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Abstract
1. Despite broad recognition that water is a major limiting factor in arid ecosystems, 

we lack an empirical understanding of how this resource is shared and distrib-
uted among neighbouring plants. Intraspecific variability can further contribute 
to this variation via divergent life-history traits, including root architecture. We 
investigated these questions in the shrub Artemisia tridentata and hypothesized 
that the ability to access and utilize surface water varies among subspecies and 
cytotypes.

2. We used an isotope tracer to quantify below-ground zone of influence in  
A. tridentata, and tested whether spatial neighbourhood characteristics can alter 
plant water uptake. We introduced deuterium-enriched water to the soil in plant 
interspaces in a common garden experiment and measured deuterium composi-
tion of plant stems. We then applied spatially explicit models to test for differ-
ential water uptake by A. tridentata, including intermingled populations of three 
subspecies and two ploidy levels.

3. The results suggest that lateral root functioning in A. tridentata is associated with 
intraspecific identity and ploidy level. Subspecies adapted to habitats with deep 
soils generally had a smaller horizontal reach, and polyploid cytotypes were as-
sociated with greater water uptake compared to their diploid variants. We also 
found that plant crown volume was a weak predictor of water uptake, and that 
neighbourhood crowding had no discernable effect on water uptake.

4. Intraspecific variation in lateral root functioning can lead to differential pat-
terns of resource acquisition, an essential process in arid ecosystems in the con-
texts of changing climate and seasonal patterns of precipitation. Altogether, we 
found that lateral root development and activity are more strongly related to 
genetic variability within A. tridentata than to plant size. Our study highlights 
how intraspecific variation in life strategies is linked to mechanisms of resource 
acquisition.
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1  | INTRODUC TION

The spatial organization of roots in plant communities impacts mul-
tiple processes, from individual plant fitness to ecosystem function. 
Patterns of below-ground resource acquisition and interactions be-
tween neighbouring plants could be one mechanism leading to bio-
diversity-maintaining niche differences (Chesson, 2018; Kulmatiski 
& Beard, 2013; O'Keefe, Nippert, & McCulloh, 2019). Furthermore, 
below-ground processes are subject to global ecological changes, 
including increasing rates of biological invasions, altered distur-
bance regimes and climate change (Chapin III et al., 2000; Germino, 
Chambers, & Brown, 2016; Havens et al., 2015). In arid environ-
ments, these changes are likely to have particularly strong impacts 
on below-ground ecological processes as altered precipitation re-
gimes impact the partitioning of scarce resources (Chesson et al., 
2004; Fowler, 1986). Fine-scale variation in life-history strategies 
can affect the dynamics of resource acquisition, which is a key 
to predicting the effects of climate change on plant populations 
(Shriver, 2017). Intraspecific adaptive variation in root architecture is 
one source of diversification in life-history traits that could contrib-
ute to resource partitioning and biodiversity maintenance. However, 
conflicting evidence and a paucity of experimental studies on spa-
tial structure and functioning of plant roots limit our understanding 
of how intraspecific variation affects below-ground processes and 
mechanisms of resource acquisition (Münzbergová, 2007).

Below-ground resource competition and root interactions are 
likely to play a major role in species and community dynamics of 
arid ecosystems (Chesson et al., 2004). Altered disturbance regimes 
across the western United States threaten natural communities, 
where intraspecific variation and local adaptations of the keystone 
shrub, Artemisia tridentata ‘big sagebrush’, are critical for the success 
of restoration efforts and conservation strategies (Germino, Moser, 
& Sands, 2018; Richardson & Chaney, 2018). Management decisions 
aimed at restoring imperiled sagebrush can have implications for big 
sagebrush recovery and distribution on the regional scale (Requena-
Mullor, Maguire, Shinneman, & Caughlin, 2019). On the scale of in-
dividual plants, there is evidence for strong plant–plant interactions 
between congeneric sagebrush plants and heterospecific neigh-
bours, with implications for long-term species coexistence (Adler, 
Ellner, & Levine, 2010). Despite a consensus that water availability 
is an important covariate in plant performance, explicitly linking 
water limitation to neighbour competition is difficult (e.g. DiCristina 
& Germino, 2006; Loik, Breshears, Lauenroth, & Belnap, 2004). 
However, competition for water could drive observed patterns of 
negative density dependence for shrub species in arid ecosystems as 
competition for light is rare in these systems due to generally sparse 
canopy cover (Adler et al., 2010; Miriti, Wright, & Howe, 2001; 
Schenk & Mahall, 2002).

Big sagebrush is a long-lived perennial that requires extensive 
monitoring to understand its demographic variation (Germino, 
Moser, et al., 2018; Shriver et al., 2019). The acquisition of soil re-
sources (e.g. water) is likely to be a key process that underlies lon-
ger-term demography of plant populations in arid areas (Chesson 

et al., 2004). On the other hand, short-term measurements of water 
and nutrient uptake (Grossiord et al., 2014) can provide a semi- 
mechanistic basis to understand long-term competitive processes 
and demographic variation (Schwinning & Weiner, 1998; Weigelt 
& Jolliffe, 2003). Predicting the strength of below-ground interac-
tions in sagebrush ecosystems is complicated by significant intra-
specific variation in the dominant shrub species of these ecosystems  
A. tridentata. This intraspecific variation relates to local adapta-
tion across A. tridentata's wide geographical distribution as well as 
high genetic diversity within big sagebrush populations (Chaney, 
Richardson, & Germino, 2017). The mechanisms that maintain high 
intraspecific diversity within big sagebrush populations are not well 
understood. For stable coexistence of species-level diversity, ecolog-
ical theory proposes that intraspecific competition must be stronger 
than the interspecific competition (Adler et al., 2010; Chesson, 2018). 
Additionally, niche segregation may contribute to maintaining intra-
specific diversity, but its role is less clear (Hart, Schreiber, & Levine, 
2016; Uriarte & Menge, 2018). Along with long-term consequences 
for eco-evolutionary dynamics, variation in ecophysiological char-
acteristics between genetically different sagebrush populations has 
practical importance for restoring big sagebrush to degraded areas. 
An increasing body of evidence suggests that choosing sagebrush 
seeds from locally adapted populations is critical to establishment 
success (Germino, Moser, et al., 2018). Local adaptations may be 
partly the result of root characteristics that affect the acquisition of 
nutrients and water, but the extent to which different big sagebrush 
populations vary in root traits remains largely unknown.

High variability within A. tridentata also includes frequent and 
widespread polyploidy (Richardson, Page, Bajgain, Sanderson, & 
Udall, 2012). As a genomic trait that can alter plant fitness, poly-
ploidy is a key component of intraspecific variation in plant popula-
tions (Černá & Münzbergová, 2013). For at least some taxa, studies 
suggest higher drought tolerance in polyploids than diploids popula-
tions (e.g. Li, Berlyn, & Ashton, 1996; Van Laere et al., 2011; but see 
Münzbergová, 2007). The basis for these differences is not clear but 
may include differences in water use efficiency, root to shoot ratio 
and root architecture (Leger, 2008; Maherali, Walden, & Husband, 
2009; Schwinning & Kelly, 2013). Furthermore, differences in 
drought tolerance may lead to spatially segregated populations that 
occupy distinct hydrological niches (Araya et al., 2011; Xiong, Wang, 
Mao, & Koczan, 2006). For diploid and tetraploid genotypes of big 
sagebrush (hereafter cytotypes), understanding plant characteristics 
and interactions that affect the acquisition and use of water would 
contribute to explaining the evolution and coexistence of genetically 
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 dis-
tribution and are associated with morphological and physiological 
traits related to plant water and nutrient use (Kolb & Sperry, 1999; 
Shultz, 2009). Local adaptations, including adaptations to soil profile 
depth, are likely to be mediated by different patterns of root de-
velopment and functioning. For example, the ability of A. tridentata 
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to utilize water resources from deep and shallow soils may lead to 
varying water acquisition patterns among the subspecies (Donovan 
& Ehleringer, 1994; Kolb & Sperry, 1999). Also, the ability to retain 
functional lateral roots through the dry season may be important 
for the maintenance of plant water status and photosynthesis, which 
ultimately can enhance seed production (Evans, Black, & Link, 1991; 
Leffler, Ivans, Ryel, & Caldwell, 2004; Loik, 2007). Thus, differ-
ences in the density and spread of functionally active lateral roots 
in shallow soils are likely to be important for plant growth and re-
production, and reflect adaptations to particular soil profiles and 
precipitation patterns. In arid environments, such information may 
be essential for the understanding of mechanisms that determine 
negative interactions between neighbouring individuals (Goldberg, 
1990). Investigating below-ground resource partitioning, however, is 
difficult due to the high plasticity and variability of root systems and 
the logistical complexity of measuring them.

We examined intraspecific variation in lateral water uptake using 
an isotope tracer experiment in an A. tridentata common garden. We 
applied spatially explicit models to characterize below-ground zone 
of influence as a relative capacity of a plant to alter surrounding soil 
environment (sensu Casper, Schenk, & Jackson, 2003); and to quan-
tify how the size of neighbouring individuals affects tracer uptake 
by a target plant (i.e. crowding effect). To investigate the knowledge 
gap in mechanistic understanding of density-dependence in arid 
ecosystems (Adler et al., 2010; DiCristina & Germino, 2006), we hy-
pothesized that resource accessibility and uptake may be related to 
above-ground crown size if there is a positive relationship between 
above- and below-ground biomass (Cleary, Pendall, & Ewers, 2008). 
In addition, we investigated whether intraspecific variability at the 
subspecies and ploidy level is related to differences in tracer uptake. 
Specific questions that we asked in this study include the following: 
(i) Do subspecies identity and ploidy level have an effect on the up-
take of water from shallow soils? (ii) What is the horizontal extent 
of lateral roots in shallow soils? (iii) Does the size of neighbouring 
individuals affect water uptake by a target plant?

2  | MATERIAL S AND METHODS

2.1 | Study system

Measurements were made in a 8-year-old plantation of big 
 sagebrush at NRCS Orchard Range Site in south-eastern Idaho, 
USA (43°19′19″N, 115°59′49″W). The common garden represents 
range-wide intraspecific variability of big sagebrush, including three 
commonly recognized subspecies and two cytotypes sourced from 
55 populations across the western United States. The climate at the 
experimental site has a Koeppen classification of BSk, cold semiarid 
steppe (Peel, Finlayson, & McMahon, 2007), with an average annual 
precipitation of 294 mm (Soil Climate Analysis Network: Orchard 
Range Site, https://wcc.sc.egov.usda.gov/nwcc/site?siten um=674). 
Relative to the A. tridentata range, the site is characterized by 
warm temperatures and low precipitation regimes, and is generally 

representative of A. t. wyomingensis and A. t. tridentata habitats. The 
common garden was established in April 2010 with 468 individu-
als outplanted randomly in a grid with 1 by 1.5 m spacing intervals.  
A more detailed description of the experimental plot, including the 
associated climate 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 of which 173 were included in 
the experiment. The crown size of the plants was measured 1 month 
before the experiment and converted to a crown volume using a 
standard ellipsoid volume equation.

2.2 | 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 at the beginning of 1–3 
June 2018. This consideration was based on the possibility that shal-
low roots may fall into physiological dormancy during the dry pe-
riod of the year (Germino & Reinhardt, 2014). We selected a rainless 
period for the experiment to avoid a precipitation event interfering 
with the deuterium label concentration. We obtained a monthly 
record of soil moisture measurements preceding the experiment 
from an adjacent weather station (Soil Climate Analysis Network: 
Orchard Range Site). The moisture probes (HydraProbe Analog  
[2.5 Volt], Stevens Water Monitoring Systems Inc.) at 0.05, 0.2 and 
0.5 m depths are located close to the common garden, in the same 
soil type, and are representative of the long-term soil moisture con-
tent preceding the deuterium addition. To evaluate the overall water 
status of the plants during the experiment, we randomly selected 
four individuals for each of the five subspecies:cytotype groups 
(n = 20) and measured pre-dawn and mid-day water potentials of fo-
liated shoots on the day of the experiment using a Scholander pres-
sure chamber (Model 1000, PMS Instrument Co).

2.3 | Deuterium labelling

We split the common garden into 14 spatially separated subplots. 
Each subplot corresponded to one deuterium oxide injection and 
a buffer distance that included the subject plants. The replica-
tion of experimental treatments was aimed to minimize the po-
tential mismatches associated with localized isotope additions and 
the presence of roots in that location (Kulmatiski, Adler, Stark, & 
Tredennick, 2017). Considering that lateral roots of A. tridentata 
rarely exceed 1.5 m from the base of plants (Reynolds & Fraley, 
1989; Sturges, 1977), we defined the dimensions of subplots to 
be 6 by 6 m with the injection point in the centre of the square 
area. Given the documented lateral root length, we assumed that 
plants were unlikely to uptake isotope tracer from the neighbour-
ing subplots relative to uptake from the injection point within the 
same subplot. We introduced a deuterium oxide solution in the 
centre of each subplot, so the injection location was equidistant to 

https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=674
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the four nearest plants (Figure 1a). Each subplot would have had 
24 plants in the original planting, but due to mortality, there were 
between 8 and 17 plants per subplot. 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 and 3.4 m) with this experimental 
design. Therefore, in our total sample size (n = 173), there were 
21–38 plants in each distance increment and 4–92 plants in each 
subspecies:cytotype group (Figure S3).

We prepared the labelling solution by mixing 2H2O concen-
trate (99.8%, Cambridge Isotope Laboratories, Inc.) and tap water  
(δ2H ~−123‰), which resulted in a solution of δ2H ~15,950‰, a con-
centration assumed to be adequate for label detection based on pre-
liminary tests. Back-ground δ2H in soils was −106.8‰ ± 9.8 (M ± 1 SD).  
We introduced 1 L of the solution to the soil, starting at a depth 
of 5 cm below the surface (beneath litter and annual weed roots 
that were removed prior to labelling). We poured the solution into 
0.11 m radius plastic cylinders 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 ~0.008 m3, assuming a cylindrical plume to a depth of 0.2 m.  
We empirically obtained these estimates from preliminary tests on 
similar soils adjacent to the common garden, in which we were able 
to excavate around the injection point to visually assess how injec-
tions would disperse in the soil. Injections took place in the morning, 
and measurements of plant water status and δ2H were made ~30 hr 
later in the afternoon of the following day. This sampling time was 
estimated based on previous 2H tracer experiments (e.g. Kulmatiski 
& Beard, 2013) and was also tested in preliminary additions next to 
the experimental site. Based on the reported estimates of sap flow 
velocity in A. tridentata (Gifford, 1968), we expected a peak in deu-
terium composition in individuals closest to the source location (i.e. 
0.9 m) approximately 30 hr after the injection. We verified these es-
timates during our preliminary trial on four plants outside the com-
mon garden (Figure S4). After 30 hr, we obtained a measure of label 

uptake that was maximum for the closest plants and decreased for 
more distant individuals due to longer travel time. Overall, this mea-
sure reflects the relative potential of a plant to alter the environment, 
as well as the probability of resource uptake (Casper et al., 2003).

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 immediately after cut-
ting 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 & Germino, 2017). We used a Picarro Induction Module 
(IM) coupled to a CRDS isotopic analyzer (L2120-i, Picarro Inc.) to anal-
yse the isotopic composition of water vapour extracted directly from 
xylem sections by induction heating, following Lazarus, Germino, and 
Vander Veen (2016). We derived and analysed 3–8 xylem sections per 
stem sample and averaged the final 2–3 readings to avoid memory bias 
from previous samples (Cui, Tian, Gerlein-Safdi, & Qu, 2017), resulting 
in one isotope measurement for each plant. Samples were weighed im-
mediately after analysis and again after oven drying for 24 hr 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 analysed by this 
method. Isotope ratios were standardized to the VSMOW/SLAP scale 
using isotopic water standards (Los Gatos Research) introduced on 
dried-then-labelled sagebrush stem sections (Lazarus et al., 2016).

2.4 | Data analysis

We calculated the difference between the post-treatment and pre-
treatment δ2H values, where the pre-treatment values represent 
natural 2H abundance in plant stems. We used this calculated differ-
ence as a response variable in the statistical models representing the 
amount of labelled water taken up by each plant. We discarded one 
outlier reading that was 13 standard deviations above the average dif-
ference between pre- and post-treatments. Data are available online 
in Dryad Data Repository https://doi.org/10.5061/dryad.pk0p2 ngjm  
(Zaiats et al., 2020).

The objective of our statistical models was to determine the ef-
fects of intraspecific variation and size-based crowding on the deu-
terium 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 below-ground zone of 
influence. We modelled the response using a modified negative expo-
nential function with two parameters, the intercept and the change in 
deuterium content with distance (Equation 1):

where D is its distance from the centroid of the subplot, α is the inter-
cept and β is the decline in deuterium content with distance.

Both α and β parameters were modelled as random effects with 
five categories corresponding to the five subspecies:cytotypes 
combinations. Random effects acknowledge the similarity between 

(1)Deuteriumuptake = �e−D
2�,

F I G U R E  1   A diagram of experimental subplots in Orchard 
common garden used to test root lateral extent (a) and crowding 
effect (b). The centroid of the subplot is a location where 
deuterium-enriched water was introduced, the grey points show 
the grid of plants, and the arrows indicate the distance of each 
plant to the subplot centroid

(a)

6 m

6 m

0.9 m
1.7 m

2.3 m

2.6 m

2.7 m

3.4 m
(b)

https://doi.org/10.5061/dryad.pk0p2ngjm
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subspecies by estimating a shared variance parameter for all subspe-
cies while allowing the coefficients to vary between groups (Gelman 
& Hill, 2007). In our case, modelling these parameters enabled us to 
address questions (i) and (ii) by quantifying variability in spatial reach 
of deuterium uptake by roots among cytotypes and subspecies.

To answer question (iii), the effect of neighbours on uptake of the 
label, we subset the observations to include only the nearest neigh-
bours of the deuterium source location (Figure 1b). We excluded 
more distant plants because the effect on resource acquisition im-
posed by distant individuals is likely to be negligible, compared to 
advantages to plants that are nearest the source. Because of the 
smaller sample size, we modelled the response of three subspecies 
without differentiating between ploidy levels. Our crowding model 
included the base (average) deuterium uptake by a target plant, and a 
ratio of the cumulative crown volume of the neighbours to the crown 
volume of the target plant, reflecting the relative above-ground 
physical space occupied by the neighbours compared to that of the 
target plant. We modelled the parameters as random or fixed effects 
corresponding to the three subspecies of A. tridentata (Equation 2):

where α0 is the average deuterium uptake with subspecies as a random 
effect, n is the number of plants nearest to the source and α1 is a neigh-
bour effect on the target plant uptake rate modelled as a fixed effect 
with no pooling of variance.

We fit Hierarchical Bayesian models in r using Hamiltonian Monte 
Carlo algorithm from the rSTAn package (Monnahan, Thorson, & 
Branch, 2017; R Core Team, 2018; Stan Development Team, 2018). 
The non-spatial predictors were standardized by centring them around 
the mean and dividing by two standard deviations (Gelman & Hill, 
2007). We used non-informative priors for all parameters in the model. 
For model selection, we used in-sample widely applicable information 

criterion (WAIC) scores and calculated mean absolute error (MAE) as a 
measure of model fit (Vehtari, Gelman, & Gabry, 2017).

3  | RESULTS

Measurements of ambient soil moisture revealed that moisture 
content was relatively high and stable during the month preceding 
the experiment (Figure S1). The leaf water potentials indicated that 
plant water status was variable but within the range tolerated by  
A. tridentata (Kolb & Sperry, 1999). There was a significant difference 
between the pre-dawn and mid-day water potentials (F1,38 = 281.3, 
p < .001), but no differences among groups during the mid-day meas-
urements (F4,15 = 2.051, p = .139; Figure 2). These results suggest 

(2)Deuteriumuptake = �0, i, [s] + �1,i

[

1

Si

n
∑

j=1, j≠i

Sj

]

,

F I G U R E  2   Box and whisker plots showing the median, lower 
and upper quartiles for Artemisia tridentata plant water status at the 
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 (2x is diploid, 4x is tetraploid)
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F I G U R E  3   Artemisia tridentata uptake 
of deuterium (2H2O) enriched water 
as a function of distance between the 
source location and plants. The label 
was introduced into plant interspaces in 
Orchard common garden in Spring 2018. 
The vertical axis indicates the difference 
in δ2H in plant stems between the post- 
and pre-treatment. Different colours 
indicate subspecies and cytotype of big 
sagebrush (2x is diploid, 4x is tetraploid), 
and the shaded areas represent one SD 
around the posterior mean
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that the observed subspecies:cytotype differences in label uptake 
can be attributed to differences in below-ground zone of influence 
and not to differences in plant water status.

Our final model for below-ground zone of influence was a 
nonlinear response function with an asymptote at zero. Among 
the linear and non-linear models that we tested, we found that 
a modified negative exponential regression had the best fit and 
highest predictive power (Table S1). Our model revealed that the 
probability of plants taking up deuterated water declined steeply 
within the radius of 2 m around the target plant. Our first hypoth-
esis was partially supported by label uptake differences among 
subspecies:cyctotype groups. All dissimilarities, however, became 
negligible beyond the 2-m radius where deuterium uptake was es-
timated 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 (Figure 3). 
Notably, A. t. vaseyana:2x was associated with lower water uptake 
compared to other groups, even though its leaf water potential 
was similar. Additionally, tetraploids tended to have higher iso-
tope uptake compared to diploids within subspecies A. t. tridentata 
and A. t. vaseyana in magnitude and lateral extent, respectively 
(Figures 3 and 4).

We did not find a discernible effect of crowding on deuterium 
uptake. Moreover, we excluded the size of the target plant as a sepa-
rate 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. inter-
cept) was highest for subspecies A. t. tridentata, but the credibility 
intervals for all groups highly overlapped (Figure 5). We did not find 
strong evidence that neighbours had an effect on deuterium uptake 
by a target plant. The median response to crowding of A. t. vaseyana  
and A. t. wyomingensis was very close to zero. While the median 

response to crowding for A. t. tridentata was slightly negative, this 
effect had high uncertainty, including 95% credibility intervals that 
overlapped zero.

4  | DISCUSSION

Intraspecific variability in below-ground plant architecture and spa-
tial interactions is a key knowledge gap in the current ecological 
literature. Here, we quantified below-ground zone of influence for 
A. tridentata in a common garden setting and experimentally tested 
whether plant neighbourhood size asymmetry could underlie po-
tentially unequal partitioning of water resources. Our experiment 
using a deuterium tracer constitutes one of the few attempts to test 
ecophysiological mechanisms of water uptake among intraspecific 
variants in a common garden setting. We found that taxonomic vari-
ants of A. tridentata can have differential water uptake from shallow 
soil horizons, suggesting intraspecific variability in structural and 
functional root architecture. Contrary to our expectations, we did 
not find that above-ground crown volume was a strong predictor 
of below-ground zone of influence. Similarly, the cumulative crown 
volume of plant neighbours was not a strong predictor of water 
uptake. Instead, our results showed that the differences in water 

F I G U R E  4   Predicted below-ground zone of influence of 
Artemisia tridentata subspecies:cytotype groups in Orchard 
common garden. The figure shows deuterium content where colour 
intensity corresponds to quantile-scaled values of water uptake 
from shallow, 5–25 cm, soil horizon. The scale shows the quantiles 
>0.01 as mean posterior predictions for each subspecies:cytotype 
group (2x is diploid, 4x is tetraploid). Projections <0.9 m (circle 
centres) are interpolated based on the predicted values at this 
distance, as these areas were outside the model range

0 1 2 4 m

0.2

0.4

0.6

0.8

1

tridentata:4x vaseyana:4x wyomingensis:4x

tridentata:2x vaseyana:2x

F I G U R E  5   Posterior distribution of average deuterium uptake 
by a target plant located 0.9 m from the isotope source under 
average crowding (upper panel), and expected crowding effect 
on the label uptake under 2 SD increase in crowding ratio (lower 
panel), where zero indicates no effect. Categories correspond to 
three subspecies of Artemisia tridentata (tridentata, vaseyana and 
wyomingensis) without differentiation of cytotypes
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uptake from shallow soils in A. tridentata were more related to the 
subspecies identity and ploidy level of target plants. These differ-
ences may have implications for subspecies' ecological responses 
to global changes, including changing precipitation patterns (Knapp 
et al., 2008; Schwinning & Kelly, 2013).

The observed variation in functional lateral roots and be-
low-ground zone of influence generally agrees with the physiological 
constrains on water availability for A. tridentata, which can take up 
water from shallow and deep soil horizons (Germino & Reinhardt, 
2014; Ryel, Leffler, Ivans, Peek, & Caldwell, 2010). Within this gen-
eral pattern, the results of our study revealed that for both subspe-
cies, tetraploids had higher water uptake from shallow soil layers 
than their diploid variants. These differences suggest that within 
subspecies, tetraploids develop more shallow roots than diploids, 
giving the former more access to nutrient-rich surface layers (Araya 
et al., 2011). Diploid variants of both subspecies showed a relatively 
narrow zone of influence, suggesting stronger development in the 
vertical dimension (i.e. deeper roots, Figure 4). Differences asso-
ciated with ploidy variation were consistent for both subspecies,  
A. t. tridentata and A. t. vaseyana. We hypothesize that such differences 
may be mechanistically linked to drought tolerance and root devel-
opmental plasticity under environmental stress (Xiong et al., 2006). 
For example, under drought conditions, plant response may  include 
an elongation of vertical and inhibition of lateral roots to sustain an 
accesses to deep soil moisture (De Smet, Zhang, Inzé, & Beeckman, 
2006). In the context of our study, big sagebrush has dimorphic roots 
where root plasticity in response to environmental conditions may 
be key in driving adaptive variation in root architecture. Polyploidy 
in many plant species generally can lead to higher drought tolerance 
(Greer, Still, Cullinan, Brooks, & Meinzer, 2018; Ramsey, 2011), which 
in A. tridentata may allow tetraploid plants to develop and maintain 
more lateral roots compared to more drought-sensitive diploids.

The results for diploid A. t. tridentata and A. t. vaseyana suggest  
that they have a less developed lateral root system than tetra-
ploids; however, the survival between the two diploid groups in the 
common garden varies (Chaney et al., 2017). Although our data in-
dicate no differences in plant water status during the experiment, 
the environmental conditions at the experimental site are more 
favourable for A. t. tridentata:2x compared to A. t. vaseyana:2x, 
which overall had lower survival. A generally low performance of 
diploid A. t. vaseyana, including potential lateral root growth inhi-
bition, could be related to repeated drought effects on the mal-
adapted populations over the course of the experiment. This trend 
highlights a potential mismatch between abiotic conditions at the 
experimental site and the typical climatic niche characteristic of 
mountain big sagebrush (A. t. vaseyana).

The development and activity of lateral roots is highly relevant 
to A. tridentata performance under seasonal precipitation patterns 
in the Great Basin. We found that between plants with differ-
ent ploidy levels, the largest differences in water uptake by lateral 
roots occurred within close proximity to a plant (<1.5 m; Figure 3). 
Specifically, tetraploids showed higher water uptake, suggesting 
more roots in the horizontal plane. Greater lateral water uptake 

could enhance fall seed production when soils are dry but sporadic 
rain events occasionally wet surface soils (DePuit & Caldwell, 1973; 
Evans & Black, 1993; Goldberg & Novoplansky, 1997); however, 
the tetraploids tend to have less seed production than diploids in  
A. tridentata. For example, A. t. tridentata:2x was observed to be more  
consistent in seed production over the years compared to more vari-
able A. t. wyomingensis:4x, which could be related to differences in 
lateral root architecture (B.A. Richardson, unpubl. data). Based on 
our results, this trait can be related to the ploidy level that persisted 
across subspecies, as both A. t. vaseyana and A. t. tridentata tetra-
ploids had higher average water uptake than their diploid variants 
(Figures 3 and 4). Nutrient availability in shallow soils can be another 
consideration related to lateral root functioning and plant perfor-
mance. Higher decomposition rates in shallow soils in combination 
with sporadic rain events during the dry season of the year could 
represent a mechanism of additional supply of dissolved nutrients 
available for the plants with more developed lateral roots (Leffler 
et al., 2004; Richards & Caldwell, 1987).

Deuterium tracer experiments provide an opportunity to ex-
perimentally test spatial and temporal patterns of below-ground 
processes, including neighbour interactions. The coexistence of ge-
netically different populations of big sagebrush in natural settings is 
not uncommon and may increase in the future. Factors contributing 
to population mixing may include both natural (e.g. varied soil depth 
and type, frequent polyploidy and hybridization) as well as anthro-
pogenic drivers, including large-scale disturbances and the following 
revegetation efforts (Germino, Barnard, et al., 2018). 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 neighbouring individuals. 
In congruence with the finding from an excavating study of Larrea  
tridentata (Brisson & Reynolds, 1994), we did not find strong ev-
idence that the size of a target plant and neighbours influenced 
patterns in resource acquisition. This finding, however, could be 
an artefact of (a) inadequate sample size for the neighbourhood 
model, mainly for the subspecies that had high mortality prior to 
our study resulting in relatively low sample size for these subspecies  
(e.g. A. t. vaseyana:2x), or (b) common garden experimental design. 
For example, if plants are outplanted at the same time, we would ex-
pect that their root systems develop unobstructed until their roots 
interface with those of the neighbours. This pattern could poten-
tially result in a relatively proportional occupancy of the shallow 
soil space within a subplot (Figure 1b), which would minimize asym-
metric resource partitioning and could underlie the weak effect of  
above-ground neighbour size in our models.

Subspecies that invest more into their lateral roots would have 
higher root density within their lateral zone of influence but may 
not necessarily have a competitive advantage detectable from the 
presented time snapshot of a temporal process such as resource 
acquisition (Kulmatiski et al., 2017). One mechanism that can po-
tentially explain this pattern is root suberization in response to local 
nutrient or water deficiency, where suberized cell walls could pose 
a barrier and reduce water transport despite a high root density 
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(Barberon et al., 2016). Additionally, isotope experiments with lo-
calized isotope injections are also sensitive to variation in root 
density in a given specific location. An experiment in a natural sys-
tem, including larger sample size and repeated sampling following 
the treatment, could disentangle this uncertainty. Furthermore, a 
replicated experiment along a climatic gradient that captures sea-
sonal phenology may have a stronger causal power to evaluate the 
effect of the abiotic regime on root formation and functioning in  
A. tridentata. On the other hand, our results indicate that the parti-
tioning of a localized water pulse may be dependent upon the den-
sity of functionally active roots in the resource island. The results 
also suggest that the roots of neighbouring A. tridentata individuals 
in the common garden may have a high degree of overlap, which 
was previously documented for A. t. vaseyana in natural settings 
(Krannitzi & Caldwell, 1995).

5  | CONCLUSIONS

Our experiment illustrates how a deuterium tracer can be used to 
evaluate a species’ below-ground zone of influence and local interac-
tions such as short-term resource competition. The results comple-
ment the existing knowledge of below-ground root architecture in 
A. tridentata obtained from excavating studies by evaluating below-
ground zone of influence based on the physiological activity of a tar-
get plant (Reynolds & Fraley, 1989; Sturges, 1977). Moreover, our 
results indicate some intraspecific differences that may be related 
to the tendency of the different subspecies and cytotypes to occupy 
sites with either deep or shallow soils or to be more adept at utilizing 
water from seasonal rainfall events. In the context of global changes, 
including shifts in precipitation patterns (Knapp et al., 2008), under-
standing plant root architecture and resource partitioning patterns 
in arid environments could improve management practices and con-
servation decision-making. Intraspecific variation in root functioning 
is an essential consideration for ecological restoration and conserva-
tion of arid scrublands.
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