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Abstract

Rainfall timing, frequency, and quantity is rapidly changing in dryland regions, altering dryland plant communities. Under-
standing dryland plant responses to future rainfall scenarios is crucial for implementing proactive management strategies,
particularly in light of land cover changes concurrent with climate change. One such change is woody plant encroachment,
an increasing abundance of woody plants in areas formerly dominated by grasslands or savannas. Continued woody plant
encroachment will depend, in part, on seedling capacity to establish and thrive under future climate conditions. Seedling
performance is primarily impacted by soil moisture conditions governed by precipitation amount (quantity) and frequency.
We hypothesized that (H1) seedling performance would be enhanced by both greater soil moisture and pulse frequency, such
that seedlings with similar mean soil moisture would perform best under high pulse frequency. Alternatively, (H2) mean soil
moisture would have greater influence than pulse frequency, such that a given pulse frequency would have little influence
on seedling performance. The hypotheses were tested with Prosopis velutina, a shrub native to the United States that has
encroached throughout its range and is invasive in other continents. Seedlings were grown in a greenhouse under two soil
moisture treatments, each which was maintained by two pulse frequency treatments. Contrary to H1, mean soil moisture had
greater impact than pulse frequency on seedling growth, photosynthetic gas exchange, leaf chemistry, and biomass allocation.
These results indicate that P. velutina seedlings may be more responsive to rainfall amount than frequency, at least within
the conditions seedlings experienced in this experimental manipulation.
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Introduction

Plant responses to environmental stress, particularly at the
seedling stage, may influence seedling performance and
plant community composition (Grime and Hillier 2000).
Environmental resource limitations are projected to be exac-
erbated in many locations due to climate change, with altered
54 Heather L. Throop amount and timing of precipitation potentially impacting
heather.throop@asu.edu seedling performance and ultimately affecting plant com-
munity composition or distribution. Global mean surface
temperatures are likely to increase by 1.5 °C from 2021-2040
compared to 1850-1990 (IPCC 2021). Seedlings may be
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ecosystems (hereafter referred to as ‘drylands’), given that
resource limitations already frequently push plants beyond
their physiological thresholds in these systems (de Graaff
et al. 2014). Dryland seedling responses to water stress
may influence ongoing land cover change in these systems
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and understanding of these responses is needed to enable
informed management and restoration decisions.

Drylands cover roughly 45% of the global surface area
and support more than one third of the human population
(Maestre et al. 2016; Pravilie 2016), making future change
in these systems critical. Drylands are characterized by high
potential evapotranspiration coupled with low and typically
episodic precipitation (Middleton and Thomas 1992). Infre-
quent precipitation can influence plant abundance and den-
sity, particularly in dryland ecosystems that are among the
most impacted of all ecosystems by climate change (Smith
et al. 2000; Maestre et al. 2005). This sensitivity can cause
drylands to be at risk of declining productivity (‘desertifica-
tion’), biodiversity losses, and reduction of ecosystem ser-
vices (El-Beltagy and Madkour 2012). The potential impacts
of climate change on drylands are magnified by projections
that global dryland area may increase with climate change
(Huang et al. 2016; but see Berg and McColl 2021).

While seedlings are a highly vulnerable life history stage,
critical questions remain regarding the impacts that the tim-
ing and amount of precipitation have on seedling establish-
ment. Increases in mean soil moisture are likely to be benefi-
cial to seedlings in water-limited systems, but the frequency
of pulse delivery impacts the variation around mean soil
moisture over time. One important factor affecting seedling
stress is the minimum available soil moisture (Munson et al.
2021) experienced by seedlings independent of the mean
delivered over a given period. Low pulse frequency could
result in episodic soil moisture deficits that can limit seed-
ling productivity (O’Brien et al. 2013). The same mean soil
moisture might occur with more frequent delivery of small
precipitation pulses or less frequent delivery of larger pulses.
Biological responses to pulse frequency should vary based
on the physiological ability of plants to effectively access
soil moisture, as well as the ability to persist during inter-
pulse periods.

The genus Prosopis consists of deeply-rooted woody
plant species that are native to the dryland regions of North
and South America, northern Africa and part of Asia. Pros-
opis species have been introduced widely to other regions
for agricultural and economic purposes, such as in regions
in Africa for shade and food for livestock (Wise et al. 2012;
Shackleton et al. 2014). Prosopis species are prevalent in the
lower deserts of North America, including the Sonoran and
Chihuahuan Deserts. Over the last 150 years in the south-
western United States, Prosopis velutina has expanded from
riparian areas into xeric grasslands and savannas despite the
absence of plant-available groundwater (Brown and Archer
1988; McPherson et al. 1993; Nie et al. 2012). Prosopis
seedlings can become abundant during years with sufficient
rainfall to induce germination, although seedling establish-
ment is not restricted to years with unusually high rainfall, at
least at the higher-moisture portion of its range (Brown and
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Archer 1999). Understanding what drives Prosopis seed-
ling establishment and growth is important for predicting
how dryland community structure may change in response
to environmental stress from climate change. More informa-
tion is needed to evaluate approaches for managing Prosopis
populations in fragile dryland ecosystems.

We used a greenhouse experiment to analyze how mean
soil moisture and moisture pulse frequency affect woody
plant seedling gas exchange and growth (aboveground and
belowground) in dryland ecosystems. We grew seedlings
under two rainfall pulse frequencies (two or three times per
week), modulating the amount of water delivered in the
pulses to maintain two distinct mean soil moisture treat-
ments. We hypothesized that seedling performance would
be enhanced by both greater soil moisture and greater pulse
frequency, such that seedlings with similar mean soil mois-
ture and higher pulse frequency (thus lower soil moisture
variability) would perform better than seedlings exposed
to reduced frequency (Fig. 1a). Alternatively, mean soil
moisture could have much greater influence than pulse fre-
quency, leading to little difference in seedling performance
with pulse frequency (Fig. 1b). We selected Prosopis velu-
tina as a model species to study due to its prevalence and
ecological importance within dryland ecosystems in the
southwestern United States and relevance to management
of these ecosystems.

Methods
Seed collection and germination

We sourced P. velutina seeds from trees growing on sandy
loam Holocene soils at the Santa Rita Experimental Range
(SRER) in southeastern Arizona in October 2018. Mean
annual precipitation at this upland semi-desert grassland
site is 475 mm (PRISM Climate Group 2021) which is dis-
tributed bimodally as winter rains and summer monsoons.
During the summer monsoon season (01-Jul to 30-Sept)
the historical (2011-2020) mean daily temperature was
26.5+0.24 °C, the mean daily minimum temperature was
19.9+0.18 °C, and the mean daily maximum temperature
was 33.0+0.33 °C (PRISM Climate Group 2021). We col-
lected seed pods from eight P. velutina genotypes (trees
that were separated by tens to hundreds of meters). Seed
pods were dried in a 60 °C oven for 48 h. Seeds were then
removed from the pods, scarified with sandpaper, and stored
at room temperature.

Greenhouse set-up and planting

We grew seedlings in a roof-top air-conditioned glasshouse
with natural light at Arizona State University. Seedlings
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Fig. 1 Conceptual model for the two alternative hypotheses tested in
the study. a Seedling growth and photosynthetic gas exchange is con-
strained by both pulse frequency and mean soil moisture conditions
that a seedling experiences (H1). b Alternatively, seedling growth
and photosynthetic gas exchange is primarily constrained by the mean
amount of soil moisture available to a seedling (H2)

were grown in 36 cm deep pots (7 cm diameter, 983 mL
volume; D60L Deepots, Stuewe & Sons, Inc., Tangent,
OR, US) containing a 1:1 by volume mixture of potting soil
(ScottsMiracle-Gro, The Scotts Company LLC) and sand.
The potting soil contained 0.21% nitrogen, 0.11% phos-
phorus and 0.16% potassium by mass. We planted three P.
velutina seeds per pot on 30 April 2019. On 15 May 2019,
we selected the tallest seedling in each pot, removing other
seedlings and non-germinated seeds. There were 256 seed-
lings at the start of the experiment (N =8 genotypes X 2 soil
moisture treatments X 2 rainfall frequencies X 8 replicates
per genotype by water combination). Genotypes had similar

seedling performance, so we pooled genotypes (treating each
seedling as a distinct individual) for the experimental work.
Seedling mortality prior to the start of the watering treat-
ments was minimal. Nine seedlings across different assigned
treatments died prior to the treatment start, resulting in 247
surviving plants at the onset of the watering treatments (see
“Watering treatments” section, below). We used a stratified
random design to assign each seedling to one of 16 trays,
each of which held 16 seedlings. Each of the four rows per
tray was designated for one of the four watering treatments.
Genotypes were evenly distributed among the rows. To
reduce edge effects and bias, we randomized the order of
each treatment row and arrangement of individual plants
within each treatment. We placed the trays on three benches
in the greenhouse and rotated the placement of trays near
the experiment mid-point to reduce the potential impact of
spatial variation in abiotic factors, such as temperature, rela-
tive humidity (RH), and light.

Watering treatments

We watered seedlings with deionized water daily until they
were established and then subjected seedlings to watering
treatments from 01-Jul-2019 to 30-Aug-2019. The four
watering treatments were a factorial combination of two
soil moisture levels: low (L), and high (H) mean moisture
and two pulse frequencies; infrequent (I) and frequent (F),
which were delivered 2 and 3 times per week, respectively.
When the watering treatments commenced there were no
among-treatment differences in seedling height (mean + SE
for all treatments =22.5+0.31 cm, P> 0.05 for main effects
and interaction based on a 2-way ANOVA with mean mois-
ture and pulse frequency treatments as main effects) or the
number of leaves (28.5 +0.40, P> 0.05 for main effects and
interaction).

We altered the quantity of water per pulse throughout
the experiment to maintain the desired soil moisture lev-
els despite changes in ambient temperature and plant water
uptake (Fig. 2; Table S1). We used Decagon ECH,0 EC-5
soil moisture probes (Decagon Inc., Pullman, WA, US) to
monitor soil moisture every 30 min in a subset of 32 pots and
used these data to determine when the pulse sizes needed to
be adjusted in order to maintain the two distinct soil mois-
ture levels. We aimed to keep the mean volumetric soil mois-
ture content above 0.10 m* m™ across each treatment for the
first month of the experiment to minimize mortality. How-
ever, we then allowed the soil moisture content to decline
for the low soil moisture treatments to further diverge the
treatments. The moisture levels were selected to capture the
range of moisture conditions experienced at the SRER dur-
ing a summer monsoon season (Barron-Gafford et al. 2011).
Soil moisture data indicated that these watering treatments
led to mean soil moisture that was 21% greater in the high
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Fig.2 Illustration of the four soil moisture treatments (volumetric
soil moisture content, water m> soil m™>). a The two soil moisture
treatments with irrigation delivered at high frequency: high mean soil
moisture delivered with high pulse frequency (HF, moderate water
three times per week), low mean soil moisture delivered with high
pulse frequency (LF, low water three times per week). b The two soil
moisture treatments with irrigation delivered at low frequency: high
mean soil moisture delivered with low pulse frequency (HI, moder-

than the low soil moisture pots (Fig. 2). However, mean soil
moisture was not affected by the pulse frequency treatments.

Greenhouse conditions

We monitored the air temperature inside the greenhouse with
iButtons (DS1921G-F5#, Maxim Integrated, San Jose, CA,
US). Two iButtons were placed on each of the four corners
of the greenhouse with one iButton placed on the bench and
one suspended ~ 0.6 m above the trays in containers shielded
from direct radiation. In total, there were eight iButtons
used. The iButtons logged data every 30 min from 01-July-
2019 to 27-Aug-2019. Periodically during August 2019, we
measured RH at the same locations as the iButtons (Fisher
Traceable Memory Hygrometer/Thermometer, Fisher Scien-
tific, Pittsburgh, PA, US). Mean air temperature during the
experiment was 27.4 +0.02 °C (range =22.5-35.5 °C), with
similar temperatures for the iButtons on the bench and sus-
pended above the benches (27.3+0.02 °C and 27.6+0.02 °C
for bench and suspended positions, respectively). While
temperatures did not differ among horizontal positions for
bench top or suspended locations, we rotated the plant trays
during the experiment in case of any abiotic differences. The
greenhouse mean temperature was slightly above the field
site mean temperature (26.5 +0.24 °C, see “Seed collection
and germination” section), although the temperature range
in the greenhouse was somewhat more moderate than the
typical field temperature range (13.5-39.1 °C mean range
for 1 July to 30 September from 2011 to 2020, PRISM Cli-
mate Group 2021). The mean RH during the experiment was
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ate water twice per week), and low mean soil moisture delivered at
low pulse frequency (LI, low water twice per week). Data taken from
01-Jul-2019 to 30-Aug-2019. The solid horizontal lines represents
the mean soil moisture, which did not differ with pulse frequency
for either of the high or low mean soil moisture treatments. Nyp=S8,
Ni =6, Ny =8, N;;=10, where N is the number of soil moisture
probes for each watering treatment

30.4 +0.47%, with similar RH among greenhouse monitor-
ing locations (30.6 +0.70% and 30.2 +0.65% for the bench
and suspended measurements, respectively).

Growth response variables

We measured seedling mortality and growth throughout the
experiment. We collected data on the stem height and the
number of leaves per plant just prior to initiating watering
treatments and four times during the experiment (01-Jul,
26-Jul, 16-Aug, and 05-Sep-2019). We harvested the plants
on 05-Sep-2019, partitioning the aboveground biomass into
leaf and stem material before drying at 50 °C. The below-
ground biomass was obtained by gently washing soil from
the roots. Mortality was low, with only three seedlings suc-
cumbing during the water treatment period.

Physiological response variables

Leaf nitrogen (N) content was analyzed on a subset of
24 harvested plants (six per watering treatment). We col-
lected all the leaves from each of these plants, removed the
rachises, and ground the leaflets into fine powder using a ball
mill. We analyzed two replicates per plant on an elemental
analyzer (ECS 4010, Costech Analytical Technologies, Inc.,
Valencia, CA, US).

Instantaneous leaf gas exchange, including photosynthe-
sis (A, and stomatal conductance (g,), was measured every
2 weeks on a subset of 16 plants (four per watering treat-
ment) using a LiCor 6400 portable photosynthesis system
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(LiCor Inc, Lincoln, NE, US). Environmental conditions
were held constant among plants (photosynthetic photon
flux density = 1500 umol m~2s~! leaf temperature =28 °C,
sample CO, =410 ppm, RH=30-60%). Since the leaves
were small and filled only a fraction of the chamber, gas
exchange measurements were conducted with two leaves in
the chamber. Leaves were arranged in the chamber to avoid
any leaf overlap and mean values of A, and g, were calcu-
lated from three consecutive measurements on each plant.
Since the entire area of the chamber was not filled with the
compound P. velutina leaves, we took photos of the leaves
after measurements, estimated leaf area inside the chamber
with Image]J v. 1.5 (National Institutes of Health, Bethesda,
MD), and corrected the gas exchange values based on the
measured leaf area.

We measured leaf chlorophyll fluorescence (F,:F,,; unit-
less) to evaluate the maximum quantum yield of PSII (Max-
well and Johnson 2000). Specifically, F,:F,, was calculated
as (F,:Fy): F,,, where F is maximum fluorescence yield
and F, is the yield of fluorescence in the absence of photo-
synthetic active radiation. To determine F:F,,, leaves were
exposed to an initial 30 pS (0.027 pmol m™~2) light pulse to
determine F, followed by a 2400 pmol m™2 s™! saturating
light pulse to determine F,,. We used a FluorPen FP 100
portable fluorometer (Photon Systems Instruments, Drasov,
Czech Republic) to measure F,:F,,, on a subset of 64 plants.
Since a FluorPen measures light emitted in a dark-adapted
state, the measurements were taken at night using headlamps
with the greenhouse lights turned off. Mean plant F:F, val-
ues were calculated from measurements conducted on two
healthy, mature leaves per plant. We measured F:F,, prior
to the start of the treatments (pre-treatment; 28-Jun-2019)
and 5 days after the last watering treatment (post-treatment;
04-Sept-2019).

Statistical analysis

Soil moisture data were analyzed with a two-way analysis
of variance (ANOVA) with main effects of soil moisture
treatment and pulse frequency.

We used linear modeling with mixed effects (R pack-
age lme4 version 1.1.21; Bates et al. 2015) to analyze the
impact of the watering treatments on response variables that
were measured multiple times on the same plant (A, &
number of leaves). Plant ID was considered a random effect
(modeled as a random intercept fitted for each individual) to
account for repeated measurements on the same individual.
To account for variability in soil moisture through the course
of the experiment, we considered antecedent soil moisture
a continuous variable. We determined the mean soil mois-
ture for the 2 weeks prior to measurement and applied that
moisture value to all replicates within a watering treatment.
The complete models were formatted as:

RV = f,+ pymeang, + f,CV, €))]

where RV is the response variable, f, is the intercept,
meang,, is the mean soil moisture for the 2-week interval
prior to the measurement (weeks 0-2, weeks 2—4, weeks
4-6, weeks 6-8 or weeks 7-9), CV, is the soil moisture
CV for the given 2-week interval, and , and S, are the
regression coefficients. We ran all possible combinations
of models by sequentially excluding explanatory variables
and selected the best-fit model based on AIC values. The
marginal and conditional 7* values were obtained using R
package MuMIn version 1.43.15 (Bartori 2009). Marginal
r* refers to the observed variance that is explained by the
fixed factor (soil moisture) and conditional r° refers to that
explained by the fixed and random factors (soil moisture and
plant ID) (Nakagawa and Schielzeth 2012).

For each of the plant response variables (height, num-
ber of leaves, aboveground biomass, belowground biomass,
belowground:aboveground biomass, leaf C, leaf N, Aper, 85
and the pre- and post-treatment F:F, ), we considered two
main effects categories (soil moisture and pulse frequency)
and their interaction in a two-way ANOVA.

All analyses were done with R (R Core Team 2020). We
used an alpha of 0.05 to determine significance for statistical
tests. Data were tested for departures from the assumption
of normality prior to analysis. If necessary, data were trans-
formed by Tukey’s Ladder of Powers. Plant mortality led to
slightly unbalanced experimental design for some response
variables, we used Type II sums of squares for ANOVAs in
these cases (Langsrud 2003).

Results
Growth response variables

At the harvest, seedlings in the low soil moisture treatments
were 11% shorter than those in the high soil moisture treat-
ments (Fig. 3a). The height at harvest was impacted by soil
moisture treatment (F; »40=24.94; P <0.0001) but there was
not a significant soil moisture X pulse frequency interac-
tion (F ,49=2.57; P=0.11) or pulse frequency main effect
(F,240=0.03; P=0.87).

The number of green leaves per plant was similar
across treatments at the start of the experiment (28 + 0.40;
mean + SE), but the soil moisture treatments led to differ-
ent trajectories in leaf number over time. The number of
leaves in the low soil moisture treatments had decreased by
the post-treatment period (24.0+0.66 leaves for the low,
frequent treatment 25.1 +0.59 leaves for the low, infre-
quent treatment) (Fig. 3b). The high soil moisture treat-
ments increased in leaf number until week 7 (36.7 +1.42;
mean + SE), but declined to the post-treatment period

@ Springer



Oecologia

Height (cm)
5 8 & &

N
o
L

-
(&)}
f

Number of Leaves

401

351

301

25

20 1

pre 1 2 3 4 5 6 7 8
Treatment Week

Fig.3 Growth responses in P. velutina seedlings over time follow-
ing commencement of the greenhouse watering experiment. Data
are mean (+ SE) values for a height (cm) and b number of leaves for
the four treatments. Symbols and line types represent the treatments,
as described in Fig. 2. For the treatment week, “pre” represents the

(post-treatment was 32.5 +0.80 leaves for high, frequent
treatment and 32.7 +0.80 leaves for the high, infrequent
treatments). A linear model predicting leaf number that
included the entire experiment period showed a positive
influence of antecedent soil moisture and a negative influ-
ence of soil moisture CV (Online Resource 1, Fig. Sla and
Fig. S1b: Leaves=1.67 +60.12* mean, — 4.21*CV, mar-
ginal »=0.11, conditional r* =0.24).

Plant biomass was affected by the soil moisture treat-
ments. The total aboveground biomass was greater in the
high than low soil moisture treatments (F ,49=78.94;
P <0.0001), but was not impacted by pulse frequency
(F1,240=0.98, P=0.32) or the interaction between soil
moisture and pulse frequency (F ,40=0.001, P=0.97).
Leaf biomass was impacted by soil moisture (£ ,4o=280.68,
P <0.0001), with the high soil moisture treatments having
40% greater leaf biomass than low soil moisture treatments.
However, there was no effect of pulse frequency or inter-
action between soil moisture and pulse frequency (Fig. 4a;
pulse frequency: F| ,,0=0.059, P=0.81; interaction:
F 240=0.50, P=0.48). Stem biomass responded positively
to soil moisture treatment (F; ,40=759.01; P <0.0001) but
not to pulse frequency or the interaction (pulse frequency:
F 540=1.31, P=0.25; interaction: F| ,4,,=0.10, P=0.76).
Stem biomass was 31% lower for the low than high soil
moisture treatments (Fig. 4b). Similarly, the belowground
biomass was 20% greater in the high than low soil moisture
treatments (F ,40=42.78; P <0.0001), but neither pulse
frequency nor the interaction between soil moisture and
pulse frequency had an impact on belowground biomass
(Fig. 4c; pulse frequency: F 40=2.41, P=0.12; interac-
tion: Fj 40=0.66, P=0.42). The belowground:aboveground
biomass in the high soil moisture treatments was 16% lower
than in the low soil moisture treatments (F »4,=25.28;
P <0.0001), but again neither pulse frequency nor the
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Treatment Week

8 post

pre-treatment measurements taken the same day before the first treat-
ment watering started, and “post” is the post-treatment where meas-
urements were taken 5 days after the last treatment watering ended.
N =244-247 for each treatment week

interaction between soil moisture and pulse frequency had
an effect (Fig. 4d; pulse frequency: F 540, =0.02, P=0.90;
interaction: F| ,40=1.84, P=0.18).

Physiological trait responses

Leaf N concentration responded to soil moisture treatment
(F' ,0=8.43, P<0.01), with lower leaf N in the low soil
moisture treatment (N=2.12+0.06 mg N g~! leaf) than
the high soil moisture treatment (2.59+0.10 mg N g~!
leaf). There was no significant interaction between soil
moisture and pulse frequency (interaction: F; ,,=2.90,
P =0.10) or main effect of pulse frequency (pulse frequency:
F| 50=1.30, P=0.27) on leaf N.

Mean A, across all treatments and sampling periods
was 9.8 +0.31 umol CO, m~2 s~!. From pre-treatment to
week 8, the A, ., decreased in all treatments, ranging from
a 27% decline in the high, frequent treatment to a 66%
decline in the low, frequent treatment (Fig. 5a). Linear
model analysis showed a positive response of A, to soil
moisture ~ 24 h prior to the photosynthesis measurement
(A, =2.59 +23.7sW,,; marginal r*=0.11, conditional
#=0.55) (Fig. 6a). The linear models using the antecedent
moisture for the 2-week interval prior to measurements also
showed that A ., responded positively to mean soil moisture
and negatively to the soil moisture CV (Online Resource 1,
Fig. S3a and Fig. S3b).

The overall mean g, across all treatments was
0.093 +0.004 mol H,O m~2 s~!. From pre-treatment to week
8 there was a general, but inconsistent, decline for all treat-
ments (Fig. 5b). At the post-treatment measurement, which
was made after the seedlings had not received a rainfall treat-
ment for 6 days, g of the low soil moisture treatments fell to
near zero (Fig. 5b). There was a positive linear relationship
between g, and A, (Fig. 5¢). The results of the linear models
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Fig.6 Gas exchange of seedlings in response to volumetric soil
moisture, including a photosynthetic rate and b stomatal conduct-
ance. Symbols represent the treatments, as described in Fig. 2. Pho-
tosynthesis =2.594+23.7*(soil moisture 24 h before measurement);

showed similar patterns to photosynthesis. There was a posi-
tive relationship between g, and soil moisture at~24 h prior
to the measurement (Fig. 6b; g,=0.01 +0.80sw,,; marginal
*=0.12, conditional *=0.5 1). The linear models using the
2-week antecedent moisture also showed that g, responded
positively to mean soil moisture and negatively to the soil
moisture CV (Online Resource 1, Fig. S3c and Fig. S3d).

The pre-treatment F.:F,, values did not differ significantly
with soil moisture treatment, pulse frequency or their inter-
action (across treatment mean=0.77 +0.007). However,
differences were detected in F,:F,, among treatments in
the post-treatment measurement period. Specifically, soil
moisture treatment had a significant impact on the F:F
(F, 60=06.96; P=0.01), with greater F,:F,, for the high soil
moisture treatments than the low soil moisture treatments
(0.68 +0.01 and 0.57 +0.02, respectively). Neither pulse
frequency nor the interaction between soil moisture and
pulse frequency had a significant impact on F,:F,, (pulse
frequency: F| 4o=23.72; P=0.06; interaction: F'; 4=0.31;
P=0.58).

Discussion

Seedling success post germination in dryland regions is gov-
erned largely by precipitation inputs that can vary in amount,
intensity, duration, and seasonality (Potts et al. 2019). The
interaction among these varying precipitation characteristics
ultimately controls the availability of soil moisture for seed-
lings to support survival, growth, and gas exchange. In this
study, we posed two inter-related questions: does the rain-
fall pulse frequency substantially affect Prosopis seedling
performance? Or, does the mean soil moisture alone play
the key role in regulating seedling performance? Our results
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indicate that growth and photosynthetic gas exchange of P.
velutina seedlings under our experimental manipulations
were largely governed by mean soil moisture conditions.
While seedling performance was not strongly affected by
the pulse frequencies used in this experiment, small negative
responses to antecedent soil moisture CV for leaf number,
A, and g, indicate some sensitivity to soil moisture vari-
ability. Very low soil moisture availability would ultimately
result in seedling mortality depending on the duration
between rainfall events, independent of rainfall accumula-
tion. However, evaluating relationships between precipita-
tion patterns and drought-induced mortality was beyond the
scope of this study, and instead we focused on precipitation
inputs that maintained seedling performance.

We hypothesized that seedling performance would be
enhanced by both greater soil moisture and greater rain-
fall frequency, such that seedlings with similar mean soil
moisture but higher pulse frequency would perform bet-
ter (Fig. 1a). Alternatively, mean soil moisture could have
greater influence than pulse frequency, leading to little
difference in seedling performance with rainfall pulse fre-
quency (Fig. 1b). We detected little evidence to support the
hypothesis that higher pulse frequency would positively
affect seedling performance (Fig. 1a), and instead found
considerable evidence to support our alternative hypothesis
that mean soil moisture availability would predominantly
impact plant performance independent of the rainfall pulse
frequency experienced by seedlings (Fig. 1b). On one hand,
there is evidence that seedlings of woody taxa can be sensi-
tive to pulse frequency. For example, a 90-day greenhouse
study on eight Dipterocarpaceae species in Borneo found
that height growth was greater in seedlings that received
daily watering relative to seedlings given the same cumu-
lative water but at 6-day intervals (O’Brien et al. 2013).
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Conversely, a 14-month greenhouse watering experiment on
seedlings of seven Mediterranean shrub species found that
reduced watering frequency (two versus four water pulses a
week) resulted in increased root biomass, but had no impact
on aboveground growth (Padilla et al. 2009). One possi-
bility is that among-study differences in pulse frequencies
play an important role in the observed responses. As with
Padilla et al. (2009), the pulse frequencies in the present
study were selected to explore growth rather than survival
responses. Had we used less frequent pulses, such as those
used by O’Brien et al. (2013), we may have found a stronger
response to frequency with greater difference in frequency
treatments. Alternatively, the response of some woody
seedlings to reductions in watering frequencies while oth-
ers do not respond may be related to species-specific root-
ing patterns. Seedlings that rapidly produce deep roots tend
to be less susceptible to the effects of soil water depletion
than more shallowly rooted seedlings (Padilla and Pugnaire
2007). Prosopis seedlings can achieve root elongation rates
that exceed 24 mm day ™' (Brock 1986) and as a consequence
can quickly forage for water in deeper soils that dry much
more slowly from evaporation than shallow soils. The rapid
root elongation of Prosopis seedlings may therefore explain
why in the present study seedlings were largely insensitive
to pulse frequency relative to mean soil moisture. However,
it is important to note that the slight negative influence of
soil moisture CV on number of leaves (Online Resource 1,
Fig. S1b), photosynthesis (Online Resource 1, Fig. S3b) and
stomatal conductance (Online Resource 1, Fig. S3d) also
suggest that Prosopis seedlings are not entirely insensitive to
pulse frequency. Further assessment of the relative controls
of these variables under different manipulative combinations
is warranted.

Allocation to belowground biomass was favored in the
low mean soil moisture treatments compared to the high
mean soil moisture treatments. By prioritizing root elonga-
tion over aboveground growth, plants under water-limited
conditions can reduce plant water potential gradients and
increase resilience to declining soil moisture. A glass-
house study on early P. velutina and Senegalia greggii
(catclaw acacia) seedling development found that P. velu-
tina taproots were significantly longer than S. greggii tap-
roots when the seedlings were given an initial water pulse
of 10 mm day~! for 5 days followed by 5 mm day~! for
17 days (Woods et al. 2014). Another study found that the
taproots of Prosopis glandulosa (honey mesquite) seed-
lings had reached deeper than 40 cm in the soil 4 months
after germination and that their elongated taproots enabled
access to water deeper in the soil than the grass, Chloris
cucullate (Brown and Archer 1990). This pattern of P.
velutina seedlings responding to precipitation by advanc-
ing taproot growth may be a driving factor to their spread
in precipitation-limited environments. Ansley et al. (2014)

examined the root response of 12 large P. glandulosa trees
to long-term rainfall manipulation in a northern Texas
field site and found that root growth into deeper soil was
favored after a period of drought. The observed differences
in the present study in belowground biomass between the
low and high soil moisture accumulation treatments could
have impacts on the long-term growth and physiological
performance of P. velutina seedlings exposed to water
stress. However, it is possible that the full extent of the
impact of water stress on whole-plant biomass allocation
may need to be evaluated over multiple seasons as older
plants would have different physiological constraints than
seedlings.

Controlled environment studies present a particular
challenge for assessing responses of plants with capability
for rapid root elongation. It is important to note that the
increased proportional belowground allocation in the low
soil moisture treatments may have led plants in these treat-
ments to restrain growth due to pot size limitations more
quickly than plants in the high mean soil moisture treat-
ments. Results from a meta-analysis indicate that green-
house-grown plants are frequently limited by pot volume,
with small pot volumes associated with diminished overall
plant growth via reduced photosynthesis per unit leaf area
(Poorter et al. 2012). A further potential complication with
interpreting greenhouse results is the possibility that soil
moisture was not consistent across the soil profile. Our soil
moisture probes integrated soil moisture conditions across
the pot depth, so we do not know how soil moisture varied
with depth. However, shrub root allocation can vary along
the soil profile in response to moisture availability (Ansley
et al. 2014), with strong links between shrub seedling ability
to access moist soil layers and seedling survival (Padilla and
Pugnaire 2007).

At the conclusion of the experiment, A, g, and F:F
were significantly greater in the high than the low soil
moisture treatments, indicating that not only were high soil
moisture plants acquiring more photosynthates, but these
plants were also maintaining a higher photosynthetic capac-
ity. Enhanced leaf N in the high moisture treatments may
have facilitated greater plant photosynthetic capacity, as
N provides the building blocks for chlorophyll and photo-
synthetic enzymes (Hikosaka 2004; Hikosaka and Shigeno
2009). In turn, a higher photosynthetic capacity in leaves
could increase water use efficiency (A,..:g,) when water is
not limiting. Plants exposed to soil moisture deficits often
have canopies with reduced F:F, (Hamerlynck and Hux-
man 2009). Under conditions of chronic drought stress,
reductions in F:F,, may be associated with the accumula-
tion of photoprotective mechanisms such as the accumu-
lation of chlorophyll-protein-xanthophyll complexes that
dissipate excess light energy, resulting in photoinhibition
(Adams et al. 1999).

@ Springer



Oecologia

Understanding seedling performance of P. velutina
under variable soil moisture conditions is important for
predicting future patterns of woody plant encroachment
into grasslands and savannas. Understanding how precipi-
tation amount and frequency impacts seedling performance
has important implications for informed management prac-
tices. Prior manipulative experiments at the SRER found
that P. velutina seedlings had the highest germination and
seedling survival in sandy loam soils with high soil mois-
ture (Resco de Dios et al. 2012). However, in a sandy loam
site with low soil water availability, high grass mortality
led to greater P. velutina seedling establishment (Resco de
Dios et al. 2012). While the P. velutina seeds in our study
had high germination success, the watering treatments did
not commence until after germination. However, the low
mortality observed throughout the study could reflect the
ability of P. velutina to persist in environments with low
soil moisture. Compared with the results from Resco de
Dios et al. (2012), this study demonstrates that P. velutina
can survive in environments with lower soil water avail-
ability via increased taproot depth allowing access to deep
groundwater enabling P. velutina to outcompete grasses
with shallow root systems for water.

The results of the present study demonstrate that P.
velutina seedlings respond strongly to mean soil mois-
ture but are relatively insensitive to variation in the pulse
frequencies assessed in this study. While Prosopis spp.
shrubs are influenced by current-year precipitation, sur-
vival and growth of established shrubs may be influenced
by other factors, including precipitation legacies from
previous years. Prior work in the Chihuahuan Desert
found that precipitation legacies from prior years partially
explained patterns of annual net primary productivity in P.
glandulosa (Reichmann et al. 2013). A different study ana-
lyzing rainfall patterns on dryland vegetation found that
infrequent rainfall events led to greater vegetation cover
than frequent or continuous rainfall events when total
rainfall accumulation was similar (Baudena et al. 2007).
In the present study, the mean soil moisture treatments
had stronger impacts on performance than did the pulse
frequency treatments. These data suggest that changing
precipitation patterns are likely to impact seedling perfor-
mance, although specific responses to soil moisture and
pulse frequency treatments are likely to differ with the
specifics of the timing and amount of moisture treatments
imposed. Careful manipulation of pulse frequency will be
important for future experiments to gain a more nuanced
consideration of how rainfall delivery affects seedling
performance. Detailed information on how changes in the
amount, frequency and seasonality of precipitation inputs
will impact dryland plant communities and net primary
productivity will be crucial for protecting ecosystem ser-
vices in drylands.
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