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Abstract 

Increasing drought conditions and variable water availability under climate change impact plant 

productivity, ecosystem function and the global carbon cycle, with many species-level responses 

remaining unknown. Variation in response and ability to acclimate to decreased water 

availability differs among plant species and across biomes. To assess the interactions between 

acclimation to climate and water availability across a growing season as well as taxa level 

plasticity, this project utilized a preexisting water deficit trial of horticultural taxa across sites in 

the Western U.S. Four focal taxa (Cercis occidentalis, Cercis canadensis, Physocarpus 

‘Diabolo’ and Physocarpus ‘Little Devil) shared across three locations were measured for 

physiological and morphological hydraulic traits in response to two irrigation deficit treatments. 



 

  
 

Full gas exchange, specific leaf area, mean weighted vessel diameter, theoretical hydraulic 

conductance, stomatal conductance, and ΦPSII were collected and water use efficiencies were 

calculated for each taxon at each location. Analysis of variance was used to test the effects of 

trait performance of species between sites as well as across sites, resulting in differing responses 

depending on species and site. Additionally, impacts of site, treatment, taxa and change across 

the growing season were analyzed using multivariate methods (RRPP and PERMANOVA). 

Results show distinctions in water use strategy by climatic location as well as variation between 

closely related species and cultivars, indicating plasticity to site and among taxa. Additionally, 

physiological and morphological measurements collected at multiple timepoints during the 

deficit period indicate measurable physiological acclimation across the growing season. These 

findings highlight the merits of common-taxa trials over multiple geographic locations to study 

and identify climate-ready plants. Our results provide novel examples of physiological shifts 

across the growing season, indicate the importance of experimental location on the ability of 

different plant taxa to acclimate to water stress, intraspecies level plasticity among horticulturally 

important species, and contribute to overall knowledge of plant drought responses, knowledge 

gaps that are crucial to address in the face of anthropogenic climate change. 

Keywords: Plasticity, water-deficit, ecophysiology, horticultural taxa, climate-ready, hydraulic 

traits 
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Introduction 

Increases in drought frequency and severity are predicted in terrestrial systems 

throughout much of the globe under climate change. Effects are already being felt across the 

Western U.S. due to warmer summer temperatures, changing precipitation patterns, decreasing 

snowpack and lowering soil moisture; these shifts in climate are projected to be more extreme by 

the mid to late 21st century (Cayan et al., 2010).  In the Pacific Northwest region, the current rate 

of summertime warming is unprecedented, with recent climate models indicating a rapidly 

increasing risk of regular extreme summer temperatures (Heeter et al., 2023). A better 

understanding of how plants will function under increasing drought is crucial for predicting 

responses to climate change since the underlying mechanisms for plant response, and their 

capacity to adapt and persist, remain unknown (Ahanger et al., 2021). The field of plant 

ecophysiology provides important tools to investigate how plants respond to environmental 

shifts, including to conditions of water deficit. During photosynthesis, plants exchange water for 

CO2 to synthesize into energy, a process that is highly linked to water availability through pores 

on the leaf surface called stomata. Stomata regulate gas exchange with the atmosphere during 

photosynthesis and transpiration, opening and closing based on environmental conditions and the 

need for carbon inside the leaf. In dry conditions it becomes no longer advantageous for stomata 

to open and lose water through transpiration, rendering them unable to fix carbon from the 

atmosphere for photosynthesis (Kim et al., 2020). Changing photosynthetic patterns under 

climate change impact the global carbon cycle through the trade-offs between limiting 

transpiration and fixing carbon. Improving our understanding of this interaction is necessary for 

more representative Earth systems models to better predict future conditions (Anderegg et al., 

2016; Lemordant et al., 2018). Many questions remain about the underlying mechanisms 
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controlling plant response to water availability and climate, as well as the variation in water use 

strategies which exist across the plant kingdom.  

A key question in light of climate change is how shifting environmental conditions will 

affect plant capacity to adapt, acclimate, and persist outside their limits of environmental 

conditions (Armstrong et al., 2023). As climatic patterns shift towards the extremes, experiments 

across different climates can help infer future conditions and can help inform our understanding 

of plant response to water deficit. Under conditions of low water availability, plants can close 

stomata, decreasing stomatal conductance and the rate of carbon capture for photosynthesis. 

While the overall controls for stomatal opening and closing are understood, uncertainties remain 

in terms of the specifics of the response (Martin-StPaul et al., 2017). Decreased stomatal 

conductance changes plant water use efficiency and can be used as an indicator of reduced full 

plant photosynthetic productivity under water deficit conditions. Complications arise due to the 

coupling of photosynthesis and water-loss via transpiration when stomata open, and additional 

impacts result from the influences of temperature and humidity which increase or decrease rate 

of gas exchange, as well as other variables. The pathway of water movement from the soil to the 

leaf, known as the hydraulic feedback loop, is controlled by transpiration rate and the need to 

maintain a constant leaf water potential (Franks, 2004). Throughout the evolution of water 

transport, the prioritization of gas exchange efficiency has resulted in a variation of strategies 

among species (Brodribb & Holbrook, 2003; Franks, 2004; Tombesi et al., 2014).  

Stomatal control allows plants to regulate their rate of water loss while maximizing 

carbon gain; however, there are several explanations for the underlying mechanisms of stomatal 

control. Stomatal closure has been hypothesized to be governed by responses to abscisic acid 

(ABA) increase in response to stress but has also been found to be correlated with hydraulic 
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conductance via xylem and leaf turgor pressure (Fichot et al., 2009; Franks, 2004; Nardini & 

Salleo, 2000; Tombesi et al., 2014). Stomata have also been shown to respond to xylem tension 

as water travels from roots to leaves with xylem anatomy negatively correlated with plant water 

use efficiency (WUE). Smaller and more numerous vessels have been associated with increased 

WUE (Fichot et al., 2009; Panek, 1996). Xylem morphology is thought be controlled by a safety 

versus efficiency tradeoff, with narrower vessels enabling higher resistance to cavitation and 

freezing, but decreasing water transport efficiency, potentially imposing a limit on 

photosynthesis rate (Davis et al., 1999; Hacke et al., 2017; Wheeler et al., 2005). Variation in 

xylem vessel diameter has been found to be one of the most important variables when evaluating 

plant water relations, with trends responding to environmental constraints, especially aridity 

(Hacke et al., 2017; Sterck et al., 2008). Water deficits over the course of summer have been 

shown to cause xylem acclimating through a decrease and cell size and increase in vessel density 

(Fichot et al., 2009). In a study on Populus deltides x P. nigra hybrids vessel density was more 

plastic than vessel diameter which, under drought conditions, resulted in maintaining the vessel 

area and a limited decrease in specific hydraulic conductivity under conditions of water deficit 

(Fichot et al., 2009), and Sterck et al. (2008) observed a decrease in Kp due to dry soil. Research 

in aspen (Populus tremuloides Michx.) found that vessel diameters were sensitive to 

precipitation patterns on yearly scales, and the response was more pronounced in younger trees 

(Hillabrand et al., 2018). Hydraulic conductivity per xylem cross-sectional area is a proxy for 

water transport efficiency, which can be used as a comparison among species using the weighted 

mean vessel diameter and Hagen-Poiseuille equation, which calculates hydraulic efficiency as 

proportional to the fourth power of the vessel diameter (Hacke et al., 2017). Observed plasticity 
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of xylem traits could indicate plants’ ability to acclimate to and tolerate differing water 

availability.  

As the majority of plant drought experiments focus on agricultural food crops, there 

remain important gaps in understanding how horticultural taxa respond to water deficit under 

climate change. Learning more about horticultural plant response to shifting water availability in 

general can help inform broader vegetation responses, as well as the large industry of nursery 

production and influence urban and residential landscapes (Sjöman et al., 2023). Up to 70% of 

residential water use is allocated to landscape plantings; thus, it is important to evaluate and 

encourage lower water-use taxa for horticultural planting, especially given changing water 

availability, primarily the projected decreases (Hayden et al., 2015). Recent work has highlighted 

the current lack of trait-based data related to water-availability and interestingly, found a 

variation in water-use among cultivars of the same species, with the wild-type preforming the 

most efficiently (Hirons et al., 2021; Sjöman et al., 2023; Tombesi et al., 2014). This brings into 

question if horticultural breeding selecting for appearance comes at the expense of drought 

tolerance; an avenue of research that requires more attention. Evaluating taxa for drought 

response now provides information through which to select individuals that will be most 

successful in future climatic conditions and should be prioritized in urban settings.  

In this study, I used two water-deficit treatments in a coordinated horticultural plant 

research network to assess plasticity in trait response among taxa receiving the different 

treatments across three environmentally distinct field sites and the capacity for acclimation over 

a growing season. Horticultural plant response to drought is relatively understudied, and the use 

of this trial offered the opportunity to compare overlapping taxa under different climatic 

conditions and provide insight more broadly into plant drought stress response and acclimation. 
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Four target taxa were identified which were part of the preexisting Climate Ready Landscape 

Plants project (CRLP) shared across the University of Washington (UW), the North Willamette 

Research and Extension Center (OSU) and the Utah State University Greenville Research Farm 

(USU): Cercis occidentalis, Cercis canadensis, Physocarpus ‘Diabolo’, and Physocarpus ‘Little 

Devil’. The selection of these taxa was intended to address a key research gap as a few previous 

studies focused on them, and allowed for comparisons among closely related species and 

cultivars, as well as treatment effects across sites. Cercis occidentalis and C. canadensis have 

been used in horticultural breeding efforts to create hybrids more adapted to drought conditions 

(Contreras & Hoskins, 2020; Sternberg, 2012). Previous work on a group of woody horticulture 

taxa found that C. occidentalis demonstrated significant variation in water-use between 

geographic locations, while the water use of many of the other species evaluated remained 

relatively consistent (Schuch & Burger, 1997). Both C. occidentalis and C. canadensis have also 

been found to be drought resistant but have differing responses to drought  (Sternberg, 2012). 

Physocarpus ‘Diabolo’, Physocarpus ‘Little Devil’ are both cultivars of Physocarpus opulifolius, 

a popular landscape shrub. Even though many cultivars of P. opulifolius are commonly used in 

horticulture and have been bred for interesting vegetation (Lubell et al., 2011), few previous 

studies have used P. opulifolius cultivars as a focus taxon other than studies that examined the 

effect of pollution (Popek et al., 2018), and salt stress (Nan et al., 2018) and powdery mildew 

(Lubell et al., 2011) in urban landscapes. Thus, physiological analyses of these cultivars offer 

valuable information in terms of their performance under a water deficit, as well as crucial 

information for the horticultural industry. 

Species-specific differences have been shown in the relationship between WUE and 

xylem hydraulics, demonstrating the need for species-level investigations (Fichot et al., 2009). 
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Cultivars of the same species have been shown to have differing relationships between stomatal 

conductance and xylem hydraulics (Tombesi et al., 2014). Additionally, hydraulic conductivity 

depends on water availability and has been shown to vary across a climatic gradient (Panek, 

1996). Thus, the variation in coupling between hydraulic conductance, xylem anatomy and 

stomatal control results in plants with differing ability and strategies with which to cope with 

limited water. Measuring physiological and morphological traits in tandem allows for 

investigation into how these species vary in their approach to water use, and ability to acclimate. 

Additionally, this work occurred over the course of the growing season, allowing for the 

investigation of relatively unexplored temporal scale of physiological acclimation (Grossman, 

2023). 

 

Objectives and hypothesis 

Through this study I investigated if closely related species and cultivars differ in xylem 

anatomy, stomatal conductance, and chlorophyll florescence; how these traits relate to 

photosynthetic rate and WUE; and response to irrigation deficit treatments across an 

environmental gradient.  

Aim 1: Evaluate if site, taxa and irrigation deficit level contribute significant differences in the 

response of measured physiological and morphological traits at the end of the growing season. It 

was hypothesized that the measured suite of hydraulic traits will be coordinated under water 

deficit treatments but not consistently across taxa and/or site due to distinct climatic factors at 

each site affecting plant performance and each taxa exhibiting a different water use strategy that 

will be distinguishable at the species or genera level. Cercis occidentalis was hypothesized to 

perform distinctly across these western U.S. sites when compared to C. canadensis due to the 
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former having a west coast distributional range while C. canadensis is predominately distributed 

in the eastern and central U.S. Additionally, the cultivars of Physocarpus, though closely related, 

will show distinguishable responses, and measured less water use efficiency than either Cercis 

species due to selection for appearance in the horticultural trade. Individual measured traits will 

respond to irrigation deficit treatments, and across all sites, and it was predicted that the lowest 

water treatment deficit (20% ET0) will result in an increased WUE and exhibit a more 

conservative water use strategy, due to keeping stomata open less. Xylem anatomy was 

hypothesized to respond to the lower water treatment by producing smaller conduits due to the 

trade-offs between hydraulic efficiency and risk of cavitation. Additionally, due to the more 

variable weather conditions and more frequent occurrence of winter freezing temperatures, plants 

at the USU site would result in plants better acclimated to stress and in turn an increased WUE. 

Aim 2: Evaluate physiological acclimation to the water irrigation treatments over the course of 

the growing season. By assessing traits measured at the beginning and end of the season, as well 

as additional traits measured at the UW site across multiple time points, we hypothesized that 

taxa would show acclimation in water use traits over the course of the growing season and in 

response to the irrigation treatment, resulting in shifting physiological traits. The temporal scale 

of acclimation is relatively underexplored yet is an intriguing application of this study system. 

Results from this exploration can inform future research directions and applications for related 

study systems.  

Aim 3: Evaluate end of season physiological performance from additional traits collected from 

paired taxa after a growing season of irrigation deficit treatments at the UW site. Given some 

observed responses to the irrigation deficit treatment, additional physiological measurements 

were performed on plants at the UW site to investigate how shifts in performance were 
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manifested in physiological responses. These measurements include Fv/Fm, which measures 

photosynthetic performance, and water potential as a metric for plant water status. It was 

hypothesized that distinctions in Fv/Fm and water potential at the treatment level would be 

observed, with low treatment plants exhibiting lower values of Fv/Fm and decreased values of 

water potential due to stress from the irrigation deficit.  

 

Materials and Methods 

Experimental design 
 

This project harnessed existing field sites with overlapping taxa across the Western U.S. 

in areas with differing climatic conditions to investigate the role environment plays in plant 

function and response to irrigation deficit treatment. The Climate Ready Landscape Plants 

Project (CRLP) was established across six sites in 2021 (University of Washington (UW) Center 

for Urban Horticulture Seattle, WA, Oregon State University (OSU) North Willamette Research 

and Extension Center Aurora, OR (NWREC), University of California, Davis (UCD), Utah State 

University Greenville Research Farm, Logan UT (USU), University of Arizona (UA), and South 

Coast Research and Extension Center (SCREC) in Irvine, CA). A primary goal of CRLP is to 

evaluate horticultural taxa growth and aesthetics response to water deficit conditions across a 

climatic gradient, including some species that could be grown across all six sites (Fron et al. 

2024, Fron et al. 2023, Oki, 2019). Field sites were planted in spring and summer of 2022 and 

the plants were allowed to establish for a year under normal irrigation (80% ET0). Plots consisted 

of 2m spaced rows of plants in full sun. Eight plant replicates per treatment were planted, 

resulting in 24 per taxa; however, some mortality occurred over the establishment phase resulting 

in lower numbers in collected data (Fron et al. 2024, Fron et al. 2023). The preexisting setup of 
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CRLP provided the opportunity to collect physiological measurements on established taxa at 

receiving water deficit treatments as part of the broader study. This project narrowed in on shared 

taxa located at UW, OSU and USU for the 2023 field season.  

 

Site characteristics  

The three sites used in this study span a climatic range across the Western U.S. 

characterized by different growing conditions, historic climatic conditions and site-specific 

aspects such as soil type. The UW site and OSU site are only separated by one USDA hardiness 

zone in the 2023 update (9a to 8b), while USU is in zone 6a due to much colder winter 

temperatures (Fig. 1). The USDA hardiness zones provide climatic metrics commonly used in 

horticulture and agriculture for plant selection (Widrlechner et al., 2012).  

 
 
Figure 1. Map of the western U.S. with the USDA hardiness zones indicated and black dots to 
indicate the location of the three CRLP sites sampled in this study: UW Center for Urban 
Horticulture in zone 9a, OSU North Willamette Research and Extension center in zone 8b, and 
USU Logan Research Farm in zone 6a. 
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UW and OSU are characterized by a Mediterranean climate, with dry summers and wet, 

temperate winters, whereas USU has a humid continental climate, with hot temperatures in the 

summer and colder winters with more precipitation in the form of snow. To further characterize 

climatic norms between the sites, data from the past decade (2011-2020) was acquired from 

ClimateNA (Wang et al., 2016). Yearly averages and two specific seasonal averages were 

compiled to correspond with the physiological data collected in this study, with growing season 

means corresponding to the time of year the irrigation deficit occurred (June-September), and 

winter means corresponding to the opposite four months (November-March). Climate data when 

visualized on a spider plot show strong overlaps between the UW and OSU site, with USU 

experiencing a higher number of chilling degree-days during the winter and higher rates of 

evapotranspiration during the growing season (Fig. 2).  
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Figure 2. Climate norms for each site from the past decade (2011-2020), with black text 
indicating annual monthly means, yellow text indicating monthly means during the irrigation 
deficit/growing season months (June-September) and green text indicating monthly means 
during the opposite winter months (November-March). Data acquired from ClimateNA (Wang et 
al., 2016). 

 
Plant taxa  
 

I used two sets of paired taxa in this project: Cercis occidentalis and Cercis canadensis 

(Fabaceae), and Physocarpus ‘Diabolo’ and Physocarpus ‘Little Devil’ (Rosaceae). Both Cercis 

species are small deciduous trees which form pink flowers in spring before leaf out. C. 

occidentalis, commonly known as western redbud, has a range west of the Rocky Mountains and 

reniform leaves, while C. canadensis (eastern redbud), has a broader range across the eastern and 
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central U.S. and cordate leaves (Hopkins, 1942) (Fig. 3A). The Physocarpus are both cultivars of 

P. opulifolius that have been bred to have dark purple to red foliage and are popular for 

horticultural use due to their ornamental qualities (Fig. 3B, C). Physocarpus DiaboloÒ, also 

called ‘Monlo’, was the first cultivar bred from the wildtype green foliage plants, discovered in a 

German nursery in 1968. More recently, ‘Monlo’ was crossed with a more compact green leaved 

cultivar ‘Nanus’ to create ‘Donna May’, or Physocarpus Little DevilÔ, which retains the purple 

foliage but has a more compact size and smaller leaves (Zlesak, 2012). Both cultivars of 

Physocarpus exhibit inflorescences of light pink flowers in spring. 

 
Figure 3. Target taxa in the UW 2023 CRLP plot. A. Cercis occidentalis (left) and Cercis 
canadensis (right), B. Physocarpus ‘Diabolo’, C. Physocarpus ‘Little Devil’. 

Irrigation treatments 

Irrigation deficit treatments occurred over the summer of 2023, and were initiated 

following the conclusion of spring rain (late-May for OSU, and mid-June for UW and USU).  

Fully randomized subsets of each taxon received two deficit irrigation treatments based on soil 

texture, recent precipitation rates and reference evapotranspiration (ET0) calculated from weather 

station measurements at each site and administered at rates of 0.2 (low treatment) and 0.8 (high 

treatment) times ET0 (Fron et al., 2024). Study sites vary in their amounts of annual precipitation, 

as well as environmental conditions during the deficit period (Table 1).  

 

A. B. C. 
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Table 1. Specifications for climatic conditions, soil, environmental conditions and irrigation 
events across the three sites. 

Location USDA 
Zone1 

Annual 
precipitation 
(cm)2 

Soil Type3 Available 
water 
storage (cm 
per 0-100) 3 

Cumulative 
precipitation 
(cm) during 
deficit4,5,6 

Cumulative 
ET0 (cm) 
during 
deficit4,5,6 

Number of 
irrigations 

Amount of 
total water 
applied (cm) 

High  Low High Low 
UW 9a 94.31 Loamy Sand 

(Ls) 
7.3 1.07 31.01 12 2 21.39 4.06 

OSU 8b 106.35 Willamette silt 
loam (88B) 

20 0.05 41.22 10 2 46.91 9.38 

USU 6a  47.19 Millville silt 
loam (MIB) 

18.3 10.13 42.21 6 0 26.03 0 

12023 USDA Plant Hardiness Zone Map https://planthardiness.ars.usda.gov/ 
2U.S. Climate Data https://www.usclimatedata.com/ 
3SoilWeb California Soil Resource Lab, University of California, Davis, CA https://casoilresource.lawr.ucdavis.edu/gmap/ 
4AgWeatherNet, Seattle Station https://weather.wsu.edu/ 
5Oregon AgriMet Weather Station, Aurora https://www.usbr.gov/pn/agrimet/agrimetmap/araoda.html 
6Utah Climate Center, Greenville Farm, https://climate.usu.edu/mchd/ 
 

To verify the irrigation treatments Watermark 200SS sensors (Irrometer Company, Inc., 

Riverside, CA, USA) were installed at the UW site at depth of 15 cm to the center of the sensor 

at a subset of target plants throughout the plot ahead of end of the season physiology 

measurements. Soil water tension measurements show a distinction between the high and low 

treatments (Fig. 4).  

 

 
Figure 4. Watermark sensor data in kPa at the UW site ahead of end of the season physiological 
measurements with color indicating irrigation treatment, shape indicating taxa and error bars for 
standard error. The only irrigation event during this time period occurred on the high treatment 
on September 10, and end of season physiological measurements occurred on September 14. 

https://planthardiness.ars.usda.gov/
https://www.usclimatedata.com/
https://casoilresource.lawr.ucdavis.edu/gmap/
https://weather.wsu.edu/
https://climate.usu.edu/mchd/
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Leaf physiology 
 

End of season measurements of stomatal conductance to water vapor (gsw, mol m-2 s-1) and 

ΦPSII were taken with a LI-600 Porometer/Fluorometer (LI-COR Biosciences, Lincoln, NE, 

USA) during midday (11:30-1:30pm, to reduce risk of variable weather influence) at the three 

sites. At the UW site, midday LI-600 measurements were also collected prior to the irrigation 

treatments, in the middle of the treatment period, as well as at predawn (4:30-6:00am) at the end 

of the growing season. The midday LI-600 configuration was set to automode with fast gs, 

fluorescence and flowrate, with matching to ambient conditions set to every 10 minutes. The 

predawn measurement configuration included the addition of a 800 ms dark adapted 6000 µmol 

m-2 s-1 flash to measure Fv/Fm. Instantaneous gas exchange survey measurements were taken 

with a portable photosynthesis system (LI-6400XT at OSU and LI6800 at UW and USU; LI-

COR Biosciences, Lincoln, NE, USA) with a 2 cm2 chamber head and parameters set to 420 

µmol mol -1 CO2; flow rate 500 µmol s-1, PAR at 2000 µmol m-2 s-1. Since Physocarpus ‘Little 

Devil’ leaves were often too small to fully cover the chamber head, analysis in ImageJ was used 

to correct for leaf area and incorporated into the gas exchange data calculations. Full gas 

exchange survey measurements were used to calculate instantaneous water use efficiency (WUE; 

A/E) and intrinsic water use efficiency (iWUE; A/Cond). All leaf physiology measurements were 

conducted on full sun, undamaged, new but fully expanded leaves, with one representative leaf 

per plant selected for full gas exchange measurements, and four leaves measured for LI-600 

measurements, of which the lowest value of gsw was excluded and data were averaged to act as a 

per plant measurement. Gas exchange measurements were timed to occur prior to irrigation 

treatments to capture the effects of the deficit treatment. 
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Water potential 
 

Leaf water potential was measured with a Model 1000 Pressure Chamber Instrument 

(PMS Instrument Company, Albany, OR, USA) at the end of the growing season at the UW site, 

and at two time points for diurnal collection: predawn (4:30-5:30 am) and midday (11:30am-

12:30 pm). Fully expanded leaves were excised with a razor blade and placed in a plastic bag 

prior to analysis. The petiole was placed in the rubber gasket of the pressure chamber, and the 

pressure value recorded when droplets of water appeared on the cut surface.  

 

Specific leaf area 
 

Leaf punches of known areas were collected prior to the initiation of the irrigation deficits 

and at the end of the growing season at all three sites. Data was collected from new, fully 

expanded leaves at each time. Samples were dried in an oven overnight and weighed to calculate 

specific leaf area (SLA, cm2/g). SLA is considered as an ideal trait for use as a proxy for plant 

growth, with lower values of SLA indicating thicker leaves and more investment into biomass 

production (Liu et al., 2017). 

 

Xylem anatomy 

Stem segments from the top 5 cm of actively growing branches were collected from target taxa at 

all three sites at the end of the growing season. Stem samples were stored frozen at -18 °C prior 

to being hand sectioned with a double-edge razor blade, stained with a 0.1% safranin solution for 

40 seconds, cleared with DI water, and imaged under a microscope (E200 Eclipse, Nikon 

Instruments Inc., Melville, New York, USA) with a camera attachment (MU-1803 HS, 

AMScope, Irvine, California, USA). Image analysis was conducted using ImageJ-Fiji version: 



 

 21 
 
 

2.14.0/1.54f (Schindelin, 2012).  For images with good contract, vessel area was measured with 

an autothresholding function in ImageJ-Fiji, and for the rest, vessels were manually traced. A 

minimum of 50 vessels per individual were measured. Since vessels were not circular, diameter 

was estimated as the mean diameter of an ellipse: D = (D1 + D2)/2, with D1 as the maximum 

vessel diameter and D2 as the minimum vessel diameter. Vessel density (VD, n µm-2) was 

calculated as number of vessels per set area from which mean vessel hydraulic diameter (Dmh; 

µm) was calculated as: Dmh = (∑𝐷!/ n)1/4 (Fontes et al., 2022). The theoretical specific 

conductivity (Kp; kg m MPa-1s-1 was calculated using the Hagen-Poiseuille equation: 𝐾" =

#$!
%&'(

	 ∗ 	𝑉𝐷	 ∗ 𝐷)*! where 𝜌+ is the density of water (998.23 kg/m3) and 𝜂 is the viscosity of 

water (1.002 x10-9 MPa/s), both at 20°C (Santiago et al., 2004; Tyree & Ewers, 1991). 

 
Table 2. Explanation of all traits measured in this study, their abbreviations, and units. * 
indicates traits only measured at the UW site. 

Abbreviation Trait Unit 
gsw_MD or gsw Midday stomatal conductance (measured by LI600) mol m-2 s-1 
PhiPS2 or ΦPSII Midday chlorophyll fluorescence - photosystem 2 

efficiency 
unitless 

Fv/Fm Dark adapted chlorophyll fluorescence * unitless 
gsw_PD Predawn stomatal conductance *  mol m-2 s-1 
SLA Specific leaf area  cm2/g 
Photo (A) Photosynthetic assimilation rate  µmol m-2 s-1 
Cond (gs) Stomatal conductance (measured by LI6400 or LI6800) mol m-2 s-1 
Trmmol (E) Transpiration rate  mmol m-2 s-1 
WUE (A/E) Instantaneous water use efficiency  mmol mol-1 
iWUE (A/gs) Intrinsic water use efficiency  µmol mol-1 
Dmh Mean vessel hydraulic diameter  µm 
Kp Theoretical specific conductivity  kg m MPa-1s-1 
WP_PD Predawn water potential * MPa 
WP_MD Midday water potential * MPa 
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Statistical analysis 

All statistical analyses were performed in R version 4.3.1 (R Core Team, 2023). For 

individual traits measured at each site at each timepoint, analysis of variance (ANOVA) was 

used to assess the main effects of taxa and treatment, and their interaction, on each trait. 

ANOVAs were run in R using the stats package, or in the case of unequal sample size, type III 

sums of squares were used from Anova() from the package car. Tukey-Kramer HSD was used 

for post hoc pairwise comparisons, using the emmeans package for unbalanced pairwise 

comparisons (Fox & Weisberg, 2019, Lenth, 2024). If data did not fit the ANOVA assumption of 

normality, either log transformations were used, or if only one factor was significant and the 

residuals of transformed data were also not normal, a Kruskal Wallis test was with a Dunn post-

hoc test from the package FSA (Ogle, 2023). Violin plots for use in data visualized were 

produced using ggplot2 (version 3.5.0) (Wickham, 2016).  

 Multivariate analysis was used to assess the effects of site, taxa and irrigation on 

measured traits via randomization of residuals in a permutation procedure (RRPP) from the 

package RRPP (version 2.0.0) (Collyer & Adams, 2018). RRPP is a multivariate technique with 

similar applications to permutational multivariate analysis of variance (PERMANOVA) both of 

which can be used to assess the effect of multiple variables on dataset variation by comparing 

groups via ANOVA, without data needing to fit assumptions of normality or variance 

homogeneity. RRPP differs from PERMANOVA by permuting the residuals after fitting the 

factors of interest and has recently been suggested as a statistical tool for studies interested in 

stress, since the impact of multiple traits can be tested simultaneously, and Euclidean distance 

matrices (best fit this time of quantitative data) can easily be used (Telemeco & Gangloff, 2020). 
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Additionally, RRPP reduces the chance of type-I error and the package RRPP has a function for 

post-hoc pairwise comparisons (Collyer & Adams, 2018, Telemeco & Gangloff, 2020). 

RRPP was used to access the main effects site, taxa, and treatment, and all possible 

interactions for traits measured across all plant replicates at each site (10 shared traits measured 

at midday: stomatal conductance (gsw), ΦPSII, SLA, photosynthetic rate (Photo/A), conductance 

(Cond/gs), transpiration (Trmmol/E), WUE and iWUE, and hydraulic traits (Kp and Dmh) across a 

total of 108 plants). Additionally, data from the UW site was analyzed separately to include 4 

additional traits only measured at that site: predawn stomatal conductance, predawn Fv/Fm, 

predawn and midday water potential. All RRPPs were run using the lm.rrpp function from the 

package RRPP, with type 3 sums of squares, fixed effects and 10,0000 unrestricted permutations 

(Collyer & Adams, 2018). Type 3 sums of squares were selected since data were unbalanced and 

to consider the effects of all terms equally (Anderson et al., 2008). RRPP results were used to 

create ANOVA tables across all sites and for the UW site with the additional measured traits. 

Pairwise contrasts were performed when terms were found to be significant. 

 Principle component analysis (PCA) was used to visual correlation between measured 

traits and taxa across all sites. PCAs were run using the function princomp and biplots were 

produced using the packages ggbiplot (version 0.6.2), ggpubr (version 0.6.0) and ggplot2 

(version 3.5.0) (Vu and Friendly, 2023, Kassambara, 2023, Wickham, 2016).  

To assess the changes in plant response across the growing season, for SLA data 

collected at the beginning and the end of the growing season, given uneven sample sizes due to 

late leaf out, a linear mixed effect models using the function lme from the package nlme (version 

3.1-162) with season as a variable and individual plant position as a random effect was used to 

determine the significance of season (Pinheiro et al., 2024, Pinheiro & Bates, 2000). 
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Additionally, measurements of stomatal conductance (gsw) from the UW site at three time points 

across the season (baseline, mid and end) was assessed via two-way ANOVA for the impact of 

time of taxa and treatment on each time point, and then a paired t-test for the impact of time 

point on taxa. To assess the significance of time of season, measures of both gsw and ΦPSII from 

the same three time points were additionally analyzed in a PERMANOVA with a permutation 

control setting plant position as a blocking factor for 99999 permutations, using the adonis2 

function from the package vegan (version 2.6-4) (Anderson, 2003, Simpson, 2022, Oksanen, 

2022). Visualizing via non-metric multidimensional scaling (NMDS) was performed using the 

metaMDS function from vegan with two dimensions, a maximum of 300 iterations, and 

minimum of 40 and a maximum of 100 random starts. Euclidean distance measured was used 

and dimensionality was determined due to the small size of the dataset. The final NMDS result 

was the product of 40 random starting locations, 2 iterations and the best run resulted in a stress 

of 0.485e-10. Visualizations were performed using the packages ggplot2 (version 3.5.0) and 

ggpubr (version 0.6.0) (Wickham, 2016, Kassambara, 2023). 
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Results 

Trait comparison within sites 

In support of aim 1, individual physiological and morphological traits show variable 

trends between taxa and site, with most traits showing species level differences at all sites, with 

some traits from the UW site showing significance between irrigation treatment levels and one 

from USU showing significant interaction between treatment and taxa (Table 3). Between sites, 

all shared measured traits show significance of species level at UW and USU, and all traits 

except metrics of water use efficiency OSU. Treatment significance is observed across the 

majority of traits at UW, and no traits show treatment significance (p < 0.05) at OSU or USU, 

other than SLA at USU (Table 3). 

Table 3. Two-way ANOVA or *Krustal-Wallis p-values for all traits measured at the end of the 
season across all four taxa at three sites (UW, OSU and USU) with bolding indicating 
significance at p < 0.05, and italics for values of p < 0.1 . Trt indicates significance between high 
and low irrigation treatment factors, and int stands for the interaction between treatment and 
taxa. See Table S1 for full ANOVA tables including F statististics, degrees of freedom, etc. 

 UW UW   OSU   USU  
trait trt taxa int trt taxa int trt taxa int 
gsw <0.001 <0.001 0.19 0.61 <0.001 0.08 0.7 <0.001 0.72 
ΦPSII 0.213 0.002 0.285 0.29 <0.001 0.84 0.2 <0.001 0.41 
SLA 0.011 0.005 0.12 0.88 0.004  0.15 0.01 <0.001 <0.001 
A/Photo 0.028 0.002 0.75 0.29 <0.001 0.8 0.18 <0.001 0.56 
Cond/gs 0.002 <0.001 0.362 0.24 <0.001 0.7 0.70  0.02 0.9 
E/Trmmol 0.002 <0.001 0.54 0.016 <0.001 0.75 0.61 0.05 0.83 
WUE <0.001 0.002 0.98 0.89 0.095 0.93 0.47 0.02 0.98 
iWUE <0.001 0.006 0.997 0.998 0.17 0.74 0.48 0.007 0.99 
Kp   <0.001*  0.49 0.004 0.87 0.09 0.038 0.07 
Dmh   <0.001*  0.88 <0.001 0.18 0.099 <0.001 0.28 
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Figure 5. Stomatal conductance (gsw, mol m-2 s-1) and photosystem II efficiency (ΦPSII) efficiency measured with a LI600 at the end of 
the season across all sites. Species (p < 0.001) significance is found across all sites for both traits, with Physocarpus ‘Diabolo’ 
showing treatment level differences in gsw.
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Gas exchange traits between species 

Pairwise differences in trait response varied among taxa and across sites, though all taxa 

level comparisons were significantly different between at least two measured traits at each site. 

Stomatal conductance (gsw) and photosystem II efficiency (ΦPSII) show species level differences 

across all three sites, especially between genera (Fig. 5). Significantly higher gsw was measured 

in Physocarpus ‘Diabolo’ (p < 0.01) receiving the high irrigation treatment (Fig. 5C, Table 3). 

General trends in gsw and ΦPSII are mostly consistent across sites in terms of the increase or 

decrease in taxa response, primarily with the species of Cercis having lower values of ΦPSII than 

the cultivars of Physocarpus. 

Full gas exchange measurements of net photosynthetic rate (A), stomatal conductance 

(gs) and transpiration rate (E) also showed distinctions among taxa and between sites (Fig 6, 

Table 3). C. occidentalis measured higher values than C. canadensis across all three traits at 

USU and OSU, but no distinction between species of Cercis was measured at UW. Physocarpus 

cultivars show differences across gs at UW and OSU, E at UW, and A at USU. Physocarpus 

‘Diabolo’ has higher mean gs than Physocarpus ‘Little Devil’ at UW, but at OSU the order was 

reversed, with Physocarpus ‘Little Devil’ measuring higher. No significant differences based on 

irrigation treatment are observed (Physocarpus ‘Little Devil’ at UW is close except for an 

outlier) (Fig. 6).  

Calculations of water use efficiency from full gas exchange measurements resulted in 

different patterns than those observed from raw traits. Instantaneous water use efficiency (mmol 

mol-1) calculated as photosynthetic rate over transpiration rate (A/E) and intrinsic water use 

efficiency calculated as A/gs (µmol mol-1) show species significance in both metrics at UW and 

USU, but not OSU. Distinctions between both metrics of water use are observed between 
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cultivars of Physocarpus at USU, and in WUE at UW, with higher values for Physocarpus 

‘Little Devil’ across both sites. Species of Cercis from the UW site also displayed significant 

differences, with Cercis canadensis recording higher values than C. occidentalis.  Irrigation 

treatment level significance is also observed at UW, but no individual species show treatment 

differences. Taxa at USU show consistently lower WUE than the other sites (Fig 7, Table 3).  
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Figure 6. Full gas exchange measurements of net photosynthetic rate (A, µmol m-2 s-1), transpiration rate (E, mmol m-2 s-1) and 
stomatal conductance (gs, mol m-2 s-1) as measured with a LI6400 or LI6800 at the end of the season across all sites with significance 
between taxa indicated (p<0.05) via brackets and stars.
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Figure 7. Instantaneous water use efficiency (WUE: A/E, mmol mol-1) and intrinsic water use efficiency (iWUE: A/gs, µmol mol-1) 
calculated from full gas exchange measurements, with WUE (A/E), with significance between taxa at each site (p<0.05) indicated via 
brackets and stars.  
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Morphological traits between species 

The three measured morphological traits in this study at the end of the growing season 

included two xylem traits: mean vessel hydraulic diameter (Dmh, µm) and theoretical specific 

conductivity (Kp, kg m MPa-1s-1), and one leaf trait: specific leaf area (SLA, cm2/g). 

Morphological traits show species level significance across all sites, except for Kp at USU, with 

patterns between species differing across sites (Fig 8, Table 3). Significant treatment level 

differences are seen in C. canadensis SLA data at both the UW and USU site, with lower values 

of SLA for the low treatment indicating the formation of thicker leaves under the low irrigation 

deficit. Across all three sites, Dmh values for Cercis species are higher than those for both 

Physocarpus cultivars, with Physocarpus cultivar distinction seen at UW, with higher values of 

the xylem traits measured in Physocarpus ‘Little Devil’. SLA displays strong species and 

cultivar significance at USU, while OSU plants show significance between all comparisons 

except the species of Cercis. Distinctions between species of Cercis are only observed between 

SLA at USU (Fig. 8H), with higher values for C. canadensis and at both USU and UW, SLA 

values for C. canadensis between high and low treatments are found to be significant (p < 0.05) 

(Fig. 8H, I). Across the three sites, at least one morphological trait shows distinctions between 

taxa pairs, Physocarpus cultivars showing differences in the xylem traits (Kp and Dmh) at UW 

(Fig.  8C , 7F) with higher values in Physocarpus ‘Little Devil’, SLA at USU with higher values 

in Physocarpus ‘Diabolo’ (Fig. 8H)  and Kp and SLA at OSU, with higher values in Physocarpus 

‘Little Devil’ (Fig. 8D and 8G).  
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Figure 8. Mean weighted hydraulic diameter (Dmh, µm) theoretical hydraulic conductance (Kp, kg m MPa-1s-1) and specific leaf area 
(SLA, cm2/g) across all four taxa and three sites, with pairwise significance indicated between taxa, and between treatments (p<0.05).
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Water use efficiency across sites 

All taxa show significant differences in photosynthetic assimilation rate (A, µmol m-2 s-1), 

transpiration rate (E, mmol m-2 s-1), and instantaneous water use efficiency (WUE; A/E, mmol 

mol -1) within sites, for most of the variables. Patterns of WUE are consistent across sites, with 

plants at USU consistently having lower values than those at UW and OSU, largely driven by 

higher transpiration rates at USU (Fig. 9). Both species of Cercis show different levels of WUE 

across all three sites (Fig. 9I, 9J), while both Physocarpus cultivars show similarity in WUE 

between two sites depending on cultivar, with Physocarpus ‘Diabolo’ preforming statistically 

similarly at OSU and UW, and Physocarpus ‘Little Devil’ performs similarly at OSU and UW 

(Fig 9K, 9L). Physocarpus ‘Little Devil’ shows no statistical difference in photosynthetic rate 

(A) across the sites. Across the sites, statistical differences in transpiration rate result in USU 

measuring significantly lower water use efficiency than OSU and UW in (Fig. 9I, J, K, L) 
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Figure 9. A, B, C, D. Net photosynthetic assimilation (A, mmol m-2 s-1), E, F, G, H. 
Transpiration rate (E, mmol m-2 s-1), I, J, K, L. Instantaneous water use efficiency (A/E, mmol 
mol-1) separated by taxa measured at each site. Brackets and * indicate level of statistical 
significance (p<0.05).  

Effects of site, treatment and taxa on plant traits 

Multivariate analyses were used to better understand the impact of site, as well as 

irrigation deficit and taxa on traits measured at all sites at the end of the growing season. Across 

all sites, all three main effects were found to be significant on all 10 traits measured at the end of 
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the growing season: full gas exchange measurements (photosynthetic rate (Photo/A), 

conductance (Cond/gs), transpiration (Trmmol/E), WUE and iWUE), stomatal conductance, 

ΦPSII, SLA, and hydraulic traits (Dmh and Kp). The main effects of site (p < 0.001) accounted for 

32.2% of the variation in the dataset, taxa (p < 0.001) accounted for 11.2% of variation, and 

irrigation treatment (p = 0.004), accounts for 2.4% of variation. The interactions between 

irrigation treatment and site (p < 0.001) and taxa and site (p < 0.001) were also significant, 

indicating that taxa significance is dependent on site location (Table 4). Pairwise contrasts 

showed significance between irrigation treatment at the UW site (p: 0.007) but note at OSU or 

USU. Taxa pairwise contrasts showd significant differences (p < 0.05) among all taxa at and 

within all sites, except for Physocarpus ‘Little Devil’ which is not significantly different across 

any sites.  

Table 4. RRPP ANOVA results analyzing the impact of site, irrigation treatment (trt), taxa, and 
their interactions on the core traits (full gas exchange measurements (photosynthetic rate (A, 
µmol m-2 s-1), conductance (Cond, mol m-2 s-1), transpiration (Trmmol, mmol m-2 s-1), WUE 
(mmol mol-1), iWUE (µmol mol-1), stomatal conductance (gsw, mol m-2 s-1), ΦPSII, SLA (cm2/g), 
and hydraulic traits (Dmh (µm) and Kp (kg m MPa-1s-1)), measured across all sites at the end of the 
season. Bolding indicates statistical significance. 

 

Using a PCA for data reduction, the first two axes represented 67.3% of variation across 

two axes (PC1: 42.2%, PC2: 25.1%) and showed visual distinction among sites, with OSU and 

USU remaining fairly distinct from one another, and UW overlapping with both and over a 

broader area (Fig. 10A). Species level responses also differed across sites (Fig. 10B) indicating 

differing water use strategies by taxa across the sites represented in this study. PC1 is interpreted 

to be associated with water use efficiency and photosynthetic water traits (stomatal conductance 

 Trt Taxa Site  Trt:taxa Trt:site Taxa:site Trt:taxa:site 
Rsq 0.024 0.112 0.322 0.014 0.063 0.148 0.031 
p 0.004 <0.001 <0.001 0.323 <0.001 <0.001 0.220 
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and transpiration) while PC2 is interpreted to indicate morphological traits and growth, through 

the association with net photosynthetic rate. When loadings are separated out into site, 

distinction between and overlaps by taxa groups (species of Cercis and cultivars of Physocarpus) 

are observed, indicating more similar performance by phylogenetically similar taxa. 

 
Figure 10. A. Principal Component Analysis (PCA) of correlation between core traits measured 
at the end of the growing season. Hulls indicate differentiation between site identity. 67.3% of 
variation in the dataset is represented across two axes; PC1: 42.2%, PC2: 25.1%. B. The same 
PCA loadings separated out to each respective site, with hulls indicating individual taxa and their 
distribution by site.  
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SLA across the growing season between sites 

Shifts in specific leaf area (SLA) from the beginning and end of the growing season result 

in at least one species at each site showing significant change between the time points, indicating 

morphologic shifts since the initiation of the irrigation treatments. Time of season was found to 

be significant (p < 0.001) and significant decreases in SLA between time points was observed at 

OSU with both C. canadensis and Physocarpus ‘Diabolo’ (p < 0.001), at USU with C. 

occidentalis (p < 0.05), and at UW with Physocarpus ‘Diabolo’ (p < 0.001) (Fig. 11). 

Significance between irrigation treatments at the end of the season are observed for Cercis 

canadensis at both the OSU and UW site; individuals that received the low irrigation treatment 

had lower values of SLA than those receiving high irrigation treatment (Fig. 11E, I). Due to late 

leaf out, a limited number of C. canadensis were collected at USU at the beginning of the season 

(n = 4 compared to n = 12 from UW and n = 10 from OSU) 
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Figure 11. Specific leaf area (cm2/g) changes across the growing season at all three sites for all 4 
taxa. Recent, fully expanded leaves were collected at each time point. Significant change across 
time points is indicated with brackets and p-value, and treatment level significance at the end of 
the growing season is indicated with *. 
 
UW physiology across the growing season  
 

In order to assess physiological acclimation across the growing season, measurements of 

midday stomatal conductance (gsw) and ΦPSII were collected at three time points at the UW site, 

beginning (prior to initiation of the irrigation deficit treatment), middle (midway through the 

growing season) and at the end of the growing season. gsw data show significant shifts between 
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time point of measurement (p < 0.002). Baseline measurements of stomatal conductance (gsw) 

show significant differences between taxa (p < 0.001) but not irrigation treatments.  Cercis 

occidentalis measured irrigation treatment level differences at the mid-season measurement (p < 

0.05) and Physocarpus ‘Diabolo’ shows treatment level differences at both the middle and end of 

the season timepoints (p < 0.05) (Fig. 12). In all cases, significant irrigation treatment level 

responses results in a decrease in gsw under the low irrigation treatment. Across seasonal 

measurement points, C. canadensis decreases gsw between the middle and end of the growing 

season (p < 0.05, Fig. 12A), and Physocarpus ‘Little Devil’ decreases gsw between each of the 

measurement points (p < 0.05, Fig. 12D).  

 

Figure 12. Measurements of stomatal conductance at three time points across the growing 
season. Baseline: prior to initiation of growing season, mid: mid-season, and end: end of the 
growing season. Brackets and * above violins indicate significance between irrigation, brackets 
and * between violins indicate significance level between timepoints.  
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Results from the PERMANOVA on stomatal conductance and ΦPSII with permutations 

restricted with individual plant position as a blocking term reveal a significant impact of season 

(p < 0.001), as well as the interaction between season and taxa (p = 0.003) on the measured 

traits. After accounting for the variation explained by position, season accounted for 12.4% of 

the variation in this dataset (Table 5). A two-dimensional NMDS showed both overlap as well as 

distinction between points when colored by season, as well as the placement of the data cloud 

being driven by irrigation treatment (Fig. 13). Points associated with the baseline measurements 

before initiation of the irrigation treatment overlap almost completely with those measured in the 

middle of the season, with the bulk of the variation observed between the middle of the growing 

season and then end of the growing season (Fig. 13).  

Table 5. PERMANOVA table from traits measured at three separate time points across the 
growing season, with plant position as a blocking term in order to assess the impact of time on 
the measurements, showing R2 and p-values for the impact of individual position, time of season, 
and their interaction. 
 position season interaction 

R2 0.62 0.124 0.04 
p < 0.0001 < 0.0001 0.003 
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Figure 13. Two-dimensional NMDS orientation visualizing grouping of physiological traits 
(stomatal conductance and ΦPSII) for UW plants across three time points in the growing season. 
Hulls represent season, and symbols represent treatment. Stress = 0.485e-10. 

UW taxa physiology 

Results of a multivariate ANOVA (via RRPP) on the UW data with additional traits 

(predawn stomatal conductance (gsw_PD), predawn Fv/Fm (Fv/Fm), and predawn (WP_PD) and 

midday water potential (WP_MD)) showed a significance both of irrigation treatment (p = 0.009) 

and taxa (p = 0.002), accounting for 10.3% and 21.2% of the variation in the dataset respectively 

(Table 6). Species pairwise comparisons showed significant differences between species of 

Cercis (p = 0.049), cultivars of Physocarpus (p = 0.038), and all individual species comparisons, 

except C. occidentalis and Physocarpus ‘Diabolo’ (p = 0.06). Pairwise comparisons at the genera 

level show that Physocarpus cultivars differ significantly from species of Cercis (p = 0.001) 

(Fig. 14). 
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Table 6. RRPP ANOVA results analyzing the impact of treatment, taxa, and their interactions on 
the expanded traits measured at the UW site at the end of season, with type III sums of squares. 
Bolding indicates statistical significance. 

 Treatment Taxa Interaction 
Rsq 0.103 0.212 0.036 
p 0.009 0.002 0.673 

 

When visualized on a PCA, 68.3% of the variation in the dataset was represented across 

two axes (PC1: 45.4, PC2: 22.9%), with PC1 interpreted to show physiological traits, primarily 

gas exchange, while PC2 shows morphological traits. Fluorescence traits (Fv/Fm and ΦPSII) 

show close correlation with one another, and negative correlation with morphological traits 

(SLA, Dmh, Kp) and midday water potential (WP_MD), while measures of water use efficiency 

(iWUE and WUE) show negative correlation with measurements of gas exchange. Clear 

distinctions between taxa groups (species of Cercis and cultivars of Physocarpus) appear via 

PCA (Fig. 14).  
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Figure 14. Principle component analysis of traits measured at UW at the end of the growing 
season, with 68.3.1% of the variation represented across two axes (PC1: 45.4, PC2: 22.9). Hulls 
color represents the four taxa represented in the dataset, and indicates clear distinction between 
genera.  

 
Fv/Fm and diurnal water potential results were analyzed univariately for the effects of 

taxa and irrigation treatment. For Fv/Fm, there was a strong species level significance (p < 

0.001), but no effect of irrigation treatment impact. Pairwise comparisons showed significant 

distinctions between each species, with the following species means: C. canadensis = 0.747, C. 

occidentalis = 0.771, Physocarpus ‘Diabolo’ = 0.845, Physocarpus ‘Little Devil = 0.828 (Fig. 

15).  
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Figure 15. End of season measurements of Fv/Fm across the four species at UW, showing 
significant differences between taxa, and no significance of treatment level. 

 
There was no effect of irrigation treatment on diurnal water potential at the UW site, but 

both time points show taxa level significance (predawn: p = 0.03, midday: p < 0.001; Fig. 15). 

The predawn time point showed no significant differences between species, while at midday 

pairwise Physocarpus ‘Diabolo’ had significantly lower water potentials than the other three taxa 

(Fig. 16).  

 

Figure 16. A. Predawn and B. midday water potential measurements at the end of the growing 
season at UW. Predawn values show no significant pairwise differences between taxa, while at 
midday, Physocarpus ‘Diabolo’ is significantly different from the other three species (p<0.002).  
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Discussion 
 

In this study I evaluated distinctions in plant performance for the same taxa across three 

distinct sites (UW, OSU and USU), reported measurable differences between pairs of closely 

related taxa, and recorded an observable shift in physiological performance over the course of 

the growing season. Taxa identity was a primary source of the variation in the dataset at a site 

dependent level, with some shifts in response to irrigation deficit treatment also observed. While 

previous research as documented shifts in plant ecophysiological shifts across climates, many of 

those use common garden approaches where the same taxa from multiple locations are grown in 

a shared location, or measurements in native environments (Berend et al., 2019; Ebeling et al., 

2011; Sáenz-Romero et al., 2017). This study demonstrates the utility of a shared-taxa study 

across different climatic sites and evaluates the impact of controlled irrigation treatments. 

Additionally, this work explores the less clear ability of individual plants to demonstrate plastic 

responses in these traits across acute shifts in environmental conditions. By measuring plant 

traits on individual plants through the course of a growing season across three sites with distinct 

climate and edaphic characteristics, we demonstrate that traits such as SLA, stomatal 

conductance (gsw) and ΦPSII  are plastic across short timescales. 

In regard to aim 1, individual taxa responded differently across the suite of measured 

traits depending on site. Distinctions between the closely related species of Cercis and cultivars 

of Physocarpus were observed across all sites from end of season gsw measurements (Fig. 4A, B, 

C), and inconsistently across other traits between the sites (Figs. 4, 5, 6, 7). Strong trends in 

WUE between sites showed lower values at the USU site (Figs. 7, 8) which could support the 

hypothesis that plants at that site would be better acclimated to withstand drought conditions due 

to previously experiencing significant freezing temperatures the winter prior to irrigation deficit. 
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However, USU also experienced the highest amount of precipitation and cumulative ET0 during 

the deficit period which could influence the recorded metrics for water use efficiency (Table 1). It 

was hypothesized that the cultivars of Physocarpus would show lower values of WUE than the 

species of Cercis due to horticultural selection; however, no significant trend was observed 

across any sites (Fig. 6). Kaproth et al., 2023 reported that winter conditions affect SLA; 

however, in this study OSU, which has a more temperate climate than USU, had the lowest 

values of SLA (Fig. 7). Lower values of SLA at OSU could also indicate higher water use 

efficiency, which is supported by higher values of WUE per gas exchanges measurements (Fig. 

6). 

Contrary to my hypotheses that the low irrigation deficit treatment would result in an 

increased WUE and more conservative water use strategy, few irrigation level distinctions were 

observed from individual measured traits. Treatment level differences that exist come from 

measurements of gsw and SLA. Stomata have previously been shown to be one of the main sites 

of physiological regulation on short timescales due to their role in water transport regulation. 

Thus, distinction in gsw could indicate differing safety margins by each taxon in the face of 

decreased water availability and summertime conditions (Martin-StPaul et al., 2017,  Martínez-

Vilalta et al., 2014). Lower values of SLA have been previously associated with lower water 

availability or amount of precipitation (Gouveia & Freitas, 2009; Harrison & LaForgia, 2019; 

Kaproth et al., 2023; Liu et al., 2017). In this study C. canadensis decreases SLA under the low 

treatment at USU and UW (Fig. 7H, I). Despite significant shifts in SLA for C. canadensis 

indicating a faster growth rate and adjustment to leaf light capture potential, there is no measured 

adjustment in photosynthetic variables (Fig. 5), indicating plasticity to the water deficit to 

maintain normal performance (Gratani, 2014). 
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Investigations into xylem morphology were undertaken to see if the observed decrease in 

stomatal conductance due to irrigation treatments would manifest in xylem morphological 

adjustments. Contrary to my hypotheses, no significant effect of the irrigation treatment was 

observed across any taxa or site; however, trends in closely related taxa were observed (Fig. 7). 

Previous research in hydraulic function presents a range of results in terms of relationship 

between and plasticity of xylem anatomy and water availability, including recent work across 

climatic gradients and irrigation treatments which also fail to find a relationship between water 

availability and xylem morphology (Ramesha et al., 2022; Yang et al., 2020; Y. Zhang et al., 

2023). Work in oak species across a climatic gradient concluded that wood anatomic traits show 

limited plasticity and mainly respond to environmental conditions (Fontes et al., 2022), 

supporting the results here that a growing season of irrigation deficit does not result in shifts in 

xylem morphology by treatment, and that plants are adjusting other traits in order to survive 

water deficit. Previous work has also shown species from more humid areas to have a broader 

range of Dmh values, which were observed in our data at the UW and USU sites (Fig 7B) (Hacke 

et al., 2017).  

 Based on the clear site influence on univariate traits, considering all overlapping traits 

together via multivariate analyses, PCA results shows OSU and USU to be mostly distinct from 

one another, while UW overlaps some with USU, some with OSU and is unique from both of 

them (Fig. 9A). Overlap between UW and OSU is logical due to similar precipitation patterns 

and climatic conditions (Fig. 1), yet USU is characterized by significantly more freezing 

temperatures, and both OSU and USU have warmer summers than UW (Table 1, Fig. 2). Outside 

of climatic factors, differences between site identity can be seen in soil type and soil water 

storage capacity with USU and OSU both having soil of silt loam and similar available water 
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storage, while the loamy sand soil at the UW results in a large reduction in available water 

storage decreases (Table 1), which is supported by research in on these soil types (Shwetha & 

Varija, 2015). Lower water storage capacity has been shown to result in lower nutrient content 

and soil nutrient availability has also been shown to impact hydraulic traits (Gadermaier et al., 

2024; Ramesha et al., 2022). Additional site level considerations result from site installation 

differences: the UW site was a grass field prior to plot installation while OSU and USU sites 

were installed at preestablished research stations, resulting in higher quality and less variable plot 

conditions. Some variation in trait response across sites could also driven by temperature, since 

acclimation rates of photosynthetic rate and transpiration can differ depending on temperature 

(Campbell et al., 2007). The distinct site responses point to the validity of a cross-site 

comparison to better understand plant response and plasticity across environmental zones. 

Significance in deficit treatment levels was only observed at UW and USU, despite all three sites 

having the same set up for irrigation management including plot spacing and irrigation drip 

rings. OSU elected to not top dress their plot with mulch while the other sites did; characteristics 

of the study design which should be considered in the future.  

In response to aim 2, this study presents interesting results in terms of observing over the 

course of three-month growing season, shifts in plant performance and response. SLA 

measurements across all species at all sites at the beginning and end of the growing season result 

in decreased SLA across the season by each taxon at a minimum of one of the sites, except for 

Physocarpus ‘Little Devil’ (Fig. 10). Similarly, by measuring both gsw and ΦPSII at multiple points 

across the growing season at UW (beginning, middle and end), we likely observed plasticity to 

summer hot and dry conditions, since the response was driven by both irrigation deficit 

treatments. Unlike SLA however, Physocarpus ‘Little Devil’ shows the largest decreases in gsw 
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and significance between time points (Fig. 11), indicating the taxon is likely adapted to maintain 

leaf size but control stomatal conductance; a strategy adapted for occasional water deficit. When 

visualized via NMDS, the most separation in response occurs between the middle of the season 

measurement and the end of the season measurement (Fig. 12). An approach such as this can 

couple response to both decreasing water availability and warmer temperatures projected under 

climate change. Some previous work on thermotolerance acclimation over the course of the 

growing season exhibits a bell curve with highest tolerance at the midpoint, while drought stress 

tolerance in deciduous plants peaks at the end of the growing season (Grossman, 2023). Our 

results, with the end of the season being the more distinct time point from baseline, better match 

with the water deficit tolerance patterns despite a lack of irrigation treatment level driving the 

shift in traits. A better understanding of the temporal scale of plasticity and acclimation can 

inform plant tolerance levels to hotter and dried conditions, with application to cut down on 

water use in agricultural, horticultural and other settings. While this aim is limited by the small 

number of traits collected, ΦPSII is considered a good trait to measure for change over time 

(Maxwell & Johnson, 2000), and the LI-600 allows for easy and rapid collection of this trait in a 

field-based setting when compared to full gas exchange measurements. Considering acclimation 

to stressors has additionally been shown to be important for more accurate modeling 

photosynthetic response to climatic change, and has not been well studied (Fang et al., 2023), 

this temporal scale of acclimation presents a knowledge gap in ecophysiology. While we were 

limited by only collecting a few time points, these results demonstrate the utility of study 

systems such as this to fill this existing knowledge gap (Grossman, 2023). Future work should 

evaluate an increased number of plant traits across the growing season, or if possible, across 

multiple growing seasons, to better understand temporal acclimation. Measuring the degree of 
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plastic response across multiple seasons of water deficit treatment could ascertain if acclimation 

occurred and is maintained across the winter season, which could allow plants to better respond 

to variable environmental conditions. Investigating if trends in water use are distinguishable 

between levels of irrigation treatments and taxa could inform plant capacity to acclimate to more 

variable water availability under climate change.  

Additional traits measured at the UW site help better characterize the four taxa in this 

study, in response to aim 3. Multivariate analyses across the expanded suite of traits from the 

UW site better clarify distinctions between taxa. Not only is a clear distinction observed between 

genera, with observed traits of C. occidentalis and C. canadensis being distinct from those of 

Physocarpus ‘Diabolo’ and Physocarpus ‘Little Devil’, but additional distinction between 

species and cultivars can be observed (Fig. 13). This is an especially pertinent result for the 

Physocarpus cultivars since they are genetically identical to the species level, but supports other 

recent work that closely related cultivars can exhibit measurable differences in water use. 

Sjöman et al., (2023) demonstrated different rates of turgor loss point (a metric for full plant 

drought tolerance) among different cultivars of Spirea, suggesting that selections for horticultural 

aesthetical appeal could result in decreased water use efficiency. Additional distinctions among 

cultivars in terms of stomatal control has also been reported by Tombesi et al., 2014. A future 

study could compare additionally among wildtype P. opulifolius and cultivars. Additionally, this 

work presents distinct performance between species of Cercis, supporting previous work by 

Sternberg (2012) which found differing but not consistent water-use strategies across taxa. In the 

PCA for the UW site, both species of Cercis were associated with measures of water use 

efficiency. When looking only at WUE across sites (Fig. 7), the WUE and iWUE of the two 

species of Cercis are similar, except for at the UW site, and both Physocarpus present 
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statistically different WUE across the sites (Fig. 8). These findings are in opposition to our 

hypothesis that C. occidentalis would have higher WUE given the taxon has a native 

distributional range west of the Rocky Mountains, and is considered adapted to the dry, 

Mediterranean summers that characterize the West.  

Additional traits collected at the end of the season at the UW site help to better 

characterize the individual species and their responses to the irrigation deficit. Plants have 

evolved differing levels of regulation under water deficit and leaf water potential is tied to 

stomatal regulation (Kaproth et al., 2023; Knipfer et al., 2020). Physocarpus ‘Diabolo’ shows 

very low midday leaf water potential compared to the other species and also lower stomatal 

conductance, meaning it exhibits anisohydry, while the other three taxa have a lower midday leaf 

water potential and are more isohydric (Knipfer et al., 2020; Sade et al., 2012). Isohydric species 

are considered less responsive to environmental change (Martínez-Vilalta et al., 2014); however, 

plants with broader ranges of water potential have been shown to have a more plastic response to 

modifying leaf hydraulic parameters (Johnson et al., 2018). Physocarpus ‘Diabolo’ also has 

lower values of Kp and Dmh, which has been used as a metric for hydraulic safety-efficiency 

tradeoff, and an indicator of increased drought tolerance (Fontes et al., 2022). Similarly, 

measurements of Fv/Fm were not affected by irrigation deficit, which would be expected had the 

treatments resulted in altered photosynthetic efficiency. The lower values of Fv/Fm for the 

species of Cercis likely indicate a degree of stress and photoinhibitory damage due to site 

conditions or summer climate, as opposed to irrigation treatments (Fig. 14).  

Multivariate analyses when visualized via PCA for data reduction explore interesting 

patterns in terms of trait response and plasticity (Figs. 9, 13). Traits that contribute to 

photosynthetic rate drive a lot of the variation observed among sites. Based on the results from 
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PC1 across all sites (Fig. 9) and UW (Fig. 13) the measured traits such as stomatal conductance 

and transpiration that contribute to both photosynthetic rate and measures of water use efficiency 

drive a large percentage of the variation in measured traits. When considering sites, the measures 

of WUE drive a lot of the variation in data from OSU, while SLA and transpiration rate drive 

USU data. The trends for UW are less clear, with points encompassing most measured traits 

except for SLA (Fig. 9B). Based on the PCA results, a negative correlation is observed between 

morphological traits (SLA, Kp, Dmh) and measurements of chlorophyll fluorescence (both ΦPSII 

and Fv/Fm). This pattern is seen in PCAs across all sites and UW alone (Fig. 9, Fig. 13.) where 

the vectors indicate negative correlation between these traits along PC2. Lower values of SLA 

indicate thicker leaves, so this indicates correlation in the dataset between leaf thickness and 

photosynthetic productivity. SLA has previously been shown to respond to environmental 

variables at regional scales, and additionally but less strongly with responses to nutrient levels, 

meaning the association seen at UW and USU but not OSU could reflect soil nutrient level, 

likely nitrogen (Liu et al., 2017). SLA has also been shown to respond on the genera level 

prompting future investigation into taxa level responses, and if patterns can be seen across sites. 

Higher values of SLA are considered associated with less drought tolerant, or faster growing 

plants, two possible explanations for the association with the USU site (Harrison & LaForgia, 

2019). Surprisingly, among the traits found to be significant in a univariate analysis of the effect 

of irrigation deficit level, gsw and SLA were uncorrelated (perpendicular) to one another. The 

measured traits for chlorophyll fluorescence point to rate of photosynthetic productivity. ΦPSII is a 

measure of the rate of electron transfer, and a measure of overall photosynthetic rate, whereas 

Fv/Fm is a measure of altered photosynthetic efficiency, and a measure of plant stress (Maxwell 

& Johnson, 2000). Leaf thickness has been hypothesized to be one of the factors determining 
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chlorophyll content, and the negative correlation observed through this study supports that 

hypothesis (H. Zhang et al., 2022). These results also indicate that SLA could be an indicator of 

water use efficiency, which is supported by previous research where lower SLA is expected to 

enhance water use efficiency and increased photosynthetic capacity (Gratani, 2014; Harrison & 

LaForgia, 2019). Future work could further investigate if this correlation between leaf 

morphology, measures of chlorophyll content and WUE persists across taxa and geographic 

locations. 

The cultivar of Physocarpus ‘Little Devil’ presents interesting results in terms of 

plasticity throughout this study. When accessed across all sites, the cultivar does not show 

distinction in performance at the site level. WUE metrics also show Physocarpus ‘Little Devil’ 

to be more similar across the sites than the other taxa (Fig. 8), and SLA does not shift across the 

growing season (Fig. 10), supporting other recent findings that horticultural selection for 

aesthetics decrease plasticity and water use efficiency (Sjöman et al., 2023). However, in the 

across the growing season analysis, Physocarpus ‘Little Devil’ shows the most significant shifts 

between time points, indicating a significant degree of plasticity across the growing season. This 

taxon has the smallest leaves of the four studied here, thus potentially able to more easily 

respond to environmental shifts due to less investment in producing each individual leaf. Given 

the lack of difference in physiological and morphological performance across the climatic 

gradient studied here, Physocarpus ‘Little Devil’ could have a higher capacity to adapt changing 

climatic conditions, despite being selected for horticultural appeal. 

Given the response of stomatal conductance to the irrigation deficit, but the lack of 

correlation between measured xylem traits and the treatments, future studies could instead focus 

additional morphological traits such as vein density and leaf hydraulic conductance (Kleaf) which 
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has been shown to be highly correlated with stomatal conductance and photosynthetic rate 

(Brodribb & Jordan, 2011; Tabassum et al., 2016; Zhong et al., 2020). An additional future 

consideration could be vessel length, since this study only considered the effect of vessel 

diameter on hydraulic function, though vessel length has been found to be correlated with vessel 

diameter for some species (Pan et al., 2015), as well as the presence of vasicentric tracheids, 

which has been shown to be important for drought tolerance (Fontes et al., 2022;). This study 

also targeted recently produced growth, which may be responding to the irrigation treatments, 

and did not take into account stem length, which has been shown to correlate with vessel 

diameter (Olson et al., 2020). However, only sampling from the tip of actively growing branches 

limited observing variation which can be found between different plant locations (Y. Zhang et 

al., 2023). 

 

Conclusion 

 Results from this study not only emphasize the importance of site and geographic 

location when assessing impacts of decreasing water availability due to climate change, but also 

contribute knowledge on understudied horticultural taxa. Through measuring taxa planted across 

distinct climatic locations, site identity was found to be the driving factor in measured 

physiological and morphological responses, indication an acclimation to site conditions that was 

observed through the collected traits. Lack of clear trends between taxa across sites indicate a 

high degree phenotypic plasticity, but also a high degree of intraspecific variation which limits 

predictions for potential taxa level responses to changing climatic conditions (Cavender-Bares & 

Ramírez-Valiente, 2017; Gratani, 2014; Henn et al., 2018; Hulshof & Swenson, 2010; Kerr et al., 

2022; Liancourt et al., 2015). Understanding patterns of plant plasticity and the effect of site is 
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becoming more pertinent under climate change for clarifying plant species’ ability to persist 

under new and changing environments, as well as producing more accurate models (Sáenz-

Romero et al., 2017). Few traits responded to the irrigation deficit treatments over the course of 

the season, indicating a resiliency to variable conditions. A better understanding of plant 

response to varying water availability across climates can assist with broader scale expectations 

for plant response under future conditions. These results point to the need for climate and site 

level specificity in global modeling due to the observed plasticity and acclimation to location 

presented. CRLP is a multiyear study, providing the opportunity to continue to test these patterns 

across geographic locations and a range of taxa in coming iterations of the project to further flush 

out these relationships. 
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Supplemental material 
 
Table S1. Full two-way ANOVA table for all variables measured across all sites at the end of the 
growing season (long version of Table 3) by site, showing the impact of species, irrigation 
treatment, their interaction and residuals. * indicates traits assessed via Kruskal-Wallis due to not 
fitting the assumtions for ANOVA. 
Site Variable   Sum Sq DF F value p-value 

  Treatment 0.08 1 18.1 0.0001 
UW gsw_MD Species 0.12 3 8.4 0.0002 

  Species:Treatment 0.02 3 1.66 0.191 
    Residuals 0.2 43     
  Treatment 0.036 1 1.6 0.21 
UW PhiPS2_MD Species 0.4 3 5.95 0.002 

  Species:Treatment 0.09 3 1.3 0.285 
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    Residuals 0.97 43     
  Treatment 2702 1 7.07 0.011 
UW SLA Species 5693 3 4.96 0.005 

  Species:Treatment 2349 3 2.05 0.12 
    Residuals 16443 43     
  Treatment 97.8 1 5.35 0.28 
UW Photo Species 334.4 3 6.1 0.002 

  Species:Treatment 22 3 0.4 0.75 
    Residuals 566.8 31     
  Treatment 0.19 1 10.5 0.003 
UW Cond Species 0.37 3 7.03 0.001 

  Species:Treatment 0.056 3 1.06 0.38 
    Residuals 0.55 31     
  Treatment 65.02 1 11.9 0.002 
UW Trmmol Species 115.8 3 7.09 0.0009 

  Species:Treatment 12 3 0.73 0.54 
    Residuals 168.9 31     
  Treatment 7.27 1 14.4 0.0007 
UW WUE Species 9.1 3 6.0 0.002 

  Species:Treatment 0.08 3 0.05 0.98 
    Residuals 15.7 31     
  Treatment 7996 1 12.5 0.001 
UW iWUE Species 9742 3 5.08 0.006 

  Species:Treatment 31 3 0.02 0.990 
    Residuals 19831 31     
  Treatment     
UW Kp* Species 26.6 3  7.1E-06 

  Species:Treatment     
    Residuals         
  Treatment     
UW Dmh* Species 0.06 3  9.70E-08 

  Species:Treatment     
    Residuals         
  Treatment 24.8 1 0.18 0.67 
OSU SLA Species 11556.7 3 28.01 9.93E-10 

  Species:Treatment 431.3 3 1.045 0.38 
    Residuals 5225.9 38     
  Treatment 0.0007 1 0.26 0.61 
OSU gsw_MD Species 0.232 3 30.0 2.18E-11 

  Species:Treatment 0.018 3 2.37 0.081 
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    Residuals 0.134 52     
  Treatment 0.003 1 1.15 0.2884 
OSU PhiPS2_MD Species 0.43 3 47.4 6.67E-15 

  Species:Treatment 0.003 3 0.28 0.84 
    Residuals 0.159 52     
  Treatment 3 1 0.05 0.88 
OSU SLA Species 1726 3 5.11 0.004 

  Species:Treatment 633 3 1.87 0.146 
    Residuals 5625 50     
  Treatment 13.1 1 1.17 0.29 
OSU Photo Species 464.1 3 13.74 4.40E-06 

  Species:Treatment 11.1 3 0.33 0.8 
    Residuals 393.9 35     
  Treatment 0.002 1 1.45 0.24 
OSU Cond Species 0.07 3 16.3 8.48E-07 

  Species:Treatment 0.002 3 0.49 0.69 
    Residuals 0.05 35     
  Treatment 0.9 1 2.03 0.16 
OSU Trmmol Species 18.5 3 13.89 3.99E-06 

  Species:Treatment 0.54 3 0.40 0.75 
    Residuals 15.55 35     
  Treatment 0.01 1 0.02 0.9 
OSU WUE Species 4.31 3 2.29 0.095 

  Species:Treatment 0.29 3 0.16 0.93 
    Residuals 21.96 35     
  Treatment 0 1 0 1 
OSU iWUE Species 1291 3 1.77 0.17 

  Species:Treatment 304 3 0.42 0.74 
    Residuals 8492 35     
  Treatment 0.35 1 0.49 0.49 
OSU Kp Species 11 3 5.2 0.004 

  Species:Treatment 0.52 3 0.24 0.87 
    Residuals 30.3 43     
  Treatment 0 1 0.02 0.88 
OSU Dmh Species 0.001 3 16.85 2.20E-07 

  Species:Treatment 0.0001 3 1.71 0.18 
    Residuals 0.001 43     
  Treatment 0.003 1 0.32 0.57 
USU gsw_MD Species 0.26 3 8.63 2.00E-04 

  Species:Treatment 0.014 3 0.45 0.72 
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    Residuals 0.36 35     
  Treatment 0.0023 1 1.1 0.3 
USU PhiPS2_MD Species 0.38 3 52.97 5.60E-13 

  Species:Treatment 0.007 3 0.98 0.41 
    Residuals 0.09 35     
  Treatment 925 1 6.8 0.01 
USU SLA Species 12728 3 31.4 5.00E-10 

  Species:Treatment 3390 3 8.36 0.00025 
    Residuals 4731 35     
  Treatment 16.5 1 1.92 0.18 
USU Photo Species 342.1 3 13.3 1.40E-05 

  Species:Treatment 17.8 3 0.69 0.56 
    Residuals 240.1 28     
  Treatment 0.001 1 0.15 0.7 
USU Cond Species 0.09 3 3.82 0.02 

  Species:Treatment 0.005 3 0.19 0.90 
    Residuals 0.22 28     
  Treatment 1.43 1 0.27 0.61 
USU Trmmol Species 47.3 3 2.94 0.05 

  Species:Treatment 4.75 3 0.3 0.83 
    Residuals 149.8 28     
  Treatment 0.097 1 0.55 0.47 
USU WUE Species 2.03 3 3.83 0.02 

  Species:Treatment 0.029 3 0.05 0.98 
    Residuals 4.95 28     
  Treatment 115 1 0.51 0.48 
USU iWUE Species 3367 3 4.97 0.007 

  Species:Treatment 21 3 0.03 0.99 
    Residuals 6327 28     
  Treatment 5.26 1 3.01 0.09 
USU Kp Species 16.87 3 3.22 0.38 

  Species:Treatment 13.6 3 2.6 0.073 
    Residuals 47.2 27     
  Treatment 0.00005 1 2.92 0.099 
USU Dmh Species 0.0005 3 8.77 3.00E-04 

  Species:Treatment 0.00008 3 1.34 0.28 
    Residuals 0.0005 27     
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Table S2. Full RRPP ANOVA table for all sites (long version of Table 4) and the impact of 
treatment, taxa, site and all possible interactions 

 
Table S3. Full PERMANOVA table for UW across the growing season (long version of Table 
5), indicating the impact of position, season and their interaction.  
 DF SS R2 F p 
position 50 3.52 0.62 5.57 1e-05 
season 2 0.70 0.124 27.1 1e-05 
season:taxa 6 0.24 0.04 3.14 0.003 
residual 94 1.22 0.21   
total 152 5.69 1.00   

 
Table S4. Full RRPP ANOVA table for UW expanded end of season traits (long version of 
Table 6).  

 

 DF SS MS Rsq F Z p 
treatment 1 3584 3582 0.024 6.04 2.50 0.004 
taxa 3 17015 5671 0.113 9.57 5.58 1e-05 
site 2 48698 24349 0.322 41.07 7.15 1e-05 
treatment:taxa 3 2119 706 0.014 1.19 0.51 0.310 
treatment:site 2 9481 4741 0.063 8.0 3.79 3e-05 
taxa:site 6 22415 3736 0.148 6.30 5.73 1e-05 
treatment:taxa:site 6 4667 778 0.031 1.31 0.79 0.212 
residuals 85 50400 593 0.333    
total 108 151182      

 DF SS MS Rsq F Z p 
treatment 1 6265 6265 0.103 5.79 2.30 0.009 
taxa 3 12827 4276 0.212 3.95 2.90 0.002 
interaction 3 2183 727.8 0.036 0.67 -0.45 0.673 
residual 27 29224 1082.4 0.483    
total 34 60541      


