. Additionally, a linear mixed model was

performed on the cover of the six most dominant

species, bare ground and litter. The linear mixed

model included block as a random factor and water

treatment and year as the fixed effects with log-

transformed cover as the dependent variable.

To test differences in soil water content among

treatments and plant communities, we used a

multiple regression model, considering total

extractable water as the dependent variable, and

plant community type, soil depth, water treatment,

and year and month of sampling as the indepen-

dent variables.

RESULTS

Water Input Across Treatments in Loma
Ridge

During the first 10 years of the Loma Ridge Global

Change experiment, the site observed varying

precipitation patterns (Figure 1). In 2011, prior to

the observation period of this study, a particularly

wet year occurred and was followed by a drought

between 2012 and 2015, with a severe drought

event in 2014.

Effect of Water Input on Vegetation
Patterns in Shrubland and Grassland

We compared changes in aboveground biomass in

the grassland community, and vegetation cover

and community composition in the shrubland

community, under three water treatments (added,

drought, and ambient) to identify potential plant-

soil water feedbacks in response to altered precipi-

tation regimes. We used metrics that are appropri-

ate and tractable for each vegetation type. From a

water balance perspective, grassland species com-

position is not very informative because all the

grassland species are withdrawing water from the

top 50 cm, and therefore, biomass is the most rel-

evant metric for plant water relations in grassland.

In shrubland, however, different species have dif-

ferent water use strategies; therefore, tracking

shrubland community composition is meaningful.

Grassland biomass under the drought treatment

(mean value over the study period: 216.7 ± 168.5

g m�2) was lower than for the ambient treatment

(mean value over the study period: 361.8 ± 176.3

g m�2), excepting years 2011, 2014 and 2015

(Figure 2). Water addition led to increased grass-

land biomass (mean value over the study period:

467.0 ± 151.7 g m�2) compared to the drought

treatment, but was only statistically higher than

the ambient treatment in years 2012 and 2013

(Figure 2). In general, low biomass production was

apparent from 2012 to 2014, when a severe

drought in California exacerbated the severity of
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the drought treatment, reducing biomass to almost

zero.

We observed potential shifts in shrubland com-

munity composition as a consequence of drought

(Table 1). However, drought responses in the

shrubland were species-specific (Figures 3, S6). For

example, the grass species B. madritensis and E.

condensatus were not significantly affected by the

drought treatment throughout the study period,

whereas the mid-rooted shrub S. mellifera declined

(Figures 3a, S6, post hoc glht, p ¼ 0:009). Cover of
the relatively shallow-rooted shrub A. glaber was

lower under the drought treatment than under the

other treatments (Figure S6, p<0:001), and its cover

strongly declined regardless of water treatment

after 2012 (Figures 3a, S6, p<0:001 for year effect).

Cover of the mid-rooted shrub species A. californica

and the deep-rooted species M. laurina were mostly
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Figure 1. Annual water input (mm) under the different treatments from water years 2008 to 2017. Each water year

includes the precipitation events from October of the preceding year to September of that water year. The vertical red lines

indicate the start and end years of the study period used in our analysis. The horizontal line indicates the mean annual

precipitation over the last 40 years calculated using grid data from the Center for Hydrometeorology and Remote Sensing

(CHRS) at the University of California, Irvine (UCI) (Sorooshian 2021).
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Figure 2. Herbaceous aboveground biomass of grassland (g m�2) by treatment and year determined by the annual harvest

of a subset of each experimental plot. Error bars represent mean ± standard error. Letters indicate significant statistical

difference among water treatments and sampling year following a mixed model and pairwise comparisons (see section

‘‘Materials and methods’’).

Table 1. Results of Mixed Model PERMANOVA
for Shrubland Community Composition for the 7
Most Dominant Species Using Bray–Curtis
Dissimilarity Distance

Source df SS R2 F P value

Treatment 2 3.02 0.12 9.5 1 � 10�4

Year 4 2.8 0.11 4.4 1 � 10�4

Treatment � Year 8 2.2 0.09 1.7 0.0018

Residual 105 16.7 0.68

Total 119 24.78 1

The complete results can be found in the repository: https://doi.org/10.5281/zenod
o.8242236.
df degrees of freedom, SS sum of squares.
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unaffected by the drought treatment (Figures 3a,

S6). Only bare soil (p ¼ 0:003) and litter (p<0:001)
consistently increased under the drought treatment

(Figures 3f, S6).

Effect of Vegetation Type on Soil Water
Content

In our precipitation manipulation experiment, we

observed distinct soil water patterns in grassland

and shrubland communities. At Loma Ridge, soil

texture was remarkably consistent with depth and

Added Ambient Drought
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Figure 3. Distribution of dominant shrubland species per water treatment from 2011 to 2015 (a--c). Shades of blue

represent shrubs, shades of green represent grasses and shades of red represent forbs. Distribution of soil cover types: bare

ground, litter, and vegetation per water treatment from 2011 to 2015 (d--f). The shrubland species shown were the most

abundant species that accounted for at least 75% of the ground cover (litter and bare ground included).
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between the grassland and shrubland communities

(predominantly sandy loam throughout the soil

profile, see Figure S4). Due to similar soil properties

and close proximity of shrubland and grassland

communities, we expect surface runoff, ground-

water recharge, and evaporation to have similar

impacts on the observed soil water patterns.

Therefore, we assumed that matric potential dif-

ferences are mainly driven by vegetation effects

(Figure 4). Community differences in soil water

content were more pronounced in the deep soil

layers, and seasonal patterns were only visible at

shallow soil depths (Figure 4a, b). To a depth of

approximately 50 cm, the soil was slightly drier in

grassland compared to shrubland, with grassland

soils containing 10 mm less water than shrubland

soils (Figure 4c, Table S1). Soil matric potential

(pF) patterns in shrubland were consistent across

the entire sampling depth of 2 m. For example,

shrubland layers below 75 cm depth hold 75 mm

less water than the corresponding grassland layers,

suggesting water uptake from deeper soil layers by

shrubs (Figure 4c, Table S1). Additionally, deep

grassland soils were mostly saturated, except for

soil layers between 150 to 200 cm depth, poten-

tially due to low infiltration amounts from precip-

itation to this depth (Figure 1).

Coupled Effect of Water Treatment
and Vegetation on Soil Water Content

We tested how plant communities influence soil

water patterns along the soil profile under different

water treatments. The observed soil water dynam-

ics across water treatments were a combined result

of the varying plant responses to water input via

plant-soil water feedbacks. Without the influence

of vegetation, we would expect seasonal soil water

content variation at the surface and diminishing

seasonal signal with increasing soil depth. Thus, we

would expect greater water content in the surface

soils of the added treatment (green color, Fig-

ure 5a). Conversely, we would expect drier soils

(purple color), at the surface when the drought

treatment is applied during the rainy season (Fig-

ure 5d). Any deviations from these null expecta-

tions should be due to plant-soil water feedbacks

affecting soil water infiltration, uptake, or evapo-

transpiration.

In both plant communities, added water treat-

ment effects followed our expectations based on

our null hypothesis, especially near the soil surface

(Figure 5b, c). Shrubland soils responded more

strongly to the added water treatment in which

deeper soil layers were wetter, potentially as a

consequence of water percolation.

Stronger effects were observed under the

drought treatment (Figure 5e, f). For grassland, at

shallow depths (0 cm to 50 cm), soils were slightly
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capacity. c Total extractable water (mm/cm) differences between shrubland and grassland (a, b).
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drier under drought compared to ambient (soils

under drought contained about 10 mm less water

than under the ambient treatment) (Figure 5f,

Table S1). This is the zone of most active water

uptake in grassland (Coupland and Johnson 1965;

Sala and others 1989; Feng and others 2021), lar-

gely because these grass species have root systems

that do not extend below 50 cm. Soil water content

slightly increased between 50 and 125 cm and de-

creased again below 125 cm under the drought

treatment in grassland. In 2014 and 2015, this

pattern changed. Between 75 cm and 125 cm, there
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was little to no drought treatment effect (Fig-

ure 5f). This zone was consistently at or near sat-

uration year-round because it is below the main

rooting depth. However, treatment effects were

weaker in 2014–2015 (Figure 1), likely because

water input for the drought treatment was only

reduced by 10% (target reduction value was 40%)

compared to the ambient treatment.

Soil water content in shrubland soils was affected

by the drought treatment (Figure 5e). Interest-

ingly, under the drought treatment, shrubland soils

held about 40 mm more water at depths between

50 cm and 150 cm than under the ambient treat-

ment during the entire observation period (Fig-

ure 5e and Table S1)

DISCUSSION

In our study, we evaluated how drought affects

plant-soil water feedbacks of two plant communi-

ties (shrubland and grassland) in Southern Cali-

fornia. The plants in these communities have

distinct rooting depths and growth strategies,

resulting in different responses to drought stress

(Figure 6). The grassland is relatively uniform,

consisting of plant species with similar root archi-

tectures that efficiently exploit soil water from the

top 50 cm. These species are severely impacted by

drought but quickly recover when drought ends

due to their opportunistic ‘‘live fast, die young’’ life

history strategy. The response of shrubland species

to drought is more diverse, consistent with ob-

served shifts in community composition. For

example, mid-rooted species declined under

drought, but shallow- and deep-rooted species re-
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Figure 6. Conceptual model of plant-soil water interactions in shrubland and grassland in Loma Ridge under drought

including the growth and maintenance pools model described by Ryel and others (2008). In shrubland, all species mainly

use water from the first 50 cm so that under drought, soil water content declines even if shrub biomass is lower. Mid-

rooted species are the most impacted by drought, and biomass loss is reflected in increased soil water content at depths

between 50 and 100 cm. Finally, deep-rooted shrub species are mostly unaffected by drought. Grassland species, a uniform

community with similar root architectures among species, mainly take up water from the top 50 cm. Under drought, low

water input reduces biomass growth and water uptake. However, grassland plants and evaporation continue to remove

water from the surface soil. The loss of grassland might also reduce deep water recharge due to higher surface runoff and

evaporation (‘‘created with Biorender.com’’).
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mained unaffected. The different responses of

grassland and shrubland to drought are reflected in

unique water distributions across the soil profile.

For example, ambient grassland soils below 50 cm

are close to saturation but drought-induced

reductions in plant cover may favor surface runoff

and water evaporation, leading to reductions in soil

water at that depth. In shrubland, drought in-

creases soil moisture at a depth of 75 to 150 cm,

potentially due to the loss of mid-rooted species

that would exploit soil water from those depths.

However, greater water exploitation with drought

is observed at shallow depths and at deep soil layers

below 150 cm in shrubland.

Contrasting Soil Water Profiles
as a Consequence of Different Plant Life
Strategies

Specific plant communities can develop character-

istic patterns of soil water due to the interplay of

root uptake and soil physical properties like soil

texture (Fernandez-Illescas and others 2001; Leh-

mann and others 2018). Soil texture, for example,

is an important soil property for water evaporation

(Lehmann and others 2018) and runoff (Fernan-

dez-Illescas and others 2001), and thus indirectly

influences plant water stress (Fernandez-Illescas

and others 2001; Rodriguez-Iturbe and others

2001). Soil texture at Loma Ridge was remarkably

consistent with depth and also between the grass-

land and shrubland communities (Figure S4).

Therefore, the distinct soil water usage patterns

observed at Loma Ridge are largely driven by the

different water use strategies of the grassland ver-

sus shrubland plants.

Plants use different strategies to cope with ad-

verse conditions (Lambers and others 2008;

Reichstein and others 2014; Malı́ková and others

2016; Carvajal and others 2019), forming a so-

called fast-slow plant economy spectrum among

species (Carvajal and others 2019). Strategies can

include changes in aboveground or belowground

morphology and architecture (Lee and Lauenroth

1994; Parolari and others 2015; Arbona and others

2017; Seleiman and others 2021; Kirschner and

others 2021), special plant traits (early maturity,

rolling leaves, high stomatal conductance, etc.)

(Franks 2011; Seleiman and others 2021), or

changes in plant metabolism (Arbona and others

2017; Seleiman and others 2021) to optimize scarce

resource use. Annual shallow-rooted grasses and

forbs, especially those in more arid environments,

are typically characterized by a ‘‘live fast, die

young’’ life strategy (Burnett and others 2016) in

which germination, rapid growth and flowering

occur following the first rain of the wet season and

senescence takes place after soil water is depleted

(Clary and others 2004). Shrubs and other woody

species are perennials that rely on deep root sys-

tems to withdraw water more slowly than shal-

lowly rooted annuals but for a longer time of the

year (Schenk and Jackson 2002).

The water use dynamics observed in Loma Ridge

are in line with the two soil water pools described

by (Ryel and others 2008). The ‘‘growth pool’’ is

heavily exploited and contributes to the growth of

both grass and shrub species regardless of year and

precipitation treatment. The ‘‘maintenance pool’’ is

mainly exploited by mid- and deep-rooted, peren-

nial shrub species. The active water withdrawal

zone in grassland ends at a depth of approximately

50 cm, indicated by the zone of stable soil water

content that occurs below 50 cm, showing no

seasonal influence (Figure 4b). These results are in

line with previous studies showing that water up-

take in grasslands occurs predominantly from

shallow soil layers (Coupland and Johnson 1965;

Sala and others 1989; Feng and others 2021).

In contrast to grasses, shrubs exploit soil water

throughout the entire soil profile, although with

less intensity in deeper soil layers (Figure 4a),

which is in line with previous studies (Canadell and

others 1996; Schenk and Jackson 2002; Sala and

others 1989; Lee and Lauenroth 1994). CSS at

Loma Ridge is composed of shrub species with

three main root morphologies (Davis and Mooney

1986; Jacobsen and Pratt 2018): (i) shallow-rooted

species (A. glaber), (ii) mid-rooted species (S. mel-

lifera), and (iii) deep-rooted species (M. laurina), all

of which are often associated with chaparral com-

munities (Paddock and others 2013; Rundel 2018).

Although we recorded water uptake to a depth of 2

m, some shrub species’ roots can reach substan-

tially deeper than 2 m (Hellmers and others 1955;

Canadell and others 1996). Therefore, water up-

take occurs along the soil profile, with particularly

high intensity at shallow depths because fine roots

of shallow-rooted species are more active (Ro-

drı́guez and others 2007) (Figure 4a).

Plant-Soil Water Feedbacks in Loma
Ridge Under Drought

We hypothesized that the combined effect of

drought and plant life strategies might lead to

plant-soil water feedbacks potentially favoring one

community over the other. Understanding these

feedbacks is particularly important for plant com-

munities in semiarid environments such as Cali-
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fornia, where the severity and frequency of

droughts are projected to increase (Griffin and

Anchukaitis 2004; Yoon and others 2015).

Based on our conceptual null hypothesis, which

excludes the influence of vegetation on soil water

content, we expected that seasonal patterns of soil

moisture would be limited to the upper soil layer

and disappear with depth (Figure 5a, d). Under the

influence of vegetation, our observations show

distinct plant-soil water feedbacks throughout the

soil profile (Figure 5b, c, e, f). For example, grass-

land biomass was consistently higher under the

added water treatment than the other treatments

(Figure 2). Added water promoted more herba-

ceous growth and increased moisture withdrawal

from the shallow soil layer (Seyfried and Wilcox

2006; Lauenroth and Adler 2008) which quantita-

tively offset the moisture addition, resulting in

similar levels of near-surface water content com-

pared to the other treatments (Figure 5c). We also

observed that reduced precipitation led to reduced

biomass growth. Between 2012 and 2014, a

marked drought period correlated with strongly

reduced productivity under the drought treatment

(Figure 2). The loss of plant cover increases evap-

oration and favors superficial runoff (Liu and oth-

ers 2020) as a consequence of crust formation due

to the disturbance of soil aggregates by rain droplets

(Carlesso and others 2011; de Almeida and others

2018). The substantial reduction in biomass was

therefore reflected by lower soil water content, a

lower maximum depth of infiltration and a lack of

recharge especially below 150 cm in the drought

treatment (Figure 5f). Compared to ambient and

added treatment, water that infiltrated into the soil

led to greater increases in total extractable soil

water, likely because biomass loss reduced tran-

spiration (Figure S5). In 2014 and 2015, soil water

content was similar or greater in the drought

treatment compared to the ambient treatment be-

low 75 cm (Figure 5f). Because a severe drought in

the area was affecting all treatments, the absolute

reduction in precipitation was lower in 2014,

which may have weakened the drought treatment

effect on soil water. The drought treatment effect

remained weak in 2015 because precipitation was

only reduced by 10% in that year.

Unlike in the grassland, we did not observe

short-term plant-soil feedbacks in the shrubland.

Instead, the abundance and dominance of shrubs

and herbaceous species exhibited diverse responses

to water treatments over multiple years, showing a

weak coupling between plant species and recent

water inputs. One major observation was the con-

sistently wetter zone at depths between 50 cm and

150 cm under the drought treatment (Figure 5e).

This observation may be explained by a loss of mid-

rooted shrub species that take up more water from

these depths. Shallow- and mid-rooted shrub spe-

cies tend to be more sensitive to prolonged and

severe drought (Paddock and others 2013; Ven-

turas and others 2016; Jacobsen and Pratt 2018),

despite the fact that drought tolerance does not

necessarily correlate with root depth (Davis and

Mooney 1986).

However, S. mellifera was the only mid-rooted

shrub affected by the drought treatment at Loma

Ridge (Figures 3a, S6). Cover of the shallow-rooted

shrub A. glaber was also lower in the drought

treatment, consistent with results from 2009–2012

at the same site (Kimball and others 2014). A. glaber

cover declined sharply between 2013 to 2015 in all

water treatments, which is likely due to ecological

succession following the Santiago wildfire in 2007,

perhaps compounded by severe drought that im-

pacted the region during this period (Figure 1). The

initial cover of A. glaber in the drought treatment

was lower than the other treatments in 2009,

suggesting that the drought treatment might have

affected germination rates of A. glaber after the

Santiago fire. Another mid-rooted shrub, A. cali-

fornica, was mostly unaffected by drought (Fig-

ures 3a, S6), suggesting that other phenological

and physiological differences between species also

contribute to their tolerance to drought stress. For

example, A. californica is both drought-deciduous

and has small, feathery leaves that resist stomatal

water loss, whereas S. mellifera has larger, ever-

green leaves. Additionally, A. californica is a

resprouting species (Frazer and Davis 1988) that is

therefore more resilient to disturbance compared to

the obligate seeder species like A. glaber (Keeley

and others 2006). Deep-rooted species such as M.

laurina were generally unaffected by drought

(Figure 3 A and Figure S6). These species can ac-

cess very deep water and as adult shrubs are typi-

cally not affected by the transient abundance of

annual grasses and forbs.

Moreover, grass species such as B. madritensis and

E. condensatus were unaffected by the drought

treatment over the course of the study period

(Figures 3a, S6) in the shrubland community. This

observation is in line with Seyfried and Wilcox

(2006), who stated that herbaceous species with

shallow root systems typically invade empty niches

left by lost woody species. At Loma Ridge, these

two species could be taking over the space left by S.

mellifera under drought. Moreover, these grass

species could be profiting from deep surface water

stocks through hydraulic lift from deep-rooted
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species (Caldwell and others 1998). Thus, the

plant-soil water feedbacks could be changing to-

ward greater competition for water from the sur-

face soil layers, deep surface water use through

hydraulic lift and a prominent lack of withdrawal

from middle depths by S. mellifera.

Based on our observations, prolonged drought

events might significantly affect the water main-

tenance pool (See Section 6.1), which is critical for

the survival of shrubs, thus posing a long-term risk

to this plant community. Early signs of this trend

are noticeable at Loma Ridge, where slower-

growing shrub species are displaced by annual

grasses exhibiting a live fast, die young water use

strategy. Thus, drought plays a role in the long-

term community composition, as indicated by the

PERMANOVA analysis (Table 1). However, caution

is advised in interpreting this shift in community

composition. The current patterns of shrub com-

munity composition may be the result of a com-

bined effect of fire and water treatment (Figure 3)

due to a wildfire that occurred in the area in 2007

Potts and others (2012). Nevertheless, the plant-

soil water feedbacks observed in this study can be

leveraged to complement global climate models to

better assess the effects of drought on the ecohy-

drology of semiarid terrestrial ecosystems.

Our long-term experiment at Loma Ridge re-

vealed important plant-soil feedbacks (Figure 6).

By comparing the effects of altered precipitation

regimes on two coexisting plant communities, we

observed different drought responses depending on

the communities’ distinct plant life strategies. The

plant-soil water feedbacks found between shrubs

and grasses might help maintain the current veg-

etation mosaic at Loma Ridge by impeding the

encroachment of grass species into well-established

patches of shrubs and vice versa (Eppinga and

others 2018). Shallow-rooted grasses seem to pre-

vent the invasion of shrubs due to the rapid

exploitation of water, leading to soil layers near the

surface (Eliason and Allen 1997) becoming too dry

for new shrubs to establish. On the other hand,

established deep-rooted shrubs can either out-

compete or at least tolerate new grasses (Kimball

and others 2014) because they can access deeper

water stocks. Even within the same plant com-

munity, plant responses to drought differ. For

example, shrub species that are obligate seeders,

like S. mellifera, tend to have a disadvantage in

reestablishment after a strong environmental dis-

turbance (Frazer and Davis 1988; Hodgkinson

1998; Jacobsen and Pratt 2018), due to i) higher

water stress and ii) direct competition of shrub

seedlings with faster-growing annual grasses.

Moreover, these mid-rooted shrub species might be

more susceptible to drought as they cannot com-

pete with shallow rooted water exploiters (grasses),

nor access deep water pools. In order to design

management practices for the conservation of these

ecosystems, it is important that future studies focus

on the combined effects of major disturbances, e.g.,

long-term droughts, wildfires, and pollution, and

their impacts on plant-soil water feedbacks.
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