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ABSTRACT 

Forest health is jeopardized worldwide, as human-caused climate change continues to 

generate high rates of global tree mortality driven by more severe and frequent droughts. 

As temperatures rise and unpredictable precipitation patterns prevail, tree species located 

within arid and semi-arid regions are disproportionately threatened by drought, and will 

rely on their adaptive capacity, or ability to cope with, adjust to, and persist in current and 

future climate conditions. However, because of intraspecific trait variation, the adaptive 

capacity is not expected to be uniform for all populations within a species’ range. 

Conservation actions to protect tree species will require creating accurate predictions for 

where across a species’ range local populations are most vulnerable, as well as 

identifying potential areas of refugia. Furthermore, forest resilience and recovery will 

depend on successful seedling establishment. The degree of intraspecific trait variation, 

both for adults and juveniles, can serve as a proxy for how much tolerance for 

environmental change is present within particular tree populations. We investigated 

patterns of trait variation for Pinus monophylla, a coniferous tree species which is 

foundational to semi-arid Great Basin woodlands in the western US, to understand (1) 

how intraspecific trait variation is structured geographically and elevationally, and if it 

coincides with broad environmental gradients, and (2) seedling intraspecific trait 

variation in relation to a gradient of water availability.    

 

We selected 23 sampling locations in nine mountain ranges, stratified across broad-scale 

gradients of mean annual precipitation and monsoonality and local gradients of elevation. 

At each site, we sampled six maternal trees and harvested cones and needles from each 
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tree to measure nine morphological traits, both reproductive and vegetative. Using 

variance component analysis on the maternal trees, we identified how much trait 

variation was explained at each scale (mountain range, site, tree, tree growth year). We 

then used two-block partial least squares (2B-PLS) analysis to compare morphological 

traits to environmental characteristics of each tree’s habitat. 

 

To explore seedling intraspecific trait variation to a gradient of available moisture, we 

propagated seeds from each maternal tree to plant in a common garden greenhouse 

experiment subjected to four watering treatments. At the end of the experiment, we 

measured ten seedling traits and calculated three biomass allocation ratios. We ran linear 

mixed effects models to understand interacting effects of watering treatment and seed 

source environment on measured traits and allocation ratios. We also calculated the 

relative distance plasticity index (RDPI) for each trait to quantify trait plasticity, and 

computed new linear mixed effects models with trait plasticity as its own dependent 

variable. 

 

We found that both adult and juvenile traits had high intraspecific variation, and that 

some of this variation was structured along broad environmental gradients suggesting 

local adaptations. Most of the variance for adult trees was explained at the tree ecological 

scale, however our 2B-PLS analysis identified two major plant strategies related to 

broad-scale environmental gradients: seed size/seed number related to a drought stress 

gradient, and needle investment (acquisitive/conservative) related to seasonality of 

precipitation. Seedlings from drier provenances that were also established in regions 
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characterized by monsoonal precipitation patterns (i.e. greater summer rainfall rather than 

winter rainfall), grew both greater aboveground and belowground biomass, as well as had 

higher trait plasticity in response to the different watering treatments. Our results show 

that high trait variation in P. monophylla, both at the adult and seedling stage, could 

facilitate persistence of this species in future drought conditions by having a range of 

phenotypes that can buffer populations from widespread die-off. Populations from the 

drier sites, despite their trailing edge locations, may exhibit greater persistence potential 

by having greater trait variation and plasticity. Our study shows that understanding 

intraspecific trait variation, both at different life history stages and across biological 

scales, can be important for predicting a species’ response to climate change.  
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CHAPTER 1. Functional traits vary both at fine spatial scales and across 

environmental gradients in a dryland tree species 

 

ABSTRACT 

Increasing temperatures and moisture stress associated with climate change contribute to 

widespread drought-induced tree mortality in dry forests and woodlands. For long-lived 

species such as trees, functional trait diversity will influence ecosystem vulnerability to 

rapidly changing conditions. Intraspecific trait variation is fundamental to understanding 

species’ adaptive capacity, yet predictive modeling often focuses on species-level 

responses and does not consider intraspecific variation among populations or individuals. 

In this study, we used a suite of functional traits to quantify phenotypic variation within 

and among provenances of Pinus monophylla, a widespread dryland tree species in the 

western US. We measured nine morphological traits, encompassing both reproductive 

and vegetative traits, from 23 sampling locations in nine mountain ranges, stratified 

across broad-scale gradients of mean annual precipitation and monsoonality and local 

gradients of elevation. To assess trait variation within and among nested ecological scales 

(mountain range, site, tree, and tree growth year), we used linear mixed effects models. 

We then evaluated the covariance of environmental variables and trait syndromes by 

conducting a two-block partial least squares analysis (2B-PLS). Variance partitioning 

from our mixed models showed that most variation was explained at the scale of 

individual trees (18-46%), with smaller contributions at the scale of sites (8-25%) and 

mountain ranges (0-15%).  Our 2B-PLS analysis showed that while trait syndromes and 

environmental variables had low correlation overall (13%), 94% of that covariance was 
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explained by two major axes of variation: (1) the drought-stress gradient covarying with 

reproductive traits, and (2) the seasonality of precipitation covarying with foliar 

morphology. Our results show that intraspecific trait variation across ecological scales is 

important for understanding the potential climate response of P. monophylla to overall 

drought stress.  

 

KEYWORDS: adaptive capacity, climate change, ecological scale, forest resilience, 

functional traits, pinyon pine 

 

INTRODUCTION 

Forest and woodland tree species are facing large-scale die-off events worldwide that are 

driven by drought and heat stress (Allen et al. 2010). In the western United States, current 

climate change projections predict temperatures to continue rising with overall reduction 

in soil moisture availability (Dai 2013, Seager et. al 2007, Conlisk et al. 2017). Tree 

species from arid and semi-arid environments are expected to experience elevated levels 

of physiological stress (Hanson & Weltzin 2000, Thorne et al. 2018) as droughts become 

more frequent and severe in these regions with increased evaporative demand and 

reduced precipitation (Dai 2013). Understanding forest vulnerability to future conditions, 

particularly their adaptive capacity, is a necessary step in considering future management 

strategies. 

 

Adaptive capacity, as defined in the context of vulnerability assessment, refers to a 

species ability to cope with, adjust to, and persist in current and future climate conditions 
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(Beever et al. 2015, Nicotra et al. 2015, Thurman et al. 2020). In general, a species will 

respond to climate change by either being able to ‘persist in place’ or ‘shift in space’ 

(Nicotra et al. 2015, Thurman et al. 2020). While some species are more capable of 

shifting their range in elevation according to how temperature or moisture changes (e.g. 

upslope with increased temperature), other species are dependent on the availability of 

phenotypes (e.g. local adaptations or plasticity) within populations that can manage 

varying environmental conditions (Nicotra et al. 2015, Aubin et al. 2016, Thurman et al. 

2020). For many tree species that have longer generation times and slow regeneration, the 

capacity to persist will likely depend on their tolerances or existing variation (Jump and 

Peñuelas 2005, Aubin et al. 2016). While most climate change projections are based on 

predicted responses at the species level (Violle et al. 2012, Kazakou et al. 2013, Funk et 

al. 2016), there is increasing evidence that intraspecific trait variation will result in 

meaningful differences in climate change responses among populations of the same 

species (Hulshof & Swenson 2010, Messier et al. 2010, Siefert et al. 2015, Umaña & 

Swenson 2019). Tree species that inhabit large geographical areas, defined by both 

latitudinal and elevational gradients, can encompass broad climatic differences and local 

heterogeneity that facilitate adaptive capacity across multiple ecological scales (McKown 

et al. 2013, Violle et al. 2014, Moran et al. 2015). 

 

In the context of increasing drought stress, the scale of intraspecific variation in drought 

tolerance traits may result in differing species responses. Drought tolerance at broad 

ecological scales could be inferred if expressed trait syndromes covary with broad-scale 

environmental gradients. Certain vegetative and reproductive traits that vary consistently 
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along environmental gradients for multiple species imply potential strategic trade-offs 

(Lavorel and Garnier 2002, Westoby et al. 2002, Albert et al. 2011, Adler et al. 2013, 

Laughlin et al. 2014). While these trade-offs are usually considered between different 

species, such variation in plant strategies can occur within widespread species that exhibit 

local adaptation, such as trees. The ‘worldwide leaf economics spectrum’ describes plants 

responding to resource availability, whether soil nutrients or soil moisture, along a 

continuum where populations at the endpoints either rapidly acquire resources or 

maximize the conservation of resources (Wright et al. 2004). Generally, plant species (or 

distinct populations within a species range) that grow rapidly with ample resources are 

considered ‘exploitative’ versus those that grow slowly with limited resources are 

considered ‘conservative’ (Albert et al. 2011). Acquisitive vegetative traits include high 

specific leaf area (SLA) with low tissue density, while conservative vegetative traits 

include low SLA with high tissue density (Albert et al. 2011). Another major axis is the 

trade-off between seed mass and seed number, which combines aspects of regeneration 

success (i.e. ability to find suitable habitat via dispersal) with seedling response to 

environmental stress (Lavorel and Garnier 2002). This dimension is associated with early 

seedling establishment, in which investment in larger seeds (Cochrane et al. 2014) can 

tolerate stress involved with regeneration; however, this comes at the cost of producing 

fewer seeds (Muller-Landau 2010). Alternatively, populations may produce many seeds 

that have smaller mass (i.e. less tolerant of environmental stress), and this increase in 

seed output improves their ability to disperse away from the parent plant and increase 

regeneration rates in favorable environments (Laughlin et al. 2014).  
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While broad-scale variation has implications for ‘shifting in space,’ fine-scale variation 

contributes to a species’ ability to ‘persist in place.’ Having high among-individual trait 

variation increases a species’ capacity to persist despite climatic stress (Jump and 

Peñuelas 2005, Bolnick et al. 2011, Siefert 2012). This strategy is often referred to as 

diversified bet-hedging, or the ability of a species to express several phenotypes to 

manage environmental variation (Philippi & Seger 1989, Rajon et al. 2013). At local 

scales, individual trait variation depends less on broad climatic differences, but rather on 

microsite environmental heterogeneity, biotic interactions, and genetic variation (Jung et 

al. 2010, Siefert 2011, Pescador et al. 2015). These differences in trait expression can 

influence interactions among organisms and between organisms, which can contribute to 

higher-level variation in a species’ response to environmental gradients (Siefert 2012, 

Siefert et al. 2015, Funk et al. 2016). Trait variation at intermediate scales, such as 

between sites within the same geographic area, may be related to an edge effect. 

Populations on the periphery or trailing edge might experience elevated levels of abiotic 

stress (Aitken et al. 2008) and exhibit local adaptations to manage novel conditions 

(Nicotra et al. 2010, Cooper et al. 2019). Partitioning functional trait variation within a 

species across different ecological scales (i.e. between populations, within populations, 

and among unique individuals) can provide context on how its adaptive capacity is 

structured.  

 

In this study, we investigated how intraspecific trait variation was structured within a 

widespread dryland tree species in the western US, singleleaf pinyon pine (Pinus 

monophylla Torr. & Frem). Our approach in analyzing trait variation across its entire 
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geographic range is the first to our knowledge for this foundation species. By sampling 

trees within different mountain ranges, both along latitudinal and elevational gradients, 

we aimed to capture trait variation across its broad range. We measured key functional 

traits, both reproductive and vegetative, to compare phenotypic variation occurring across 

ecological scales. This study addresses two main questions: (1) How is intraspecific trait 

variation in P. monophylla structured across four ecological scales: between mountain 

ranges, among sites elevationally distributed within mountain ranges, among individual 

trees, and for foliar traits that are expressed among three consecutive growth years? (2) Is 

the structure of this variation arranged along broad-scale environmental gradients that 

reflect the amount and seasonality of water availability?  

 

As the null hypothesis, we predicted that intraspecific trait variation would be structured 

evenly across all ecological scales. In addition, we predicted certain traits, especially 

those associated with major axes of variation, to vary according to broad-scale gradients 

of environmental stress. In the driest and hottest portions of its range, or most drought-

stressed locations, we expected to find trees with more resource-conservative needles (i.e. 

short, dense, low SLA) and larger seeds. We predicted differences in these traits to occur 

broadly across its species range (i.e. between cooler northerly populations to warmer 

southerly populations), and along elevational gradients (i.e. cooler in the high altitude 

sites and warmer in the low altitude sites). These ecological strategies could allow P. 

monophylla to tolerate stress and continue to persist based on its current phenotypic 

responses across environmental gradients.  
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METHODS 

Study Area and Site Selection 

The distribution of P. monophylla in the United States spans 8.02 degrees of latitude and 

8.34 degrees of longitude, and encompasses broad gradients of precipitation amount and 

seasonality. In order to capture trait variation across the largest possible range of climate 

conditions, we stratified our sampling locations across broad-scale gradients of mean 

annual precipitation and monsoonality (ratio of summer precipitation to annual 

precipitation), using PRISM 30-year climate normals (Daly et al. 1994). We used tercile 

splits to categorize both mean annual precipitation and monsoonality evenly into thirds, 

and selected nine mountain ranges that contained each combination of the two climate 

variables and were distributed relatively evenly in geographic space (Fig. 1).  
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Figure 1. Site selection map showing the species distribution of P. monophylla colored 
according to climatic water deficit (red = higher water deficit to blue = less water deficit), 
overlaid with contour lines representing monsoonality (i.e. the percentages of summer 
precipitation received in July, August, and September). Nine sampled mountain ranges 
are indicated by colored circles with two-letter codes: Pine Nut Mountains “PN” in 
yellow, Desatoya Mountains “DM” in blue, Pequop Mountains “PM” in orange, Schell 
Creek Mountains “SC” in gray, Beaver Dam Mountains “BD” in red, Mount Irish “MI” 
in purple, Mount Charleston “MC” in green, San Bernardino Mountains “SB” in pink, 
and the Rock Creek Range “RC” in brown. 
 

The mountain ranges selected are throughout Nevada and in parts of western Utah and 

southern California, covering P. monophylla species range. All mountain ranges are 

situated in the Great Basin and Mojave Deserts and include the diverse plant 

communities across its range. In the Great Basin, co-dominant shrub species are 

mountain big sagebrush (Artemisia tridentata ssp. vaseyana), bitterbrush (Purshia 

tridentata), and rabbitbrush (Ericameria nauseosa), with middle elevation sites occupied 

by Utah juniper (Juniperus osteosperma) and higher elevation sites occupied by curl-leaf 

mountain mahogany (Cercocarpus ledifolius), white fir (Abies concolor), Douglas-fir 

(Pseudotsuga menziesii) and ponderosa pine (Pinus ponderosa). Populations in the 

Mojave Desert include understory shrubs such as mountain snowberry (Symphoricarpos 

oreophilus), Utah serviceberry (Amelanchier utahensis), Pointleaf manzanita 

(Arctostaphylos pungens), Beavertail cactus (Opuntia basilaris), Mormon tea (Ephedra 

viridis), and Mojave yucca (Yucca schidigera), with overstory trees such as Joshua trees 

(Yucca brevifolia). 

 

At each mountain range, three sampling sites were selected along an elevational gradient, 

separated by at least 200 meters (low, middle, and high). The low elevation site for all of 
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the mountain ranges represents the lowest elevation in which cone-bearing P. monophylla 

was detected, whereas the high elevation site represents the highest accessible elevation 

with cone-bearing trees. The middle elevation site was located at the midpoint of the low 

and high elevation sites, to the degree feasible. All sites were chosen to be easily 

accessible from the road and were required to have a sufficient number of cones present 

(at least 30 cones from each of the six trees). In three of the mountain ranges, narrow 

elevation ranges, restricted access, or a lack of available cones limited sampling to one or 

two sites. Sampling sites ranged in elevation from 1,515 to 2,611 meters, with a total of 

23 sites (Fig. 1).  

 

Maternal Tree Data Collection 

All field collections took place in September of 2019 when P. monophylla cones were 

beginning to ripen. At each site, six cone-bearing trees were selected that were 

representative of the stand, based on tree size and cone production. Geographic 

coordinates, slope, aspect, and elevation were collected for each tree using a GPS unit 

and clinometer.  

 

At each tree, we harvested at least 30 cones and three leaf branchlets from the upper ⅔ of 

the south-facing canopy using a telescoping pruner. We installed a permanent metal tag 

and photographed each tree. 

 

Trait Measurements 
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In total, we measured nine morphological traits per tree that are characteristic of pine 

studies, including reproductive (cone length, cone dry weight, seed mass, seed projected 

area, number of ovules per cone) and vegetative (needle length, needle width, needle 

weight, specific leaf area) (Wahid et al. 2006, Ortiz-Medrano et al. 2016, Iwaizumi et al. 

2019) traits. Cone traits were measured for ten cones per tree (60 cones per site). We first 

measured the cone length and counted number of ovules per cone, then weighed each 

cone after emptying all seeds.  

 

To test for filled seeds, we bounced seeds on a hard surface to listen for expected density 

(Chambers 2001). Twenty filled seeds per tree were weighed and subsequently scanned 

(seed projected area) using the Epson Stylus Pro 4800 optical scanner and WinSeedle 

program (Regent Instruments Canada Inc., Quebec).  

 

Leaf branchlets were separated into annual needle cohorts at the annual bud scar nodes 

for three consecutive growth years (2018, 2017, and 2016 – tree growth year). Twenty 

needles per growth year per tree were scanned and measured (60 needles total per tree: 

needle straight length and needle straight width) using the WinSeedle program (Regent 

Instruments Canada Inc., Quebec). Each needle was weighed, and specific leaf area was 

calculated (SLA = needle area[length*width]/needle weight). 

 

Climate and Soil Variables 

Using publicly available datasets, we obtained spatial variables informing environmental 

information for each of the 23 sites. We selected variables that are predicted to influence 
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important trade-offs in ecological strategies for tree species in arid and semi-arid regions 

in response to drought stress (Redmond et al. 2017).  

 

The first two variables, winter precipitation (prcpwin) and summer precipitation 

(prcpsum), represent the seasonality and amount of precipitation across P. monophylla’s 

range. Populations located just east of the Pacific Crest and in mountain ranges farther 

north receive most of their precipitation from winter snowfall. Populations located in the 

southeast receive both winter snow, followed by infrequent pulses of summer rain during 

monsoonal precipitation patterns. The second two variables represent the amount of 

moisture being lost from the tree to the atmosphere. Cumulative actual evapotranspiration 

(CumlAET), a proxy for plant growth, considers the amount of available water loss 

during plant growth (Beeson, 2006). Summer vapor pressure deficit (sumVPD) is the 

difference between the water vapor content of the air and its saturation point during the 

summer months when temperature is greatest (May through July). Higher sumVPD 

(increased atmospheric demand for water) is associated with decreased 

evapotranspiration, reducing plant growth by forcing plants to close their stomata. Our 

final two variables represent the amount of available moisture within the soil. Cumulative 

climatic water deficit (CumlCWD) represents the amount by which potential 

evapotranspiration exceeds actual evapotranspiration. Available soil water storage 

capacity (AWC) represents the amount of moisture the soil can carry, and is a metric that 

integrates soil texture and depth.  
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Winter precipitation, summer precipitation, and summer vapor pressure deficit were 

calculated using 30-yr normal (1981-2010) gridded PRISM climate data (PRISM Climate 

Group 2016) with 800-m cell size (Daly et al. 1994). Climatic water deficit was based on 

a Thornthwaite water balance model (Lutz et al. 2010), which incorporates 30-year 

monthly normals (800-m cell size) of temperature and precipitation, elevation, and soil 

water holding capacity, which were derived using methods described by Dilts et al. 

(2015). Actual evapotranspiration was evaluated separately to consider relationship with 

productivity. Soil available water storage was obtained from POLARIS soil map 

containing 90-m cell size resolution (Chaney et al. 2016).  

 

STATISTICAL ANALYSIS 

Ecological Scale of Trait Variation 

Our trait measurements were compared across four hierarchical ecological scales: 1. 

mountain range, 2. site (elevational band within mountain range), 3. tree (individual trees 

within sites), and 4. tree growth year (annual needle growth for 2016, 2017, and 2018).  

 

To assess trait variation in P. monophylla within and among nested ecological scales, we 

used linear mixed effects models with each trait as a function of an intercept-only model 

with the nested random effect terms using the lme4 package (following Messier et al. 

2010, Bates et al. 2015). Cone and seed trait models include random effects of three 

nested ecological scales: mountain range, site, and tree. Needle trait models included a 

fourth random effect for tree growth year. Needle width and needle weight were log 

transformed to normalize data. Variance partitioning, or the percentage of variance 
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explained at each level, was calculated using the varcomp.mer function in R, and 95% 

confidence intervals were calculated for each component using parametric bootstrapping 

(500 permutations) (using adjusted code provided by Messier et al. 2010; Loy and 

Hofmann 2014).   

 

Trait Variation in Relation to Environmental Gradients 

To evaluate the relationships between traits and environmental gradients, we used two-

block partial least squares analysis (2B-PLS, Rohlf & Corti 2000). 2B-PLS analysis 

computes new latent variables (singular vectors) for each block (matrix), that when 

paired, form PLS dimensions that explain as much covariance between the two blocks as 

possible. Generally, most covariance is explained in the first few dimensions. Unlike 

Canonical Correlation Analysis (CCA), which is also used to quantify underlying 

dimensions of similarity between two matrices, 2B-PLS aims to find latent variables that 

can account for the most covariance between the two sets of variables, while CCA is used 

to seek linear combinations that are the most correlated (Rohlf & Corti 2000).  

 

We calculated mean trait values for each tree and extracted environmental covariate 

values for each sampling site (n=137). These values from both the environmental and 

trait matrices were then standardized by centering and scaling the matrices using the 

stdize function in the pls package (Mevik & Wehrens 2007). We made a correlation 

matrix between both matrices using the stats package (Table 1, Becker et al. 1988), and 

lastly computed the RV coefficient (Robert & Escoufier 1976), or similarity between the 

two matrices, using the MatrixCorrelation package (Indahl, Naes, & Liland 2018). 
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To run the 2B-PLS analysis between the two matrices, we used the two.b.pls function in 

the geomorph package (Adams, Collyer, & Kaliontzopoulou 2020). The outputs of the 

function include the weights for the linear combinations of singular vectors in the 

calculated dimensions, the singular vectors (environmental and trait scores from the 

multiple dimensions) for each tree, the singular value decomposition of the cross-

covariances (SVD), the total percent covariance explained, and the correlation coefficient 

for each dimension. We plotted the singular vectors (environmental and trait scores) 

against one another for the first two dimensions. 

 

RESULTS 

Variance Components over Ecological Scales 

Variance partitioning across the nested ecological scales showed that much of the 

variation in traits occurred at the scale of individual trees (18-46%; 95% CI = 15, 55).  

Differences among sites explained an additional 8-25% (95% CI = 7, 31) of the variation. 

Differences among mountain ranges explained the least for trait variation (0-15%; 95% 

CI = 0, 17), however certain traits were partially explained by this scale (Fig. 2 and 3). 

For needle measurements, tree growth year (20-30%; 95% CI = 17, 33) was slightly more 

important than tree ecological scale (18-26%; 95% CI = 15, 28). Residual variance, or 

variance not explained by any of the ecological scales, was between 22-57% across the 

different traits. The ecological scale of trait variation differed in important ways among 

the specific trait measurements.  
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Variance partitioning in reproductive traits differed for cone and seed traits (Fig. 2). Tree 

ecological scale explained most of the variation for cone length (43%; 95% CI = 41, 52) 

and cone dry weight (46%; 95% CI = 45, 55), while about half as much variance was 

explained by site for cone length (25%; 95% CI = 22, 29) and cone dry weight (20%; 

95% CI = 17, 23), and the mountain ranges for both did not explain any variance (0%; 

95% CI =0, 0). This was similar to number of ovules per cone (a proxy for the number of 

seeds per cone), however trees explained less of the variation (35%; 95% CI = 35, 35), 

site explained 22% (95% CI = 22, 22), and mountain range explained a small percentage 

(5%; 95% CI = 5, 5). Relative to cone traits, seed projected area and seed weight had less 

variance explained at the tree ecological scale, however similar variance was explained at 

the site level and more variance explained at the scale of mountain range. Variance 

partitioning at the tree ecological scale was 34% for seed projected area (95% CI = 33, 

39) and 33% for seed weight (95% CI = 32, 37), while site explained 23% for seed 

projected area (95% CI = 20, 26) and 28% for seed weight (95% CI = 25, 31), and 

mountain range explained 11% for seed projected area (95% CI = 9, 13) and 10% for 

seed weight (95% CI = 8, 13). These results indicate that seed traits are more likely than 

cone traits to be expressed at broader scales.  

 

Vegetative traits differed in their variance partitioning compared to reproductive traits 

(Fig. 3). Tree growth year explained most of the variance for all traits, with the exception 

of needle weight (17-30%; 95% CI = 17, 33), however tree ecological scale was close in 

its contribution to variance overall (18-26%; CI = 15, 28). Comparing the four vegetative 

traits, variance at the site level explained more variance for needle length (17%; 95% CI 
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= 16, 18) and needle weight (16% site; 95% CI = 14, 17), while mountain range 

explained more variance for specific leaf area (15%; 95% CI = 14, 17) and needle weight 

(10%; 95% CI = 9, 12) respectively. This shows that most variance in traits is likely 

explained at local scales, however certain vegetative plant characteristics, such the needle 

area and needle weight, can differ both along elevational and broad-scale gradients 

 

                             
 
Figure 2. Variance components of five reproductive traits: cone length “CL” (n=1,367), 
cone dry weight “CW” (n=1,367), number of ovules per cone “OVU” (n=1,341), seed 
projected area “SA” (n=2,748), and seed weight “SW” (n=2,712), explained by three 
ecological scales (mountain range, site, and tree). Error bars represent the 95% 
confidence intervals calculated by bootstrapping (500 runs with ‘n’ randomly sampled 
data points with replacement). 
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Figure 3. Variance components of four vegetative traits: needle length “NL” (n=7,232), = 
needle width “Nwidth” (n=7,232), needle weight “Nweight” (n=7,232), and specific leaf 
area “SLA” (n=7,232), explained by four ecological scales (mountain range, site, tree, 
and tree growth year). Error bars represent the 95% confidence intervals calculated by 
bootstrapping (500 runs with ‘n’ randomly sampled data points with replacement). 
 
 
 

Environment and Traits Comparison 

Individual traits and environmental variables showed low correlation overall (Table 1), 

with 13% of the covariance in morphology explained by climate and soil conditions 

(RV=0.1343, P<0.001). The first latent dimension in the 2B-PLS analysis summarized 

62% of the total observed covariance (P<0.001), while the second latent dimension 

summarized 32% (P<0.001) (Table 2). In total, the first two dimensions explained 94% 

of the covariance between morphological traits and the environmental variables. 
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Table 1. Correlations among nine morphological variables of singleleaf pinyon pine and 
six environmental variables. Abbreviations for environmental variables include: AWC 
(available soil water storage capacity), CumlAET (cumulative actual evapotranspiration), 
prcpwin (proportion of precipitation during the winter months), prcpsum (proportion of 
precipitation in the summer months), CumlCWD (cumulative climatic water deficit), and 
sumVPD (summer vapor pressure deficit). 
 
 

Trait Measurements AWC Cuml 
AET 

prcpwin prcpsum Cuml 
CWD 

sumVPD 

Cone length -0.13 -0.10 0.06 -0.15 -0.02 -0.19 
Cone dry weight -0.04 -0.09 -0.01 -0.20 0.16 0.01 

Number of ovules 0.23 0.08 -0.09 0.13 -0.23 -0.29 
Seed weight -0.28 -0.20 -0.10 -0.21 0.33 0.32 

Seed projected area -0.38 -0.11 -0.12 -0.17 0.42 0.35 
Specific leaf area 0.02 0.23 -0.23 0.34 0.17 0.22 

Needle width -0.09 0.04 0.15 -0.05 -0.11 -0.19 
Needle length -0.29 -0.15 -0.06 -0.29 0.19 0.03 
Needle weight -0.16 -0.23 0.12 -0.39 0.00 -0.13 

 
 
 
Table 2. Results of partial least-squares analysis of the correlation matrix in Table 1, 
quantifying the covariation between morphological and environmental matrices for the 
first two dimensions (trait-environment axes). The values associated with each trait and 
environmental variable represent the latent variable, or combination of the singular 
vectors from both matrices that explain the covariance for that particular dimension. 
Negative values represent the low end of the dimension, while positive values represent 
the high end of the dimension. ‘Correlation’ is the correlation coefficient between 
singular vector scores and p-values obtained from permutation testing (n=1000).   
 
 

 Dimensions 
Matrix Variable 1 2 
F1 Cone length -0.0636 -0.3234 
 Cone dry weight -0.1849 -0.1217 
 Number of ovules 0.3723 -0.0963 
 Seed weight -0.5270 0.1190 
 Seed projected area -0.5829 0.2398 
 Specific leaf area 0.0348 0.6478 
 Needle width 0.0765 -0.2604 
 Needle length -0.3814 -0.1872 
 Needle weight -0.2304 -0.5195 
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F2 Available water storage 0.5296 0.0904 
 Cumulative actual evapotranspiration 0.2964 0.3346 
 Winter precipitation 0.0735 -0.3443 
 Summer precipitation 0.4425 0.5913 
 Cumulative climatic water deficit -0.5258 0.3101 
 Summer vapor pressure deficit -0.3924 0.5617 
Singular value 1.15 0.83 
Percentage of total variance explained 62.17 32.26 
Correlation 0.45 0.44 

 

 

The first latent dimension of trait and environmental space was explained by the 

distribution of reproductive traits along the drought stress gradient (Fig. 4). Low values 

of this dimension describe trees with fewer heavier and larger seeds, while the converse 

was true for high values (Table 2). Specifically, number of ovules positively covaried in 

the first dimension (OVU = 0.3723), while seed weight and projected area negatively 

covaried (SW = -0.5270, SA = -0.5829). The corresponding environmental characteristics 

of the first dimension were the climatic water deficit and summer vapor pressure deficit 

for the low end (CumlCWD = -0.5258, sumVPD = -0.3924), and available water storage 

and summer precipitation for the high end (AWC = 0.5296, prcpsum = 0.4425). This 

suggests that fewer heavier/larger seeds occur in seed source environments that are drier, 

while many lighter/smaller seeds occur in seed source environments that are more mesic.  
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Figure 4. Covariance of Morphological Scores against Climate Scores for the First 
Dimension in 2B-PLS. Each point (n=137) represents a tree from one of the three 
sampling sites (elevations) within each of the nine mountain ranges. The first dimension 
describes the relationship between the drought stress gradient (high versus low) and seed 
mass/seed number ecological strategy. 
 
 
The second latent dimension of trait and environmental space was the vegetative (foliar 

morphology) response to the seasonality of precipitation (Fig. 5). Sites that had heavier 

needles and low specific leaf area (SLA) were at the low end of the dimension, while 

lighter needles and high SLA were at the high end (Table 2, NWeight= -0.5195, 

SLA=0.6478- 2). Winter precipitation corresponded with the heavier needles and lower 

SLA (prcpwin = -0.3443), while summer precipitation corresponded with lighter needles 

and higher SLA (prcpsum = 0.5913). High SLA also corresponded with high summer 
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vapor pressure deficit and climatic water deficit (sumVPD = 0.5617, CumlCWD = 

0.3101). 

 
 

 

Figure 5. Covariance of Morphological Scores against Climate Scores for the Second 
Dimension in 2B-PLS. Each point represents a tree from one of the nine mountain ranges 
(n=137). The second dimension describes the relationship between seasonality of 
precipitation (winter versus summer) and needle investment strategies. 
 

DISCUSSION 

Intraspecific trait variation has important implications for species responses to climate 

change. For the widespread tree species P. monophylla, we found that functional trait 

variation is structured across multiple ecological scales, and that a large portion of the 
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broad-scale component of this variation is related to climatic gradients. Mean trait values 

at the species level would not capture the high variation across local scales because there 

was greater variation within local populations than across the range of the species. Our 

research emphasizes the importance of measuring functional trait variation across 

multiple scales, and highlights the need to develop more multi-scale datasets of trait 

variation for other plant species, to work towards building more accurate predictive 

models of species functional response to global change. 

 

Ecological Scale of Trait Variation  

Our results from the variance partitioning analysis generate three main takeaways. First, 

for P. monophylla, most variance was explained at the tree ecological scale (Table 1). 

This means that there were higher levels of variance at the local (among tree) scale 

compared to variance at broader scales. These results contrast with other studies that have 

found intraspecific variation to be evenly distributed across ecological scales (Messier et 

al. 2010) or that broader scales within communities encompass a greater portion of a 

species trait variation (Hulshof & Swenson, 2010, Umaña & Swenson 2019). The 

presence of high levels of phenotypic variation among P. monophylla individuals 

indicates a broad range of phenotypes that could lead to persistence of local populations 

under climatic stress (Jump and Peñuelas 2005, Bolnick et al. 2011, Siefert 2012). 

Further studies, such as common garden experiments, could assess if these responses are 

more plastic mechanistically, by comparing individuals from different populations in the 

same location exposed to treatments representative of an environmental stress gradient 

(Violle et al. 2012). 
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Second, for needle traits that we were able to measure for three consecutive growth years, 

our results showed high levels of interannual variability. Although we cannot explain the 

particular mechanism driving this variability, our results suggest that certain vegetative 

traits expressed by P. monophylla are phenotypically plastic and respond to 

environmental variation (Valladares et al. 2000). With respect to the potential for future 

increased aridity across P. monophylla’s distribution, having plastic traits will augment 

the species resilience to climate change (Nicotra et al. 2010, Funk et al. 2016). These 

results encourage further exploration into understanding how P. monophylla will respond 

to drought and increased temperature, possibly through mechanisms described in other 

studies like altering leaf chemistry or changing biomass allocation strategies (Ghalambor 

et al. 2007, Nicotra et al. 2010). 

 

Finally, although the mountain range and site levels explained less variance compared to 

the individual-tree scale, our results show that certain traits can vary over broader 

environmental gradients, influenced both by elevation and latitude. This was the case for 

seed size (weight and projected area), as well as needle weight (influencing specific leaf 

area). The second part of our analysis quantified the covariance between these particular 

traits and different environmental gradients. 

 

The Relationship Between Traits and the Environment 

Although paleoecological studies on P. monophylla have suggested thaat the species’ 

genetic makeup is mainly homogeneous due to a rapid migration during the Holocene 
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(Cole et al. 2013), our findings show that there is high phenotypic variation among and 

within distinct provenances. Differences in “habitat strategies” according to trait-

environment relationships generally indicate sets of traits that increase fitness, whether 

survivorship or reproduction, under optimal environmental conditions (Reich et al. 2003). 

The dominant axes of trait variation that we observed, including the seed size versus seed 

number dimension, and having foliar traits that are more resource-conservative or 

resource-acquisitive, represent fundamental ecological trade-offs that are well 

documented in the literature (Westoby et al. 2002). In this study, while only 13% of the 

covariance in morphology was explained by climate and soil conditions, over 94% of the 

explained covariance was attributed to these two major dimensions (Table 3).  

 

The first latent dimension in trait-environmental space showed the fundamental trade-off 

between seed size and seed number (Venable 1992, Westoby et al. 2002) distributed 

across a drought-stress gradient (Figure 4). Similar to plant seed strategies for other arid 

Pinus species (Salazar-Tortosa et al. 2019), the driest and warmest sites produced the 

largest and heaviest seeds, but fewest in number. This strategy occurred in the low-

elevation sites of the San Bernardino Mountains, Rock Creek, and Mount Irish (Figure 4). 

These sites occur in the southern range of P. monophlla’s distribution (Figure 1) and 

experience hot and dry summers (high CumlCWD and high sumVPD). At the other end 

of the spectrum, the high and middle elevation sites from the Pequop Mountains, Pine 

Nut Mountains, and Schell Creek Mountains had more numerous, smaller (lighter) seeds 

(Figure 4). These sites are in the northern part of P. monophylla’s range (Figure 1), and 

experience higher availability of soil moisture (low CumlCWD and low sumVPD) with 
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soils that can hold more moisture (high AWC). By investing in greater quantities of 

smaller seeds, potential for establishing larger seedling cohorts can increase persistence 

given higher resource availability (Muller-Landau 2013, Walker et al. 2017). Our 

findings show that this dimension was stratified both geographically (from north to 

south), and also along an elevational gradient, with low elevations having drier 

conditions, to middle and higher elevations with wetter conditions.  

 

The second dimension in trait-environmental space represented the trade-off between leaf 

investment strategies (i.e. the “leaf economics spectrum”), with either resource- 

conservative or acquisitive vegetative traits covarying with seasonality of precipitation. 

While arid climates generally induce resource conservative strategies to reduce water loss 

(i.e. shorter and denser leaves with low SLA) (Reich et al. 2003, Wright et al. 2004, Fang 

and Xiong 2014, Welles & Funk 2020), many of P. monophylla’s driest and warmest 

mountain ranges are influenced by the southeastern monsoonal precipitation patterns, that 

create infrequent but large pulses of moisture during the summer months. We found that 

trees from the low and middle elevation sites from Mount Charleston, Beaver Dam 

Mountains, and Mount Irish produced lighter needles with high SLA (high prcpsum, high 

CumlAET, high sumVPD, high CumlCWD) (Figure 5). Conversely, trees from high and 

middle elevation sites closer to the Sierra crest, the San Bernardino Mountains, Rock 

Creek, and the Pine Nut Mountains, had lower SLA and heavier needles (high prcpwin, 

low CumlAET, low sumVPD, low CumlCWD) (Figure 5). For these sites, it appears that 

timing of moisture availability, rather than total annual water availability, may be more 

important for needle traits. 
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The needle trait pattern that we observed may be attributed to water use efficiency. Other 

studies have found that plants from more arid regions increase their water use efficiency 

by investing in high SLA (increasing total available nitrogen content), which can allow 

plants to assimilate carbon more quickly during precipitation events (Funk, 2013). 

Greater concentrations of cell walls and fibers to add structural strength (resource-

conservative strategies) leaves less room for N-rich mesophyll (Westoby et al. 2002), 

thus this adaptation is dependent on its relationship with moisture availability. Our study 

did not measure needle N-content, so we cannot address this possible explanation. Other 

research has found a “storage effect,” allowing species that are resource-limited to favor 

different time periods for growth (Adler et al. 2013). Angert et al. (2009) documented a 

fundamental trade-off between growth capacity and low-water tolerance within a plant 

functional type (desert winter annuals), in which certain species allocated a large fraction 

of biomass to photosynthetic surfaces to maximize growth during infrequent rain events, 

while other species invested in denser photosynthetic tissues that could tolerate low 

temperatures and optimize carbon assimilation during frequent, but small, rain events. 

Amount and timing of precipitation controls many biological processes in arid 

ecosystems (Noy-Meir, 1973), thus such differential demographic responses to 

environmental variation (i.e. interannual variability in seasonal precipitation) could be 

very important for populations of P. monophylla to maximize growth across its range. 

   

 Future Directions and Conclusion 

There have been few rangewide studies that explore how functional trait variation is 

structured among multiple populations of a single tree species. With forest tree species 
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experiencing widespread mortality events worldwide due to drought (Allen et al. 2010), 

there is pressing need to understand the overall risk of foundation tree species to drought-

related die-off. This is particularly evident for tree species already inhabiting more arid 

climates. By understanding how functional trait variation is structured, as well as 

exploring the major axes of variation that covary with environmental gradients, we can 

gain improved understanding of species resilience to changing climate (Aubin et al. 2016, 

Angeler et al. 2019). 

 

Although paleoecological records on P. monophylla suggest that most of its current 

distribution represents rapid migration over the past 6,000 years (Cole et al. 2013), our 

findings of high individual variation suggest much within-population adaptive capacity is 

possible. We have also identified that tree variation in reproductive investment with seed 

mass and seed number responds to a broader aridity gradient. This poses a unique 

situation when considering assisted migration for populations at risk of mortality. While 

management interventions could prioritize seed collection from the driest populations 

(i.e. larger, heavier seeds), the high variation between individuals may provide sufficient 

in situ capacity to recover from natural disturbances and adapt to changing conditions.  

 

Our findings that functional trait variation in P. monophylla varied across multiple 

ecological scales suggest that using mean trait values to represent widespread species in 

predictive modeling cannot adequately predict the range of potential responses. There 

remains a need for a better understanding of functional trait variation for other species, 

where knowledge of intraspecific variability in functional traits is lacking. According to 
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Chardon et al. (2019), only thirty species distribution modeling studies of the thousands 

published have accounted for intraspecific differences in climate responses. Although 

there have been computational and data constraints in incorporating intraspecific trait 

variation into models (Moran et al. 2015), it is important we move forward with adjusting 

traditional models to incorporate the geographic modeling of intraspecific trait variation, 

as well as generating the necessary spatial datasets on functional plant traits along key 

ecogeographic gradients. 

 

Lastly, while this study does not allow us to determine what processes are driving 

intraspecific trait variation, our results suggest further exploration to disentangle such 

mechanisms, whether genetic variation or phenotypic plasticity, using common garden 

experiments. Common garden studies on a closely related tree species, Pinus edulis 

(Sthultz et al. 2009, Gehring et al. 2017), provide valuable insights into how these 

mechanisms might vary. From our research, we know that the amount of available 

moisture and timing of precipitation can influence trait syndromes in P. monophylla. 

Future steps to set up a common garden experiment testing how functional traits vary in 

response to the amount and seasonality of water availability could further address which 

plastic or conserved traits are predictive of its response to drought. 
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CHAPTER 2. Seed source environment explains seedling trait variation in response 

to water limitation for a dryland tree species 

 

ABSTRACT 

1. Forest and woodland tree mortality is occurring worldwide due to drought. Adequate 

seedling establishment will be critical for future forest resilience to global change. In the 

semi-arid woodlands of the Great Basin, the dominant conifer, Pinus monophylla, is 

threatened by an increased frequency of more severe drought conditions that could push 

the species to its physiological limits. In this study, we used a controlled common garden 

greenhouse experiment to determine how functional traits and biomass allocation ratios 

of tree seedlings from different seed source environments across P. monophylla’s range 

responded to different watering treatments representative of future drought scenarios.  

2. We sampled six maternal trees in each of 23 elevationally-distributed sites across nine 

mountain ranges in P. monophylla’s geographic distribution that captured gradients of 

temperature and seasonal moisture availability. Cones were harvested from each maternal 

tree, from which seeds were then extracted and propagated in a common garden 

greenhouse experiment. We used a randomized block experimental design to plant a total 

of 3,740 deepot cells with 4 watering treatments × 3 treatment blocks × 137 maternal 

trees × 2-3 replicates of each tree per block. Watering treatments (Wettest, Wet, Dry, and 

Driest) were assigned based on known gravimetric water contents. Ten phenotypic traits, 

including both aboveground and belowground traits, were measured at the end of the 

experiment. Additionally, three biomass allocation ratios were calculated from the dry 

mass measurements.  
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3. Four environmental variables were extrapolated using spatial layers for each maternal 

tree that represented differences among the seed source locations. We then ran linear 

mixed effects models for each trait, as well as calculated the plasticity of each trait using 

the relative distance plasticity index (RDPI). New models with trait plasticity as the 

dependent variable were computed thereafter.  

4. From our trait analysis, we found that seedlings under all treatments from the hotter 

and drier climates, which are also characterized by greater summer precipitation, grew 

larger aboveground and belowground biomass compared to seedlings from more mesic 

environments with winter-dominated precipitation regimes. Additionally, trait plasticity 

in response to watering treatments was greatest for seedlings from more water-limited 

environments and from sites with more summer precipitation. Our results suggest that 

high seedling trait variability within and among provenances of P. monophylla will 

increase its capacity to withstand future drought conditions and permit successful 

regeneration.     

  

KEYWORDS: common garden, forest recovery, persistence potential, phenotypic  

          plasticity, pinyon pine, seedling regeneration, trait variation  

 

INTRODUCTION 

Seedling recruitment is critical for the long-term persistence of tree species (Lloret et al. 

2009), however with high rates of mortality during the first months following emergence, 

this stage is often considered a bottleneck for plant populations (Fenner 1987, Lloret et al. 

2004). Relying on initial carbon reserves from parent seeds and favorable environmental 
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conditions, seedlings must accumulate enough biomass within the first few weeks to 

establish successfully (Augustine & Reinhardt 2019). Climate conditions, particularly the 

interaction between temperature and water availability, largely determine recruitment 

potential (Walck et al. 2011). Having minimal carbon storage capacity, and limited root 

systems, seedlings are more vulnerable to climate variability compared to mature plants 

(Lenoir et al. 2009, Lloret et al. 2009, Matías et al. 2017). More than ever, seedlings need 

to overcome these hurdles, as interacting climate change factors amplify the severity and 

duration of droughts (Niinemets, 2010), causing worldwide tree mortality (Allen et al. 

2010, Anderegg et al. 2019). Forest and woodland ecosystem recovery will depend on 

future stand replacement by seedling regeneration (Redmond et al. 2015, Andiva et al. 

2018). Thus, understanding early-stage phenotypic traits that enhance survival across 

environmental gradients is necessary for predicting forest resilience to rapidly changing 

conditions (Ramirez-Valiente et al. 2020). 

 

High phenotypic trait variation in seedling growth-related traits, both within and among 

populations, is key for either population persistence or species migration in response to 

environmental change (Jump and Peñuelas 2005, Bolnick et al. 2011, Siefert 2012). Tree 

seedling growth traits, both aboveground and belowground, will influence drought 

tolerance (Sánchez-Gómez et al. 2010). Many studies on pine species have found that 

seedlings from drier climates invest more in their roots when water resources are limited 

(Richter et al. 2012, Moser et al. 2015, Kolb et al. 2016), and grow fewer needles to 

reduce water loss (Sánchez-Gómez et al. 2010, Richter et al. 2012). Increasing the 

relative investment in root structures than shoots (i.e. higher root mass fraction; increased 
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root biomass allocation) can enhance access to water and nutrients (Markesteijn and 

Poorter 2009, Poorter et al. 2012, Freschet et al. 2015). Likewise, high specific root 

length, or the ratio of root length to dry mass of roots, tends to increase uptake rates and 

is considered the belowground analogue for specific leaf area (Ostonen et al. 2007).  

 

Such belowground investments come at the trade-off of having less photosynthetic 

machinery aboveground to capture light and assimilate carbon (Hamann, Kesselring & 

Stocklin 2018). Because seedlings typically have low carbon reserves, plant maintenance 

processes, such as respiration, deplete these reserves quickly when assimilation is 

reduced, causing harmful effects on the plant (Niinemets 2010).  Development of greater 

surface area for assimilation, as can be achieved through height growth and expansion of 

canopy area, can augment carbon storage pools to sufficiently manage plant maintenance, 

as well as allow seedlings to close stomata for reducing water loss during periods of 

declining water availability (Garcia-Forner et al. 2016, Li et al. 2020).  

 

Dryland tree species inhabit environments that are water limited with high interannual 

precipitation variability and are characterized by infrequent, episodic precipitation events 

during the growing season (D’Odorico & Bhattachan 2012). Another adaptive strategy 

for seedlings of some species in such environments is the ability to increase aboveground 

growth during periods of high water availability and reduce growth in periods of water 

stress (Richter et al. 2012). Seedling growth may depend on the frequency and magnitude 

of ‘biologically important’ precipitation events (or “pulse” events) during growing season 

rainfall (Noy-Meir 1973, Gillespie & Loik 2004, Ogle & Reynolds 2004). These single 
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events can have significant effects on plant development and survival (Gillespie & Loik 

2004), and can contribute to evolution of plasticity in particular seedling traits (Pratt & 

Mooney 2013).  

 

Plastic phenotypic trait variation, the ability of an individual to alter its phenotype in 

response to the environment (Albert et. al 2011, Klingenberg 2019), represents an 

important strategy for coping with fluctuating conditions (Ghalambor et al. 2007, Nicotra 

et al. 2010). In the context of long-lived tree species, which are likely to evolve at a 

slower pace than the rapid rate of climate change (Savolainen et al. 2007), the degree of 

plasticity in trait expression will be critical for future persistence (Rehfeldt et al. 2002, 

Aitken et al. 2008, Oddou-Muratorio & Davi 2014). Across a large geographic range, 

populations of the same tree species may experience different environmental conditions 

that influence plasticity patterns (Lázaro-Nogal et al. 2015). In general, populations 

experiencing the greatest environmental heterogeneity are expected to be more plastic in 

their traits to better manage abiotic stress (Pratt & Mooney 2013, Valladares et al. 2014, 

Lázaro-Nogal et al. 2015). Populations occurring at the edges of a species’ range (i.e. 

lowest or highest elevations, more northern or southern latitudes) are expected to have 

more plasticity, since these locations usually represent the extreme ends of the 

environmental stress gradient (Chevin & Lande 2011, Lázaro-Nogal et al. 2015). 

Furthermore, plasticity may increase in populations that experience greater interannual 

variability in resource availability (i.e. water availability), as long as reliable 

environmental cues, such as moisture or temperature, signal optimal levels of that 

resource for growth (Barga, Dilts, & Leger 2018). 
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With temporally variable precipitation patterns and extreme heat, semi-arid regions of the 

western United States are ideal study systems to investigate how seedling phenotypic trait 

variation and plasticity facilitate stand recovery of drought-related woodland mortality. 

Following widespread die-off of a dominant woodland tree species, Pinus edulis, in the 

Colorado Plateau due to droughts from 1995-2004 (Mueller et al. 2005), common garden 

experiments were established to better understand climate-resilient lineages (Sthultz et al. 

2009, Gehring et al. 2017). These studies have found drought-tolerant and drought-

intolerant seedlings with performance traits varying due to their ectomycorrhizal fungi 

associations (Gehring et al. 2017) and herbivore relationships (Sthultz et al. 2009). 

Moreover, Redmond & Barger (2013) found that P. edulis recruitment was dependent on 

advanced regeneration, or seedling recruitment that survives overstory mortality events 

due to drought. These findings emphasize the need to understand what traits, and the 

plasticity therein, enable seedling survival under extreme drought conditions. Recently, a 

regional drought between 2013-2015 in the Great Basin caused dieback of another 

dominant and widespread tree of semi-arid woodlands, Pinus monophylla (Flake & 

Weisberg 2019). Although this species is foundational to the woodland vegetation type 

within this ecoregion, we still lack basic knowledge of its vulnerability to environmental 

change. Covering a wide geographic distribution, this species occurs across broad 

environmental gradients. Previous research has found that the seedling stage represents a 

bottleneck period for its persistence (Urza et al. 2019), yet limited understanding of how 

seedling establishment strategies vary across the species’ range remain.  
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In this study, we designed and implemented the first common garden greenhouse 

experiment for P. monophylla of which we are aware. Seedlings were propagated from 

seeds collected from 23 elevationally distributed sites within nine distinct mountain 

ranges. These collection sites encompassed the large environmental gradients of 

temperature and seasonality of precipitation across the species’ range. We applied four 

watering treatments, representing a drought-stress gradient, to replicates of P. 

monophylla seedlings and measured aboveground and belowground traits, as well as 

generated biomass allocation ratios and quantified trait plasticity across watering 

treatments. The aim of this study was to address the following questions: (i) How do 

seedling trait values and biomass allocation ratios of different source provenances, 

associated with distinct environmental parameters, respond to a gradient of water 

availability? (ii) Does population-level phenotypic trait plasticity, as indicated by 

response to water availability, relate to environmental characteristics of the provenances?  

 

For our first question on differences among source provenances, we predicted seedlings 

from drier sites would respond to more moisture-limited treatments by growing longer 

and heavier roots and producing less aboveground biomass in order to maximize water 

use efficiency. Whereas the driest treatment would potentially cause a reduction in root 

biomass overall, we predicted allocation of more carbon to root organs (i.e. greater root 

to shoot ratio). Conversely, we predicted seedlings from wetter sites dominated by winter 

precipitation to invest more in aboveground growth in the wetter treatments, as seedlings 

from these provenances are likely more adapted to longer periods of growing season 

water availability and would potentially produce greater leaf area (bigger or many 
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needles) to assimilate more carbon. For our second question on trait plasticity, we 

predicted seedlings from hotter and drier environments, particularly at the trailing range 

edge (i.e. lower elevations), to be more capable of plastic responses to differing water 

treatments. The ability to plastically express different phenotypes is likely an adaptation 

to increase survival of seedlings in more stressful environments (Matesanz, Gianoli, & 

Valladares 2010, Lázaro-Nogal 2015). We further predicted that seedlings from 

provenances that experience more temporal variation in environmental conditions, such 

as our source populations that experience irregular pulses of summer precipitation, would 

exhibit more plasticity. We predicted these seedlings to have greater capacity in shifting 

growth strategies in response to water availability, growing fast and large in the well-

watered treatments and reducing growth rate in the moisture-limited treatments. 

 

MATERIALS AND METHODS 

Study species, seed collection, and seed stratification 

Pinus monophylla Torr. & Frem., or singleleaf pinyon pine, is a widespread dryland tree 

species in the Great Basin and range edges of the Mojave Desert ecoregions (both north 

and southwest). P. monophylla often co-occurs with Juniperus tree species, and pinyon-

juniper woodlands are one of the most important vegetation types within the western 

United States, occupying greater than 100 million acres (Romme et al. 2009). P. 

monophylla generally ranges in elevation between 1000 to 2800 meters, with low-

elevation sites neighboring shrubland and grassland communities, whereas the high 

elevation sites intermix with mesic and subalpine forest species (Meeuwig et al. 1990). 

As one of the most drought tolerant tree species, it grows in areas that receive between 8 
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to 18 inches (200-460 mm) of precipitation annually (Meeuwig et al. 1990). It is also 

considered a foundation species, providing habitat and food for many animals, critical 

ecosystem structure, and primary productivity (Lanner, 1981).  

 

To capture trait variation across the largest possible range of environmental conditions 

for P. monophylla, we stratified our sampling locations using PRISM 30-year climate 

normals (Daly et al. 1994) of three mean annual precipitation × three monsoonality 

categories, then selected nine mountain ranges that represented each combination of the 

variables and were distributed relatively evenly in geographic space (Fig. 1). At each 

mountain range, three sampling sites were selected along an elevational gradient, 

separated by at least 200 meters (low, middle, and high). The low elevation site for each 

mountain range was selected based on first detection of cone-bearing P. monophylla 

trees, while the high elevation site represented the highest elevation of cone-bearing trees 

accessible from the road. The middle elevation site was located at the elevational 

midpoint between the two sites. In three of the mountain ranges, sampling was limited to 

one or two sites due to narrow elevation ranges, restricted access, or a lack of available 

cones. The sampling site elevations varied between 1,515 to 2,611 meters, with a total of 

23 sites (Fig. 1).  

 

At each site, we selected six maternal trees representative of the stand (based on tree size 

and cone production), and for each tree we harvested at least thirty cones using a 

telescoping pruner. We processed our samples at a greenhouse at the University of 

Nevada, Reno. After the cones opened under warm conditions, we removed the seeds. 
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We first tested for filled seeds by bouncing them on a hard surface to listen for expected 

density (Chambers, 2001), which was ≥ 90% accurate. We then weighed twenty seeds per 

tree to account for maternal seed mass. Up to seventy seeds per maternal tree were put 

into cold moist stratification for 65 days in December 2019. Seeds were initially flushed 

with running water for 36 hours to imbibe the seeds (Kildisheva et al. 2012) and rinse 

away pathogens (James & Genz 1981), then stored in Ziplocs with wetted vermiculite 

and placed into a refrigerator with an average temperature of 41° F. Seeds were checked 

weekly, and once 10% of the seeds grew radicles, planting was initiated in the common 

garden greenhouse experiment in February 2020. 

                             



47 
 

Figure 1. Site selection map showing the species distribution of P. monophylla colored 
according to climatic water deficit (red = higher water deficit to blue = less water deficit), 
overlaid with contour lines representing monsoonality (i.e. the percentages of summer 
precipitation received in July, August, and September). Nine mountain ranges were 
sampled, indicated by the two-letter code, with 23 elevationally-distributed sites (low 
“triangle”, middle “square”, and high “circle” symbols). The mountain ranges include the 
Pine Nut Mountains “PN”, Desatoya Mountains “DM”, Pequop Mountains “PM”, Schell 
Creek Mountains “SC”, Beaver Dam Mountains “BD”, Mount Irish “MI”, Mount 
Charleston “MC”, San Bernardino Mountains “SB”, and the Rock Creek Range “RC”. 
 
 
Common garden experimental design and greenhouse set-up 

Stratified seeds were sown in individual 2.7 × 14-inch heavyweight deepot cells (D60H, 

Stuewe & Sons, Inc.) filled with a Nevada 3-part topsoil/2-part humus/1-part manure mix 

(Triple mix, Reno Rock, Reno, NV) at the University of Nevada, Reno greenhouse. We 

measured soil characteristics from multiple commercially-available planting soils and 

compared them to native soil sampled in a P. monophylla establishment study 

(Chambers, 2001). Laboratory tests of the potting mix from Reno Rock showed a slightly 

higher pH (pH= 7.8 versus 5.1) and cation exchange capacity (10.4 versus 5.7), however 

similar levels of phosphorus (19 ppm), potassium (169 ppm), organic carbon (1.3%), and 

sand (85%) (A & L Western Laboratories Report #20-014-018 2019).  

 

We used a randomized block experimental design, in which there were four watering 

treatments, with three replicate blocks in each treatment, for a total of 12 treatment 

blocks. Each block had 300-320 seedling cells, into which we planted 2 stratified seeds 

from a randomly assigned maternal tree and seed collection site. Seeds were planted 3 cm 

deep (Chambers, 2001). In total (from the 3,740 planted deepot cells), each block had two 
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to three replicates per maternal tree, for up to nine replicates per maternal tree in each 

treatment.  

 

Seedlings were grown in four watering treatments that represented a gradient of soil 

water availability (Fig. 2). To assign the watering treatments, we used a gravimetric 

(weight-based) method to track soil water content and to determine when to irrigate 

seedlings (Dumroese et al. 2015). We first selected five saturated filled-containers per 

treatment block that were within 10 grams of each other in weight. We then dried the soil 

from one of the five containers in the oven at 110°C to obtain the oven-dry soil weight, 

which could be later used to convert the remaining deepot cells’ weight to gravimetric 

water content (GWC). We developed a soil water release curve using a WP4C water 

potential meter for six fine soil (0.065 mm) subsamples across a range of known 

gravimetric water contents. This method allowed us to determine field capacity 

(maximum saturation) at 40% GWC and permanent wilting point at 10% GWC. Target 

GWC for the watering treatments were then determined from this range, with 34%-40% 

GWC as the “Wettest” (W1), 22%-28% GWC as the “Wet” (W2), 10% -16% GWC as 

the “Dry” (W3), and control or “Driest” (W4), which represented no addition of water 

following seedling emergence and calibration to watering treatment. All seedlings were 

given the wettest treatment for 1.5 months until most of the seedlings had emerged, after 

which point we used a gradual dry-down process to achieve the target GWC ranges. 

These selected deepot cells were weighed daily throughout the greenhouse experiment, 

and irrigation was initiated for the different watering treatments when they hit their low 

end of the assigned GWC range (Fig. 2). For deepot cells that had two seedlings emerge, 
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we extracted one of the seedlings to remove competition within the container to allow for 

full root growth.  

 

Trays were rotated within treatment blocks before each watering treatment to account for 

minor variability within each block. Seedlings were irrigated with inverted rotor spray 

mini sprinklers using a fine mist. The experiment was concluded at the end of August 

2020 following six months of growth. 

 

Figure 2. Watering treatments over the course of the six-month experiment. Seedlings 
were given the wettest treatment for 1.5 months until most of the seedlings had emerged. 
The high end of the wettest treatment represents estimated field capacity (40%), while the 
low end of the dry treatment represents estimated wilting point (10%), both determined 
by a soil water release curve. Irrigation was initiated for the different watering treatments 
when they hit their low end of the assigned gravimetric water content range, which 
represents how functionally dry, or the relative amount of water available to the plant: 
34-40% (W1, wettest), 22-28% (W2, wet), 10-16% (W3, dry), and control (W4, no 
additional watering following seedling emergence). 
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Measurements of morphological and performance traits 

Biweekly checks for status (not emerged, emerged, and dead) began three weeks 

following planting at the first sign of emergence, and continued for the rest of the 

experiment. In total, 3,320 emerged and survived, 91 emerged and died, and 329 never 

emerged.  

 

Ten phenotypic traits, including both aboveground and belowground traits, were 

measured at the end of the experiment. The aboveground traits included final height 

(mm), final canopy area (mm2), stem diameter (mm), aboveground dried biomass (g), and 

number of branches. The belowground traits included dried root biomass (g), root length 

(cm), specific root length (m/g), root volume (cm3), and root surface area (cm2). From the 

aboveground and belowground dry weights, we calculated three biomass allocation ratios 

(Poorter et al. 2012), including needle mass fraction (NMF, ratio of leaf biomass to total 

biomass of the seedling), stem mass fraction (SMF, ratio of stem biomass to total biomass 

of the seedling), and root mass fraction (RMF, ratio of root biomass to total biomass of 

seedling).  

 

Final height, final canopy, and number of branches were measured for all surviving 

seedlings (n = 3,320). Final height was measured using a ruler from the soil surface to the 

top of the plant. Canopy width at its widest point (da) and perpendicular to its widest 

point (db) were measured using a ruler, and final canopy area was calculated using the 

equation for an ellipse (rarbπ). Number of branches was counted as the number of new 

twigs growing off the main stem. 
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For the remainder of the traits, a subset of 1/3 of the seedlings that included one block 

from each watering treatment was harvested using destructive sampling methods (n = 

1,113). Prior to seedling extractions, the stem was marked at the soil level. Containerized 

seedlings were soaked in a tub of water to loosen soil and the soil core was extracted 

from the container. Using a hand-sprayer nozzle on a hose set to low/moderate intensity, 

the seedling was washed to free taproot and fine roots from the soil (Leger et al. 2020). 

Following extraction and cleaning, stem diameter was measured at the previously marked 

line using a digital caliper. Seedlings were then cut at that line using a package cutter, and 

aboveground biomass was transferred into labeled individual brown paper bags. The root 

biomass was labeled with waterproof tape and put into a pan with saturated paper towels 

to remain moist in the refrigerator until scanning occurred.    

 

Using a dual-light flatbed scanner (Epson Expression 1100XL, Seiko Epson, 

Corporation, Suwa, Japan), roots were scanned to obtain high-resolution imagery (1200 

dpi) to measure root length, root volume, and root surface area (WinRhizo, Regent 

Instruments). Root biomass and total aboveground biomass were then dried in an oven at 

70°C for 48 hours and thereafter weighed (100g × 0.001g scale). Needles, twigs, and 

stems were separated and weighed individually to obtain the different aboveground 

biomass components for biomass allocation ratios. To calculate specific root length, root 

length was divided by root biomass for each seedling. 
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Environmental variables 

A total of four spatially extrapolated environmental variables were derived for each seed 

collection site: cumulative climatic water deficit (CumlCWD), available soil water 

storage capacity (AWC), winter precipitation (prcpwin), and summer precipitation 

(prcpsum) (Table 1). Correlations among these variables were <0.41. In arid and semi-

arid ecosystems, these environmental variables are strongly associated with total water 

availability and water balance (Redmond et al. 2017, Urza et al. 2020). 

 

Climatic water deficit values (CumlCWD) were based on a Thornthwaite water balance 

model (Lutz et al. 2010), which incorporates 30-year monthly normals (800-m cell size) 

of temperature and precipitation, elevation, and soil water holding capacity, using 

methods described by Dilts et al. (2015). Often considered a proxy for aridity, CumlCWD 

is calculated as the difference between potential evapotranspiration and actual 

evapotranspiration (Stephenson 1990). It represents the evaporative demand not met by 

available water. As temperatures rise, an increase in evaporative demand causes higher 

water deficits that augment stress, particularly for seedling establishment (Redmond et al. 

2015). In our Great Basin study area, CumlCWD follows a declining trend with 

increasing elevation (Herrero et al. 2013, Urza et al. 2020). 

 

Soil available water storage capacity (AWC) was obtained from the POLARIS soil map 

at 90-m cell size resolution (Chaney et al. 2016). AWC influences the amount of water 

retained from precipitation inputs and where in the soil column can be utilized. Low 

AWC is generally associated with coarser, sandy soils with increased permeability that 
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allow water to collect in deep soil pools and reduce water loss near the soil surface (Noy-

Meir 1973). Having low AWC can be beneficial for mature trees that have deep root 

systems, but potentially problematic for newly established seedlings that have less 

developed roots (Redmond & Barger 2013).  

 

Lastly, winter precipitation (prcpwin), or the sum of precipitation in December, January, 

and February, and summer precipitation (prcpsum), or the sum of precipitation in June, 

July, and August, were calculated using 30-yr normal (1981-2010) gridded PRISM 

climate data (PRISM Climate Group 2016) with 800-m cell size (Daly et al. 1994). The 

seasonality of precipitation varies for P. monophylla, in which populations from its 

western to northwestern distribution receive most of their precipitation as winter 

snowmelt, whereas farther eastern to southeastern populations experience winter rain and 

infrequent summer storms due to monsoonal patterns (Adams and Comrie, 1997). This 

difference in timing affects seasonal growth patterns, in that populations depending 

exclusively on winter snowmelt start growing in late spring and then cease growth in 

early summer, while populations receiving additional pulses of precipitation in the 

summer months might have bimodal patterns of growth with initial growth from late 

spring-summer, and then again during late summer-early autumn (Notaro et al. 2010). 

Depending on the local conditions of these environmental variables, plants likely have 

different strategies and traits that maximize water use efficiency.  
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Table 1. Coordinates (latitude, longitude), elevation, and environmental characteristics of 
the seed source provenances. Environmental parameters include cumulative climatic 
water deficit (CumlCWD), proportion of precipitation in the summer months (prcpsum), 
proportion of precipitation in the winter months (prcpwin), and available soil water 
storage capacity (AWC). 
Mountain 

Range 
Elev Site 

Code 
Lat. (°) Long. 

(°) 
Elev. 
(m) 

Cuml 
CWD 
(mm) 

prcp-
sum 

(mm) 

prcp- 
win 

(mm) 

AWC 
(cm) 

Beaver 
Dam 

Low BD-L 37.112 
 

-113.842 
 

1517 567.00 
 

60.19 
 

128.32 
 

89.15 
 

Desatoya 
Mountains 

Low DM-L 39.242 
 

-117.795 
 

1838 379.75 
 

41.16 
 

65.29 
 

117.18 
 

Desatoya 
Mountains 

Mid DM-M 39.246 
 

-117.756 
 

2042 334.08 
 

48.35 
 

73.89 
 

119.81 
 

Desatoya 
Mountains 

High DM-H 39.267 
 

-117.726 
 

2282 300.33 
 

52.49 
 

81.11 
 

113.54 
 

Mount 
Charleston 

Low MC-L 36.273 
 

-115.534 
 

1725 533.79 
 

67.90 
 

120.66 
 

81.16 

Mount 
Charleston 

Mid MC-M 36.270 
 

-115.600 
 

2104 345.00 
 

105.17 
 

193.78 
 

104.20 
 

Mount 
Charleston 

High MC-H 36.312 
 

-115.601 
 

2505 149.10 
 

113.66 
 

189.83 
 

90.22 
 

Mount Irish Low MI-L 37.607 
 

-115.371 
 

1703 530.84 
 

46.41 
 

75.81 
 

90.75 
 

Mount Irish Mid MI-M 37.623 
 

-115.401 
 

2048 359.56 
 

63.31 
 

91.70 
 

95.67 
 

Mount Irish High MI-H 37.628 
 

-115.409 
 

2214 355.80 
 

62.36 
 

90.27 
 

101.81 
 

Pequop  
Mountains 

Low PM-L 41.021 
 

-114.524 
 

1909 276.86 
 

53.75 
 

85.39 
 

136.76 
 

Pequop  
Mountains 

Mid PM-M 41.004 
 

-114.560 
 

2123 135.16 
 

78.62 
 

184.67 
 

129.54 
 

Pequop 
Mountains 

High PM-H 41.004 
 

-114.579 
 

2310 155.94 
 

83.06 
 

201.55 
 

125.66 
 

Pine Nut  Mid PN-M 39.056 -119.567 2021 255.69 
 

43.47 
 

323.77 
 

156.72 
 

Pine Nut  High PN-H 39.062 
 

-119.549 
 

2248 238.02 
 

42.29 
 

336.10 
 

155.44 
 

Rock Creek  Low RC-L 37.529 
 

-118.637 
 

1928 488.18 
 

18.46 
 

107.49 
 

86.35 
 

Rock Creek  Mid RC-M 37.550 
 

-118.684 
 

2251 323.41 
 

21.44 
 

115.83 
 

89.26 
 

Rock Creek  High RC-H 37.524 
 

-118.713 
 

2578 212.97 
 

32.96 
 

224.34 
 

91.02 
 

San 
Bernardino  

Low SB-L 34.351 
 

-116.833 
 

1596 573.03 
 

24.55 
 

152.71 
 

82.00 
 

San 
Bernardino  

Mid SB-M 34.296 
 

-116.815 
 

2063 360.94 
 

30.95 
 

259.20 
 

76.50 
 

San 
Bernardino  

High SB-H 34.193 
 

-116.718 
 

2594 249.56 
 

41.27 
 

427.07 
 

93.94 
 

Schell 
Creek 

Low SC-L 39.028 
 

-114.693 
 

2161 257.60 
 

63.81 
 

88.92 
 

122.68 
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Schell 
Creek  

High SC-H 39.035 
 

-114.645 
 

2391 224.33 
 

70.03 
 

100.44 
 

121.87 
 

 
 
STATISTICAL ANALYSIS 

Modeling of traits 

Since Pinus monophylla inhabits a large geographic range, it is expected that there will 

be phenotypic differences between provenances that are arranged along different spatial 

and environmental gradients (Chevin & Lande 2011). The goal of our first analysis was 

to explore phenotypic trait variation in seedling growth traits related to their seed source 

environment that potentially represented differences in plant ecological strategies, in 

response to a gradient of water availability. We used replicates of individuals (i.e. 

maternal trees) originating from different environmental settings (high to low climatic 

water deficit, high to low summer precipitation, high to low winter precipitation, and high 

to low available soil water storage capacity) to study whether seed source environment 

can cause phenotypic trait variation that is consistent with local adaptations under 

different levels of moisture stress. 

 

To evaluate how traits varied in response to watering treatment and seed source 

environment, we assessed each individual trait using linear mixed effects models fit with 

maximum likelihood using the ‘lme4’ package in R Studio (2020) (Bates et al. 2015). 

The fixed effects included watering treatment, environmental conditions in seed source 

locations, and the interaction of treatment and seed source environment. To control for 

differences at the start of the experiment, we also included fixed effects for seedling 

emergence time (in days) and mean seed mass for each maternal tree. The random effects 
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included block, maternal tree, and mountain range. All fixed effects were standardized 

using z-scores. To evaluate the statistical significance of the fixed effects, we calculated 

analysis of variance tables with F-tests and p-values using Satterthwaite approximated 

degrees of freedom using the package ‘lmerTest’ (Kuznetsova et al. 2015). To visualize 

the marginal effects of significant seed source environmental variables (α <0.05), or 

predictions generated by the model when holding the non-focal variables constant and 

varying the focal variable, we used the ‘ggpredict’ function from the ‘ggeffects’ package 

in R (Lüdecke, 2018) and plotted results using ggplot2 (Wickham, 2016).  

 

Calculating and modeling phenotypic plasticity  

Because the effect of watering treatment was non-linear, we evaluated plasticity as a trait 

using a relativized metric, the Relative Distance Plasticity Index (RDPI) (Valladares et al. 

2006). Compared to the first analysis that modeled mean effects of treatment in 

interaction with seed source environment, our second analysis computed trait plasticity 

for each maternal tree by calculating the relative trait distance between individual 

seedlings for each pairwise treatment combination. This allowed us to quantify drought-

related phenotypic plasticity for each variable as independent traits that varied between 

different provenances.  

 

To calculate the RDPI values for each maternal tree, we used the ‘Plasticity’ package in 

R (Ameztegui, 2017). Each phenotypic distance was calculated by taking the absolute 

value of the difference between phenotypic trait values of seedlings from the same 

maternal trees in different watering treatments divided by the sum of those phenotypic 
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trait values (e.g. |TraitWettest – TraitWet|/(TraitWettest + TraitWet). This was calculated for the 

different treatment pairs: (1) Wettest vs. Wet, (2) Wettest vs. Dry, (3) Wettest vs. Driest, 

(4) Wet vs. Dry, (5) Wet vs. Driest, and (6) Dry vs. Driest. Final RDPI values were 

calculated as the average of the normalized treatment differences for each maternal tree. 

This nonparametric index does not rely on assumptions of the underlying distribution of 

the data (Valladares et al. 2006). It gives an RDPI value that ranges between 0 (no 

plasticity) to 1 (maximal plasticity), providing a consistent basis for comparison across 

different populations.  

 

From these outputs, we developed new linear mixed effects models with RDPI as the 

dependent variable as a function of fixed effects (seed source environmental variables, 

emergence time, and seed mass) and random effects (maternal tree and mountain range). 

The partial effects plots for each plasticity value (RDPI) were computed for seed source 

environmental effects with a p-value < 0.05. All of the same R packages from the trait 

analysis were used for the plasticity analysis.  

 

RESULTS 

Aboveground Traits, Belowground Traits, and Allocation Ratios 

After accounting for seed mass and emergence time, seedling traits and allocation ratios 

remained strongly influenced by the environmental variables characterizing the seed 

source habitat (Table 2). Seedlings from drier climates (higher CumlCWD), coarse or 

shallow soils (lower AWC), and greater precipitation in the summer months (higher 

prcpsum) tended to produce larger aboveground structures. Overall, the optimal treatment 
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for aboveground traits was the wet treatment (22-28% GWC, Fig. 3), suggesting that 

more moisture only increases aboveground growth up to a threshold level. The wettest 

treatment likely over-saturated the soil for these drought-tolerant seedlings (see Fig. 3: 

final height, final canopy, total aboveground biomass). 

 
 
 
Table 2. Linear mixed effect model outputs (F-test and p-value) for seedling aboveground 
traits, belowground traits, and biomass allocation ratios. Each trait includes two rows of 
lines, with the F-test for each fixed effect (watering treatment, environmental conditions 
in seed source locations, emergence time, seed mass, and the interaction of treatment and 
seed source environment) in the top row, with the p-values listed directly below. P-values 
<0.05 are in bold text. 
 
 

Fixed Effects Predictions (F-test/p-value) 

                                                                                              Interaction term       
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Above-
ground 

 

49.57 4.15 2.18 1.24 1.62 14.79 31.31 1.58 4.24 2.20 3.08 Final 
height 
(mm) 

0.001 0.05 0.16 0.28 0.21 0.001 0.001 0.19 0.01 0.09 0.03 

1.45 14.44 10.58 4.8 0.19 28.59 28.43 4.33 4.6 1.95 0.26 Final 
canopy 
(mm2) 

0.28 0.001 0.001 0.03 0.66 0.001 0.001 0.001 0.001 0.12 0.85 

267.9 30.8 9.79 0.77 1.84 28.93 99.63 0.73 0.11 0.14 0.92 Stem 
diameter 
(mm) 

0.001 0.001 0.04 0.41 0.20 0.001 0.001 0.54 0.95 0.93 0.43 

316.7 8.94 5.70 0.11 2.50 43.33 65.34 1.93 1.03 1.13 2.14 Above-
ground 
biomass (g) 

0.001 0.01 0.06 0.75 0.14 0.001 0.001 0.12 0.38 0.34 0.09 

4.25 1.30 13.55 1.87 2.20 16.01 8.33 4.02 9.40 1.19 1.89 Number of 
branches 0.03 0.26 0.001 0.19 0.15 0.001 0.001 0.01 0.001 0.31 0.13 
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Below- 
ground 

 

269.4 8.17 1.83 2.63 0.75 35.32 120.2 1.37 0.31 0.59 0.09 Log Root 
biomass (g) 0.001 0.001 0.18 0.11 0.39 0.001 0.001 0.25 0.82 0.62 0.97 

231.3 0.09 0.11 1.72 0.00 37.43 41.86 1.14 2.15 1.83 0.09 Root length 
(cm) 0.001 0.77 0.74 0.19 1.00 0.001 0.001 0.33 0.09 0.14 0.97 

26.00 11.86 3.37 2.02 0.16 0.32 22.31 0.62 2.00 1.10 0.66 Specific 
root length 
(m/g) 

0.001 0.001 0.12 0.19 0.70 0.57 0.001 0.60 0.11 0.35 0.58 

446.6 2.72 1.27 2.65 1.07 23.51 102.7 1.52 0.66 1.50 0.05 Log Root 
volume 
(cm3) 

0.001 0.10 0.26 0.11 0.30 0.001 0.001 0.21 0.57 0.21 0.98 

212.6 0.01 0.01 3.26 0.03 28.02 37.77 0.92 1.72 1.71 0.05 Root 
surface 
area (cm2) 

0.001 0.90 0.91 0.07 0.86 0.001 0.001 0.43 0.16 0.16 0.98 

Allocation 
Ratios 

 

48.84 5.66 1.42 0.98 5.60 2.25 4.54 0.37 2.36 0.54 1.99 Needle 
Mass 
Fraction 

0.001 0.02 0.27 0.34 0.03 0.13 0.04 0.77 0.07 0.66 0.11 

160.2 0.05 0.50 0.79 0.33 16.17 0.03 0.15 0.54 1.52 0.60 Log Stem 
Mass 
Fraction 

0.001 0.82 0.48 0.38 0.57 0.001 0.86 0.93 0.65 0.21 0.61 

77.50 1.35 2.02 0.94 0.06 0.26 5.35 1.05 1.26 0.27 0.88 Root Mass 
Fraction 0.001 0.25 0.19 0.35 0.80 0.61 0.02 0.37 0.29 0.84 0.45 

 
 
Table 3. Beta coefficient estimates, t-tests, and p-values for the effect of watering 
treatment on aboveground traits, belowground traits, and biomass allocation ratios, 
generated in the full summary of results from the linear mixed effects models. Direction 
of β - coefficient effect is +/- compared to Wettest treatment (W1), with significant p-
values <0.05 in bold text. Abbreviations include: W2 (Wet treatment), W3 (Dry 
treatment), and W4 (Driest treatment). 
 
 

Trait β  - coefficient Std. 
Error 

df t-value p-
value 

Final height (mm) (Intercept) 65.27 1.69 14.59 38.52 0.00 
 W2 -0.42 1.92 11.50 -0.22 0.83 
 W3 -14.68 1.92 11.52 -7.66 0.00 
 W4 -18.35 1.92 11.49 -9.58 0.00 
Final canopy (mm2) (Intercept) 1339.18 152.40 17.58 8.79 0.00 
 W2 117.07 184.11 11.63 0.64 0.54 
 W3 -87.05 184.11 11.64 -0.47 0.65 
 W4 -255.28 184.11 11.63 -1.39 0.19 
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Stem diameter (mm) (Intercept) 2.08 0.02 14.79 122.37 <0.001 
 W2 -0.09 0.02 988.80 -4.25 0.00 
 W3 -0.29 0.02 983.10 -14.22 <0.001 
 W4 -0.53 0.02 987.20 -26.14 <0.001 
Total aboveground biomass 
(g) 

(Intercept) 0.41 0.01 16.73 50.27 <0.001 

 W2 0.02 0.01 1009.00 2.21 0.03 
 W3 -0.17 0.01 1004.00 -17.52 <0.001 
 W4 -0.23 0.01 1006.00 -23.27 <0.001 
Number of branches (Intercept) 2.48 0.26 12.41 9.09 <0.001 
 W2 0.52 0.37 11.96 1.40 0.19 
 W3 -0.54 0.37 11.97 -1.45 0.17 
 W4 -0.66 0.37 11.96 -1.79 0.09 
Log root biomass (g) (Intercept) -1.74 0.02 696.40 -81.13 <0.001 
 W2 0.30 0.03 999.60 10.53 <0.001 
 W3 -0.23 0.03 993.70 -8.12 0.00 
 W4 -0.49 0.03 995.80 -17.02 <0.001 
Root length (cm) (Intercept) 209.91 4.54 811.21 46.20 <0.001 
 W2 36.61 6.30 1009.03 5.81 0.00 
 W3 -83.94 6.27 1001.75 -13.38 <0.001 
 W4 -109.07 6.35 1004.38 -17.18 <0.001 
Specific root length (m/g) (Intercept) 10.50 0.19 24.95 56.77 <0.001 
 W2 -0.66 0.23 1010.43 -2.80 0.01 
 W3 -1.85 0.23 1003.73 -7.94 0.00 
 W4 -1.54 0.24 1006.40 -6.55 0.00 
Log root volume (cm3) (Intercept) 0.02 0.02 738.90 1.10 0.27 
 W2 0.17 0.03 1003.00 6.27 0.00 
 W3 -0.45 0.03 996.30 -16.33 <0.001 
 W4 -0.74 0.03 999.10 -26.84 <0.001 
Root surface area (cm2) (Intercept) 54.03 1.03 823.28 52.67 <0.001 
 W2 8.87 1.43 1009.06 6.21 0.00 
 W3 -21.29 1.42 1001.62 -14.95 <0.001 
 W4 -28.81 1.44 1004.24 -20.00 <0.001 
Needle mass fraction (Intercept) 0.47 0.00 56.21 137.14 <0.001 
 W2 -0.01 0.01 1004.00 -2.82 0.01 
 W3 -0.02 0.01 998.10 -4.61 0.00 
 W4 -0.06 0.01 1001.00 -11.65 <0.001 
Log stem mass fraction (Intercept) -2.43 0.02 782.40 -150.94 <0.001 
 W2 -0.27 0.02 1008.00 -12.12 <0.001 
 W3 -0.03 0.02 1002.00 -1.21 0.23 
 W4 0.22 0.02 1005.00 10.05 <0.001 
Root mass fraction (Intercept) 0.33 0.00 37.71 87.42 <0.001 
 W2 0.05 0.01 1008.00 11.01 <0.001 
 W3 0.05 0.01 1002.00 11.71 <0.001 
 W4 0.07 0.01 1005.00 13.76 <0.001 
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Regardless of treatment, final heights were greatest for seedlings from sites with higher 

CumlCWD (Table 2, Fig. 3). Additionally, both seed source habitat prcpsum and 

available water storage capacity (AWC) significantly interacted with treatment (Table 2). 

Provenances with lower to intermediate prcpsum grew similarly under the wettest and 

wet treatments, however provenances with greater prcpsum grew tallest under the wettest 

treatment (Fig. 3). Conversely, provenances with low to moderate AWC grew similarly 

under the wet and wettest treatments, but decreased in height with provenances 

associated with higher AWC under the wettest treatment (Fig. 3). Final seedling canopy 

area was largest for provenances associated with higher CumlCWD and greater prcpsum 

for all treatments (Table 2, Fig. 3). Both seed source environmental variables had 

significant interactions with treatment (Table 2). Provenances with lower CumlCWD and 

prcpsum grew similarly under the wet and dry treatments, while provenances with higher 

CumlCWD and greater prcpsum had higher canopy area under the wet treatment (Table 

2, Fig. 3). Stem diameter was greater for provenances from higher CumlCWD and 

prcpsum under all treatments (Table 2, Fig. 3), however was smaller overall in the drier 

watering treatments (Table 3). Seedling total aboveground biomass was greater with 

provenances from higher CumlCWD (Table 2, Fig. 3), but similarly had smaller overall 

biomass in the drier watering treatments (Table 3). Seedlings increased number of 

branches in the wetter treatments for provenances with higher CumlCWD, but had no 

increase in branching under the drier watering treatments (Table 2, Fig. 3). This 

branching relationship was even stronger for provenances with greater prcpsum (Table 2, 

Fig. 3). 
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Figure 3. Partial effects plots for each linear mixed effects model, with environmental 
conditions of seed-source environment on the x-axis and aboveground trait values on the 
y-axis. For each trait, raw data mean values and standard errors are overlaid as points as a 
function of seed source environmental conditions. Plots represent the partial effects of the 
respective traits and their interaction with watering treatment. The four colors represent 
the different watering treatments with the wettest as dark blue, wet as light blue, dry as 
peach, and driest as red. Only plots with significant (p < 0.05) seed source environment 
or significant seed source environment × treatment interactions are shown. 
 
 
Root traits had fewer significant relationships with environmental variables overall, and 

seed source environment and watering treatment had no significant interactions. 

However, all root traits were significantly affected by watering treatment (Table 2), 

decreasing in growth under the drier watering treatments (Table 3). Seedling root 

biomass was greater for provenances with higher CumlCWD (Table 2, Fig. 4). 

Conversely, specific root length decreased for provenances with higher CumlCWD 

(Table 2, Fig. 4).  

 

       

Figure 4. Partial effects plots for each linear mixed effects model, with environmental 
conditions of seed-source environment on the x-axis and belowground trait on the y-axis. 
For each trait, raw data mean values and standard errors are overlaid as points as a 
function of seed source environmental conditions. Plots represent the partial effects of the 
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respective traits and their interaction with watering treatment. The four colors represent 
the different watering treatments with the wettest as dark blue, wet as light blue, dry as 
peach, and driest as red. Only plots with significant (p < 0.05) seed source environment 
or significant seed source environment × treatment interactions are shown. 
 
 
Although all biomass allocation ratios were significantly affected by watering treatment, 

only needle mass fraction had significant seed source environmental effects (Table 2, Fig. 

5). Needle mass fraction was greatest with provenances from higher CumlCWD for all 

treatments, and generally increased with higher AWC of seed-source environments 

(Table 2, Fig. 5). Needle mass was lowest overall in the drier watering treatments, while 

stem mass fraction and root mass fraction were greatest in the drier watering treatments 

(Table 3). None of the biomass allocation ratios had significant interactions with seed 

source environment and watering treatment. 

 

 

Figure 5. Partial effects plots for each linear mixed effects model, with environmental 
conditions of seed-source environment on the x-axis and biomass allocation ratios on the 
y-axis. For each trait, raw data mean values and standard errors are overlaid as points as a 
function of seed source environmental conditions. Plots represent the partial effects of the 
respective traits and their interaction with watering treatment. The four colors represent 
the different watering treatments with the wettest as dark blue, wet as light blue, dry as 
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peach, and driest as red. Only plots with significant (p < 0.05) seed source environment 
or significant seed source environment × treatment interactions are shown. 
 
 
 
Plasticity 

Under the different watering treatments, plasticity in certain traits varied in magnitude 

among provenances depending on the seed source environment. Root traits had slightly 

more variation in plasticity related to seed source environment (3 of the 5 RDPI models 

with significant effects of seed source environment, Table 4) compared to aboveground 

traits (2 of the 5 RDPI models with significant effects of seed source environment, Table 

4). 

 

Aboveground biomass plasticity (0.10 to 0.40) was greatest for provenances with greater 

CumlCWD, prcpsum, and prcpwin (Table 4, Fig. 6). Plasticity in number of branches 

(0.20 to 0.35) was greatest for provenances with greater prcpsum (Table 4, Fig. 6). Root 

biomass plasticity (0.15 to 0.35) was greatest for provenances with higher CumlCWD 

and greater prcpsum (Table 2, Fig. 6). Root length plasticity (0.20 to 0.45) was greatest 

for provenances with greater prcpsum (Table 4, Fig. 6). Lastly, root surface area 

plasticity (0.15 to 0.35) was greatest for provenances with greater prcpsum (Table 4, Fig. 

6). Trait plasticity in response to watering treatments did not vary significantly with seed 

source environmental parameter AWC (Table 4). There were also no significant 

relationships between seed source environment and plasticity for allocation strategies 

(Table 4). 
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Table 4. Linear mixed effects model outputs for RDPI values as the dependent variables. 
Each trait RPDI is listed on two rows of lines, with the F-test on the top line and the 
associated p-value printed directly below. P-values <0.05 are in bold text. Trait plasticity 
in six models had significant relationships with seed source environment.  
 

Fixed Effects Predictions (F test/p-value)  
 
 
 
 
 
 

Traits C
lim

at
ic

 w
at

er
 

de
fic

it 

Su
m

m
er

 
pr

ec
ip

ita
tio

n 

W
in

te
r 

pr
ec

ip
ita

tio
n 

A
va

ila
bl

e 
so

il 
w

at
er

 S
to

ra
ge

 

Em
er

ge
nc

e 
tim

e 

Se
ed

 M
as

s 

Aboveground 
0.00 2.49 0.00 0.85 1.18 0.31 Final height 

plasticity 0.99 0.12 0.96 0.36 0.28 0.58 
2.58 0.43 1.47 0.48 0.57 7.68 Final canopy 

plasticity 0.11 0.51 0.23 0.49 0.45 0.01 
0.00 0.10 0.01 0.12 1.93 0.47 Stem diameter 

plasticity 0.97 0.76 0.93 0.73 0.17 0.49 
3.92 16.46 4.16 0.11 0.84 3.05 Total aboveground 

biomass plasticity 0.05 <0.001 0.04 0.74 0.36 0.08 
0.15 9.91 0.96 1.59 0.15 0.00 Number of 

branches plasticity 0.70 <0.001 0.33 0.21 0.70 0.98 
Belowground 

7.14 7.05 3.21 2.32 2.88 0.05 Root biomass 
plasticity 0.01 0.01 0.08 0.13 0.09 0.82 

2.40 7.09 4.47 1.47 0.00 0.06 Root length 
plasticity  0.13 0.03 0.06 0.24 0.99 0.81 

0.28 1.05 1.12 0.63 1.75 0.40 Specific root 
length plasticity 0.60 0.33 0.31 0.43 0.19 0.53 

0.00 2.96 2.31 0.45 1.40 0.74 Root volume 
plasticity 0.96 0.13 0.16 0.51 0.24 0.39 

0.90 5.54 4.42 1.46 0.38 0.54 Root surface area 
plasticity 0.35 0.04 0.06 0.24 0.54 0.46 
Allocation ratios  

0.63 0.14 0.06 0.13 0.94 6.83 Needle mass 
fraction plasticity 0.43 0.71 0.81 0.72 0.33 0.01 

2.32 3.14 0.01 0.10 0.09 4.03 Stem mass 
fraction plasticity 0.13 0.08 0.92 0.75 0.77 0.05 

0.39 0.33 2.50 0.47 0.77 3.38 Root mass fraction 
plasticity 0.53 0.57 0.12 0.49 0.38 0.07 
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Elevation: ●High  	◼Middle ▲Low 
Mountain Ranges: ●BD●DM●MC●MI●PM●PN●RC●SB●SC 

Figure 6. Partial effects plots for each linear mixed effects model, with environmental 
conditions of seed-source environment on the x-axis and trait plasticity in response to 
watering treatments (RDPI values) on the y-axis. Mean values for the 23 sites (mountain 
range × elevation combinations) are plotted as points with their standard errors as a 
function of seed source environmental conditions. Only plots with significant (p < 0.05) 
seed source environment are shown.  
 
 
DISCUSSION 

Plant strategies differ between source provenances 

Our findings showed that seedling traits varied with watering treatment, and that these 

responses differed depending on the environmental parameters associated with the source 

provenances. Contrary to our predictions, seedlings from drier climates (higher climatic 

water deficit), with more permeable, coarse-textured soils, and greater summer 

precipitation had aboveground traits that indicated greater mass in all treatments 

compared to seedlings from wetter sites with greater winter precipitation and longer 

periods of growing season water availability. However root traits followed the expected 

trend, with seedlings from drier climates producing higher root biomass and lower 
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specific root length, while seedlings from the wetter climates had lower root biomass and 

higher specific root length. Overall, these findings point to different plant strategies 

during seedling recruitment.  

 

A trade-off exists between optimizing growth during favorable conditions versus growing 

slower to avoid subsequent mortality when conditions later become more stressful 

(Grime 2001, Martinez-Villata et al. 2010). Populations from the driest portions of P. 

monophylla’s range face greater annual water deficits, however many of these 

populations also experience infrequent summer precipitation from monsoonal weather 

events which, if supplying sufficient moisture, can signal species in arid and semi-arid 

climates to initiate growth (Noy-Meir 1973, Gillespie & Loik 2004, Walck et al. 2011). 

P. monophylla is characterized as an isohydric species that loses its ability to assimilate 

carbon below a leaf water potential of -2 MPa (Nowak, Moore, & Tausch 1999). It is 

therefore important for this species to utilize infrequent periods of increased soil moisture 

for carbon gain, before closing stomata to prevent water loss during extended dry periods 

(West 2006).  

 

It is likely that seedlings from areas with greater water deficits, where good water years 

are scarce (i.e. populations characterized by infrequent summer precipitation), have 

developed adaptations that enable greater growth, both aboveground and belowground, 

when water is less limiting. Seedlings from the drier environments grew taller with wider 

canopy area, thicker stems, more branching shoots, and greater root biomass. Contrary to 

our prediction that seedlings from the drier provenances would only establish greater root 
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systems, we found that these seedlings’ overall growth was greater both aboveground and 

belowground. This strategy to grow fast allows the plant to be more effective at gaining 

carbon at the start of establishment to increase reserve pools for later use (Li et al. 2020), 

while also establishing more extensive root systems that will relieve the seedling of 

drought stress in the long run. Growing quickly in aboveground biomass, however, can 

increase the risk of mortality (e.g. hydraulic failure), particularly when resources become 

limited (Augustine & Reinhardt 2019, Shen et al. 2019). Seedlings from provenances that 

rely on winter precipitation, without infrequent pulses of summer rainfall, may thus be 

more conservative and invest more in roots than aboveground biomass to survive the 

summer dry period.  

 

For the root traits that had significant effects with seed source environment, seedlings 

from greater climatic water deficit increased their root biomass and reduced specific root 

length under all treatments. Seedlings under drought stress will increase root biomass via 

root diameter (i.e. thicker roots), as a strategy to survive limiting environments, defend 

against pests and pathogens, and maintain transport capacity and stability (Poorter & 

Ryser 2015, Larson & Funk 2016, Shen et al. 2019). High specific root length, or having 

long, thin roots, is less expensive to produce and allows for greater resource acquisition 

(i.e. greater absorptive length per unit biomass), but at the cost of being less stress-

tolerant (Withington et al. 2006, Larson & Funk 2016). Seedlings have limited root 

systems that are still too undeveloped to explore deep soil layers for water uptake 

(Matías, Zamora, & Castro 2012), enhancing the risk of desiccation in semi-arid climates 

by shallow soil drying out due to high temperatures (West 2006). Our results suggest that 
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seedlings from these drier regions of P. monophylla’s range will be more adapted at 

investing in root structures that potentially withstand greater environmental stress, 

whereas seedlings from the wetter sites will have thinner and longer roots (i.e. higher 

specific root length) that are well suited for resource acquisition during growing season 

moisture availability.   

 

Biomass allocation  

Biomass allocation ratios did not vary as a function of seed source environment, besides 

slightly increasing needle mass fraction (NMF) for provenances with greater climatic 

water deficit and increasing NMF with greater available soil water storage capacity 

(besides the driest watering treatment). The ‘functional equilibrium’ theory suggests that 

plants will shift their allocation towards the organ that is most impaired by limited 

available resources, such that low-light conditions will increase aboveground allocation 

and low water and nutrients will increase belowground allocation (Poorter & Nagel 

2000). Although this response is true for many plants, re-allocation due to low water 

supply is often modest, as low water not only affects root growth, but also decreases the 

rate of photosynthesis per unit of leaf dry mass (Poorter & Nagel 2000). Sánchez-Gómez 

et al. (2010) hypothesized that reducing NMF may not always be possible, if allocation to 

other components are submitted to developmental constraints.  

 

Although we had predicted that seedlings from drier climates would invest more in 

belowground biomass, having low variability in allocation is likely due to the plant’s 

requirements to maintain balanced performance among leaf, stem, and roots (Poorter et 
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al. 2012). In general, a vascular plant needs leaves to fix carbon, stems that provide 

support and transport water, and anchoring roots that absorb soil nutrients and water 

(Poorter et al. 2012). For all of these organs to function properly, they need a minimum 

amount of energy, which constrains allometric ratios despite morphological traits staying 

relatively flexible (Poorter & Ryser 2015).  

 

Studies have found that coordination at the whole plant level (leaf, stem, and root) is 

more common in environments that impose greater environmental stress, such as in arid 

and semi-arid climates (Liu et al. 2010, de la Riva et al. 2016). Extreme conditions, such 

as unprecedented severe drought, are required to push one of the essential organs out of 

balance in an already characteristically harsh environment (Poorter et al. 2012). Under 

mild drought stress, plants need to maintain aboveground growth and competitiveness for 

as long as possible (Poorter et al. 2012, Fromm 2019), and will use strategies like 

shedding old needles to allow active needles easier access to available water to protect 

stem cavitation and hydraulic failure (Li et al. 2020). Only when subjected to extreme 

drought might we see a strong increase in root mass fraction, but this increase is at the 

expense of stem functioning (Poorter et al. 2012). Our study shows that under moisture-

limiting watering treatments, regardless of seed source environment, seedlings increased 

both their stem and root biomass allocation investments while reducing their needle 

allocation, suggesting this experiment imposed extreme drought conditions. 

 

Trait plasticity 
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In general, our results support our prediction that populations associated with more 

extreme or variable environmental conditions (Pratt & Mooney 2013, Valladares et al. 

2014, Lázaro-Nogal et al. 2015), such as the hotter and drier environments, and those that 

experience more temporal variation (Pratt & Mooney 2013, Barga, Dilts, & Leger 2018), 

such as interannual/intra-annual variation in precipitation, are generally more plastic in 

their trait expressions. Seedlings from the species trailing range edge (i.e. lowest 

elevations) showed patterns of higher plasticity in aboveground and belowground 

biomass.  

 

Having greater capacity to quickly respond to changing environmental conditions (i.e. 

higher trait plasticity) can confer a fitness advantage, particularly in environments that 

are more resource-limited (Valladares et al. 2014, Larson & Funk 2016). With less 

developed root systems, tree seedlings in semi-arid environments mainly have access to 

the shallow surface soil layer, which is subject to variable soil moisture conditions 

(Matías, Zamora, & Castro 2012). Although nutrients essential for plant growth are 

concentrated within this soil layer, soil drying due to drought reduces diffusivity and 

mass flow of nutrients (Ryel et al. 2008). During precipitation events, nutrient-rich ions 

are finally released into the soil solution, which roots only absorb if they are in close 

enough contact (Hodge, 2004, Ryel et al. 2008). Thus, having greater root plasticity at the 

recruitment stage could be favorable to uptake essential nutrients for growth during 

periods of increased moisture (Vizcaíno-Palomar et al. 2019). We found that root 

biomass plasticity, root length plasticity, and root surface area plasticity was highest with 

seed source environments from greater summer precipitation. By increasing root length 
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and fine root hairs (via higher root surface area) during favorable conditions (e.g. pulses 

of available moisture), as well as establishing greater root biomass (e.g. thicker tap roots), 

these seedlings have a faster response to augmenting growth in moisture-limited 

environments (Ushio et al. 2015, Vizcaíno-Palomar et al. 2019).  

 

Although we did not observe a noticeable trend with seedlings from the leading edges of 

the range having greater plasticity in traits, root biomass plasticity and aboveground 

biomass plasticity was highest for provenances from higher climatic water deficits, and 

was particularly high for those provenances in the low elevation sites (i.e. trailing edge 

populations). Growing larger root biomass with less available moisture is an adaptation 

expected to increase seedling survival under severe drought (de la Mata, Merlo, & Zas 

2013, Fromm 2019). Our results suggest higher root biomass plasticity and aboveground 

biomass plasticity in seedlings from low elevation sites may have a greater capacity to 

reduce biomass more effectively under drought stress in order to optimize growth.  

 

Of the aboveground traits for which plasticity varied by seed source environment, 

aboveground biomass plasticity increased with populations from greater summer 

precipitation and greater winter precipitation (although more weakly, Fig. 7), and 

plasticity in the number of branches increased with greater summer precipitation. This 

observation supports the understanding that water is a limiting resource in arid and semi-

arid environments for plant recruitment and photosynthesis (Gillespie & Loik 2004). As 

such, seedlings that respond productively in rainfall events can assimilate carbon for 

plant growth, some of which can be stored in the stem and root structures (Ogle & 
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Reynolds 2004, Augustine & Reinhardt 2019). These findings show that populations with 

greater precipitation from monsoonal patterns in the southeastern region of P. 

monophylla’s range may exhibit more of a temporal plastic response for aboveground 

growth than populations without such “pulse” events. 

 

Conclusions and implications 

Our experiment provides insights into how seedling recruitment will be affected by 

increased drought stress within a widespread dominant woodland tree species, P. 

monophylla. Whereas many studies on species’ response to climate change treat 

individuals from all populations as having the same response to various environmental 

pressures (Valladares et al. 2014), we observed high variation in trait expression between 

seedlings from different seed source environments. This diversity in phenotypic trait 

variation, whether genetic or plastic, will likely increase P. monophylla’s ability to 

establish in future hotter and drier environments. In conjunction with broad climatic 

gradients, microsite heterogeneity, including differences in topography, aspect, soils, or 

competition, will likely determine seedling strategies (both aboveground and 

belowground) for successful regeneration. Further exploration into these finer-scale 

environmental variables could reveal additional trait relationships. 

 

For the seedling trait variation observed, our results suggest potential local adaptations. 

Although populations from the drier environments within P. monophylla’s range (i.e. 

more southerly and low elevation sites) are predicted to be disproportionally affected by 

increased future drought, we found that seedling growth traits from these areas had higher 
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performance capabilities compared to the more mesic populations. With having greater 

aboveground and belowground biomass under all watering treatments, seedlings from 

these populations are potentially better adapted at growing large to increase carbon 

assimilation, storage pools, and structural support as mechanisms to survive more 

stressful environmental conditions. Furthermore, this increase in growth was usually 

associated with drier environments that also experienced summer precipitation rainfall, 

indicating that such drought-resilient growth strategies may be related to exposure to 

infrequent periods of increased soil moisture. 

 

Lastly, the plasticity of seedlings varied with seed source environments. Seedlings from 

provenances characterized by the more variable and extreme environments (hottest and 

driest, infrequent growing-season precipitation) exhibited greater plasticity and so may 

have a greater potential to cope with elevated levels of moisture stress. While nearly all 

of the measured traits were significantly affected by watering treatment (mainly reducing 

growth in response to less moisture), the plasticity of certain traits like root length and 

aboveground biomass was positively correlated with summer precipitation and, less 

strongly, with climatic water deficit. As a slow-growing species, these rapid responses to 

environmental conditions will likely be particularly important for P. monophylla.  

 

Our findings emphasize the relationship between seedling establishment vulnerability and 

among-population variation in traits across broad environmental gradients in response to 

water limitation. Despite our inferences being limited to morphological traits in a 

greenhouse setting, our study shows that P. monophylla has the ability to manage drought 
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stress at the seedling stage through different trait strategies, which could enhance future 

seedling regeneration. Further research on this species could improve our understanding, 

such as implementing an outdoor common garden to allow for more realistic 

representation of environmental conditions, and ideally future reciprocal transplanting 

experiments that may reveal local adaptation and climate change response. 
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