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Abstract

Purpose We sought to identify plant traits impor-
tant for initial establishment of a globally invasive
shrub, Prosopis spp. (mesquite), by quantifying mor-
phological and ecophysiological responses of seed-
lings to contrasting moisture regimes. Our model
plant was Prosopis velutina, a prominent invader of
North American semi-desert grasslands.

Methods Seedlings received one of three watering
levels corresponding to regional ‘ambient’ (100%),
‘dry’ (—65%; 65% reduction of ambient), and ‘wet’
(+165%; 65% increase above ambient) growing sea-
son precipitation regimes. A total of 32 plant per-
formance (e.g., biomass and growth) and functional
(e.g., morphological and physiological) traits were
assessed when seedlings reached 11- and 22-days old.
Results  Germination under dry conditions was high
(72%) and only slightly reduced compared to ambient
and wet conditions with subsequent seedling survival
unaffected. High trait variation enabled early recruit-
ment over the range of soil moisture conditions,
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including extreme drought. Root volume, surface
area, tips, tap root length, and leaf length functional
traits were top predictors of seedling performance,
with fresh weight, absolute growth rate, and root
mass secondarily contributing to establishment.

Conclusion No physiological functional traits were
significant in predicting performance or discriminat-
ing between moisture regimes; suggesting morpho-
logical traits for maintaining metabolic and hydrau-
lic function are key to early establishment. Dry
conditions reduced germination and slowed P. velu-
tina seedling growth but did not prevent early estab-
lishment. Thus, recruitment of certain dryland shrubs
may not be episodic with respect to above-average
rainfall. Indeed, early recruitment of P. velutina and
functionally similar species can potentially occur
even in moisture conditions well below-average.

Keywords Drought - Drylands - Greenhouse -
Woody plant encroachment - Prosopis velutina -
Shrub seedlings

Introduction

Woody plant encroachment is a global phenomenon
whereby native and nonnative shrubs and trees dis-
place grasses (Archer 1996; Eldridge et al. 2011;
Stevens et al. 2017). When disturbances that limit
the abundance of woody plants are eliminated (e.g.
fire), shrub or tree species having the potential to
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access water and nutrient resources at deeper soil
depths than shallow, adventitious-rooted grass spe-
cies may be able to establish (Ward et al. 2013). This
resource partitioning between herbaceous and woody
plant community constituents may be achieved early
in the life cycle of woody plants (Brown and Archer
1989; Weltzin and McPherson 1997). The primary
determinates of increased woody cover in grasslands
are debated, but are likely a combination of altered
woody-grass competition and disturbance regimes
(e.g., wildfire and livestock grazing/land-use) mag-
nified or dampened by edaphic properties and cli-
matic variables (Archer et al. 2017; Kulmatiski and
Beard 2013). Barring biotic (Hale et al. 2020) and
disturbance-related constraints on shrub establish-
ment (e.g., fire), growing season precipitation may
be a primary constraint on shrub recruitment in arid/
semi-arid grasslands (Case et al. 2020), wherein soil
moisture conditions during the first weeks the shrub
life cycle impact recruitment probabilities (Woods
et al. 2014).

Plant functional traits are influenced by growing
season precipitation, but knowledge of which specific
trait(s) are key for determining performance at a given
life-history stage is limited. Inferences emerging from
studies of plants at adult stages are suspect in that
they are not necessarily germane in weeks following
seedling emergence (Grubb 1977). Identification of a
set of “key traits” governing plant performance at the
seedling stage positions us to achieve a more precise
understanding of factors controlling plant recruitment.
Such knowledge would also enable us to prioritize
which, among the myriad of possible measurements,
to focus on in controlled environment and field stud-
ies. Furthermore, elucidation of the key traits germane
to seedling establishment would strengthen inter-com-
parisons among studies of invasive and weedy species
of global interest for which information is lacking. For
example, invasive alien plant species may or may not
exhibit higher performance-related trait values (e.g.,
growth rate, above/belowground biomass, size, and
fitness) compared to non-invasives, depending on the
ecosystem (temperate vs tropical) and growth form
(Van Kleunen et al. 2010).

Fast-growing, long-lived species that escape their
native ranges can become global invaders with last-
ing negative consequences on economies, agricultural
production, and biodiversity (Shackleton et al. 2014).
Such species in grasslands are often woody plants
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(e.g., shrubs, trees) that alter ecosystem structure and
function and are difficult and costly to manage once
established (Archer et al. 2017). A global review of
woody plant flora estimated 0.5-0.7% of tree and
shrub species are current invaders outside their native
ranges, but a question still remains regarding the
potential unique traits that make for an alien woody
invader (Richardson and Rejmének 2011). Identify-
ing the leading morphological and physiological traits
as they relate to either function and/or performance
of an aggressive, successful grassland shrub invader
could provide mechanistic insights into future inva-
sion potentials. Common garden studies suggest traits
such as rapid above- and belowground growth and
high leaf area are positively correlated with invasion
potential (Van Kleunen et al. 2010; Reichmann et al.
2016). However, knowledge of an invasive’s trait
response to fluctuating environmental conditions may
be more informative for evaluating invasion prob-
abilities under variable, non-optimal growing condi-
tions that typify real-world settings (Milbau and Stout
2008; Leffler et al. 2014). Here, we examine 32 shrub
seedling traits of a known grassland invader to assess
their relative importance in determining seedling suc-
cess during the earliest phases of establishment under
contrasting watering regimes.

Germination, emergence, and early establishment
are typically “bottlenecks” in the plant lifecycle (Bow-
ers et al. 2004; Leck et al. 2008). Shrub recruitment
in arid and semi-arid environments has often been
presumed to be “episodic” (Crisp 1978). Episodic,
or rare but recurring, recruitment events are char-
acterized by periods of above-average amounts and
frequencies of rainfall that produce a large number
of recruits, especially of long-lived dryland species
with low fecundity (Walker 1993). There is, however,
debate as to the importance of episodic recruitment
(Brown and Archer 1999; Meyer and Pendleton 2005;
Staver et al. 2007), with models and field data sug-
gesting that both continuous and episodic recruitment
may be at play (Watson et al. 1997a, b; Wiegand et al.
2004). Narrowing our focus to the traits most critical
to shrub establishment will allow for improved mod-
eling of community dynamics (Gherardi and Sala
2015). In addition, knowledge of the functional trait
responses to abiotic conditions as they relate to per-
formance can be used to predict which species and
under what conditions shrub recruitment is likely
to occur. This is an important contrast to examining
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woody encroachment or plant community dynamics
via structural and functional traits ex post facto (a la
D’Odorico et al. 2012), since plant attributes confer-
ring success during the seedling establishment phase
may differ substantively from those associated with
the success of adult plants (Grubb 1977; Butterfield
and Briggs 2011). Seedling establishment studies
have historically focused on aboveground morpholog-
ical functional traits (e.g., height), because physiolog-
ical functional (e.g., water potential) and performance
traits (e.g., total biomass) are more difficult to quan-
tify and often involve destructive sampling. However,
inclusion of such traits may provide a more complete
understanding of the relative importance of the plant
functional traits most germane to plant performance
and recruitment in water limited systems (Harrison
and LaForgia 2019). Indeed, recent work evaluating
both above- and belowground functional trait vari-
ation with time, seedling age (e.g., ontogeny), and
performance under altered environments on grasses
and herbaceous dicots (Garbowski et al. 2021; Larson
et al. 2021; Havrilla et al. 2021), suggests this would
be a productive pursuit with shrub lifeforms.

Here, we quantify changes in the morphological
and physiological responses of above- and below-
ground shrub seedling traits under contrasting water-
ing regimes while controlling for factors such as
herbivory, competition, etc. that might otherwise
confound interpretations and obscure mechanistic
insights (Hairston 1989). Our aim was to identify
shrub seedling traits most critical to establishment
and performance, and experimentally assess the
potential role of soil moisture availability in con-
straining or promoting shrub establishment. Specifi-
cally, we asked:

e Which traits of an aggressive, successful shrub
invader of grasslands are most critical to early
establishment?

e Is shrub establishment confined to conditions of
unusually high soil moisture or can it potentially
occur in moderate or even extremely dry moisture
regimes?

We addressed these questions using a member
of the shrub genus Prosopis (commonly known as
‘mesquite’), which is among the world’s most noto-
rious woody invasive plant taxa (Shackleton et al.
2014). Evaluation of functional and performance

trait responses under contrasting moisture regimes
additionally informs the probability of shrub recruit-
ment beyond Prosopis’ native ranges. Introductions
and weedy expansions of Prosopis species have
been documented across the southern Great Plains
of North American and Southwestern desert grass-
lands, in the drylands of South America (e.g., Argen-
tina), in Africa (e.g., South Africa, Ethiopia, Kenya,
and Sudan), Australia, and India (Fisher 1977; van
Klinken et al. 2006; Fernandez et al. 2009; Kumar
and Mathur 2014). Purposely introduced for erosion
control in some countries, Prosopis has also been
found to provide beneficial services, such as forage
for browsers, nectar for pollinators, flour from seeds/
pods for bread, and fuelwood/charcoal for heating
homes (Patnaik et al. 2017). Despite these services to
global communities, Prosopis species are infamously
difficult and costly to control/eradicate once estab-
lished (Archer et al. 2011; Ding and Eldridge 2019),
and their rapid growth, high seed production, and
ready dispersal by rodents and livestock allows Pros-
opis to expand rapidly from initial introduction sites
(Ayanu et al. 2015). Proliferation of Prosopis has
been linked to losses of grassland endemic plants and
animals as well as reductions in streamflow, ground-
water recharge, and forage/habitat for wildlife and
domesticated livestock (Archer and Predick 2014).
The ability for Prosopis to gain a foothold in cli-
matically diverse regions may, in part, reflect selection
for traits enabling seedling establishment across a wide
range of soil moisture conditions. Functional traits
such as rapid tap root elongation and increasing root
surface area during early development could improve
the ability of seedlings to garner scarce soil water and
nutrient resources and reduce competition with fibrous,
shallow-rooted grasses (Ward et al. 2013), ostensibly
allowing Prosopis to successfully establish and main-
tain performance under relatively stressful conditions.
Recent work by Larson et al. (2020) found annual spe-
cies to exhibit high root trait variation in response to
drought and noted the importance of growth rate and
biomass allocation (e.g., performance) trade-offs for
survival. Conversely, under benign or resource-abun-
dant conditions, Prosopis seedlings may alter resource
allocation to support rapid aboveground development
to more quickly escape disturbances such as fire and
browsing (Archer 1993). Combining multiple perfor-
mance (e.g., growth rate, biomass) and functional (e.g.,
specific leaf area, plant height, etc.) traits across tissue
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and whole-plant scales may help to elucidate specific
strategies for Prosopis to cope with the substantial var-
iation in soil water availability occurring in drylands
(see Fig. 1 in Volaire 2018). With this mind, our exper-
iment was conducted using a model Prosopis species,
P. velutina Woot. (velvet mesquite), a prominent native
woody invader of North American desert grasslands
whose abundance has increased markedly since the
early 1900s (McClaran 2003). Insights into how con-
trasting moisture regimes influence shrub seedling trait
expression would allow for the assessment of the grow-
ing season conditions underpinning the historic prolif-
eration of this invasive shrub, while providing mecha-
nistic insights into the circumstances and/or functional
traits needed for recruitment and maintaining perfor-
mance under future climates (e.g., McGill et al. 2006).

Materials and methods
Experimental design
Greenhouse trials were conducted from May 14 — June

5, 2018 at the University of Arizona Biochemistry
Greenhouse A Facility in Tucson, AZ USA. Mean

(= SE) daily maximum (45+0.26 °C) and minimum
(22+0.13 °C) room temperatures were controlled to
approximate the 2017 July weather conditions and
the nearby Santa Rita Experimental Range (SRER),
where rain events >0.5 mm occurred on 22 of 25 days
(Fig. S1). Hourly temperature (° C) and light intensity
(lux) measurements (ambient/incoming levels and at
opposite ends of the greenhouse room) were moni-
tored with HOBO Pendant® sensors. Solar noon pho-
tosynthetically active radiation (PAR; Line Quantum
Sensor LI-191R, LI-COR Inc., Lincoln, NE) inside
the greenhouse on clear days averaged 1438 +17 W/
m? and did not significantly differ from incoming PAR
(t 18y=—0.54, p=0.598) over the 3-week trial.

P. velutina seed pods were hand-collected from
~10 adult trees within a 5-ha area in October 2017 on
the SRER (see Soils subsection) and dried at 50 °C.
Seeds were subsequently manually extracted from
pods, scarified using sandpaper (Tschirley and Martin
1960), and stored at room temperature. Germination
was 100% (n=200 seeds: 4 trials of 50 seeds each on
moist filter paper at room temperature). P. velutina
seedlings were grown from these seeds in 35.6 cm
by 6.9 cm containers (Deepots™ D60L, Stuewe and
Sons, Inc.) filled with homogenized field-collected

Fig. 1 Mean soil volumet-

5cm

ric water content (%) at
5 cm and 20 cm depths over
the experimental period

301

for contrasting water-

ing regimes (solid lines;
ambient = grey; dry =dark
orange = —65% of ambient,
wet=blue=165% of ambi-
ent). Dashed lines bounding
shading denote + standard
error of the mean. Boxes on

the x-axis denote 11- and
22-day samplings

20 cm

Volumetric Water Content (%)

0.

01 23 456 7 8 9 10[1112 13 14 15 16 17 18 19 20 21[22]
Day of Experiment

@ Springer



Plant Soil (2023) 482:141-161

145

soil from the 5-20 cm depth then topped with surface
(0-5 cm) soil (see Soils section below). Seedling con-
tainers (total n=60; 20 pots per moisture treatment)
were organized in a completely randomized design
(CRD) to accommodate the degree of replication and
low number of treatments (Gomez and Gomez 1984).
CRD also allowed for adjacency of pots receiving
the same treatments and minimized potential effects
of within-greenhouse variation in climate, lighting,
etc. that might influence seedling performance. Three
scarified seeds were pressed into the surface soil of
each pot. Germination was recorded and seedlings
were then thinned to one per pot. Additional pots (2
per moisture treatment) were instrumented to quan-
tify soil moisture and temperature at 5 cm and 15 cm
depths (HOBO Onset EC-5 Soil Moisture Smart Sen-
sors and HOBO Pendant® Temperature sensors).

Treatments consisted of control/ambient (8 mm/
day), dry (3 mm/day), and wet (11 mm/day) mois-
ture regimes (hereafter “PPTx” for expediency). The
3 mm/day (hereafter ‘dry’) and 11 mm/day (hereaf-
ter ‘wet’) PPTx treatments are representative grow-
ing season precipitation (PPT) amounts of extreme
drought and extremely wet years (< 10th percentile
and >90th percentile of 100-year record, respec-
tively) (Knapp et al. 2015). The PPTx’s aimed to sim-
ulate the July start of the 2017 monsoon season rain-
fall total (190 mm from July 9th — August 3rd) and
frequency of 22 rain days with events >0.5 mm over
a 25 day period measured at the ~3-ha SRER Desert
Grassland Enclosure where complimentary field
seedling establishment trials were being conducted
(Fig. S1). Rainfall at this location was quantified with
two field-based HOBO Onset RG-2 M Rain Gauge
systems (Onset Computer Corporation, Bourne, MA).
July PPT was chosen, as it corresponds with the his-
torical timing for the start of the southern Arizona
monsoon season (Grantz et al. 2007).

To put our greenhouse watering regime into a
broader spatiotemporal context, landscape-scale pat-
terns of PPT were evaluated using daily measure-
ments (1975-2020) from seven rain gauges distrib-
uted across the ~21,000-ha SRER (dataset history
provided in Goodrich et al. 2008). The July 2017
frequency of consecutive wet days (CWD) with at
least one event >0.5 mm ranked in the 95th percentile
of these records with 20 CWD (out of 31 possible).
The frequency of CWD occurring in July 2017 also
occurred in 1990. Only 1999 and 2001 had a higher

frequency of rain days (21/31 days each year). Total
PPT in July 2017 across the SRER (106 mm) ranked
in the top 85th percentile with six years since 1975
(1981, 1984, 1988, 1990, 1998, and 2008) receiv-
ing more PPT. The July 2017 PPT and CWD at our
field-based Desert Grassland Enclosure were elevated
compared to the entire SRER (190 mm vs 106 mm;
CWD=22/25 vs 20/31) in the 1975-2020 record.
Thus, while our greenhouse moisture treatments rep-
resented an extreme wet year (= 90th percentile),
similar rainfall amount and event frequency condi-
tions have occurred historically. Yearly July rainfall
percentiles were calculated from data provided by
the USDA Agricultural Research Service Southwest
Watershed Resource Center: Data Access Project
(https://www.tucson.ars.ag.gov/dap/).

Soils

Soils used in greenhouse trials were obtained from
the Santa Rita Experimental Range (SRER) Desert
Grassland Enclosure (31° 47" 2.77“N, -110° 51’
33.08”W) located 45 km south of Tucson, AZ USA.
Field-collected soil was used to try and best match
the soil conditions (e.g., nutrient content and texture)
experienced by P. velutina seedlings in Sonoran grass-
lands. The Enclosure has a mean (1895-2017) annual
precipitation of 420 mm (Standard Precipitation Index
Explorer Tool v2.0 [https://uaclimateextension.shiny
apps.10/SPItool/]) and has been excluded from live-
stock grazing for >80 years (Pease et al. 2006). The
alluvial, Holocene-age soils of the Enclosure have
been characterized as fine, mixed, superactive, ther-
mic Typic Haplargids, bordering on Ustic Haplargids
(Breckenfeld and Robinett 1998; Pease et al. 2006).
Surface (0-5 cm) soil texture is loamy sand with
15-20% gravels (A horizon) giving way to subsurface
(30-70 cm) very gravelly clay loams with a distinct
brown-red argillic (Bt) horizon. See McClaran et al.
2003 for additional details on climate, vegetation, soil,
and management history of the SRER.

Soils from the 0-5 cm and 5-20 cm depths were
characterized and analyzed for texture, pH, and chem-
ical constituents (Motzz Laboratory Inc., Phoenix,
AZ). The 0-5 cm and 5-20 cm depth ranges were
used based on field-observed differences in texture
between the surface and subsurface soils at 5 cm.
Bulk soils from each depth were homogenized, air-
dried, and stored indoors. Residual soil volumetric
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water content was estimated using a soil water reten-
tion model based on soil sand, silt, and clay content
with field-collected bulk density (van Genuchten
1980).

Seedling traits

Seedlings were grown in their respective PPTx for
11 days (e.g., halfway point of 22 rain days simulated
from the 2017 monsoon growing season), at which
time 10 seedlings/PPTx were randomly selected,
assessed for functional and performance trait meas-
urements and then harvested. Remaining seedlings
were grown for an additional 11 days, at which time
their traits were assessed.

Specific functional and performance traits (Violle
et al. 2007) are delineated in Table 1. The mid-point
(11-day) and final (22-day) seedling functional and
performance traits were measured according to Perez-
Harguindeguy et al. (2013). P. velutina has pinnately
compound leaves, thus individual leaf measurements
included leaflets, the rachis, and petiole. The above-
ground traits quantified included seedling height;
number of leaves; leaflets/leaf; leaf length; number
of thorns; stem lignification height (as indicated by
visual inspection of stem browning and toughening
[Aoyama et al. 2001; Malavasi et al. 2016]); coty-
ledon presence/absence; leaf area; seedling/shoot
fresh weight and dry mass; and dry leaf mass. Har-
vested pots were cut open and roots carefully sepa-
rated from soil by gentle handwashing. Belowground
measurements included coarse (> 0.5 mm diameter)
and fine (< 0.5 mm diameter) root length and num-
ber, coarse root diameter, and total dry mass. Leaf
area and additional root metrics (e.g., total volume
and length, surface area, crossings, forks, and tips)
were obtained from high resolution scanner (Model
STD4800) images and WinFolia™ and WinRhizo™
image analysis software (Regent Inst. Quebec City,
Canada). Mass data are based on material oven-dried
48 h at 70 °C. Root to shoot ratios (R:S) were based
on dry mass, and specific leaf area was computed as
total leaf area/leaf dry mass (m?/g). Absolute growth
rate (AGR) was calculated as:

Table 1 Prosopis velutina performance and functional traits
(per footnotes) and their units quantified 11- and 22-days fol-

lowing sowing in contrasting soil moisture regimes

Trait Units
Performance® Absolute Growth Rate mg d~!
Dried Leaf Mass mg
Dried Seedling Mass mg
Fresh Weight mg
Root:Shootf unitless
Total Root Mass mg
Functional® A pmol CO, m™2 57!
Conductance pmol H,0 m~2s™!
Leaf Water Content %
Seedling Water Content %
Transpiration Rate mmol H,O m™2 57!
Water Potential -MPa
Average Root Diameter mm
Coarse Root Diameter mm
Cotyledonary Node Height mm
Fine Roots #
Leaf Length mm
Lignin Height* mm
Maximum Seedling Height mm
Root Crossings
Root Forks
Root Surface Area mm?
Root Tips #
Specific Leaf Area m?g~!
Tap Root Length mm
Thorns
Total Leaflets
Total Root Length mm
Total Root Volume mm’®
True Leaves #
Conditional® 0-5 cm Soil GWC %
5-20 cm Soil GWC %

“Direct measurements of individual fitness as only related to
biomass, reproductive output, and/or plant survival (Violle
et al. 2007)

®Morphological, physiological, or phenological trait that
impacts fitness indirectly by affecting growth, reproduction and
survival (Geber and Griffen 2003; Violle et al. 2007)
“Variables manipulated to influence trait variation in this
experiment

fTRoot:Shoot was calculated based on above- and belowground
dry biomass and is thus considered a performance trait, espe-
cially in relation to biomass allocation and water uptake poten-
tial (Schwinning and Ehleringer 2001)

*Stem length of external tissue toughening and browning

total (above and belowground) seedling mass at harvest—mean seed mass

AGR (mgd™") =

6]

time (11 days or 22 days) from imbibition to harvest
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(Swanborough and Westoby 1996; Paine et al.
2012), where mean (+ SE) seed mass (seed coat
removed) was 27.0+0.65 mg (n=30). Equation 1
ensured treatment influences on seedling growth rates
were not confounded by differences in seed mass
(Rees et al. 2010). These metrics were chosen to ena-
ble potential comparisons with other experiments in
the literature (Vilela and Ravetta 2001; Resco et al.
2009; Woods et al. 2014).

Seedling physiology

Physiological functional traits quantified at the mid-
point (11th) and final (22nd) day of the experiment
included midday (1100-1300) net photosynthesis/
assimilation (A,,; pmol CO, m2 s_l), transpiration
(E; mmol H,O m~2 s7!), and stomatal conductance
(g,; mol H,O m~ s~!) using a portable gas exchange
system (LI-6400, LI-COR Inc., Lincoln, NE). True
leaves used for A, determinations were marked and
pressed for leaf area determination (WinFolia™), and
a pressure chamber (PMS Model 1505D) was used to
quantify mid-day xylem water potential (¥,; -MPa)
on seedling shoots (Turner 1988) prior to drying and
weighing. Leaves, shoots, and roots used in physi-
ological measurements were retained for the mass-
based calculations (e.g., AGR, above- and below-
ground biomass, etc.).

Statistical analysis

All analyses were performed in R v4.0.0 (R Core
Team 2020). Soil chemistry, texture, and classifica-
tion variables for the 0—5 cm and 5-20 cm depths
were compared via simple paired t-tests at the ® <0.05
level. Plant traits were preliminarily evaluated for
normality (Shapiro-Wilk tests and visualization) and
multicollinearity (based on high Pearson correlations;
e.g., 1<—0.90 and/or r>0.90), as many of the meas-
ured traits were ostensibly correlated (e.g., root sur-
face area and total root mass; Fig. S2) (Graham 2003).
Since a goal of this work was to highlight the “key”
traits out of all those measured that were most critical
to P. velutina early establishment, all traits measured
were retained for additional analyses following our
initial evaluation. Shapiro-Wilk multivariate normal-
ity (W=0.942, p=0.006) was tested using ‘mshap-
iro.test’ in the mvnormtest package (Jarek 2012). We
initially evaluated PPTx and seedling age/sampling

period (Day 11 or Day 22) as dependent variables
for all seedling functional and performance traits
by a two-way multivariate ANOVA (MANOVA),
where individual seedling variables (Table S2) were
assessed with two-way ANOVAs using R ‘manova’
and ‘aov’ functions, respectively. Due to the large
number of variables (n=32), we calculated Pearson
correlations between performance (n=6; Table 1)
and functional traits (n =26) for each sampling period
to ascertain the functional traits most related to per-
formance for each age class. Traits were standardized
prior to analysis to allow measurements to be on com-
parable scales, and correlations were calculated using
the “corr.test” and “corr.p” functions with Holm
adjustment for multiple comparisons in the R ‘psych’
package (Revelle 2015). Functional traits significantly
(»<0.05) correlated with >4 performance traits on
Day 11 and Day 22 were then used for multiple linear
regression modeling. Using a composite variable for
performance (Table 1) as the dependent variable and
watering treatment and seedling age as covariates, we
sought to additionally ascertain the combination of
functional traits that best predicted (e.g., highest coef-
ficient of determination, R?) seedling performance.
The top five (out of 26) functional traits used in the
regression analysis are highlighted in the Results and
Discussion.

MANOVA results were assessed using the Pil-
lai’s Trace statistic because of its lack of sensitivity
to multivariate non-normality (Adeleke et al. 2015).
Parametric and nonparametric MANOVA (‘adonis2’
in the vegan package) tests exhibited similar trends
and seedling metrics remained non-normal following
transformation. Parametric statistics are reported, as
they are deemed more robust and better preserve sta-
tistical power than nonparametric tests (Finch 2005).
Significant (p <0.05) ANOVAs were followed by
post-hoc comparisons using Tukey’s HSD tests with
‘HSD.test’ in the agricolae R package (Mendiburu
2020). Two-way ANOVA analyses were performed
on unscaled biomass (g), but descriptive statistics and
figures present scaled biomass values (mg).

We also evaluated seedling trait responses to
watering regime using a multivariate Linear Dis-
criminant Analysis (LDA) to explore seedling trait
variation in response to our watering treatments. A
supervised LDA technique was chosen over an unsu-
pervised Principal Components Analysis (PCA) due
to (i) our a priori knowledge of greenhouse watering
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treatments and (i) the large number of predictor vari-
ables (e.g., traits) compared to classes (watering treat-
ments) (James et al. 2013). Furthermore, LDA helped
to maximize treatment separation (Anowar et al.
2021) between our watering treatment categories
(e.g., ambient, drought, and wet) to reveal the subset
of traits, be they related to performance or functional,
that contributed to the class separation. Results from
a PCA are presented in the Supplemental section
(Fig. S3-S6), but we focus on the LDA in the Results
and Discussion. Briefly, the grouping of seedlings by
watering treatment in the PCA were not maximized
as with an LDA approach, where an understanding
of which traits contribute the most to survival under
altered water regimes may inform future work on
Prosopis seedling establishment probabilities under
different climate regimes. The top five (out of 32
measured) traits are highlighted in the Results and
Discussion. Each variable was scaled and mean-cen-
tered before analysis to meet LDA assumptions. Vari-
able preprocessing was completed with the R caret
package (Kuhn et al. 2019); LDA was performed
using MASS (Venables and Ripley 2002).

Results
Soil moisture and characterization

Soil volumetric water content (VWC) was 3.6 +0.47%
when watering treatments began. VWC increased rap-
idly in the ambient and wet PPTx’s (e.g., within 1 day
at 5 cm and 3 days at 20 cm depths) and reach higher
maximum levels (5 cm: ambient=22.3+0.86%,
wet=25.0+0.66%; 20 cm: ambient=26.9+1.08%,
wet=24.6+0.76%) compared to soils in the dry
PPTx (5 cm: 17.5+0.99%; 20 cm: 8.0+1.77%)
(Fig. 1). Residual soil water content (6,) was high-
est in the sub-surface (4.7+0.07%) compared to

the surface (4.0+£0.12%) soils (Table S1; p<0.05).
Gravimetric soil moisture at both depths was consist-
ently lowest in the dry PPTx and comparable in ambi-
ent and wet PPTxs (Table S2).

The classification (Sandy Loam) and clay con-
tent of 0-5 cm and 5-20 cm soils were comparable
across PPTx’s (Table S1). Surface soil (0-5 cm) had
elevated fertility attributes (e.g., K, nitrate, and phos-
phate) compared to that of the deeper soil, whereas
pH, cation exchange capacity, Ca and Mg were high-
est in the sub-surface soils.

Seed germination and seedling survival

Germination differed by watering treatment
(F,57=9.65, p=0.000246) with dry PPTx seedlings
experiencing a~25% reduction compared to ambient
and wet seedlings (71.7+7.0% vs. 96.7+2.3% and
96.7+3.3%, respectively). All emerging seedlings
survived for the duration of the study. Multivariate
(two-way MANOVA) trait space was significantly
affected by PPTx (Pillai’s Trace=1.92, F g ¢,=6.68,
p<0.0001), seedling age (11- vs. 22-day) (Pil-
lai’s Trace=0.998; Fg 30= 116.95, p<0.0001), and
their interaction (Pillai’s Trace=1.85; Fg¢,=3.55,
p=0.002) (Table 2). Trait-specific two-way ANOVA
results are enumerated in Table 3 following removal of
highly correlated (Pearson’s r <—0.90 or > 0.90) traits.

Functional and performance trait responses

A comprehensive list of all 32 traits and descriptive sta-
tistics are provided in Table S2. The primary traits iden-
tified by the LDA for discriminating between PPTx’s
and notable functional and performance traits (Table 1)
are described below and shown in Figs. 2, 3 and 4.

Performance traits Shrub seedling fresh weight
was significantly lower in the dry PPTxs compared to

Table 2 Two-way MANOVA results for above- and belowground traits and physiological responses by watering regime, seedling

age (11- or 22-days) and their interaction; d.f. = degrees of freedom

Source Hypothesis d.f. Error d.f. Pillai’s Trace F-value p value
Watering 60 18 1.919 6.683 < 0.001
Age 30 8 0.998 116.949 < 0.001
Watering*Age 60 18 1.853 3.549 0.002

Statistical significance (p < 0.05) is indicated in bold type
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Fig. 2 Boxplots of watering regime effects (Ambient=grey,
dry=dark orange=-65% of ambient, wet=blue=165% of
ambient) on 11- (solid-lined boxes) and 22- (dashed-lined
boxes) day old seedlings. Traits include seedling fresh weight
(mg) (a), absolute growth rate (mg d~') (b), root:shoot ratios
(dry mass basis; unitless) (c¢), and dried leaf biomass (mg)
(d). Central bold lines in each box represent median values,
box boundaries denote the Ist (lower) and 3rd (upper) quar-
tiles, and whiskers the 1.5 inter-quartile range; outliers are
represented by solid points. Different lower-case letters denote
significant differences between days and treatments (p <0.05;
Tukey’s Honest Significant Difference test)

ambient on Day 11 with dry and wet PPTx seedlings
being comparable (Fig. 2a). Wet and ambient PPTx
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Fig. 3 Boxplots of 11- and 22-day old seedling responses to
contrasting watering treatments (Ambient=grey, dry=dark
orange=—65% of ambient, wet=blue=165% of ambient).
Variables include A . (net CO, assimilation) (pmol CO,
m~2s7") (a), transpiration (E) (mmol H,0 m~2s71) (b), stoma-
tal conductance (g,) (mol H,O m~2 s71) (¢), and xylem water
potential (MPa) (d). See Fig. 2 legend for boxplot format-
ting. Different lower-case letters denote significant differences
between days and treatments (p <0.05; Tukey’s Honest Signifi-
cant Difference test)

seedling fresh weights were comparable by Day 22,
while dry PPTx seedling fresh weight remained sta-
tistically lower. Seedling biomass (oven-dried basis)
was also lower in the dry PPTx on Day 11 and Day
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Fig. 4 Bar plot (a) and boxplots (b-d) of seedling root traits
for ambient (= grey), dry (= dark orange=-65% of ambi-
ent) and wet (= blue=165% of ambient) watering regimes as
a function of seedling age (11 vs. 22 days). Variables include
number of fine roots (a), root biomass (mg) (b), tap root length
(mm) (c¢), and root surface area (mm?) (d). Bars in (a) are the
mean + SE; letters indicate TukeyHSD post-hoc significance
(p<0.05). See Fig. 2 legend for boxplot formatting

22 (Table S2). Absolute growth rates (AGRs) on Day
22 of the experiment were comparable (p>0.05) for
seedlings developing under ambient (8.8+0.53 mg
d™!) and wet (7.5+0.56 mg d~') PPTx’s and more

@ Springer

than double that of seedlings in the dry PPTx
(3.2+0.88 mg d°'; Fig. 2b). R:S (0.33+0.050 to
0.37+0.020) were statistically comparable across
PPTx’s (Table 3; F, 4,=0.38, p=0.69) but increased
with age (Fig. 2c). A reduction in AGRs in the dry
PPTx seedlings was not reflected in the R:S. Leaf
biomass (oven-dried basis) was comparable across
PPTx’s on Day 11, but by Day 22 dry PPTx seed-
lings had significantly lower leaf mass compared
to ambient, but not wet PPTx seedlings (Fig. 2d;
wet: 12.4+1.64 mg; ambient: 13.9+0.91 mg; dry:
8.2+ 1.1 mg). Root mass of ambient (58.4 +3.32 mg)
and wet seedlings (49.5+3.25 mg) was comparable
on Day 22 and higher than that of dry PPTx seedlings
(26.3 £6.06 mg; Table S2).

Functional traits Midday A ., E and g, functional
traits were comparable for seedlings in the ambi-
ent and wet PPTx regimes (Fig. 3a-d and Table S2)
and reduced two orders of magnitude in dry seed-
lings on Day 11 (dry seedling A_.;: 0.46+1.43 pmol
CO, m™2 s7' vs ambient: 17.30+1.46 vs wet:
15.12+2.24). Dry PPTx seedling A, capacity
lagged behind that of ambient and wet seedlings,
but by Day 22 A, capacities were comparable in all
treatments (Fig. 3a, p > 0.05). E was significantly
lower in dry PPTx seedlings at both sampling ages
(Fig. 3b, p < 0.05). Mid-day xylem water poten-
tials () were comparable across the three watering
regimes among Day 11 seedlings (Fig. 3d, p > 0.05).
By Day 22, mid-day ¥, was highest in wet PPTx
seedlings and lower and comparable in dry and ambi-
ent PPTx seedlings.

The number of fine roots, tap root length, and root
surface area were highest under ambient watering
conditions (Fig. 4a-d). Root volume, however, was
suppressed in both the wet and dry PPTx compared
to ambient (Table S2). Root surface area was similar
between wet and ambient PPTx seedlings (Fig. 4d),
but volume was significantly different across all
PPTx’s and ages (Table 3). Ambient PPTx seedlings
increased both root surface area and volume between
Day 11 and 22, while wet PPTx seedlings accumu-
lated relatively more surface area compared to volume
(Fig. 4d, Table S2). Dry PPTx seedlings had the high-
est root surface area to volume ratio (dry PPTx=35.8;
ambient PPTx =3.5; wet PPTx =5.2; calculated from
means in Table S2). Tap roots were shortest in the dry
PPTx (Fig. 4c), with treatment differences in tap root
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length (F, 5;=27.58, p<0.0001), not root diameter
(F,57=7.17, p=0.01) accounting for most of the var-
iation in root volume (Table S3). Dry and wet PPTx
seedlings each had less fine root development com-
pared to ambient (Fig. 4a), but dry PPTx seedlings
allocated more to coarse roots (0.85+0.05 mm by
Day 22) than seedlings in ambient (0.72+0.03 mm)
and wet (0.81+0.04 mm) PPTx’s (Table S2). Over-
all, seedling belowground responses in the dry PPTx
were much more variable by Day 22 (CV for num-
ber of fine roots: 63.5%; for tap root length: 39.4%;
for root surface area: 35.9%; for root volume: 57.5%)
compared to other watering regimes (Table S2;
Fig. 4a-d).

Regression analysis

Twelve (out of 26) functional traits were significantly
correlated (Pearson’s r; p< 0.05) with the majority
(e.g., >4) of performance traits on both Day 11 and
Day 22 (Fig. S2), whereas the number of thorns, spe-
cific leaf area, and 5-20 cm soil GWC did not emerge
as significant until Day 22. E, g, and A, were sig-
nificantly correlated with fresh weight on Day 11
(Fig. S2), but no physiological variables significantly
correlated with seedling performance at Day 22. Root
volume (F;; 44=37.69, p<0.0001, R?=0.88), root
surface area (Fy;44=27.68, p<0.0001, R?=0.84),
root tips (Fy46=25.91, p<0.0001, R?=0.83), leaf
length (Fy; 44=25.70, p<0.0001, R?>=0.83), and
tap root length (F) 4=22.52, p<0.0001, R*=0.81)
functional traits were the best predictors of perfor-
mance in our linear models (using seedling age and
watering treatment as covariates).

Linear discriminate analysis

The 32 traits in Table 1 were reduced to two discri-
minant axes (Fig. 5) with LD1 accounting for 85.2%
of between-class (watering treatment) separation and
LD2 an additional 14.8%. Full LDA model accuracy
was 85.7%. Loadings for above- and belowground
seedling traits on LD1 and LD2 are summarized in
Fig. 6a,b. Aboveground mass had the highest abso-
lute value loading scores (seedling fresh weight:
—33.2; seedling dry mass: 22.4) followed by abso-
lute growth rate (7.7), tap root length (—5.8), and root
surface area (5.5) for LDI1. Highest loading scores
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Fig. 5 Linear Discriminant Analysis score plot of 32 seedling
trait and physiological variables for watering regimes repre-
senting ambient (gray, n=15), dry (—65% of ambient; dark
orange, n=38) and wet (165% of ambient; blue, n=15) water-
ing regimes. The variance explained by each axis is given in
parentheses. Ellipses denote 95% confidence intervals. Smaller
sample sizes in seedlings in the dry treatment reflect lower ger-
mination rates

on PCA Principal Component 1 were similar, but
also contained some belowground traits (Fig. S3b).
Top discriminant variables for LD2 included fresh
weight (—19.8), total root length (—14.7), root bio-
mass (14.1), thorns (11.6), and seedling water content
(9.9). Since fresh weight was the top performance
trait (Table 1, Fig. 6a, b) on both LD1 and LD2 and
was highly correlated with the majority of functional
traits on Day 11 and Day 22 (Fig. S2), we focus
largely on fresh weight and its relation to functional
traits in the Discussion.

Discussion

Precipitation influences the timing and amount of soil
moisture necessary for seed germination, a funda-
mental first step in recruitment. We saw no evidence
that germination of scarified P. velutina seeds would
be episodic and confined to periods of high rainfall.
Indeed, although germination was reduced in our dry
PPTX, it was notably high at ~72%. Accordingly, ger-
mination bottlenecks, should they occur under field
conditions for P. velutina, would likely depend on the
preponderance of factors required to overcome seed
coat dormancy rather than moisture availability per
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Tap Root Length
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Seedling Water Content
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Maximum Seedling Height
0-5cm Soil GWC
Conductance

Dried Leaf Mass*

Total Root Length
5-20cm Soil GWC

Root Crossings

Anet

Total Root Volume

Leaf Water Content
Total Leaflets

True Leaves

Root Forks

Average Root Diameter
Specific Leaf Area
Water Potential

Leaf Length

Total Root Mass*
Transpiration Rate
Root:Shoot*

Coarse Root Diameter
Root Tips

Cotyledonary Node Height
Lignin Height

Fine Roots

[
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~
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LD1 Loading Score

Fig. 6 Loading scores (unitless) of the seedling traits in
Table 1 for Linear Discriminate axes 1 (a) and 2 (b) ordered
by absolute value. All traits are presented with the top loading
score attributed to seedling fresh weights and dried mass, fol-
lowed by absolute growth rate (a) and belowground variables

se. Emergence of seedlings in our dry PPTx (3 mm
d™") was delayed compared to ambient (8§ mm dh
and wet treatments (11 mm d~') but only by ~2 days
(data not shown). This short delay was, however, of
little consequence for subsequent seedling perfor-
mance. This is in contrast to scarified Prosopis juli-
flora seeds that do not produce seedlings until receiv-
ing 12 mm of water (Yoda et al. 2015) and suggests
a reduced soil moisture requirement for P. velutina
emergence compared to other Prosopis species.

Few greenhouse studies have combined both Pros-
opis seedling morphometrics and ecophysiology.

@ Springer

b Fresh Weight*

Total Root Length
Total Root Mass*
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Seedling Water Content
True Leaves

Leaf Water Content
Root Tips

Root Forks
Transpiration Rate
Root Surface Area
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Tap Root Length
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Leaf Length
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LD2 Loading Score

(e.g., tap root length, root surface area, total root length and
weight) (a and b). Performance metrics itemized in Table 1
are denoted with highlighting and asterisks. Bar color sym-
bolizes positive (black) and negative (dark orange) loadings.
GWC =Gravimetric Water Content

Woods et al. (2014) examined shrub seedling growth
rates and other performance traits under differing
watering regimes but did not examine the ecophysi-
ological functional trait responses. In contrast, Fravo-
lini et al. (2003, 2005) focused heavily on Prosopis
seedling ecophysiological sensitives to soil moisture
availability, but did not document morphological
adjustments. Here, we aimed to assess how morpho-
logical and physiological functional traits relate to
seedling performance and identify the suite of traits
most germane to Prosopis establishment.
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Soil texture is well-known to influence water infil-
tration, percolation, and its availability to plants.
Despite the high sand content of the surface soils in
our experiment (78.7%), surface soil (0—5 cm) mois-
ture content in our experiment was sufficient for main-
taining seedling performance even in the dry PPTx
regardless of age (Day 11 vs Day 22). Furthermore,
the low levels of subsurface (20 cm) moisture in the
dry PPTx was, unexpectedly, of no appreciable con-
sequence for seedling performance (Fig. 1), as well
as maintaining physiological productivity (Fig. 3a)
between Day 11 and Day 22. This may be a conse-
quence of watering frequency overriding watering
amount. Although the total amount of water delivered
in the ‘dry’ regime of our experiment was low, it was
applied at high frequency (daily) that was based on
the growing season PPT received during a concomi-
tant field trial (Rutherford and Archer, in prep.). As
it turns out, that frequency of watering ranks in the
95th percentile of records dating to 1975 (see Mate-
rials and Methods Experimental design). Projected
increases in monsoon rainfall event frequency in our
region (Demaria et al. 2019) bode well for bolstering
future germination and early establishment potentials
for P. velutina. Although the elevated subsurface soil
moisture in the ambient and wet PPTx’s did promote
performance with increased seedling growth rates
(Fig. 2b) and root biomass (Fig. 4b) compared to dry
PPTx seedlings, those enhancements did not influ-
ence survival, which was 100% across treatments.
Functional trait metrics were generally comparable
for ambient and wet PPTx seedlings. All-in-all, we
saw little evidence that early establishment would be
episodic and confined to years with above-average
PPT amounts. However, the frequency of watering
in our experiment was high and did not vary. Future
studies should focus on quantifying the amount of
PPT needed to trigger germination and elucidate the
timing and frequency (i.e., temporal spacing) of sub-
sequent small PPT events needed to sustain seedling
root/shoot development and survival (e.g., perfor-
mance) over longer time frames.

Root biomass of dryland shrub seedlings is highly
responsive to soil water availability (Woods et al.
2011, 2014), where seedlings can allocate resources
among a variety of structures (e.g., coarse, fine,
tap, and lateral roots). P. velutina root traits were
highly variable overall and varied by age/ontogeny
in response to water availability, as has also been

observed in monocots (Garbowski et al. 2021). How-
ever, whereas Garbowski et al. (2021) found little
variability in root diameter, our P. velutina seedlings
exhibited high PPTx average root diameter variation
at Day 11 (ambient CV=21%; dry=8%; wet=13%),
but not Day 22 (ambient CV=15%; dry=14%;
wet=12%), suggesting early seedling root functional
trait development may be more important for shrub
establishment compared to herbaceous species. Tap
root length and surface area were two of the most
important belowground functional traits in determin-
ing seedling performance (e.g., growth and biomass)
responses to water availability (Fig. 6a,b) and both
were significantly reduced under dry conditions com-
pared to ambient and wet (Fig. 4b-d). Seedlings in the
ambient PPTx allocated more to fine roots (Fig. 4a)
than did dry and wet PPTx seedlings (Table S2).
Fewer fine roots in the dry and wet PPTx seedlings
could ostensibly hinder performance or, in extreme
cases, lead to mortality if seedlings do not compen-
sate via tap root elongation to acquire deeper water
sources (Ward et al. 2013; Priyadarshini et al. 2016).
Furthermore, high root surface area to volume ratios
in dry and wet PPTx seedlings compared to ambient
potentially increases the efficiency of absorption of
minerals and water, particularly if accompanied by
root hair development (e.g., Gilroy and Jones 2000).
These patterns provide a basis for further investiga-
tion with high-resolution image analysis into shrub
seedling fine root development and their functional
contributions to seedling establishment and survival.
Compared to three other Prosopis species, P. velu-
tina has been found to preferentially allocate biomass
to roots at the expense of stem and leaf development
(Vilela and Ravetta 2001). Increasing water availably
has also been found to promote lateral root develop-
ment over tap root elongation in Prosopis (Yoda et al.
2012). Due to pot size constraints and emphasis on
early P. velutina seedling age-states in our experi-
ment, lateral versus non-lateral roots were difficult to
differentiate. With that said, tap root length did con-
tribute the most to PPTx total root volume (Table S3)
and tap root length was also highly predictive of per-
formance (R?=0.81, see Results Regression analy-
sis). A reduction in tap root elongation coupled with a
decrease in root surface area and volume may increase
the risk of seedling mortality if drought conditions
develop in upper soils before roots can extend to into
deeper soils where moisture may be more abundant.
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However, the young seedlings in our experiment were
well-suited to cope with the extreme range of water
inputs they experienced in our PPTx regimes.

Out of 32 total traits examined, aboveground seed-
ling fresh weight was the primary performance trait in
separating and classifying the seedlings by watering
regime (Fig. 6a,b). Seedlings in the dry PPTx main-
tained a stable internal water content (Day 11: 75%
vs Day 22: 74%; Table S2), while that of seedlings
in the ambient and wet treatments was less stable and
decreased over time (Ambient Day 11: 78% vs Day 22:
71%; Wet Day 11: 79% vs Day 22: 70%; Table S2).
This was also reflected in seedling transpiration (E),
which remained low under dry conditions with large
reductions by Day 22 in ambient (%AE=-30%) and
wet (WAE=-49%) seedlings. Ambient and wet seed-
lings also experienced lower stomatal conductance
by Day 22, unlike the dry PPTx seedlings (Fig. 3c).
A similar pattern occurred with the photosynthetic
rates, whereby dry seedlings increased mean A with
age, while wet and ambient PPTx seedlings decreased
(Fig. 3a). Seedling photosynthetic rates in all PPTx
were comparable by Day 22 (Fig. 3a), also reflected
by the lack of a significant relationship between A,
and fresh weight on Day 22 (Fig. S2). Despite seed-
ling physiological trait influences on performance,
none were amongst the top discriminant variables
(Fig. 6a,b), and none emerged as significant in our lin-
ear predictive models. This suggests functional physi-
ological trait measurements (e.g., A, E, and g)),
which are often used as proxies for performance, may
be secondary to size-based trait measurements directly
related to seedling structure and morphological attrib-
utes (e.g., root volume, root surface area, root tips, tap
root length, and leaf length) essential for maintaining
metabolic and hydraulic functions critical for seedling
establishment (e.g., von Arx et al. 2012). It should be
noted that physiology- and size-based trait measure-
ments are inherently related, wherein seedling size-
based traits are an outcome of physiological activity
and growth, creating a ‘chicken vs egg’ conundrum
interpreting certain trait responses. Both physiology-
and size-based measurements are also highly sensitive
to the passage of time during the establishment phase
of the plant lifecycle (Henn and Damschen 2021). The
said, our data suggest that functional structural and
morphological traits critical for maintenance of seed-
ling metabolic and hydraulic function may be most
reflected by the performance trait of seedling fresh
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weight, which has been linked to plant metabolite and
enzyme concentrations (Cakmakg1 et al. 2007), organ
function (Llamas and Sanz 2008), and leaf photosyn-
thetic capacity (Braun and Wild 1984) more so than
is dry mass. Given the importance of Prosopis fresh
weight in our analysis, future assessments of shrub
traits should consider biomass on both a fresh and dry
mass basis when examining seedling responses to abi-
otic stress.

Drylands are characterized by high levels of spa-
tiotemporal variability in rainfall (Ahlstrom et al.
2015), as also seen by the site- vs landscape-level
rainfall frequency differences at the SRER (see Meth-
ods Experimental design). Trait variation in response
to altered abiotic conditions may be a key factor in
seedling establishment in these systems, particu-
larly if it enhances the seedling ability to regulate
water use (e.g., Reynolds et al. 2018). The ability
of dry PPTx seedlings to retain tissue moisture via
low midday E may reflect a beneficial physiologi-
cal/functional adjustment for environmental stress
mediation to maintain performance. Conservation of
above—/belowground biomass (e.g., performance) and
physiological function (e.g., photosynthetic rate, tran-
spiration rate, and stomatal conductance, collectively)
may have enabled the dry PPTx seedlings to continue
development comparable to that seen with seedlings
in the ambient and wet PPTx. This is in accordance
with Xu et al. (2021) who found that physiological
functional trait variation, not genetic adaptation, of
the cosmopolitan shrub, Dodonaea viscosa, was key
to mitigating drought stress. While prolonged drought
can impose metabolic and hydraulic damage and con-
strain seedling photosynthetic responses to subsequent
PPT pulses (Resco et al. 2009), our work suggests
young P. velutina seedlings have the short-term capac-
ity to limit physiological activity (e.g., decreased A,
E, and g Fig. 3a-c) and thereby maintain hydraulic
function (e.g., comparable xylem water potentials
in ambient and drought seedlings; Fig. 3d) and avert
potential damage that might otherwise constrain phys-
iological response to a subsequent PPT event(s).

When water is not limiting, as with seed-
lings in our ambient and wet PPTx treatments,
above—/belowground biomass accumulation was
comparable. Conversely, when water was extremely
limiting (e.g., reduction of 65% compared to ambi-
ent), above—/belowground development and growth
(e.g., performance) was reduced (Fig. 3b) as a possible
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stress tolerance strategy for maintaining an inter-
nal balance between water content and physiological
activity (e.g., function). Optimal partitioning theory
(Bloom et al. 1985) suggests that droughted seedlings
may forego aboveground growth to prioritize below-
ground growth and tap root elongation to reach deeper
soils where water content may be higher or more
consistent (Resco et al. 2009; Zhang et al. 2019). In
our study, droughted P. velutina seedlings developed
above- and belowground biomass in accordance with
available soil water instead of disproportionately
developing longer tap roots or additional root bio-
mass compared to aboveground biomass as optimal
partitioning theory would suggest. Therefore, drought
tolerant shrub seedlings may be positioned to with-
stand short or longer-term periods of abiotic stress by
reducing the need for water resources that would be
required to support increased performance/biomass.
The ability to endure periods of abiotic stress, like
drought, may be a functional mechanism underlying P.
velutina’s ability to invade and establish in grasslands.
We note that our experiments were conducted on
seedlings grown in isolation. Successful recruitment
in nature would also have to balance additional trade-
offs that come into play when competition is a factor.

Our assessment of the performance and functional
trait responses of P. velutina with respect to soil water
variability provides a basis for comparative investiga-
tions into the world’s Prosopis species (e.g., P. gladu-
losa, P. pallida, P. chilensis, just to name a few), and
would be highly beneficial for future application of this
work across grasslands currently experiencing Pros-
opis proliferation. Additional comparative and con-
trolled experimental studies may also elucidate more
nuanced performance and functional trait relationships
as in the contribution of root hairs to seedling survival
during drought. In all, P. velutina seedlings were found
to establish and maintain productivity even when sub-
jected to severe drought-like conditions. Thus, Pros-
opis germination and early establishment can poten-
tially occur across a wide-range of moisture regimes
with recruitment not limited to periods of above-aver-
age soil moisture availability.

Conclusions

Shrub proliferation in arid/semi-arid grasslands is
a global phenomenon with broad ramifications for

ecosystem structure and function. The abiotic con-
ditions and mechanisms that constrain and/or drive
shrub recruitment are not well understood. Prosopis
is one of the leading shrub genera of global concern
due to its aggressive establishment and the manage-
ment challenges it presents. In this study, the early
seedling establishment phase in the life cycle of
P. velultina, was assessed as a model Prosopis spe-
cies. A suite of 32 performance and functional traits
were examined under contrasting watering regimes
to identify those most informative in identifying abi-
otic moisture constraints on initial establishment. We
found that P. velutina seedlings have sufficient trait
variation to enable recruitment over a wide range of
moisture conditions, including extreme drought. The
“key traits” conferring this capability that should be
prioritized in future Prosopis spp. studies include the
performance traits of seedling fresh weight, absolute
growth rate, and root biomass and functional traits of
tap root length, root surface area, root volume, root
tips, and leaf length. Structural more so than physi-
ological functional trait adjustments may enable
seedlings to maintaining key metabolic and hydraulic
functions needed for establishment over a wide range
of moisture regimes. Germination and early establish-
ment in our trials was found to readily occur even in
moisture regimes mimicking average and well below-
average rainfall. High performance and functional
trait variation in response to available soil moisture
may help to explain why P. velutina has readily estab-
lished in grasslands over the past decades while the
many other shrub species in the regional flora have
not. Future investigations should consider dry day
interval/drought duration effects in combination with
varying rainfall event frequency/amount combina-
tions comparing across multiple Prosopis species.
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