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Abstract

Premise: Riparian plants can exhibit intraspecific phenotypic variability across the
landscape related to temperature and flooding gradients. Phenotypes that vary across
a climate gradient are often partly genetically determined and may differ in their
response to inundation. Changes to inundation patterns across a climate gradient
could thus result in site-specific inundation responses. Phenotypic variability is more
often studied in riparian trees, yet riparian shrubs are key elements of riparian systems
and may differ from trees in phenotypic variability and environmental responses.
Methods: We tested whether individuals of a clonal, riparian shrub, Pluchea sericea,
collected from provenances spanning a temperature gradient differed in their
phenotypes and responses to inundation and to what degree any differences were
related to genotype. Plants were subjected to different inundation depths and a subset
genotyped. Variables related to growth and resource acquisition were measured and
analyzed using hierarchical, multivariate Bayesian linear regressions.

Results: Individuals from different provenances differed in their phenotypes, but not
in their response to inundation. Phenotypes were not related to provenance
temperature but were partially governed by genotype. Growth was more strongly
influenced by inundation, while resource acquisition was more strongly controlled by
genotype.

Conclusions: Growth and resource acquisition responses in a clonal, riparian shrub
are affected by changes to inundation and plant demographics in unique ways. Shrubs
appear to differ from trees in their responses to environmental change. Understanding
environmental effects on shrubs separately from those of trees will be a key part of
evaluating impacts of environmental change on riparian ecosystems.
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Plant species exhibit morphological and physiological
variability within and across populations that affects plant
performance, which in turn can affect their associated
communities and ecosystem properties (Whitham
et al, 2012; Evans et al, 2016; Moran et al, 2016;
Westerband et al., 2021). Differences in plant phenotypes
across the landscape can arise due to phenotypic plasticity,
genetic differentiation, local adaptation, and unique

combinations of these factors (Whitlock, 2008; Nicotra
et al., 2010; Moran et al., 2016; Laitinen and Nikoloski, 2019;
Westerband et al., 2021). For riparian plants, intraspecific
phenotypic variation can be the result of heritable,
genetically based differences related to local adaptation to
climate or streamside hydrology (e.g., Evans et al., 2016;
Ikeda et al., 2017; Rodriguez et al., 2019; Blasini et al., 2021;
Cooper et al., 2022). It can also be related to phenotypic
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plasticity in response to varying environmental conditions,
particularly flooding or air temperature (e.g., Loreti and
Oesterheld, 1996; Kozlowski, 2002; Wright et al., 2017;
Jeplawy et al., 2021; Lindborg et al., 2021). Phenotypes that
vary across a climate gradient could respond uniquely to
stream flow alteration (Butterfield et al., 2018, 2020a),
leading to unique population responses across a landscape
as flow patterns change.

Individuals of riparian plants from provenances (places
of origin) that span environmental gradients, such as a
temperature gradient, can exhibit adaptive variation in
phenology, leaf traits, productivity, and carbon allocation
(Grady et al, 2011; Long et al., 2017; Cooper et al., 2019;
Blasini et al, 2022). For example, when grown under
common conditions, riparian trees from hot provenances
can exhibit more conservative leaf traits and different
hydraulic strategies—such as lower specific leaf area (SLA),
greater leaf conductance, reduced stomatal control, larger
root mass, greater sapwood area, and different phenology—
than individuals from cooler climates (Grady et al., 2013;
Hultine et al., 2020b). These differences are genetically
based, related to specific provenance conditions, and persist
when grown under new conditions. These provenance-
specific phenotypes, then, could have collateral impacts on
individual responses to other environmental pressures, such
as inundation.

Phenotypic variation in riparian plants is also tied to
flooding patterns, such as depth and duration of inundation.
Populations can exhibit genetically based, among-
population variation in photosynthetic rates, stomatal
conductance, root traits, and aboveground morphology
under flooded, or inundated, conditions (e.g., Rodriguez
et al., 2019; Reents et al., 2021). Inundated plants can also
exhibit increases in SLA, decreases in root and total
biomass, and photosynthetic changes (Wright et al., 2017;
Rodriguez et al., 2019; Reents et al., 2021). Importantly,
inundation patterns are changing due to river regulation
and climate change (Poft et al., 2007; Perry et al., 2012).
Predictions for climate-related flow changes include
increased flood risk (Musselman et al., 2018), peak stream-
flow (Maurer et al., 2018), and annual runoff (Arnell and
Gosling, 2013). Additionally, 93% of the world's river
volume is predicted to be moderately to severely impacted
by dams by 2030 (Grill et al., 2015), which can create flow
patterns completely unique from natural flow regimes.
Consequently, riparian plant populations have and will
likely continue to experience changes to inundation patterns
that differ across a species’ range and across provenance-
specific phenotypes (Nilsson et al., 2005; Capon et al., 2013).
Given the clear importance of inundation, local adaptation
to temperature, and genetic composition on riparian plant
morphology and physiology (e.g., Kozlowski, 1997; De Kort
et al., 2014; Garssen et al., 2015; Grady et al., 2015; Long
et al, 2017), selection in response to hydrology and
inundation may result in local adaptation and ecotype
formation (Evans et al., 2016; Ikeda et al., 2017; Cooper
et al., 2022). Thus, there is a need to evaluate whether and

how variable phenotypes that occur across climate gradients
respond to inundation.

Populations of riparian plant species that occur across a
broad climate gradient may differentially respond to
inundation due to inherent, provenance-based phenotypic
differences. Indeed, there is some evidence for trade-offs
between phenotypes suited for hot climates and those suited
for inundated conditions. For example, habitat suitability
modeling suggests that riparian plants can tolerate longer
inundation durations in cooler compared to warmer regions
(Butterfield et al., 2018). A larger root area to leaf area ratio
can be beneficial in hot environments (Hultine et al., 2020a),
but root biomass typically decreases when inundated (e.g.,
Rodriguez et al., 2019; Reents et al., 2021). Further, riparian
trees with low SLA can have higher growth rates in hot
relative to cool conditions (Grady et al., 2013), but
inundated plants can benefit from high SLA due to
increased leaf gas diffusion that can compensate for reduced
root gas diffusion (Wright et al., 2017). Thus, provenance-
specific phenotypes suited for their provenance-specific
climate may not align with those suited for inundation,
potentially resulting in differential provenance responses to
inundation.

We evaluated the influences of provenance, genotype,
and inundation on the phenotypic expression of morpho-
logical and physiological characteristics of a widespread,
woody riparian shrub. While riparian trees are more
commonly studied (e.g., Long et al, 2017; Gonzilez
et al., 2018; Hultine et al., 2020b), riparian shrubs can be
ecosystem engineers and the dominant overstory plant
along many rivers, making their responses a key component
of environmental change (e.g., Liljedahl et al., 2020;
Butterfield et al., 2020b). We focused on a dominant shrub
in the southwestern United States, Pluchea sericea (Nutt.)
Coville (arrowweed, Asteraceae), collected along the Colo-
rado River in the Grand Canyon, spanning a 5.3°C mean
annual temperature gradient. We addressed three hypothe-
ses: (1) In the same environmental conditions, individuals
from different provenances will differ in their morphologi-
cal and physiological phenotypes. Based on studies of the
riparian tree, Populus fremontii (Hultine et al., 2020b;
Blasini et al., 2021), we expected that compared to plants
from cooler regions, plants from hotter provenances will
have greater photosynthetic rate and stomatal conductance
and exhibit traits supporting belowground resource acqui-
sition, such as larger root systems, less aboveground
biomass, lower specific leaf area, and lower total leaf area.
(2) Individuals from different provenances will differ in
their response to inundation. Specifically, individuals from
hotter provenances will be more sensitive to inundation;
that is, they will have greater decreases in plant productivity,
photosynthetic rates, and stomatal conductance when
inundated than individuals from cooler provenances. (3)
Phenotypic variation in growth and resource acquisition
characteristics and inundation responses will be partially
governed by genotype. The importance of genotype should
be indicated by heritable phenotypic characteristics and
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inundation responses that are attributable to genotypic
variation. When these hypotheses are considered together, if
phenotypes and inundation responses are genetically based
and differ among plants distributed across a climate
gradient, then changes to flow regimes could impact
populations differently across a landscape.

MATERIALS AND METHODS
Study species and propagation

We focused on Pluchea sericea (arrowweed), a widespread,
woody riparian shrub native to dryland rivers of North
America (Busch and Smith, 1995). It reproduces sexually
and through extensive rhizomes (Vandersande et al., 2001).
Pluchea sericea is of particular interest in that it often grows
in more stressful riparian habitats (e.g., more saline,
regulated reaches) than cottonwoods and willows (Busch
and Smith, 1995), seems to thrive on regulated rivers, and is
impacting recreational resources and riparian geo-
morphology (Durning et al., 2021). While many native
riparian species are in decline in the southwestern United
States, P. sericea seems to be expanding (Busch and
Smith, 1995; Gonzalez et al., 2020; Durning et al., 2021).
It can successfully colonize areas where the abundance of
tamarisk (Tamarix ramosissima, Tamarix chinensis, and
hybrids)—nonnative, invasive trees—has been reduced
(Busch and Smith, 1995; Gonzélez et al., 2020).

Collection sites were located along the Colorado
River between Glen Canyon Dam and Lake Mead in
northern Arizona, United States (Appendix S1,
Figure S1). Provenance location is indicated by distance
upstream (negative numbers) or downstream (positive
numbers) of Lees Ferry, Arizona in kilometers, following
regional conventions. Along this 400-km river segment,
the elevation drops from 950 m to 366 m a.s.l. resulting
in a mean annual temperature increase of about 5.3°C
(Caster et al., 2014). Plants were collected in midsummer
near five weather stations spanning this temperature
gradient (Table 1). Weather data were obtained from
Caster et al. (2014) and the NOAA National Centers for

TABLE 1 Characteristics of the collection locations (provenances).

Environmental Information Climate Data Online tool
(https://www.ncdc.noaa.gov/cdo-web/). A 2-year period
when all stations were recording data (2008-2010) was
used to estimate nominal site temperatures.

Glen Canyon Dam regulates the Colorado River in the
study area, and tributary inputs do not substantially alter
flow patterns (Topping et al., 2003), so a similar flow regime
exists across the 400-km river segment. Hydropower-
derived flows have been in place since 1963 (Topping
et al., 2003). Pluchea sericea was common in the study area
in the pre-dam era (Turner and Karpiscak, 1980) and has
increased since river regulation began (Durning et al., 2021).
In the study area, this species currently grows above the
daily maximum flow volume (708 m’ s™', Durning
et al., 2021). The five sample sites span a similar shoreline
flood gradient and have been flooded for no more than 1
week per year in the last 20 years.

At the end of June and early July 2018, new,
nonflowering, cuttings from healthy branches were collected
for propagation. At each site, cuttings were collected from
across the local stand, which ranged from approximately
1300-2000 m” in area. No more than one branch was
clipped from one ramet. Each cutting was approximately
30 cm long and 0.3 cm in diameter. Cut ends were wrapped
in moist paper towels and stored in plastic bags in coolers.
Since documentation for propagating P. sericea cuttings was
not available, cuttings were initially divided into three
equal groups and grown in either pure perlite, a perlite/
vermiculite mix, or a mix of perlite, vermiculite, coconut
husk, and soil. Twenty cuttings were planted together in
6.5-L pots. Initial propagation methods resulted in similar
rates of rooting and survival, so worked equally well. Any
mortality almost entirely occurred in this initial propagation
step, such that plants that grew roots initially survived until
the subsequent greenhouse experiment. Plants were trans-
planted into individual 6.9 cm diameter x 25.4 cm tubes and
grown for another 7 months in a mix of sand, perlite, and
vermiculite in a greenhouse. Seven weeks before inundation
treatments, plants were transplanted into 36 x 11 x 11 cm
(height x length x width) pots. The cuttings were all
healthy, well established, and approximately 11 months old
at the start of the inundation experiment (below).

Prov. River km N (Subset) Genotypes Temp (°C) Elev. (m a.s.l.) Station

1 -4.2 60 (20) 8 17.3, 10.3, 24.3 930 USC00024849, Lees Ferry, AZ

2 91.1 20 (15) 6 19.0, 12.6, 25.4 821 AZ C:13:0365

3 159.0 20 (15) 4 19.4, 12.0, 26.7 686 USC00026471, Phantom Ranch, AZ
4 217.8 90 (20) 1 21.3, 15.0, 27.5 574 AZ B:11:0281

5 354.2 60 (20) 2 22.6, 15.9, 29.4 399 AZ G:03:0072

Notes: Prov., provenance indicator. River km, distance upstream (negative numbers) or downstream (positive numbers) of Lees Ferry, AZ, USA in kilometers; N (Subset), full
sample size with subset sample size used for “resource acquisition” variables in parentheses; Genotypes, number of multilocus genotypes identified; Temp (°C), mean, minimum,

and maximum average temperatures; Elev., elevation in meters; Station, weather station used for climate data.
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Inundation design

The experiment exposed 250 P. sericea plants to a range of
inundation depths inside the climate-controlled Northern
Arizona University Research Greenhouse complex in
Flagstaff, Arizona. The experiment began on 26 June 2019
and ran for 3 months during the growing season
(Appendix S1, Figure S2). Five target inundation depths
were predetermined, ranging from the soil and roots being
above the water level to the entire pot, all roots, and
approximately 15 cm of stem being submerged (Figure 1).
The number of replicates for each of the five target
inundation depths varied by provenance (Table 1). Ten
flooding “systems” were established within the greenhouse,
where a “system” comprised five plastic bins connected by
tubing and a water pump. Water was circulated through
each system with a 2650 Lh™' pump. Each bin contained
five vertically oriented, 10.2-cm-diameter PVC pipe sections
(“tubes™), each cut to one of five heights (49.5, 37.5, 25.5,
13.3, 1.5 cm), to create different levels of inundation. Each
tube was filled with sand and one potted plant placed on top
(Figure 1). Plants from each provenance were divided
equally among the five tube levels and randomized across
bins. Roots were able to grow into the water-saturated sand

and into the water. The experiment comprised 10 systems,
50 bins, 250 tubes (50 of each height), and 250 individuals.

Each system was filled with water to an established level
and refilled to the same level every 2-3 days. Each plant had
a unique water level due to differences in pumps and
uneven ground. We recorded inundation depth for each
plant by measuring the distance between the top of the pot
and the water level (“inundation level” hereafter). Negative
values indicate an inundated stem (top of the pot below
the water level), and positive values indicate a stem out of
the water. Inundation level was recorded six times
throughout the 3-month study, and the mean for each
plant was used as the measure of flooding.

Five temperature sensors were placed inside the green-
house, so that two systems were represented by one sensor.
Air temperature was recorded every 15 min throughout the
study. Average greenhouse temperature and humidity were
23°C and 63%, respectively, throughout the study.

Plant measurements

We measured variables related to growth and resource
acquisition. Growth variables were measured on all 250

FIGURE 1 Experimental design of flooding system. Upper left panel: A pair of flooding systems is represented. The system consists of five bins
connected by tubing and one pump. Black triangles: pumps; circles: plastic bins; ¥: temperature sensor; gray lines: tubes that connect the bins. Colored
squares inside the circles represent individual plants, their provenance (number), and their flood treatment (color). Each bin had one each of five heights of
PVC tube and a randomized mix of the five provenances. Lower left panel: diagram of one bin containing five individuals in black pots sitting on PVC tubes
filled with sand. Roots grew into the water-saturated sand. Right panel: photographs of systems in greenhouse.
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individuals and included plant height, stem diameter,
average daily growth, final aboveground biomass, and final
belowground biomass. Plant height was defined as the
height of the tallest living stem. Stem diameter was
measured at the soil surface of the single stem. Plant height
and stem diameter were measured eight times throughout
the study (Appendix S1, Table S1, Figure S3). Average daily
growth between each measurement period was calculated as
the change in height divided by the number of days between
measurements. For analyses, average daily growth was
averaged across the last three measurement periods.
Aboveground, belowground, and total biomass, and root
to shoot biomass ratio were measured or calculated at the
end of the experiment (Appendix S1, Table S1). Stems and
leaves were clipped, separated into living and dead tissues,
and dried. All roots were rinsed and dried. All tissues were
dried at 60°C for at least 72 h and until a subset of samples
had a consistent weight when weighed 1 day later. Living
leaves, living stems, dead leaves, dead stems, and below-
ground tissues were weighed separately. Aboveground
biomass was calculated as the sum of the biomass of living
leaves and stems. Belowground biomass represented all
coarse and fine roots and the belowground portion of the
stem. Total biomass and root to shoot ratio were calculated
from above- and belowground biomass measurements.
Resource acquisition variables were measured on a
subset of 90 plants representing each provenance and PVC
tube height (Table 1). The variables included root length,
average root diameter, photosynthetic rate, stomatal con-
ductance, specific leaf area (SLA), and total leaf area (TLA).
Root length and diameter were measured before drying at
the end of the experiment (Appendix S1, Table S1) with
WinRhizo software (Regent Instrument, Quebec City, QC,
Canada). Photosynthetic rate (umol CO, m™> s™') and
stomatal conductance (mol H,O m %s™!) were measured
with a LI-6400 XT (LI-COR, Lincoln, NE, USA). Measure-
ments were made in the morning and do not show trends
within each sampling morning. Cuvette conditions were
maintained at a flow rate of 500 pmol s, 420 ppm
reference CO, concentration, and 1025 pmol m™> s
photosynthetically active radiation (PAR). Due to small leaf
area and short, weak petioles, a fully expanded, young,
healthy leaf was removed from the plant and immediately
placed in the cuvette. Cuvette conditions were allowed to
stabilize (H,O sample slope < 1, CO, sample slope < 1, flow
meter slope < 1) before measurements were recorded.
Measurements for a single leaf were logged three times
within 2 min, leaf area corrected, and averaged to give a
single measurement per plant per sampling period. The
three measurements during the last month of the experi-
ment were averaged and used in the statistical analyses. At
the end of the experiment, SLA (cm” g™") was calculated as
fresh leaf area divided by dry leaf mass for 10 healthy, fully
expanded, young leaves per plant, and leaf area was
calculated using Leafscan (http://www.leafscanapp.com).
Leaves were dried at 60°C for 72 h and weighed. The TLA
(cm®) was estimated by multiplying SLA by total leaf

biomass. Summary statistics and graphs for these data are
presented in Appendix S1, Table S2, Figures S4-S6.

Genetic analyses

We genotyped the subset of 90 individuals used for resource
acquisition variables. Leaf samples were dried in silica gel and
total genomic DNA was extracted using the protocol developed
by Mayjonade et al. (2016) with minor modifications. Seventeen
simple sequence repeat (SSR) loci (Yang et al, 2018) were
screened for amplification and variability, resulting in three loci
that reliably amplified across 90 individuals. An ABI 3730xl
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA)
was used for fragment analysis with GeneScan LIZ500 internal
size standard (ABI). Allele fragment sizes were scored using
GeneMarker v2.2.0 (SoftGenetics, State College, PA, USA).
Multilocus genotypes (hereafter, “genotypes”) were identified
using poppr (Kamvar et al,, 2014) and R version 3.6.1 (R Core
Team, 2014).

Multivariate statistical analyses

Growth and resource acquisition variables were analyzed
separately via hierarchical, multivariate Bayesian linear
models. The growth model had six response variables: final
height (m), average daily growth (mm/day), final stem
diameter (cm), final aboveground biomass (g), final below-
ground biomass (g), and final root to shoot ratio. Total
biomass could not be included as an independent variable,
as it is a summation of above and belowground biomass.
Rather, covariate effects and intercept parameters for total
biomass were calculated within the model by adding the
corresponding parameters for above- and belowground
biomass. Variance parameters and correlations with other
variables were not calculated for total biomass. The resource
acquisition model included six response variables: the log of
final root length (cm), average final root diameter (mm),
average photosynthetic rate (umol CO, m™> s™'), average
stomatal conductance (mol H,O m™ s7'), final SLA (cm?
g_l), and final TLA (cm?). Two individuals died during the
experiment, and some individuals had missing data,
resulting in N =246 individuals for the growth model and
N =189 individuals for the resource acquisition model.

For each set of variables (growth or resource acquisition),
six models were compared (models M1-M6 for growth data,
models M7-M12 for resource acquisition data; Tables 2, 3). To
evaluate whether response variables differ by provenance,
genotype, or both, we compared models that included
provenance as a random effect (M1, M7), models that included
genotype as a random effect (M2, M8), and models that
included both provenance and genotype as random effects (M3,
M9). To evaluate whether provenances or genotypes differed in
their responses to flooding, the models were modified to allow
both intercepts and covariate effects to vary by provenance
or genotype, resulting in models M4-M6 and MI10-12
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TABLE 2 Model fit and DIC values for each growth hierarchical, multivariate Bayesian linear model. Model fit estimates are R> values from a linear
regression of the individual-level predicted values versus observed values. Model with the lowest DIC is bolded.

Model Random effects Covariate effects DIC 1 ¥ ¥3 Y4 ¥s Yo ¥z
M1 Provenance No random effect, 2204 0.33 0.23 0.22 0.31 0.30 0.16 0.33
see Eq. 2
M2 Genotype 2242 0.21 0.07 0.28 0.24 0.28 0.18 0.26
M3 Provenance and 2216 0.33 0.24 0.27 0.32 0.34 0.20 0.35
genotype
M4 Provenance Vary by 2218 0.33 0.24 0.26 0.32 0.31 0.17 0.34
provenance
M5 Genotype Vary by genotype 2256 0.21 0.08 0.31 0.24 0.28 0.18 0.26
M6 Provenance and Vary by 2230 0.33 0.24 0.31 0.32 0.35 0.20 0.35
genotype provenance

Notes: Random effects, random effects included in the model in addition to system and bin; Covariate effects, notes whether covariate effects were allowed to vary by provenance or
genotype; DIC, deviance information criterion; y;, final height; y,, average daily growth; ys, stem diameter; y4, aboveground biomass; ys, belowground biomass; ys, root:shoot ratio:

¥7, total biomass.

TABLE 3

Model fit and DIC values for each resource acquisition hierarchical, multivariate Bayesian linear model. Model fit estimates are R* values

from a linear regression of the individual-level predicted values versus observed values. Model with the lowest DIC is bolded.

Random effects

Model (Intercept) Covariate effects DIC Y1 ¥ ¥ Va ¥s Ve
M7 Provenance No random effect, 2076 0.13 0.25 0.64 0.28 0.33 0.35
see Eq. 2

M8 Genotype 2079 0.16 0.32 0.68 0.30 0.48 0.43

M9 Provenance and 2064 0.15 0.35 0.72 0.31 0.47 0.43
genotype

M10 Provenance Vary by provenance 2085 0.16 0.31 0.77 0.34 0.39 0.38

Mi11 Genotype Vary by genotype 2090 0.30 0.37 0.76 0.38 0.51 0.51

M12 Provenance and Vary by provenance 2070 0.17 0.39 0.81 0.37 0.52 0.46
genotype

Notes: Random effects, random effects included in the model in addition to system and bin; Covariate effects, notes whether covariate effects were allowed to vary by provenance or
genotype; DIC, deviance information criterion; y;, root length; y,, average root diameter; ys, photosynthetic rate; y,, stomatal conductance; ys, specific leaf area; ys, total leaf area.

(Tables 2, 3). System and bin were included as random effects in
all models, with bins nested in system (Ogle and Barber, 2020).
Genotype was not nested in provenance because some
genotypes occurred in multiple provenances (Appendix SI,
Table S3). Initial models for each response variable that
included inundation level, initial plant height, and greenhouse
temperature indicated that only inundation level and initial
plant height were potentially important predictors of the
response variables, including two-way interactions, so only
these covariates were used in the multivariate models. All
models used standardized covariate values, calculated as z = (x-
mean[x])/(standard deviation[x]), where x=an individual
covariate.

The structure of the multivariate models for the growth
and resource acquisition variables was identical, apart from
a modification to impute unknown genotypes for indivi-
duals in the growth model that were not genotyped
(described below). The likelihood of the observed vector
of response variables, y, for individual i followed the form:

Y, ~ Normal (u,, Z) (1)

where p is the predicted (or expected) vector value of vy,
and X is the 6 x 6 covariance matrix describing the
observation variances and covariances among the response
variables. Correlations between variables were calculated
from the covariance matrix and are presented in
Appendix S1, Table S4. The full linear model for p that
allowed intercepts to vary by provenance and genotype
included standardized values of inundation level (z;) and
initial plant height (z,) as covariates, with provenance
(p=1, 2, ..., 5), genotype (g=1, 2, ..., 14), system (s=1,
2, ..., 10 systems), and bin (b=1, 2, ..., 5 bins per system)
included as random effects is given below, such that for
individual i and response variable v:

Hiy = ﬂo,v + ﬁl,vzl,i + ﬁz,vZZ,i + ﬂp(i),v + Zfg(i),v + As(i),v @)

+ Ep(i),s(i)v
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where subscripts p(i), g(i), s(i), and b(i) denote provenance
D> genotype g, system s, and bin b, respectively, associated
with individual i. Note that the z; X z, interaction was not
included because prior exploratory analyses indicated that
this interaction is not important.

Models M3, M6, M9, and MI12 contained all of the
random effects in Eq. 2, while the other models contained
subsets (Tables 2, 3). Models allowing covariate effects to
vary by provenance or genotype in addition to intercepts
had the same form, but the coefficient parameters in Eq. 2
(1., and f3,,) were additionally indexed by provenance or
genotype (e.g., B1vpi) and Bay iy OF Brygiy and Bayg(i))-

Because the growth model represented all individuals in
the experiment, but only a subset was genotyped, growth
models including genotype as a random effect (M2, M3, M5,
M6) included an additional likelihood to enable imputation
of the genotype identity for the nongenotyped individuals.
Since the genotype identifier can take on 1 of 14
possibilities, we assumed that the genotype associated with
individual i, g(i), can be described by a categorical
distribution

g (i) ~ Categorical (0, ;) (3)

where 0, is a vector of length 14 that contains the
probabilities of individuals from provenance p being
identified as each of the 14 genotypes. A conjugate
hierarchical Dirichlet prior was assigned to the
provenance-level genotype probabilities, 6, ~ Dirichlet(a),
and each component of the a vector was assigned a
relatively noninformative exponential prior. The expected
probability of a particular genotype, G, for each provenance
was calculated from a as

14
pEg=G)=ac/ ) a (4)
g=1

We also specified zero-centered, hierarchical normal
distributions for the random effects in Eq. 2 such that, for
example, for the provenance random effects for response
variable v, Mo ~ Normal (0, a,iv), with similar distributions

specified for &, (genotype random effects), A, (system
random effects), and ¢, (bin random effect), each with
their own variance term, which is unique to each variable v
(e.g., 0¢,» 01, 02,). The associated random effect standard
deviations were assigned folded Cauchy distributions that
represented relatively non-informative priors (Gelman,
2006). To avoid non-identifiability of the intercept ()
and the random effects, we implemented the “post-sweeping
of random effects” reparameterization solution as described
by Ogle and Barber (2020), with accommodation to nest
bins within system. The overall intercept and covariate
effects (Bo.» P14 Ba,) were assigned conjugate, relatively
non-informative normal distributions with a mean of zero
and a large variance. For models where the covariate effects
varied by provenance or genotype, the effects were assigned

hierarchical normal priors centered on an overall effect for
that variable; the overall means were assigned relatively
non-informative normal distributions and the associated
standard deviations were assigned wide uniform, Uniform
(0, 150), priors. The precision matrix, Q = X', in the
multivariate likelihoods in Eq. 2 was assigned a relatively
non-informative, conjugate Wishart prior. Standard devia-
tions of residuals for each variable were calculated from the
covariance matrix.

The above models were implemented in JAGS through
the R packages rJAGS (Plummer, 2003; Plummer et al., 2019)
and coda (Plummer et al, 2006). Three parallel Markov
chain Monte Carlo (MCMC) sequences were assigned broad
starting values. The Raftery and Lewis diagnostic (rafter-
y.diag, coda) was used to determine the number of MCMC
iterations needed to sufficiently sample the posterior
parameters space and chains were thinned. The number
of MCMC iterations and the thinning amount varied by
model (Appendix S1, Table S5). Convergence, mixing, and
autocorrelation were evaluated qualitatively using mcmcplot
(mcmcplots; Curtis et al., 2015) and quantitatively using the
Gelman and Rubin convergence diagnostic (gelman.diag,
coda). Deviance information criterion (DIC) values calcu-
lated using the dic.samples function (rJAGS) solely based on
the response variables associated with the primary likeli-
hood (Eq. 1) were compared.

Model fit was assessed through simple, linear regression
(function Im, base R) of predicted values (posterior means
of the individual y;,, Eq. 2) on observed values (associated
¥iv). Posterior distributions of the estimated intercepts and
covariate effects were summarized using the posterior
means and the 95% central credible intervals (CIs).
Significant differences in the additive provenance random
effects (e.g., differences in height among provenances) were
evaluated by determining whether the 95% CI for a given
provenance and variable included zero or not. If the CI for
at least one provenance did not contain zero, this provided
evidence for a provenance random effect. A similar
evaluation was done for the genotype random effects.
Likewise, covariate effects are deemed significantly different
from zero if their 95% CI does not include zero, meaning
that the response variable is likely influenced by the
associated covariate (inundation level or initial height).

To estimate heritability of phenotypes, we calculated
broad-sense heritability (H?) using variance parameters
estimated for models M3 (growth) and M9 (resource
acquisition). Because H” is the proportion of phenotypic
variance within a population that can be attributed to
genetic variability (Visscher, Hill, and Wray, 2008), for each
response variable, we estimated H” as:

H? = (67)/(d7 + o} + 07 + 02), (5)
where o7, 07, 0/ and o* denote the genotypic, system, bin,

and residual variances, respectively. Both models (M3 and
M9) account for provenance and genotypic variance, such
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that ¢°; is the variance explained by genotype when
provenance is also accounted for. H> was calculated for
each MCMC iteration, allowing posterior summaries of H>.
These estimates of H> are representative of heritability
under average inundation level and average initial height
conditions.

RESULTS
Multilocus genotypes

Fourteen multilocus genotypes were identified and their
occurrences varied across provenances (Table 1; Appendix
S1, Tables S3, S6). Provenances 1-5 contained 8, 6, 4, 1, and
2 of the 14 genotypes, respectively. The number of
individuals per genotype ranged from one to 22.

Provenance phenotypic variability

Hypothesis 1. (under common environmental conditions,
individuals from different provenances will differ in their
morphological and physiological phenotypes) was supported
in that the best model for both growth and resource
acquisition variables included provenance as a random
effect. For growth variables, the best model (M1) included
provenance, but not genotype, as a random effect (based on
R? and DIC; Table 2). The best model (M9) for resource
acquisition variables included both provenance and genotype
as random effects (Table 3). Model fit varied across variables
and models (Tables 2, 3), and all results presented and
discussed are based on models M1 and M9, unless otherwise
noted.

Contrary to Hypothesis 1, plants from hotter prove-
nances did not have larger root systems or less aboveground
biomass. Yet, one or more provenance random effects were
significantly different from zero for all growth variables,
except for the root to shoot ratio (Figure 2A). Individuals
from provenance 4 (intermediate temperature) generally
grew faster (higher average daily growth) and were larger
(greater final height, stem diameter, and above-, below-
ground, and total biomass) than the other provenances.
Provenance 2 had less total biomass than the other
provenances. Provenance explained more variance in the
response variables than either bin or system (Figure 2C) for
all growth variables.

One or more provenance random effects were also
significant for some resource acquisition variables, but
contrary to Hypothesis 1, plants from hotter provenances
did not have greater photosynthetic rates or stomatal
conductance, lower SLA, or lower TLA. The 95% CI for
the provenance 1 random effect did not contain zero
for average root diameter, indicating larger roots than the
other provenances (Figure 3A). While the 95% CI for all
provenances for the other resource acquisition variables

overlapped zero, some only marginally overlapped zero
(provenance 1 for root length, provenance 2 for photo-
synthesis and TLA; Figure 3A). While relatively few
provenance random effects were individually significant,
overall, these random effects generally explained more
variation than did bin or system, especially for root length
and average root diameter (Figure 3C).

Inundation and initial height effects

Hypothesis 2. (individuals from different provenances
will differ in their response to inundation) was not
supported. The best model for both growth and resource
acquisition variables indicated that the covariate
(inundation and initial height) effects do not vary by
provenance or genotype (Tables 2, 3). Instead, responses
to inundation level or initial height were in the same
direction and of similar magnitude for all groups
(illustrated in Appendix S1, Figures S$S4-S6). For
growth variables, the positive effect of inundation level
indicates that with increasing distance from the water
(less inundation), plants grew larger and faster
(Figure 2B). Similarly, the positive effect of initial
height on many response variables indicates that larger
plants at the beginning of the experiment were also
larger at the end of the experiment (Figure 2B). Average
growth rate, however, was not correlated with initial
plant height.

Patterns in covariate effects differed for the resource
acquisition variables (Figure 3B) since most variables
were not significantly correlated with either inundation
level or initial height. Average root diameter, however,
was positively correlated with inundation level, meaning
average root diameter increased with less inundation.
Inundation level and initial height were positively
correlated with TLA.

Genotype phenotypic variability and
heritability

Hypothesis 3. (phenotypic variation in growth and
resources acquisition characteristics and inundation
responses will be partially governed by genotype), was
partially supported in that the best model (M9) for resource
acquisition variables included both provenance and
genotype as random effects (Table 3). The SLA values for
genotype 6 were significantly larger than other genotypes
(Figure 4). All 95% CI for all other genotypes and variables
overlapped zero, with the random effect for genotype 9 for
photosynthetic rate only marginally overlapping zero.
The random effects of genotype generally explained more
variation than did bin or system and as much or more than
provenance for SLA and TLA (Figure 3C). Results for
broad-sense heritability (H?) also partially supported
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Hypothesis 3 in being significantly greater than zero for
SLA: posterior mean and 95% CI for H?=0.25 (0.03, 0.55).
The 95% CI for H* contained zero for the other 11 variables
(Appendix S1, Table S7).

DISCUSSION

Differences among provenances

This study indicates that individuals from different
provenances exhibit phenotypic differences when the

influence of inundation is accounted for, but that
differences are not related to the nominal temperature

environment of the provenance. In contrast to results
from studies on riparian cottonwood trees (e.g., Grady
et al., 2013; Cooper et al., 2019; Hultine et al., 2020b), we
found that plants from the hottest site (provenance 5) did
not exhibit larger root systems, smaller aboveground traits,
or lower SLA or TLA than other, cooler provenances.
These results indicate that P. sericea populations do not
exhibit morphological and physiological trends similar to
riparian trees and may not have the same adaptive
responses to temperature.

Alternative drivers of phenotypic differences across
provenances remain unclear. Other provenance environ-
mental conditions may have influenced the phenotypes,
such as, but not limited to, flow velocity and erosive
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FIGURE 3

Summary of posterior parameter estimates for resource acquisition model M9 (see Table 3 for model descriptions). Variables are root

length (Root Igt, log of cm), average root diameter (Root diam, mm), photosynthetic rate (Photo, umol CO, m~2 s7!), stomatal conductance (Cond, mol
H,0 m2s™Y), specific leaf area (SLA, cm? g‘l), and total leaf area (TLA, cm?). (A) Mean and 95% credible intervals of the provenance random effects.
(B) Covariate effects for inundation level and initial height. (C) Variation explained by provenance (Prov.), multilocus genotype (MLG), bin, system, residual

variation (Resid.).

capacity of flows, which were not quantified in this study.
Plants with larger above and belowground structures are
expected to be less vulnerable to uprooting in high velocity
flow conditions (Bywater-Reyes et al., 2015). The larger root
diameter of individuals from the coolest provenance
(provenance 1), could be explained by differences in
provenance nutrient availability or aerenchyma develop-
ment. This provenance is nearest to the dam where there is
some evidence that dissolved organic carbon and potentially
other nutrients are greatest (Ulseth, 2012). Thus, maintain-
ing greater root surface area per unit biomass (i.e., smaller
diameter) for nutrient uptake may not be as important at
this site. Increases in aerenchyma can increase root
diameter (Lambers et al., 2008), but is unlikely here,

since increasing root diameter was associated with less
inundation.

Alternatively, these provenances could represent a
combination of long-existing P. sericea stands and newly
colonized populations. In this case, phenotypes across
provenances could vary due to founder effects in new
populations, local adaptation in older populations, and
clone age. This species has recently expanded along the
Colorado River (Durning et al., 2021), either through new
colonization and/or increases through clonal growth. Newly
colonized areas could retain the characteristics of the
provenance of the source propagules. Clonal expansion of
existing populations could retain the characteristics of
individuals that predominated before expansion. Patterns in
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phenotypic variability could be the result of a mix of
phenotypes from recent colonization and local adaptation.

This study illustrates that differences in growth and
morphology may reflect aspects of the complex home
ecosystem other than temperature adaptations. For riparian

systems, these could be related to a suite of flow
characteristics including flow velocity (Bywater-Reyes
et al, 2015), sediment deposition and erosion (Gonzilez
et al., 2020; Butterfield et al., 2020b), complex dispersal and
colonization patterns (Tabacchi et al, 1998), or human-
mediated plant establishment (Smulders et al, 2008;
Palmquist et al, 2021). The provenances in this study all
span the same shoreline flood gradient, so have likely shared
the same flood pattern over time. These populations were
also not intentionally manipulated by human activities. Other
flow characteristics and plant demographic patterns, then,
could account for patterns observed here. A greater under-
standing of how provenance-specific phenotypic variation
relates to a broad suite of environmental characteristics and
demographics would be useful for predicting riparian shrub
response to environmental change.

Provenances responded similarly to flooding

Despite differences in phenotypes across provenances, Hypoth-
esis 2 was not supported since climatic provenance did not
confer unique inundation responses. Root to shoot ratio and
SLA, two variables anticipated to result in a trade-off between
flooding and heat tolerance, did not differ across provenances,
so no difference in response to inundation would be expected.
Given the moderate conditions of the greenhouse, it is possible
that extreme heat could elicit differences in phenotypes
and different inundation responses (Grady et al, 2013;
Hultine et al., 2020Db).

Growth variables showed different responses to inundation
compared to resource acquisition variables. In the inundated
conditions, P. sericea individuals altered their growth rate, size,
root diameter, and TLA rather than leaf-level morphological
or gas exchange traits. It may be a common pattern among
species that use clonal growth to take advantage of newly
available space or resources to have greater variability in root
and shoot growth than physiological responses (de Kroons and
Hutchings, 1995; Miinzbergova et al.,, 2017).

Decreased root diameter with greater inundation was
related to increases in fine roots in this study. Root diameter
typically increases with inundation, particularly through the
growth and dominance of porous adventitious roots (e.g.,
Visser et al., 1996; Kozlowski, 1997; Pan et al., 2014). Here,
P. sericea developed extensive root systems, both from
existing roots that extended to the bottom of each tube and
from the submerged stem into the water (adventitious
roots). The decrease in root diameter under inundated
conditions exhibited here may have increased oxygen
diffusion to the center of the root (Sauter, 2013).

The role of genotype by environment
interactions

Genotype effects contributed to phenotypic characteristics but
were not associated with different inundation responses.
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Phenotypic characteristics related to growth were more strongly
influenced by environment (inundation), whereas those related
to resource acquisition were more strongly related to genotype.
The relationships between phenotypic plasticity in response to
inundation and the heritability of inundation-induced plasticity
could have implications for riparian shrubs in changing
environments (Laitinen and Nikoloski, 2019; Cooper et al.,
2022). Heritability of trait plasticity could translate into rapid
phenotypic selection, either improving or reducing a species’
likelihood of survival under changing environmental condi-
tions (Laitinen and Nikoloski, 2019; Cooper et al., 2022). The
genotypic patterns in this study, based on three loci, represent a
minimum level of genetic effect. Development of additional loci
could provide greater genotypic resolution and possibly result
in stronger genotypic effects and higher or more constrained
heritability estimates.

The number of genotypes identified in each provenance
decreased with increasing temperature where provenances 4
and 5 (warmest) consist entirely or almost entirely of one
genotype (Appendix S1, Table S3). The genotyped individuals
from provenance 4 were genetically identical; given the strongly
clonal nature of this species, this provenance may consist of one
clone that can grow larger and faster than other provenances.
Pluchea sericea is also more prolific in the downstream portion
of the study area, where provenances 4 and 5 occur (Palmquist
et al, 2022b). In clonal species that reproduce vigorously and
rapidly by rhizomes, a single or a few genotypes can change the
genetic landscape and associated ecosystem functions
(Saltonstall and Meyerson, 2016). Further research into the
genotypic diversity of P. sericea in the southwestern United
States may be able to identify whether recent regional
expansion of this species is related to a few, well-adapted
genotypes, changing environmental conditions leading to the
species expansion, or a combination of those factors.

CONCLUSIONS

This study indicates that for P. sericea, a clonal, riparian shrub,
growth is more strongly influenced by inundation rather than
genotype, while resource acquisition traits are more closely tied
to genotype. The expectation that phenotype would be
correlated with the nominal temperature conditions of a
provenance is largely inspired by studies on nonclonal, riparian
trees, which could explain the different patterns uncovered in
this study. Shrubs, and particularly clonal shrubs, seem to differ
from trees in their sensitivity to environmental change and the
direction of responses (Amlin and Rood, 2001; Grady
et al, 2011, 2017). For example, shrubs can exhibit greater
sensitivity to abrupt water table decline than trees (Amlin and
Rood, 2001), less sensitivity in net primary productivity
responses to mean annual temperature changes (Grady
et al, 2011), and have complex provenance and genotype
responses to interspecific competition (Grady et al., 2017). More
studies examining provenance-specific responses of riparian
shrubs will be a key part of understanding environmental
change impacts on riparian ecosystems. Riparian shrubs can be

ecosystem engineers that increase community biodiversity
(Bangert et al, 2013) and alter sediment deposition and
morphology of river channels (Butterfield et al, 2020b),
impacting the template for the rest of the riparian system. In
extreme riparian environments—such as alpine, arctic, and
desert riparian systems—trees are often absent, making shrubs
the dominant overstory plant (Gould and Walker, 1999;
Liljedahl et al., 2020). As temperatures and river flows change,
the genotype by environment responses of shrubs in riparian
systems could have cascading effects on riparian ecosystems.
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