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ABSTRACT 

Post-fire restoration of degraded sagebrush ecosystems over large areas of the 

Great Basin is challenging, in part due to unpredictable outcomes. Low rates of 

restoration success are attributed to increasing frequencies of wildfires, biological 

invasions, and climate variability. Quantifying restoration outcomes by accounting for 

sources of biotic and abiotic variability will improve restoration as a predictive science. 

One source of biotic variability is neighbor interactions, which can regulate demographic 

parameters of coexisting species and are an important determinant of community 

structure, ecosystem functions, and population dynamics. Our objective was to quantify 

how intraspecific variability in big sagebrush, Artemisia tridentata, including three 

subspecies and two ploidy levels, is related to subspecies’ reaction to conspecific 

neighbor presence. Neighbor interactions can alter population growth rate via 

competition or facilitation depending on specific environmental conditions. Using a long-

term common garden experiment, we developed spatially-explicit hierarchical models to 

quantify the effects of size-structured crowding on plant growth and survival. We found 

that neighbor interactions can vary significantly over time and space, and tend to be more 

pronounced under wetter and cooler climate conditions. We further tested if water 

availability, one of the major limiting factors in arid ecosystems, can underlie competitive 

interactions in a common garden, including density dependence. We used a deuterium-

tracer experiment to quantify belowground zone of influence and crowding effect on 

plant water uptake. The results suggest that intraspecific variability in lateral root extent 
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may be linked to subspecies identity and ploidy level. We did not find strong evidence 

that neighbor presence and size can alter water uptake from a shallow soil horizon, 

potentially suggesting size-independent partitioning of water resources between 

neighboring plants. We further hypothesize that variability in root architecture may 

reflect an axis for ecohydrological niche segregation contributing to the process of plant 

coexistence and evolution in heterogeneous landscapes. Our study complements previous 

knowledge of belowground processes in big sagebrush populations, including patterns of 

resource acquisition, and indicates promising avenues for further research of the ecology 

and evolution of this species. The results highlight how local plant-plant interactions can 

be a source of variation in common garden experiments, which are used to evaluate 

adaptive capacity and seed transfer zone development for A. tridentata populations. 

Potential applications of our work include planting density recommendations for big 

sagebrush in applied and experimental contexts, and provide mechanistic understanding 

of intraspecific diversification and ecological tradeoffs related to local adaptations. 
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CHAPTER ONE: INTRASPECIFIC VARIATION IN PLANT-PLANT 

INTERACTIONS OF BIG SAGEBRUSH 

Abstract 

Species coexistence and neighbor interactions are critical factors in structuring 

plant communities, maintaining species diversity and ecosystem functions. Intraspecific 

variability, including genome duplication and local adaptations can contribute to 

variation in demographic rates, stress tolerance, and neighbor interactions. Using a long-

term common garden experiment, we applied spatially-explicit neighborhood models to 

quantify differential effects of crowding on growth and survival of Artemisia tridentata, 

including three subspecies and two ploidy levels. Our results suggest that intraspecific 

patterns in competition effect on growth are more pronounced during the early stage of 

stand development, and dissipate as the plants mature. We also found evidence of 

facilitation as neighbor presence differentially increased the probability of plant survival. 

In general, neighbor effects were more pronounced in sites with higher precipitation and 

cooler temperature regimes. Our findings generally agree with the stress-gradient 

hypothesis, and provide experimental evidence for intraspecific variation in plant-plant 

interactions. 

Introduction 

 Non-trophic interactions between neighboring plants are a key driver of plant 

community structure and population dynamics (Adams et al., 2013; Canham and Uriarte, 

2006; Wright et al., 2014). The relative strength of interactions between conspecific vs. 
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heterospecific plant neighbors plays a critical role in theories for species coexistence 

(Barabás et al., 2018; Chesson, 2018, 2000). Within single-species populations, negative 

density dependence is an important determinant of spatial and temporal dynamics (Law et 

al., 2003). Interactions between conspecific neighbors also underlie conservation and 

restoration outcomes, including tree species extinction after seed disperser loss (Caughlin 

et al., 2015), forest plantation biomass after thinning (Simard and Sachs, 2004), and plant 

reintroduction success in degraded sites where nurse plants facilitate establishment (Zhao 

et al., 2007). Most studies of interactions between plant neighbors have considered 

differences at the species-level (but see Bennett et al., 2016; Hart et al., 2016; Shao et al., 

2018; Uriarte and Menge, 2018). However, many plant species have considerable 

intraspecific variation, including life strategy, local adaptation, and ploidy variation 

(Bonham et al., 1991; Shryock et al., 2014; Wood et al., 2009). How intraspecific 

variation alters the outcomes of interaction between neighboring plants remains an 

unanswered question with consequences for ecology, evolution, and conservation. 

Local adaptations in physiological and morphological traits are one source of 

intraspecific variability with potential to impact plant-plant interactions (Lind et al., 

2017; Shryock et al., 2015). Population-specific adaptive traits can lead to speciation 

(Münzbergová and Haisel, 2018; Rieseberg and Willis, 2007), and this process can be 

mediated by spatial plant-plant interactions (Rodriguez et al., 1996). Biotic interactions, 

including intraspecific facilitation, are likely to be important in evolutionary processes 

such as genetic diversification and species maintenance (Calama et al., 2019; Currie et 

al., 2004; Moya-Larano, 2010) Intraspecific interactions within heterogeneous species 

may be a subject to environmental effects, indicating, for example, the applicability of 
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stress-gradient hypothesis (Maestre et al., 2009). Humphrey and Pyke (1998) investigated 

the effects of intraspecific variation in growth strategies of a rhizomatous grass species 

revealing a competitive advantage of one species over another when resource availability 

increased. A few studies have asked how individual-level trait values impact plant 

competition (Shao et al., 2018; Umaña et al., 2018), but we lack empirical evidence of 

how conspecific biotic interactions operate in natural communities, change in space and 

time, and allow for genetically distinct populations to coexist. 

Another key component of intraspecific variability in plant populations is 

variation in ploidy level, the number of sets of homologous chromosomes per cell. This 

variation is common among vascular plants including intraspecific ploidy variation 

(Wood et al., 2009). Polyploidy can impact plant vital rates (Groot et al., 2012) and 

competitive interactions (Petrone Mendoza et al., 2018). Neighbor interactions along 

polyploid hybrid zones are believed to be one of the key factors in polyploid 

establishment (Petit et al., 1999). Despite the spatial nature of neighbor interactions, few 

studies have adopted an explicitly spatial approach to quantify plant-plant interactions in 

polyploidy hybrid zones (Li et al., 2004; Rodriguez, 1996). Intraspecific variation in 

competitive abilities is a common outcome of intraspecific ploidy variation (Čertner et 

al., 2019; Maceira et al., 1993), however, understanding this variation becomes critical in 

context of landscape population dynamics and population persistence. 

In a changing world, non-local genotypes will be more likely to interact with local 

genotypes, due to factors such as climate-induced shifts in range boundaries (Davis and 

Shaw, 2001), plant invasion (Schlaepfer et al., 2010), and restoration projects (Germino 

et al., 2018; Havens et al., 2015). Given potential consequences of interactions between 
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genotypes for eco-evolutionary dynamics, understanding demographic outcomes when 

non-local genetic material is introduced to novel environments is of paramount 

importance. However, predicting the demographic success of plant genotypes under 

novel competitive regimes (e.g., Leger, 2008) is complicated because plant-plant 

interactions are likely to change over the course of stand development. Because smaller 

individuals are more susceptible to asymmetric competition than larger individuals, the 

effects of slight size differences during initial establishment tend to be compounded over 

time (DeMalach et al., 2016; Werner et al., 2016). Alternatively, plant-plant interactions 

may switch from facilitation to competition as nurse plants initially facilitate seedling 

establishment and then eventually compete with new recruits (Maestre et al., 2009; 

Miriti, 2006). At the same time as individual size changes during plant establishment, 

stand-level characteristics change as well. These changes could have consequences for 

plant-plant interactions as self-thinning during the initial stages of stand development 

leaves individuals relatively insensitive to competition in lower densities, thereby 

decreasing competition processes (Yastrebov, 1996). Altogether, we expect that in the 

environments with mixed conspecific genotypes, interactions between neighbors will 

have important consequences for ecology and evolution of plant populations (Havens et 

al., 2015). Because plant-plant interactions are likely to change over time during 

individual and stand development (Schwinning and Weiner, 1998), quantifying these 

interactions at multiple time points will be necessary. However, studies that have 

examined plant-plant interactions over time as the stand develops are rare. 

Big sagebrush, Artemisia tridentata Nutt., represents an ideal study species to 

quantify impact of intraspecific variation on plant-plant interactions. This perennial shrub 
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is locally adapted to a wide range of soil and climatic conditions across western North 

America and exhibits high levels of genetic diversity within species (McArthur et al., 

1981; Richardson and Chaney, 2018). A combination of morphological and ecological 

differences has led to the recognition of three wide-spread subspecies (Shultz, 2009). 

Additionally, A. tridentata is characterized by high frequencies of polyploidy (from 

hereon cytotypes) with multiple evolutionary origins (Richardson et al., 2012). 

Accounting for local adaptation in genetically-diverse A. tridentata populations is an 

increasingly important component of regional restoration projects (Miglia et al., 2005). 

Ecological restoration in the Great Basin is often aimed at recovering A. tridentata 

populations following wild fires. These attempts are conducted with seeds or seedlings 

that originate from natural, but not necessarily local, populations or plant nurseries 

(Germino et al., 2018; Mahalovich and McArthur, 2005). Altogether, understanding how 

novel combinations of genetically different populations of A. tridentata plants interact 

has direct application to restoring the imperiled sagebrush steppe ecosystem. 

We quantified how plant-plant interactions impact demographic rates, growth, 

and survival between individuals that represent a range-wide intraspecific diversity of A. 

tridentata. Our study represents data from plots in a common garden experiment, 

including repeated censuses on >1300 individual plants, representing 55 source seed 

locations, three subspecies, and two ploidy levels. Because experimental plots were 

distributed at a regional-scale spanning a wide range of environmental conditions and 

monitored for eight years, we were able to quantify how spatial and temporal variation 

impacts plant-plant interactions. Using these experimental data, we parameterized 

spatially-explicit models for growth and survival to test the following hypotheses: (i) 



6 

 

 

Subspecies with higher growth rates will be more sensitive to competition compared to 

slow growing subspecies, and polyploids will be less affected compared to diploid 

cytotypes; (ii) Neighbor competition will increase as environmental conditions become 

more favorable; (iii) Local intraspecific competition will be weaker early in stand 

development and will intensify as the stand develops. 

Methods 

Study Site 

Our study includes three experimental common gardens established in 2010. The 

three locations represent an environmental gradient of precipitation and temperature 

(Chaney et al., 2017). The gardens were established between April and June 2010, when 

468-470 seedlings were outplanted in each garden. Growth and survival were monitored 

for the first two years after establishment and were resumed five years later in the 

Orchard and Majors Flat gardens, while the Ephraim common garden was terminated due 

to logistical difficulties in maintenance. Plant size was measured during early 

development in 2011 in Orchard (n=419), Majors Flat (n=448), and Ephraim (n=434); 

late development growth during 2018 in Orchard (n=255) and Majors Flat (n=368). The 

survival data set includes the time period between 2012 and 2018 in Orchard (n=421), 

and Majors Flat (n=448). 

All three common gardens include plants of three commonly recognized 

subspecies and five subspecies:cytotypes groups: A.t. tridentata:2x, A.t. tridentata:4x, 

A.t. vaseyana:2x, A.t. vaseyana:4x, and A.t. wyomingensis:4x. The seeds were sourced 

from 55 different populations across the arid west (Chaney et al., 2017). While initial 

trials included individuals of A. arbuscula, very few plants of this species survived and 
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we did not include these individuals in our analyses. We grouped individuals of A. 

tridentata into five groups, representing different combinations of subspecies and 

cytotypes. Plants within each garden were organized in a grid with 1 m and 1.5 m spacing 

on two axes respectively. To analyze spatial interactions between the individuals, we 

calculated a distance matrix, including pairwise distances between all plants in each 

common garden. Based on previous work, we expected no direct effect from neighbors 

beyond a four-meter distance, and, therefore, considered plant neighbors in a radius of <4 

m from target plants (Sturges, 1977). 

We transformed the measurements of height and width into a crown volume using 

a standard formula for ellipsoid volume Sizei = 4(aibi
2π)/3, assuming that plants are 

circular in shape with radius b and height a. We calculated plant growth for each census 

interval as a change in crown volume from t to t+1, gt = Sizet - Sizet-1. To increase the 

comparability between our models, we subset and partitioned our data set into two census 

intervals for growth: (i) the growth season of 2011 (second year) for all three sites, where 

we observed active growth of establishing plants; and (ii) the growth season of 2018 

(ninth year) for Orchard and Majors Flat. We converted the observed values to a relative 

growth rate on a monthly interval scale. The early census interval includes an entire year 

in Majors Flat and Ephraim gardens, and only growing season (Spring-Fall) in Orchard. 

The second census interval captures the growing season both in Orchard and Majors Flat. 

Although there is a discrepancy in time scale between census intervals, A. tridentata is a 

species that has vegetative growth mainly during the spring and summer (Evans et al., 

1991; Evans and Black, 1993). This period of active growth was captured in all of our 

census intervals, which made our results comparable. For survival, we analyzed a long-
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term interval for Orchard (five) and Majors Flat (six years) to capture a high number of 

mortalities while excluding the initial two years of growth when mortality due to density 

independent factors is more likely. 

Data Analysis 

The goal of our statistical model was to quantify the effect of neighbors (i.e., 

crowding effect) on growth and survival of plants in three common gardens across census 

intervals. The crowding effect represents a quantitative measure and impact of local 

neighborhoods on each target plant and allows for positive and negative modes of 

neighbor effect (Canham and Uriarte, 2006). We fit hierarchical Bayesian models for 

each site, census interval, and vital rate, resulting in a total of seven models. We decided 

to fit separate models, rather than pooling all data together in a single model, based on 

our expectation that growth and survival are likely to vary widely between sites and 

census intervals. For all models, we included random effects of intraspecific groups, 

enabling shared variance between subspecies:cytotype levels (Gelman and Hill, 2006). 

We modeled plant growth as a function of subspecies:cytotype levels, target plant 

size, and crowding effects. Crowding was modeled as a non-linear function that depends 

on the size of a neighbor, as well as its distance from the target plant. We described the 

non-linear effect of crowding with a modified negative exponential function: 

𝑊𝑖,𝑠 = ∑ 𝑐[𝑠]𝑆𝑖𝑧𝑒𝑗,𝑠𝑒−𝑏𝐷𝑗
2

𝑛

𝑗=1,𝑗≠𝑖

 

where W is a cumulative crowding effect experienced by plant i belonging to 

subspecies:cytotype group s, Size is the crown volume of neighbor j, b is the scaling 

factor that determines the rate of decline in effect with distance, D, from neighbor j to 
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target plant i. Parameter c[s] estimates the contribution of each subspecies:cytotype group 

to the crowding term as a normally-distributed random effect. Similar spatial models 

have been successfully applied to model competition between neighbors of a closely 

related sagebrush species (Adler et al., 2010; Chu and Adler, 2015). 

To estimate the strength and spatial scale of crowding effect, we used inverse 

modeling to capture neighbor interactions (Adler et al., 2010; Canham and Uriarte, 2006; 

Ribbens et al., 1994), with the relative growth rate at time t as a response, and plant size 

and crowding index at time t-1 as predictors. We modeled growth as a normally-

distributed random variable using the following structure: 

𝑔t,s ~ Normal(µ𝑖,𝑠,𝑡, 𝜎2)  

µ𝑖,𝑠,𝑡  =  𝛼[𝑠]  + 𝛽[𝑠]𝑆𝑖𝑧𝑒𝑖,t−1 +  𝛾[𝑠]W𝑡−1   

where gt is growth at time t, 𝛼[s] is the average relative growth rate of 

subspecies:cytotype group s, Sizei is the crown volume of the target plant at t-1, [s] 

determines the strength and the mode of competitive effect on plant i by neighbors j, at 

time t-1. All three unknown parameters were modeled as random effects by 

subspecies:cytotype group identity [s]. 

The survival models had a similar structure and predictors, and were modeled 

using a Bernoulli distribution: 

𝑠t ~ Bernoulli(θ𝑖,𝑠,𝑡)  

𝑙𝑜𝑔𝑖𝑡(θ𝑖,𝑠,𝑡)  =  𝛼[𝑠]  + 𝛽[𝑠]𝑆𝑖𝑧𝑒𝑖,t−1 +  𝛾[𝑠]𝑊𝑡−1   

Our hierarchical model structure enabled us to fit models that relate to our three 

hypotheses. To test the first hypothesis, that plant-plant interactions vary between 



10 

 

 

subspecies and ploidy level, we quantified how the crowding parameter () varied 

between subspecies:cytotype groups across all models. Positive values of  indicate 

facilitation, while negative values of  indicate competition. To test the second 

hypothesis, we quantified differences in neighborhood interaction parameters between 

our three sites which reflect the change in crowding along an environmental gradient. We 

expected neutral or positive interactions under harsher conditions, and a shift in a 

negative direction as conditions improve. To test the third hypothesis, we quantified 

differences in neighborhood interactions between the early and late census intervals. We 

expected that crowding effect in early stage of stand development will be weaker and 

intensify over time. 

We fit hierarchical Bayesian models using the Hamiltonian Monte Carlo 

algorithm from ‘rstan’ package in R (Stan Development Team 2018, R Core Team 2018). 

We obtained samples from the posterior distribution for each census interval by running 4 

chains, 10000 iterations each, with a warm-up period of 9500 iterations. To evaluate 

model convergence, we visually assessed the behavior and mixing of chains and checked 

that ‘Rhat’ values were below the threshold of 1.1 (Gelman and Rubin, 1992), and 

checked each model for divergent transitions. For posterior sampling, we chose weakly 

informed, normally distributed priors centered at zero, with the variance that captured 

biologically meaningful effect sizes. All predictors were standardized by centering them 

around the mean and dividing by two standard deviations (Gelman and Hill, 2006). We 

evaluated the fit of our spatial models by calculating WAIC scores (Hooten and Hobbs, 

2015) and comparing the fit models, that only included an individual’s size and 

subspecies:cytotype identity as predictor terms to models that included the neighborhood 
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term (𝛾[𝑠]𝑊) intrinsic demographic parameters only reflecting performance in isolation, 

with those that had an additional non-linear crowding term. 

Results 

After the first growing season and the first winter, the sample size in Orchard was 

reduced to 419 for the first census interval, and over the course of the experiment down 

to 255 individuals. In Majors Flat, 448 individuals were present during the second 

growing season and the sample size was reduced to 368 by 2018. Our data set from the 

Ephraim garden includes only the second growing season when 434 plants were alive 

after the first winter. 

On the monthly scale, the community level growth in isolation of sagebrush 

plants in Orchard common garden in 2011 and 2018 was at 0.0038 m3month-1 (95%CI: 

0.0019, 0.0057) and 0.0224 (95%CI: -0.0038, 0.0421) respectively (Fig. S1). Growth 

rates were initially higher in Majors Flat common garden, with the median values of 

0.0214 m3month-1 (95%CI: 0.0104, 0.0383) in 2011 and 0.0114 m3month-1 (95%CI: -

0.0199, 0.033) in 2018. In Ephraim, the median growth rate was estimated at 0.021 

m3month-1 (95%CI: 0.0197, 0.0221). On the subspecies level, A.t. tridentata had higher 

growth rates compared to other subspecies in two sites (Fig. S2). This difference, 

however, was present during the 2011 census interval and did not seem to persist until 

2018 in either location. In particular, A.t. tridentata:2x had higher growth rate during 

2011 in Orchard at 0.0062 m3month-1 compared to the community level medians. A 

similar pattern was also observed in Majors Flat, where both cytotypes of A.t. tridentata 

had higher growth rates in isolation than either A.t. vaseyana or A.t. wyomingensis. For 

Ephraim 2011, Orchard and Majors Flat 2018 census intervals, the differences in the 
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average growth rate among subspecies:cytotype groups were minimal with overlapping 

posterior distributions (Fig. S2). 

The estimates for survival in isolation also differed considerably. In Orchard, the 

median community-level survival was 56% (95%CI: 28.4, 79.4), versus 79.8% in Majors 

Flat (95%CI: 52.3, 90.8). The median probability of survival in Orchard was lowest for 

A.t. vaseyana:2x at 22.4 %, and highest for A.t. tridentata:4x at 88.5% (Fig. S3). In 

Majors Flat, the survival in isolation was generally higher and followed the same pattern 

by subspecies:cytotype group. 

The estimated interaction coefficients varied between the subspecies:cytotype 

groups, the three common garden locations, as well as development stage (Fig. 1). The 

parameter values indicate the change to target plant growth or probability of survival in 

isolation when the crowding index is increased by two SD. With respect to our first 

hypothesis, subspecies:cytotype differences in response to crowding, the median 

crowding effects for A.t. tridentata:2x and, to a lesser degree A.t. tridentata:4x, were 

stronger (more negative) when compared to the common garden average effects (Fig. 3). 

This general pattern persisted across common gardens and census intervals. In terms of 

survival, crowding had a positive effect on A.t. vaseyana:4x, which was only observed in 

Majors Flat (Fig. 4). 

As expected under our second hypothesis, plant-plant interactions were more 

important for growth in Majors Flat and Ephraim, the sites with higher precipitation and 

cooler temperatures. Thus, during the 2011 census interval in Orchard (driest site) most 

of the intraspecific neighbor interactions had negligible impact on growth, with the mean 

community level probability of negative effect of 69.9%. In contrast, in Majors Flat and 
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Ephraim gardens this probability was higher with respect to the overall averages as well 

as by subspecies, but the effect size varied. The probability of negative neighbor effects 

on A.t. tridentata:2x in both of the Utah gardens was >95% (Fig. 3). The median effect 

on growth in isolation for A.t. tridentata:2x was -0.01 and -0.003 m3month-1 in Majors 

Flat 2011 and Ephraim respectively. A.t. wyomingensis showed intermediate response 

with a posterior mean of -0.005 and -0.0008 m3months-1 and a probability of negative 

interactions 90.7% and 71.3% for Majors Flat 2011 and Ephraim gardens respectively. 

We also found evidence for positive crowding effect on survival in one of the gardens 

(Fig. 4). In Majors Flat, the two cytotypes of A.t. vaseyana and A.t. tridentata:4x were 

more likely to benefit from their neighbors, suggesting facilitative interactions. The 

probability of positive crowding effect for A.t. vaseyana:2x and A.t. vaseyana:4x was 

92.6% and 97.3% respectively, and 86.7% for A.t. tridentata:4x. The effect on survival 

for other subspecies:cytotype groups was indiscernible from zero. 

We predicted that plant-plant interactions will intensify with time as the plants 

grew, but the observed change in effect size was variable. Over time, during 2018 growth 

season in Orchard the overall probability of negative crowding effect increased to 81.3% 

with the median effect size on growth -0.0119 m3month-1 (95%CI: -0.0449, 0.0267). On 

the subspecies level, the coefficients for A.t. vaseyana and A.t. wyomingensis in Orchard 

were very close to zero, and A.t. tridentata:2x had the highest probability of negative 

interactions with neighbors (94.9%) with a posterior median of -0.0202 m3month-1 (Fig. 

2). The distinct effects of crowding observed in Majors Flat common garden in 2011 

were no longer evident in 2018 (Fig. S4). 
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The scaling parameter associated with the rate of decline in neighbor effect 

indicates the spatial extent at which neighbors can affect the target plant. We modeled 

this parameter as a fixed effect and the coefficients were fairly consistent across time and 

space. The estimated values for this parameter suggest that the effect of neighbors 

becomes negligible beyond a distance of two meters from the target plant (Fig. 5). We 

also did not find any difference between the estimates of parameter c, which indicates the 

contribution of each subspecies:cytotype group to the cumulative crowding term, 

suggesting that the response was independent from the identity of the neighbor. 

Discussion 

Using a long-term experimental dataset, we applied spatially-explicit 

neighborhood models to evaluate how intraspecific variation alters plant-plant 

interactions. This approach allowed us to account for plant intraspecific identity, size, and 

the distance between neighbors to quantify plant-plant interactions. Our results suggest 

that distinct subspecies and cytotypes may have different capacity for neighbor tolerance 

reflected in growth and survival vital rates. These differences appear to be subject to 

environmental conditions and change over time which is generally consistent with the 

framework of the stress-gradient hypothesis (SGH) and individual ontogenic stages of 

plant development (He et al., 2013; Maestre et al., 2009; Miriti, 2006). Specifically, the 

differences by location appear to be more pronounced compared to the effects of time in 

nine years of stand development. Our study complements currently scarce experimental 

evidence on the spatial and temporal variability of plant-plant interactions on 

intraspecific level including cytotypes and subspecies of A. tridentata, a keystone species 

of the arid Great Basin ecosystems. 
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Species coexistence and plant-plant interactions have been intensively 

investigated (Adler et al., 2018), it is unclear if divergent ecological traits within A. 

tridentata can result in differential patterns of interaction between subspecies and 

cytotypes. The overarching trend in our results on the subspecies:cytotype level suggests 

that growth rates of A.t. tridentata:2x, and to a lesser degree A.t. tridentata:4x are more 

prone to be affected by negative crowding effect. Previous findings are indirectly 

comparable with our results where A.t. tridentata, among the three subspecies, was 

associated with a colonial type of life strategy (Bonham et al., 1991). This strategy is 

characterized by a relatively high growth rate while limited competitive capacity, which 

to some degree matches our results. In agreement with the general ecological theory 

(Chapin et al., 1993; Tilman, 1990), both cytotypes of A.t. tridentata which showed 

higher growth in isolation compared to the common garden average were also more 

sensitive to competition in growth. This type of competition effect could underlie a 

stabilizing effect on size distribution within population indicating that individuals with 

conservative growth strategies may not be in disadvantage to fast growing neighbors 

(Schwinning, 1996; Schwinning and Weiner, 1998). 

In addition, we found evidence that polyploidy in A. tridentata could also have an 

effect on intraspecific plant-plant interactions. Specifically, A.t. tridentata:4x had higher 

neighbor tolerance compared to its diploid variant when the effect on the latter was 

observable. In agreement with other studies (Hahn et al., 2012; Maceira et al., 1993; 

Schlaepfer et al., 2010), polyploids generally have higher competitive capacity as young 

recruits are likely to face competition from established populations of diploid plants 

(Rodriguez, 1996) or extensive loss of fertility (Kramer et al., 2018). Accounting for 
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neighbor interactions in space explicitly will provide insights into evolutionary origins 

and mechanisms of polyploidy in plant species. 

Environmental conditions, distinct in all three locations (Chaney et al., 2017), 

proved to be important for intraspecific biotic interactions in growth and survival. Our 

results support the idea of stronger competitive interactions under more favorable 

conditions (Bertness and Callaway, 1994; Brooker and Callaghan, 1998), and suggest that 

intraspecific identity may alter the response to stress and neighbor impacts. We found 

evidence that generally corroborates the pattern expected under the SGH in our growth 

models although the magnitude of interaction effect differed among subspecies and 

cytotypes. In addition to differences among sites, the results also indicate a temporal 

pattern associated with growth variation. For growth, during the early development stage, 

the overall crowding effect in the driest common garden was close to zero and shifted in 

the negative direction during the same time in the other two gardens where precipitation 

was higher (Table 1). This pattern suggests that the onset of competition may have been 

delayed in the driest site, compared to the sites that promote higher growth rates initially, 

reinforcing the link between growth and competitive interactions (Callaway et al., 2003). 

Among five analyzed subspecies:cytotype groups, A.t. tridentata:2x appeared to be most 

responsive to environmental gradient in terms of growth, and A.t. vasyana:4x in terms of 

survival. The absence of crowding impact on growth could indicate that plants are 

reaching their maximum potential size (Evans et al., 1991; Miglia et al., 2005), and 

negative interactions between neighbors could be manifested through other demographic 

rates such as reproduction (B. Richardson unpublished data). 
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The crowding effect on survival in the driest site was indiscernible from zero and 

the median shifted in a positive direction with higher precipitation and lower minimum 

temperatures. Again, intraspecific identity mattered in this response as well, where 

generally more conservative in growth A.t. vaseyana was associated with positive 

crowding effect from nearby individuals. This mechanism could potentially include 

protection from cool temperatures documented to be detrimental for survival of A. 

tridentata (Brabec et al., 2017; Loik and Redar, 2003), or associational resistance to 

herbivory where subspecies with lower palatability might protect those that are more 

palatable or smaller in stature (Barbosa et al., 2009; Rosentreter, 2004; Shiojiri and 

Karban, 2008). Although the observed patterns in growth and survival models may 

involve different mechanisms of interactions, the results generally corroborate SGH in 

the common garden system. This variation, however, was not uniform across 

subspecies:cytotype groups and vital rates benefiting smaller stature A.t. vaseyana in 

wetter and cooler sites in terms of survival, while A.t. tridentata appear to be most 

neighbor intolerant in terms of growth. Comparing the crowding effects across census 

intervals and sites, the differences were more apparent between different locations and 

less so in time corresponding different stages of stand development. Overall, our study 

suggests that plant-plant interactions on the level of subspecies and cytotype are subject 

to environmental and temporal effect expected under SGH, however, the specific 

response could also depend on the intraspecific identity of the target plant. 

This study was conducted using a dataset from a long term common garden 

experiment which included a generally practiced spatial design where neighbors are 

incrementally equidistant to a target plant. This spatial attribute as well as the genotypic 
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diversity of 55 source populations in the common garden represent experimental 

conditions that are unlikely to occur in natural ecosystems. However, a mixing of plant 

material from genetically distant populations in restoration treatments is common 

(Germino et al., 2018). For large-scale restoration projects, the scope of an intervention 

and limitations in local plant material requires sourcing seeds from various locations, and 

distinct subspecies, and cytotypes. Therefore, instances where such interventions have 

been implemented represent existing study cases where diverse population coexist, while 

future restoration treatments could serve as potential natural experiments for studying 

how population dynamics depend on intraspecific diversity (Gellie et al., 2018). 

In this study, we show that the effect of conspecific plant-plant interactions varied 

from competition to facilitation for distinct subspecies and cytotypes. These interactions 

were variable in space and time and depended on the population vital rate considered. 

Additionally, we found the absolute differences in effect size were more apparent for 

growth and less so for survival of the studied species (Caughlin et al., 2019). We show 

how variation in conspecific interactions could alter the immediate population viability, 

which could also provide mechanistic insights into evolutionary processes related to 

population coexistence and polyploidy. The understanding of spatial interactions on the 

level of individual plants allows to explicitly account for space and plant identity when 

modeling the establishment process of autopolyploids. The implications of the presented 

results also include the potential to include spatial designs into restoration interventions 

(McCallum et al., 2018) and to account for spatial interactions when designing or 

monitoring long-term experiments such as common garden trials. 
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Figures 

 

Figure 1:  Posterior samples representing the relationship between the growth 

in isolation and crowding effect in three A. tridentata common gardens during the 

2011 census interval. The y axis represents the change to growth in isolation when 

the crowding effect is increased by 2 SD. The symbols show the medians of 

estimated parameters and the error bars indicate 68%CI. 
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Figure 2: Posterior samples representing the relationship between the growth in 

isolation and crowding effect in two A. tridentata common gardens during the 2018 

census interval. The y axis represents the change to growth in isolation when the 

crowding effect is increased by 2 SD. The symbols show the medians of estimated 

parameters and the error bars indicate 68%CI. 
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Figure 3: Posterior samples that represent the crowding effect on the relative 

growth rates (RGR) of A. tridentata in three common gardens using 2011 census 

interval. Thick lines represent 80%CI, while thinner lines indicate 95%CI. The x 

axis shows five subspecies:cytotype groups of A. tridentata. The effect size 

corresponds to the change in RGR in isolation when crowding is increased by 2SD. 

Values of zero indicate no crowding effect on RGR. 
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Figure 4:  Posterior samples that represent the effect of crowding on survival 

probability in A. tridentata in two common gardens. The effect sizes are based on 

census interval between 2012 and 2018. Thick lines show 80%CI, while thinner lines 

indicate 95%CI. Coefficients indicate the change to survival in isolation when 

crowding is increased by 2 SD, and values of zero indicate no crowding effect.  
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Figure 5: The rate of decline of crowding effect with distance in Majors Flat 

common garden during 2011 growth season for A.t. tridentata:2x. The black line 

corresponds to the median crowding effect, and the shaded area to the 1 SD. The y 

axis represents growth in isolation decline of the target plant under the presence of 

an average neighbor.  
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Tables 

Table 1: Annual climate data for three common gardens during the 

experiment (2010-2017). 

Site MAP SDmap MAT SDmat Tmin SDtmin Tmax SDtmax 

Orchard, ID 307.519 91.029 10.838 0.715 3.538 0.958 18.113 0.690 

Majors Flat, UT 610.391 56.088 6.063 0.741 -0.311 0.620 12.413 0.863 

Ephraim, UT 296.933 40.154 8.738 0.883 0.400 0.639 17.050 1.222 
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CHAPTER TWO: QUANTIFYING INTRASPECIFIC VARIABILITY IN BIG 

SAGEBRUSH LATERAL ROOT EXTENT AND FUNCTIONING USING A 

DEUTERIUM TRACER EXPERIMENT 

Abstract 

Water availability in arid ecosystems is vital for plant community structure, 

dynamics, and ecosystem functioning. Despite a wide recognition that water is a major 

limiting resource for plant populations, we lack empirical evidence and understanding if 

and when water limitation can underlie resource competition. Experimental studies are 

necessary to elucidate plant-plant interactions in context of water limitation. We used a 

deuterium addition experiment to quantify belowground zone of influence in Artemisia 

tridentata, and tested if spatial neighborhood characteristics can alter plant water uptake. 

We introduced deuterium enriched water to plant interspaces in a long-term common 

garden experiment and measured deuterium composition of plant stems. We then applied 

non-linear, spatially-explicit models to test for differential water uptake and horizontal 

reach of A. tridentata, including three subspecies and two ploidy levels. The results 

suggest that water uptake from shallow horizons and root horizontal reach are related to 

intraspecific identity and ploidy level. Diploid cytotypes generally had smaller horizontal 

reach, and intraspecific differences were most noticeable between A.t. tridentata:4x and 

A.t. vaseyana:2x. We hypothesize that the observed differences in root growth allocation 

may result from a combination of ecotypic differences and physiological regulation 

including plant stress hormones. We also found that plant crown volume was a weak 
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predictor of water uptake in general, and that the effect of neighborhood crowding was 

indiscernible from zero, which likely suggests a symmetric partitioning of belowground 

water resources. Intraspecific variation in patterns of resource acquisition is particularly 

important in arid ecosystems in context of species coexistence, changing climate, and 

seasonal patterns of precipitation. Our study complements our understanding of big 

sagebrush lateral root structure and function, intraspecific variation in life strategies, and 

mechanisms of stress response. 

Introduction 

The spatial organization of belowground plant parts in plant communities impact 

multiple processes, from individual fitness to ecosystem function. Belowground 

interactions between neighboring plants could be one mechanism leading to biodiversity-

maintaining niche differences (Chesson et al., 2004; Schenk, 2006). By affecting plant 

community species composition, spatial distribution and root interactions could impact 

critical ecosystem functions including nutrient cycling and primary production (Tilman et 

al., 1997). Furthermore, belowground processes are subject to global changes in 

biodiversity patterns including increasing rates of natural and assisted migration, 

biological invasions, and climate change (Chapin III et al., 2000; Germino et al., 2016; 

Havens et al., 2015). In arid environments, global changes are likely to have particularly 

strong impacts on belowground ecological processes as altered precipitation regimes 

impact the partitioning of scarce resources (Chesson et al., 2004; Fowler, 1986). 

Altogether, there is an urgent need to quantify spatial niche partitioning along the 

hydrological and nutrient gradients for plants in arid environments. 
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Belowground competition and root interactions are likely to play a major role in 

species and community dynamics in sagebrush steppe ecosystems (Rau et al., 2011). 

There is evidence for strong plant-plant interactions between congeneric sagebrush plants 

and heterospecific neighbors, with implications for long-term species coexistence (Adler 

et al., 2010). Despite a common understanding that water availability is an important 

covariate in plant performance, explicitly linking water limitation to neighbor 

competition is difficult (Casper and Jackson, 1997; Loik et al., 2004). For big sagebrush, 

some experimental evidence favors the Walter’s two-layered hypothesis (Flanagan and 

Ehleringer, 1991; Germino and Reinhardt, 2014), which should minimize water-based 

competition. Other studies have documented negative density dependence in arid 

ecosystems (Adler et al., 2010; Miriti et al., 2001), which likely results from 

belowground processes, as competition for light is rare due to generally sparse canopy 

cover. Nevertheless, we lack experimental studies that examine size-structured 

competitive interactions, and there is conflicting evidence for water competition in 

general (DiCristina and Germino, 2006; Goldberg and Novoplansky, 1997; Schenk and 

Mahall, 2002). 

Big sagebrush, Artemisia tridentata, is one of the dominant shrub species of the 

arid western United States. Significant intraspecific variation related to a wide 

geographical distribution and high genetic diversity is another key feature of big 

sagebrush populations (Richardson and Chaney, 2018). Ecological theory proposes that, 

for stable coexistence, competitive interactions within species must be stronger compared 

to those between different species (Adler et al., 2010; Chesson, 2018), however, 

intraspecific variation directed to niche segregation could alleviate this effect (Hart et al., 
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2016; Uriarte and Menge, 2018). This variation in ecophysiological characteristics 

between genetically different populations has consequences for long-term eco-

evolutionary dynamics of sagebrush populations (Miglia et al., 2007; Richardson et al., 

2012), and practical importance for post-fire restoration, where choosing locally-adapted 

sagebrush seeds promotes establishment success in heterogeneous landscapes (Germino 

et al., 2018). However, how intraspecific variation in local adaptation impacts 

belowground processes in big sagebrush subpopulations remains largely unknown. 

In addition to ecophysiological plasticity, A. tridentata is a species with frequent 

polyploidy and complex phylogeny. Polyploidy in big sagebrush is a widespread process 

driven by local, landscape, and regional factors (Richardson et al., 2012). Intraspecific 

variability in cytotype level, the number of homologous chromosomes in a plant cell, can 

alter population vital rates (Groot et al., 2012) as well as plant competitive ability 

(Petrone Mendoza et al., 2018). For example, in arid environments where water 

availability is a primary driver of plant community structure, differences in water-use 

efficiency and drought tolerance between diploid and hybrid polyploid populations can 

alter their competitive ability (Leger, 2008; Maherali et al., 2009; Schwinning and Kelly, 

2013). Multiple studies suggest higher drought tolerance in polyploids (Li et al., 1996; 

Van Laere et al., 2011) which could result in competitive advantages for polyploids under 

water-stressed conditions. Under these conditions, a distinct response in root growth to 

drought between diploid and polyploid populations may result in spatially-segregated 

hydrological niches (Araya et al., 2011; Xiong et al., 2006). Understanding how biotic 

factors such as plant-plant interactions interact with local abiotic conditions could explain 

how intraspecific variability promotes coexistence and development of genetically-
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diverse populations. Over its range, A. tridentata occupies habitats with distinct 

characteristics, including differences in soil profile depth. These differences underlie 

intraspecific patterns of big sagebrush distribution, and are associated with morphological 

and physiological traits related to plant water and nutrient use (Kolb and Sperry, 1999; 

Shultz, 2009). Local adaptations, including adaptations to soil profile depth, are likely to 

have a profound impact on root formation and functioning. For example, the ability of A. 

tridentata to utilize water resources from deep and shallow soils combined with variation 

in intraspecific stress tolerance may lead to different water acquisition patterns among the 

subspecies (Donovan and Ehleringer, 1994; Kolb and Sperry, 1999). Differences in water 

use from shallow soils and the ability of A. tridentata to maintain functional lateral roots 

through the dry season may be important for plant water status, photosynthesis, and seed 

production (Evans et al., 1991; Leffler et al., 2004; Loik, 2007). Therefore, the spatial 

scale of functionally-active lateral roots in shallow soils may be indicative of the 

differences in local adaptations and life-history strategies among the subspecies of A. 

tridentata. In addition, while multiple studies have addressed plant-water relationships 

and plant-plant interactions, fewer have assessed if water could underlie the mechanism 

of competitive interactions in arid ecosystems (but see Belcher et al., 1995; DiCristina 

and Germino, 2006; Kadmon, 1995; Schenk and Mahall, 2002). Consumptive 

competition, competition for the same resource, is a mechanism that can explain negative 

interactions between neighboring individuals (Goldberg, 1990). Investigating 

belowground resource competition is difficult due to the high plasticity and variability of 

root systems and logistical complexity of measuring them. Therefore, experimental 

studies are necessary to: (i) elucidate belowground root structure and functioning, and (ii) 
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test if neighboring plants share common consumptive resources, such as water, and 

whether competition for these resources can underlie competitive interactions between 

neighboring big sagebrush individuals.  

We conducted a deuterium oxide tracer experiment in an eight-year old A. 

tridentata common garden experimental plot to test if water in shallow soil horizons can 

be shared between neighboring individuals. We applied spatially-explicit models to 

characterize the neighborhood effect via belowground zone of influence (Casper et al., 

2003), and to quantify the effect of neighboring individuals on tracer uptake by a target 

plant (i.e., crowding effect). We further ask if intraspecific variability on the level of 

subspecies:cytotype can underlie root architecture differences and competitive capacity 

realized through tracer uptake. Specific questions that we ask in this study include: (i) 

Does intraspecific identity have an effect on deuterium uptake? (ii) How does 

belowground zone of influence in A. tridentata subspecies:cytotype groups decline with 

distance? (iii) Does the size of the neighbors have an effect on the water uptake by a 

target plant? 

Methods 

Site Description 

Measurements were made on an eight-year-old plantation of big sagebrush 

individuals that represented range-wide intraspecific variability, including three 

commonly recognized subspecies sourced from 55 populations across the western United 

States, and two cytotypes. The common garden was established in April 2010 with 468 

individuals outplanted randomly with 1 by 1.5 m spacing intervals in a 28 by 24 m grid. 

A more detailed description of the experimental plot, including the associated climate 
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covariates, is outlined in Chaney et al. (2017). Due to mortality, a total of 244 individuals 

of three subspecies were present at the time of our experiment. The crown size of the 

plants was measured one month prior to the experiment and further converted to a crown 

volume using a standard ellipsoid volume equation V=4(r1r2r3)/3. 

Plant Water Balance 

Considering the variability of big sagebrush root activity in shallow soil horizons 

in response to sparse summer precipitation, we chose to conduct the tracer addition 

experiment in the beginning of June (1-3) 2018. This consideration was based on the 

possibility that shallow roots may fall into physiological dormancy during the dry period 

of the year (Germino and Reinhardt, 2014). We selected a rainless time window for the 

experiment to avoid a precipitation event interfering with the deuterium label 

concentration. To analyze soil moisture, a monthly record of soil moisture measurements 

preceding the experiment was obtained from a nearby weather station (Soil Climate 

Analysis Network: Orchard Range Site, https://www.wcc.nrcs.usda.gov/scan/). The 

moisture probes (Hydraprobe Analog (2.5 Volt) at 2,8, and 20 inches depths) are located 

in close proximity to the common garden and are representative of the long-term soil 

moisture content preceding the deuterium addition. To evaluate the overall water status of 

the plants during the experiment, we randomly selected 4 individuals for each 

subspecies:cytotype group (n=20) and measured pre-dawn and mid-day water potentials 

of foliated shoots on the day of the experiment using a Scholander pressure chamber 

(Model 1000, PMS Instrument Co., Corvallis, OR, USA).

https://www.wcc.nrcs.usda.gov/scan/)
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Deuterium Labeling 

We split the common garden into 14 spatially-separated sub-plots. Each subplot 

corresponded to one deuterium oxide injection and a buffer distance that included the 

subject plants. Considering that lateral roots of A. tridentata rarely exceed 1.5 m from the 

base of plants (Reynolds and Fraley, 1989; Sturges, 1977), we used a 3 m radius around 

the injection point as a buffer zone. We introduced deuterium oxide solution in the center 

of each sub-plot, so the injection location was equidistant to the four nearest plants (Fig. 

6). Each sub-plot would have had 24 plants in the original planting, but due to mortality 

there were between 8 and 17 plants per sub-plot. The proximity of individual plants to the 

source location in the centroid was at six distance increments (0.9, 1.7, 2.3, 2.6, 2.7, 3.4 

m) with this experimental design. 

We prepared the labeling solution by mixing 2H2 concentrate (99.8%, Cambridge 

Isotope Laboratories, Inc.) and tap water (𝛿2H2 ~-123‰), which resulted in a solution of 

𝛿2H2 ~15950‰, a concentration assumed to be adequate for label detection based on a 

few pre-trials. Background 𝛿2H2 concentrations in soils were -106.8‰  9.8 (mean  1 

SD). We introduced one liter of the solution to the soil starting at a depth of 5 cm below 

the surface (beneath litter and annual weed roots that were excavated away). We poured 

the solution into through 0.11 m diameter plastic cylinders placed at the soil surface to 

prevent run-off and thereby force downward infiltration. Following label application, the 

volume of soil that became saturated under each injection location was estimated to be 

~0.006 m3, assuming a cylindrical plume to a depth of 0.2 m. These estimates were 

empirically obtained from pre-trials on similar soils adjacent to the common garden, in 

which we were able to excavate around the injection point to visually assess how 
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injections would disperse in the soil. Injections were made in the morning, and 

measurements of plant water status and 𝛿2H2 were made ~30 hours later in the afternoon 

of the following day. This sampling time was estimated based on previous 2H2 tracer 

experiments (e.g., Kulmatiski and Beard, 2013), and was also tested in pre-trial additions 

near the experimental site. 

For xylem sampling, we collected branches with visible secondary growth that 

were typically 10 cm long (shorter from smaller plants), and about 0.6 cm in diameter. 

We removed the bark right after cutting the branch, wrapped the sample with parafilm, 

and placed it in an airtight glass vial, which was stored at 3˚C until analysis (Grossiord et 

al., 2014; Lazarus and Germino, 2017). We used a Picarro Induction Module (IM) 

coupled to a CRDS isotopic analyzer (L2120-i, Picarro Inc., Santa Clara, CA, USA) to 

analyze the isotopic composition of water vapor extracted directly from xylem sections 

by induction heating, following Lazarus et al. ( 2016). We analyzed 3-8 sections per stem 

sample and averaged the final 2-3 readings to avoid memory bias from previous samples. 

Samples were weighed immediately after analysis and again after oven drying for 24 

hours at 65˚C to verify that all water had been removed during the analysis (data not 

shown). Lazarus et al. (2016) showed that no spectral interference from organic 

compounds occurred for big sagebrush stems analyzed by this method. Isotope ratios 

were standardized to the VSMOW/SLAP scale using isotopic water standards (Los Gatos 

Research, San Jose, CA, USA) introduced on dried-then-labeled sagebrush stem sections 

(Lazarus et al., 2016).
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Data Analysis 

We calculated the difference between the pre-treatment and post-treatment 𝛿2H 

ratios in xylem water, which was our response in the statistical models. This variable 

indicated the amount of labeled water taken up by each plant. We discarded one outlier 

reading that was 13 standard deviations above the average difference between pre- and 

post-treatments. 

The objective of our statistical models was to determine the effects of 

intraspecific variation and size-based crowding on the deuterium uptake rates. To answer 

questions (i) and (ii), we used the identity, size, and distance of plants from the label 

injection locations as predictors of deuterium uptake to quantify belowground zone of 

influence. We modeled the response using a modified negative exponential function with 

two parameters, the average uptake by subspecies:cytotype group and the rate of change 

in deuterium content with distance (Eq. 1): 

𝐷𝑒𝑢𝑡𝑒𝑟𝑖𝑢𝑚 𝑢𝑝𝑡𝑎𝑘𝑒 =  𝛼𝑒−𝐷2𝛽; (1) 

where D is its distance from the centroid of the sub-plot,  is the intercept, and  

is the rate of decline in deuterium content with distance. 

Both 𝛼 and 𝛽 parameters were modeled as random effects with five categories 

corresponding to the five subspecies:cytotypes combinations. Random effects 

acknowledge the similarity between subspecies by estimating one shared variance 

parameter for all subspecies while allowing the coefficients to vary between groups 

(Gelman and Hill, 2006). In our case, modeling these parameters enabled us to address 

question (i) by quantifying variability in root spatial reach between cytotypes and 

subspecies. 
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To answer question (iii), the effect of neighbors on uptake of the label, we subset 

the observations to include only the nearest neighbors of the deuterium source location. 

We excluded more distant plants for two reasons: (1) only the nearest neighbors were in 

an equal position to absorb the labeled water; (2) from the biological standpoint, the 

effect on resource competition imposed by distant individuals for the resource located at 

a centroid of the subplot is likely to be negligible, compared to the advantage of being 

spatially close to the source. Our competition model included the base (average) 

deuterium uptake by a target plant, and a ratio of cumulative neighbor crown volume to 

the crown volume of the target plant as an additive term, reflecting the relative 

aboveground physical space occupied by the neighbors compared to that of the target 

plant. We modeled the parameters as random effects corresponding to the three 

subspecies of A. tridentata (Eq. 2): 

𝑑𝑒𝑢𝑡𝑒𝑟𝑖𝑢𝑚 𝑢𝑝𝑡𝑎𝑘𝑒 =  𝛼0,𝑖,[𝑠] + 𝛼1,𝑖 [
1

𝑆𝑖
∑ 𝑆𝑗

4

𝑗=1,𝑗≠𝑖

] ; (2) 

where 0 is the average deuterium uptake with subspecies as a random effect, and 

1 is a neighbor effect on the target plant uptake rate modeled as fixed effect with no 

pooling of variance. 

We fit Hierarchical Bayesian models in R using Hamiltonian Monte Carlo 

algorithm from the ‘rstan’ package (R Core Team 2018, Stan Development Team 2018). 

To initialize the sampling, we chose-weakly informed priors (McElreath, 2016). The non-

spatial predictors were standardized by centering them around the mean and dividing by 

two standard deviations (Gelman and Hill, 2006). For model selection, we used in-sample 
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widely applicable information criterion (WAIC) scores and calculated mean absolute 

error (MAE) as a measure of model fit (Vehtari et al., 2017). 

Results 

Measurements of ambient soil moisture revealed that moisture content was 

relatively high and stable during the month preceding the experiment (Fig. 10). The leaf 

water potentials indicated that plant water status was variable but within the range 

tolerated by A. tridentata (Kolb and Sperry, 1999). There was a significant difference 

between the pre-dawn and mid-day water potentials (r2 = 88%, F1,38=281.3, p = <0.001), 

but no differences among groups during the mid-day measurements (r2 = 35%, F4,15, p = 

0.139) (Fig. 7). These results suggest that the observed subspecies:cytotype differences in 

label uptake would be attributed to differences in belowground zone of influence and not 

to differences in plant water status. 

We modeled belowground zone of influence using a non-linear response function 

with an asymptote at zero. We found that a modified negative exponential regression had 

the best fit and highest predictive power when we considered size and distance predictors 

in linear and non-linear regressions (Table 2). Our negative exponential function revealed 

that the probability of plants taking up deuterated water steeply declined within the radius 

of two meters around the target plant. Our first hypothesis was partially supported by 

label uptake differences between subspecies:cyctotype groups. All dissimilarities, 

however, became negligible beyond the two-meter radius where deuterium uptake was 

estimated to be minimal for all subspecies. In the range of 0.9-1.5 m from the source, we 

found noticeable differences in deuterium absorption between subspecies:cytotype 

categories (Fig. 8). Notably, A.t. vaseyana:2x was associated with lower water uptake 
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compared to other groups. Additionally, tetraploids within a subspecies, namely A.t. 

tridentata:4x and A.t. vaseyana:4x, tended to have a higher average uptake and wider 

lateral reach compared to their diploid variants (Fig. 8). Although there was a large 

amount of uncertainty around the estimates, these results suggest that intraspecific 

variability in lateral root extent of A. tridentata may be related to cytotype and subspecies 

identity. 

Contrary to our expectations, we did not find a discernable effect of the crowding 

ratio on deuterium uptake. Moreover, we excluded the size of the target plant as a 

separate predictor from the model because its effect was not detectable, and it did not 

improve the overall model fit. The estimated median of deuterium uptake under the 

average crowding pressure (i.e., intercept) was highest for A.t. tridentata, but the 

credibility intervals for all groups highly overlapped. We did not find a strong evidence 

that neighbors had an effect on deuterium uptake by a target plant. The median response 

to crowding of A.t. vaseyana and A.t. wyomingesis was very close to zero, and the effect 

on A.t. tridentata was negative at -52‰ but with credibility intervals overlapping zero 

(95%CI: -244, 138) (Fig. 9). 

Discussion 

Intraspecific variability in belowground plant architecture and spatial interactions 

is a key knowledge gap in current ecological literature. Here, we quantified belowground 

zone of influence for A. tridentata in a common garden setting, and experimentally tested 

if water uptake could underlie resource based-intraspecific interactions. Our experiment 

using deuterium tracer constitutes one of the few attempts to test ecophysiological 

mechanisms of water limitation in a common garden setting. We found that sub-specific 
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groups of A. tridentata have different rates of water uptake from shallow soil horizons, 

suggesting intraspecific variability in structural and functional root architecture. Contrary 

to our expectations, we did not find that aboveground crown volume was a strong 

predictor of belowground zone of influence. Similarly, we found that cumulative crown 

volume of plant neighbors was not a strong predictor of water uptake. Instead, our results 

demonstrated that the differences in lateral extent of water uptake from shallow soils in 

A. tridentata were more related to the subspecies identity and ploidy level of target 

plants. These differences may have implications for subspecies’ ecological responses to 

global changes including changing precipitation patterns and biological invasions 

(Germino et al., 2016; Knapp et al., 2008; Schwinning and Kelly, 2013). 

The observed results generally agree with our understanding of big sagebrush 

ecology and its habitat preferences. Although big sagebrush can utilize water resources 

from shallow and deep soil horizons (Kolb and Sperry, 1999), intraspecific variation in 

root growth and functioning can affect this pattern. The lateral root extent in A.t. 

wyomingensis was higher compared to A.t. tridentata, which generally agrees with 

expectations based on the typical habitats occupied by these subspecies. The latter 

subspecies is typically found in drainages and expected to be adapted to deep soil 

profiles, while A.t. wyomingensis generally occupies plains with shallow soils (e.g., 

Shultz, 2009). Although we did not measure the vertical dimension of the roots, our 

experiment corroborates the pattern of habitat preferences based on intraspecific variation 

in lateral root extent. Differences in lateral root functioning between subspecies:cytotype 

groups of A. tridentata could also underlie differential patterns of surface water use. In 

particular, tetraploid subpopulations tended to show a wider lateral root extent, 
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suggesting higher surface water use capacity (Fig. 11). The development and activity of 

lateral roots is highly relevant to A. tridentata performance under seasonal precipitation 

patterns in the Great Basin. The reproductive effort in this species occurs during the 

season with sporadic and unpredictable rain events during the summer and depends on 

the capacity of lateral roots to utilize limiting water resources from shallow soils (DePuit 

and Caldwell, 1973; Goldberg and Novoplansky, 1997). Based on our results, this trait 

was related to the ploidy effect that persisted across subspecies, as both A.t. vaseyana and 

A.t. tridentata tetraploids, juxtaposed with their diploid variants, had higher average 

uptake and slower rate of decline with distance. The presence and activity of lateral roots, 

located close to the soil surface, may also be important in context of long-term species 

coexistence and intraspecifc interactions (Ryel et al. 2010; Wilcox et al. 2012). 

We found that the radius of lateral extent of root water uptake is largely limited to 

about two meters, however, we did not find a strong relationship between the crown size 

and the deuterium uptake. Size was a poor predictor both in the linear and non-linear 

models and did not improve model fit (Table 2). Likewise, the crowding effect by 

neighboring plants was indiscernible from zero suggesting that belowground water 

partitioning may be unrelated to aboveground crown volume. Because of this weak 

relationship, it is possible that belowground crowding may be important for resource 

acquisition but it was impossible to quantify with the data at hand. Big sagebrush is a 

perennial shrub with complex root system architecture (Germino and Reinhardt, 2014), 

and the experimental evidence from other species indicates that the root growth allocation 

is related to stress response and tolerance levels (Xiong et al., 2006; Xu et al., 2015). In 

our study, population-specific variation in stress tolerance may underlie the overall lack 
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of a strong relationship between crown and root presence in shallow soil horizon based 

on deuterium uptake rates. Current evidence by allometric models relating above- and 

belowground parts in A. tridentata suggests crown measurements could be used to 

coarsely estimate total root biomass (Cleary et al., 2008). However, patterns of soil 

resource uptake are likely more complex and related to the spatial arrangement and 

functioning of roots (Kulmatiski et al., 2017). 

The overall lateral root extent in different subspecies:cytotype groups of big 

sagebrush has implications for energy allocation and stress tolerance. In terms of drought 

response and eco-hydrological strategy, Araya et al. (2011) outlines a clear trade-off 

between tolerance of aeration stress and drought stress. The underlying mechanisms 

behind drought response in terms of root plasticity suggests a trade-off between drought 

tolerance and, e.g., nutrient uptake by prioritizing vertical root growth and thereby 

limiting access to mineral nutrients in more aerated shallow soil horizons (Xiong et al., 

2006). This mechanism involves abscisic acid (ABA), a plant stress hormone that can 

inhibit lateral root elongation by allocating available resources to the growth of the main 

root to increase water supply from deeper soils. In the context of our study, this pattern 

may suggest that polyploids of A. tridentata, which generally have higher capacity for 

drought tolerance, would be able to minimize this trade-off between nutrient and water 

access compared to more drought-sensitive diploid plants. We found that 

A.t. wyomingesis:4x and A.t. tridentata:4x were associated with wider lateral root extent, 

while A.t. tridentata:2x seemed more likely to be allocating resources to root growth 

along the vertical axis (Knick and Connelly, 2011). Moreover, the results for 

A.t. vaseyana:2x suggest that this subspecies:cytotype group has little root growth in the 
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horizontal direction while at the same time might have limited ability to reach deeper soil 

based on the average performance and survival in this group (Chaney et al., 2017). These 

intraspecific traits also support previous evidence of subspecies differences in response to 

the gradient of drought stress by Kolb and Sperry (1999). 

Deuterium tracer experiments provide an opportunity to experimentally test 

spatial and temporal patterns of belowground processes, including neighbor interactions. 

In our study, we aimed to understand how individuals of A. tridentata respond to a local 

water resource pulse in an arid environment, and how the resource was spatially 

distributed among neighboring individuals. In congruence with the finding from an 

excavating study of Larrea tridentata (Brisson and Reynolds, 1994), we did not find a 

strong evidence that the size of a target plant and neighbors influenced patterns in 

resource acquisition. This finding, however, could be an artifact of: (i) inadequate sample 

size for the neighborhood model, and especially for the subspecies with high mortality 

and a relatively small representation (e.g., A.t. vaseyana), or (ii) common garden 

experimental design. For example, if plants are outplanted at the same time, we would 

expect that their root system develops unobstructed until their roots interface with those 

of the neighbors. This pattern could potentially result in a relatively proportional 

occupancy of the shallow soil space minimizing asymmetric resource partitioning which 

could underlie the weak effect of aboveground neighbor size in our models. Subspecies 

that invest more into their lateral roots would have higher root density within their zone 

of influence but may not necessarily have a competitive advantage detectable from a time 

snapshot of a temporal process such as resource acquisition (Kulmatiski et al., 2017). An 

experiment in a natural system, including larger sample size and a time series sampling 
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following the treatment could disentangle this uncertainty. On the other hand, our results 

clearly indicate that multiple plants can benefit from a relatively small local water pulse, 

and the observed variability in deuterium uptake may be dependent upon the root density 

in the resource island. This also suggests a that the roots of neighboring A. tridentata 

individuals in the common garden setting may have a high degree of overlap, which was 

previously documented for A.t. vaseyana (Krannitzi and Caldwell, 1995). 

Our experiment illustrates how deuterium experiments can be used to evaluate a 

species’ belowground zone of influence and local interactions such as consumptive 

competition. The results complement the existing knowledge of belowground root 

architecture in A. tridentata obtained from excavating studies by evaluating belowground 

zone of influence based on a physiological activity of a target plant (Reynolds and Fraley, 

1989; Sturges, 1977). Moreover, our results indicate some intraspecific differences and 

trade-offs on an eco-hydrological gradient in light of root spatial architecture of A. 

tridentata. In the context of global changes including shifts in precipitation patterns 

(Knapp et al., 2008), understanding plant root architecture and resource partitioning 

patterns in arid environments may have implications for seed sourcing and restoration 

decisions. Our study also suggests several potential research directions in the applied and 

theoretical contexts. Some questions may include eco-hydrological niche partitioning and 

intraspecific coexistence, the effect of evolutionary processes, such as polyploidy, on 

resource partitioning, or the need to consider spatial interactions among individuals in 

common garden trials. 
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Figures 

 

Figure 6: A diagram of an experimental unit in Orchard common garden. The 

centroid of the plot is a location where deuterium enriched water was introduced, 

the gray points show the grid of plants, and the arrows indicate a distance of each 

plant to the source location.  
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Figure 7: Water status of A. tridentata plants in Orchard common garden 

during the deuterium tracer experiment. The values are shown for pre-dawn and 

mid-day leaf water potential measurements for five different subspecies:cytotype 

groups of big sagebrush. Lower values represent higher water stress. 
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Figure 8: A. tridentata uptake of deuterium (2H2O) enriched water as a function 

of distance from the source location and plant size. The label was introduced into 

plant interspaces in Orchard common garden in Spring 2018. The vertical axis 

indicates the change in deuterium ratio between the pre- and post-treatment. 

Different colors indicate subspecies:cytotype identity of big sagebrush, and the gray 

areas represent one SD around the posterior mean.  
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Figure 9: Posterior distribution of the average deuterium uptake by a target 

plant (upper plate). The lower plate shows the crowding effect on the label uptake in 

isolation under 2 SD increase in crowding ratio. The categories correspond to three 

subspecies of A. tridentata (tridentata, vaseyana, and wyomingensis).  
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Figure 10: A line plot representing soil volumetric moisture readings at three soil 

depths over the period of one month preceding the labeling experiment. The vertical 

dashed line indicates the day of deuterium addition.  
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Figure 11: Predicted belowground zone of influence of A. tridentata 

subspecies:cytotype groups in Orchard common garden. The figures correspond to 

deuterium content where higher colour intensity indicates higher water uptake from 

shallow 5-25 cm soil horizon. Projections <0.9 m were excluded (empty centers) due 

to out of range model predictions. 
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Tables 

Table 2: Model evaluation comparing the fit of linear and non-linear 

regressions of deuterium uptake. 

Equation Model WAIC R2 RMSE MAE 

⍺[s] + β[s] * D Linear 1772.1 0.229 37.24 22.04 

⍺[s] + β[s] * D + 𝜽[s] * S Linear 1780.4 0.233 37.14 22.01 

⍺[s] * exp(-D * β [s]) Negative exp 1758.6 0.295 35.63 20.86 

⍺[s] * (S/exp(-D2 * β[s]) Non-linear 1791.7 0.109 40.04 21.64 

⍺[s] * exp(-D2 * β[s]) Non-linear 1751.8 0.33 34.7 20.3 

⍺[s] * exp(-D2 * (1/sqrt(S) * β[s]) Non-linear 1758.3 0.303 35.39 21.15 
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Figure S1: An empirical cumulative density function (ECDF) plot showing the 

distribution of relative growth rate (RGR) of A. tridentata in three common 

gardens. The RGR is calculated using 2011 census interval for all three sites 

(Orchard, Majors Flat, and Ephraim), and 2018 census interval for Orchard Majors 

Flat sites. The RGR is scaled to a monthly time step, and each point represents an 

individual plant. 
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Figure S2: Posterior samples representing the intrinsic relative growth rates of A. 

tridentata in three common gardens. Thick lines represent 80%CI, thinner lines 

indicate 95%CI, and the dots are the medians of the posterior distributions. The 

categories on the x axis represent five analyzed subspecies:cytotype groups of A. 

tridentata. 
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Figure S3: Posterior samples that represent the intrinsic probability of survival 

of A. tridentata in Orchard and Major Flats common gardens, using the census 

interval between 2012 and 2018. The x axis represents five subspecific categories of 

A. tridentata. Thick lines represent 80%CI, while thinner lines indicate 95%CI, and 

the dots are the medians of the posterior samples. 
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Figure S4: Posterior samples that represent the crowding effect on the relative 

growth rates of A. tridentata in two common gardens using 2018 census interval. 

Thick lines represent 80%CI, while thinner lines indicate 95%CI, and the dots are 

the medians of the posterior samples. The x axis represents five subspecies:cytotype 

groups of A. tridentata. The effect size corresponds to the change in RGR when the 

calculated competitive pressure increases by 2 SD. Values of zero correspond to the 

change in RGR of a target plant under the average competitive pressure. 
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Figure S5: Mapped competition effect on A.t. tridentata:2x in Majors Flat 

common garden based on 2011 census interval. Dark colors indicate higher 

predicted competition effect, and the dots represent sagebrush plants with the 

relative crown size corresponding to the size of a point. The axes show x and y 

coordinates in meters. 
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Figure S6: Big sagebrush (Artemisia tridentata) in Orchard common garden, ID. 

The photograph shows the spatial arrangement and individual variation in size and 

survival of A. tridentata. 
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Figure S7: A box plot showing crown size distribution of A. tridentata in Orchard 

common garden. Measurements represent the data collected in summer 2018. The 

original crown dimensions were transformed to crown volume. The actual data 

points (pink dots) are jittered over the standard boxplots. 
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Figure S8: A box plot indicating deuterium uptake by big sagebrush individuals 

in Orchard common garden. The label uptake is calculated as the difference 

between the pre- and post-treatment deuterium measurements, and is shown for five 

subspecies:cytotype categories. The actual data points (pink dots) are jittered over 

the standard boxplots. 
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Figure S9: A box plot indicating deuterium uptake by three subspecies of big 

sagebrush in Orchard common garden. The uptake is calculated as the difference 

between the pre- and post-treatment deuterium measurements. The actual data 

points (pink dots) are jittered over the standard boxplots. 

 

 


