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Thurber’s needlegrass (Achnatherum thurberianum [Piper] Barkworth) is a key restoration species in the Great
Basin and surrounding areas, yet comprehensive studies of how climate relates to genetic variation and seed
zones for restoration projects are lacking. Potentially adaptive phenotypic traits of 66 diverse populations of
Thurber’s needlegrass were measured in common gardens at Central Ferry, Washington and Reno, Nevada in
2012 and 2013. Extensive genetic variation was observed among phenology, morphology, and production traits
(P b 0.01), and canonical correlation was used to relate traits to source climate variables. Only with the first two
canonical variates were F values significant (P b 0.05), explaining 42% and 18% of the variation, respectively. For
variates 1 and 2, strong canonical correlations of 0.97 and 0.94 linked genetic variationwith source climates, pro-
viding evidence for climate-driven evolution. Pearson linear correlations indicated that populations fromwarm-
er, drier locations generally had earlier blooming and longer awns than those fromcooler,wetter locations. Plants
from warmer, drier locations also had higher survival at Central Ferry and higher leaf length to width (narrower
leaves) at Reno in 2012. Regression of the canonical variates 1 and 2 for traits with source climate variables pro-
duced very strongmodels, explaining 94% and 87% of the variation in plant traits. Thesemodelswere used tomap
12 seed zones encompassing 465 079 km2 in the Great Basin and surrounding areas with six seed zones
representing 90% of the mapped area. We recommend using these seed zones to guide restoration of Thurber’s
needlegrass.

Published by Elsevier Inc. on behalf of The Society for Range Management.

Introduction

Evolution of adaptive genetic traits is often climate driven (Turesson
1922; Clausen et al. 1940; Aspinwall et al. 2013). When genetic varia-
tion in plant traits is correlatedwith source climate variables, it suggests
climate-driven natural selection and evolution (Endler 1986; Kawecki
and Ebert 2004; Weißhuhn et al. 2012). Natural selection often results
in a “home site advantage” or local adaption associatedwith germplasm
sources. Although there are exceptions (Galloway and Fenster 2000;
Leimu and Fischer 2008; Bischoff and Mueller-Schaerer, 2010; Hancock
et al. 2013), locally derived germplasmhas often been shown to have an
adaptive advantage comparedwith those fromother environments. In a
survey of reciprocal transplant studies, Leimu and Fischer (2008) and
Hereford (2009) found the overall frequency of local adaptation mea-
sured as relative fitness was 0.71.

Given the prevalence of local adaptation in wild populations, the
common practice of seeding a few selected ecotypes over large and var-
ied geographic areas adds considerable risk of maladaptation and the
potential to promote genetic swamping, genetic erosion (Hufford and
Mazer 2003), outbreeding depression (Kramer and Havens 2009), and
unfavorable interactions with other plant and animal species.

If conducted over the needed geographic area and timescale, direct
assessments of adaptation can be accomplished through reciprocal
transplant studies. With an adequate number of sites and source popu-
lations, these could be used for seed zone development; that is, the cre-
ation of geographic boundaries for appropriate germplasm movement
(Wang et al. 2010). However, practical considerations usually limit the
number of populations that can be included in reciprocal transplant
studies (Kawecki and Ebert 2004). On the other hand, genecology stud-
ies are more easily completed using a relatively large number of source
populations (St. Clair et al. 2005; Johnson et al. 2010; Johnson et al.
2012; Johnson et al. 2013; St. Clair et al. 2013; Johnson et al. 2015;
Johnson and Vance-Borland 2016). Thus, the goal of genecology studies
is to characterize local adaptation across a wide geographic range, and
therefore sampling prioritizes collecting from asmany locations as pos-
sible. To conduct a genecology study, plants from these diverse source
locations are grown in common gardens to determine whether there
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is genetic variation in potentially adaptive phenotypic traits. In analyses
of variation for plant traits, differences among source location pheno-
types indicate genetic variation (Kawecki and Ebert 2004). Multivariate
statistics are used to consolidate the traits into a small set of composite
variates, and regression modeling is then used to determine if and to
what extent composite variates relate to plant source climates. A strong
linkage between phenotypic traits and environmental variables is evi-
dence of adaptation, and seed transfer zones can then be mapped
using geographic information system (GIS) technology. Thus, in con-
trast to reciprocal transplant studies, where relative fitness is compared
among local and away source populations to identify local adaptation
(e.g., Kawecki and Ebert 2004), genecology studies typically include
manymore populations from diverse environments grown in a smaller
set of common gardens. By verifying and thenmodeling the relationship
between phenotypes and environments, local adaptation is inferred and
seed zones can be created and mapped.

In the absence of empirical seed zones created from either
genecology studies or reciprocal transplants, provisional seed zones
based only on climate may improve the probability of restoration with
appropriate germplasm (Bower et al. 2014). But because genecology-
based seed zones integrate genetic responses of species and populations
across varied climates, they are preferred, as they provide an empirical
link to local adaptation.With these empirical seed zones, landmanagers
and native seed growers are best positioned to provide genetically ap-
propriate germplasm for restoration projects.

The Great Basin, alongwith other parts of thewestern United States,
is experiencing increasingly frequent fires, overgrazing, invasive weeds,
and climate change, factors that threaten the diversity and function of
ecosystems (Young and Evans 1978; Westerling et al. 2006; Erickson
2008; Davies et al. 2012). This has led to an increasing need for restora-
tion. Thurber’s needlegrass (Achnatherum thurberianum [Piper]
Barkworth) is a widespread perennial bunchgrass species in the Great
Basin and surrounding areas (USDA, NRCS, 2006) and is an important
component of many sagebrush communities dominant in much of the
region. It develops relatively early in the spring and provides forage
for livestock andwildlife, especially before the development of its prom-
inent awns (USDA, NRCS, 2006). Fall burning of Thurber’s needlegrass
after reproductive development has minimal impact on subsequent
plant production and survival (Davies and Bates, 2008), but burning
during active growth can substantially reduce survival (Uresk et al.
1976). The natural wildfire cycles on the sagebrush (Artemisia sp.)/
Thurber’s needlegrass communities of the Great Basin have been short-
ened by the presence of downy brome (Bromus tectorum L.), often lead-
ing to its dominance and the need for bothweed control and restoration
of perennial species (Young and Evans 1978).

In this study, our aim was to develop seed zones for Thurber’s
needlegrass in much of the Great Basin and surrounding areas. Specific
objectives were to 1) determine genetic variation of potentially adap-
tive traits for Thurber’s needlegrass using common gardens; 2) relate
genetic variation and seed source population climate though correla-
tion, regressionmodeling, and GIS mapping; and 3) develop seed trans-
fer zones to guide the choice of genetically appropriate populations of
Thurber’s needlegrass restoration plantings.

Methods

Population Sampling and Garden Establishment

Seeds from wild plants were collected from 66 source location pop-
ulations in 2010 primarily from southwest Idaho, eastern Oregon, and
northern Nevada (Figs. 1 and 2). Latitude and longitude coordinates
were recorded at each source population using geographic positioning
instrumentation. Elevation was estimated using the coordinates with
the GTOPO30 global digital elevation model (https://lta.cr.usgs.gov/
GTOPO30). For each source population, climate norms were extracted
from ClimateWNA climate data rasters (Wang et al. 2012; http://

www.genetics.forestry.ubc.ca/cfcg/ClimateWNA/ClimateWNA.html)
for the time period spanning 1981−2010 using version 5.10. We used
17 climate variables designated by Wang et al. (2012) as “annual vari-
ables” including directly calculated means for annual temperature,
warmest and coldest months, continentality, annual and summer pre-
cipitation, and annual and summer heat to moisture indices. Additional
derived variables included frost-free days, the day of year ending the
frost-free period, precipitation as snow, 30-yr minimum andmaximum
temperature extremes, evaporative demand indices, solar radiation, and
relative humidity.

The 66 wild populations were established at two common garden
sites. One site was near Central Ferry, Washington at 46.6692°N,
−117.754°W (hereafter CF) and the other at the University of Nevada,
Reno at 39.5394°N, −119.806°W (hereafter RE). The CF site, at 209 m
above sea level (ASL), is located in the Snake River Canyon of eastern
Washington state. The RE site is 1 371 m ASL and near the University
of Nevada, Renomain campus. Both sites represent the dry, continental
climates typical of the intermountain West and Great Basin. The 30-yr
(1981−2010) mean annual temperature is 12.1°C at CF and 11.5°C at
RE, and the 30-yr norm for precipitation is 384 mm at CF and 209 mm
at RE.

In winter 2008 seeds from the 66 wild accessions were germinated
in boxes (13.3 cm long, 12.7 wide, and 3.5 cm deep) containing water-
saturated vermiculate. The boxes were placed at room temperature
(~20°C), and seeds were allowed to germinate. Germinates were
planted into 5 × 5 × 5 cm containers in flats holding 36 containers of
Sunshine #5 plug mix (SunGro Horticulture, Bellevue, WA) and grown
under greenhouse conditions for 6 wk. Seedlings were watered and fer-
tilized as needed to promote optimal growth.

Seedlingswere transplanted on 14 September 2011 at CF and from 5
to 10 October 2011 at RE. Six seedlings per population were planted in
each of the two locations in six randomized complete blocks, resulting
in a total of 792 plants included in this experiment. We note that the
goal of this study is to identify broad-scale patterns of local adaptation
across the range of a species, rather than to fully describe phenotypic
variation within particular field locations. Thus, a relatively small num-
ber of individuals were sampled per population but across a large num-
ber of populations, which is considered the most effective way to
describe patterns of local adaptation (Blanquart et al. 2013). Plants
were spaced 0.6 m apart in rows separated by 1.5 m at CF; at RE all
plants were spaced 0.6 m apart in all directions. With the extremely
dry soil moisture conditions at RE, supplemental irrigation (≈10 mm)
was required after transplanting and applied on 14 October, to ensure
survival until fall rains commenced. Phenotypic data were not collected
until the following spring, and thus this initial watering treatment was
unlikely to affect plant phenotypes reported here. No fertilizer or addi-
tional irrigation was applied at either site.

The germplasm sources were randomized in six complete blocks at
both common garden sites. In spring of 2011 and 2012, each plant
was evaluated for phenology, production, and morphology traits at
each site as defined in Table 1.

Statistical Analysis

Analysis of variance was completed on each plant trait (see Table 1)
using the mixed procedure (Proc Mixed) in SAS/STAT version 9.2 as de-
scribed in Littell et al. (1996) and Johnson et al. (2015). Replicate blocks
were nested within sites (CF and RE). Thus, blocks within sites were as-
sumed to be random. Yearswere treated as a repeatedmeasure, and dif-
ferences among garden sites, source populations, years, and their
interactions were evaluated for each trait. Differences in phenotypes
for location populations of a given trait represented genetic variation,
and garden site, years, and interactions among site, year, and location
represented phenotypic plasticity in trait expression (Scheiner and
Goodnight 1984; Kawecki and Ebert 2004).
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Because there were 12 plant traits measured for each population in
each site and year, there was a potential of 48 traits for the canonical
correlation analysis, 12 for each of the 4 site-year combinations. Such
a high number of potential traits complicates the identification of a
small set of canonical variates that explain a high fraction of the varia-
tion suitable for modeling with climate variables. However, averaging
over interactionsmay discount interactions associated with phenotypic
plasticity (i.e., differential responses of plant genotypes in different
environments) (Bradshaw 1965). Consequently, data averaging was
done only when the Pearson correlation coefficient r was highly signif-
icant and positive (P b 0.01) among site-year environments, indicating
reasonable correspondence between traits in both magnitude and
direction. Otherwise, site-year combinations were retained as
separate traits.

Using this set of derived traits (Table 2), canonical correlation (PROC
CANCORR in SAS/STAT version 9.2) was used to assess the relationship
between traits and 17 climate variables (see Table 2) over location pop-
ulations, similar to Johnson et al. (2015). This resulted in canonical var-
iates or linear combinations of traits and climate that maximized their
correlation. Each set of variates for traits and climate variables repre-
sents independent dimensions in data, with the first variate having
the highest correlation and the last the lowest (Manly 1986).

Regression models for spatial mapping were developed using SAS
PROC REG SAS/STAT (version 9.2). Key, single plant traits and each sig-
nificant canonical variate were regressed on the climate variables (see
Table 2). Thesemodels were based on a potential of 66 location popula-
tions each with 6 replications at the two garden sites evaluated for 2 yr
(792 potential plants). The objective was to find models with the
highest predictive value with the fewest number of model parameters
(Draper and Smith 1981). Within PROC REG the R-square option was
used along with the Akaike information criterion (AIC) (Akaike 1969)
to minimize over parameterization. For a given trait, all climate vari-
ables from each source were initially included in the modeling process.
The final model selected was the combination of climate variables that
produced the highest R2 with the lowest AIC statistic. These models
maximize prediction capacity with the coefficients and variables func-
tioning as a set, so, owing to correlations among variables in the regres-
sion, they do not necessarily identify the single most important,
independent climate variables for a given trait (Manly 1986).

Spatialmappingof single traits and each significant canonical variate
predicted from regressionmodels was completed over level III Omernik
ecoregions (Omernik 1987) using the grid algebra function (raster cal-
culator) of the ArcGIS 9.3 Spatial Analyst extension (ESRI, Redlands,
CA). Raster layers with the relevant climate variables were converted

Figure. 1.Maps of regression models for blooming day, awn length, leaf ratio, and survival CF with climate variables for Thurber’s needlegrass in the Great Basin. Source locations for the
common garden study are depicted with open circles. Omernik (1987) ecoregion boundaries are shown as black lines. Model predictions outside the trait value data range were not
mapped (shown in white).
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to trait values by multiplying each climatic variable by each associated
regression coefficient in the model and summing the results. The stan-
dard deviation of the regression model error term was used as the con-
tour delimiting seed zones. Seed zonemapswere developed by dividing
the ranges of each set of canonical variates predicted by the regression

into segments representing different climatic areas and then overlaying
those into a single seed zonemap (Johnson et al. 2015). Thesewere cre-
ated over the Snake River Plain, the Northern Basin and Range, and
mostly the northern sections of the Central Basin and Range, which
were well represented in our seed collections.

Figure. 2. Proposed seed zones for Thurber’s needlegrass resulting from an overlay of canonical scores from regressionmodels of canonical variates 1 and 2with climate variables in the Great
Basin.
Source locations for the commongarden study are depictedwith open circles.The canonical variateswerederived fromcanonical correlationof plant traits and climate variables.Omernik (1987)
ecoregion boundaries are shown as black lines.Model predictions outside two times the data range for observed values of the canonical scores were not mapped and are shown inwhite.

Table 1
Summary of mean values, F-ratios (F) and P values (P) from analyses of variance for Thurber’s needlegrass traits measured in common gardens sites Central Ferry, Washington and Reno,
Nevada in 2012 and 2013 on diverse location populations collected from the Great Basin.

Trait Mean Site (S) Loc. Pop. (L) SxL Yr (Y) YxS YxL YxSxL

F P F P F P F P F P F P F P

Phenology1

Heading, d of yr 137 27.9 b .01 8.9 b .01 2.01 b .01 187.6 b .01 27.8 b .01 0.9 0.75 1.6 0.15
Blooming, d of yr 135 17.2 b .01 6.9 b .01 1.8 b .01 78.8 b .01 2.0 0.16 1.0 0.52 0.2 0.81
Maturity, d of yr 161 36.1 b .01 3.4 b .01 1.47 0.01 2109.8 b .01 . . 1.0 0.39 . .

Morphology2

Leaf area, cm2 1.64 263.2 b .01 4.2 b .01 1.47 0.01 125.4 b .01 147.4 b .01 0.8 0.91 0.7 0.93
Leaf ratio 74.5 41.4 b .01 1.7 b .02 1.42 0.02 27.9 b .01 85.6 b .01 1.4 0.04 1.5 b .01
Culm length, cm 37.0 715.2 b .01 3.2 b .01 2.67 b .01 98.6 b .01 0.3 0.56 0.9 0.64 1.0 0.48
Panicle length, cm 12.2 3.9 0.07 4.7 b .01 2.32 b .01 30.7 b .01 7.2 b .01 1.4 0.02 1.0 0.51
Awn length, cm 4.1 0.0 0.91 6.6 b .01 1.27 0.09 2.3 0.13 1.6 0.21 1.3 0.07 0.6 0.99

Production3

Survival 0.71 11.2 b .01 6.5 b .01 3.01 b .01 54.9 b .01 11.0 b .01 0.5 1.00 0.6 1.00
Panicle number 32.4 145.8 b .01 2.5 b .01 1.61 b .01 186.7 b .01 96.4 b .01 1.7 b .01 1.3 0.06
Biomass, g 12.8 230.2 b .01 3.0 b .01 2.66 b .01 17.4 b .01 14.3 b .01 1.1 0.24 1.1 0.27
Crown area, cm2 62.8 96.5 b .01 2.0 b .01 1.67 b .01 213.0 b .01 13.7 b .01 1.1 0.30 0.9 0.79

1 Headingwas defined as complete emergence of a lead panicle from its sheath, bloomingwas the initial appearance of anthers, andmaturity when seed appearedmature inmore than
half the panicles. For Reno, maturity data available only for 2012.

2 Leaf area (length ×width) and leaf ratio (length to width)were determined on the last fully emerged leaf of a lead culm after heading. Culm length (measured from the plant base to
the base of the panicle on a lead culm), panicle length, and awn length (twice geniculate measured in three sections and summed) were measured on a lead culm after full extension.

3 Panicles on each plant were counted after heading, harvest for dry weight was after maturity to within 4 cm of the soil, and after harvest, crown area was estimated as the product of
two perpendicular crown diameter measurements.
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Results

Differences in all traits except leaf ratio were highly significant (P b

0.01) among seed source populations, indicating widespread genetic
variation among Thurber’s needlegrass populations (see Table 1).
There was also considerable phenotypic plasticity, as site and year ef-
fects were significant in almost all cases, and interactions for population
× site and year × site were frequent (see Table 1).

Heading, blooming, leaf area (leaf length × width), and awn length
were correlated across all site-year environments (P b 0.01) with posi-
tive r values (data not shown). This indicated reasonable correspon-
dence among trait values, even when interactions between garden site
and year were significant (see Table 1). Thus, those sources of pheno-
typic plasticity were due to changes inmagnitude rather than the direc-
tion of the response of populations to garden environments. As a result,
values of these traits were averaged for canonical correlation analysis
(see Table 2). For other traits, values were often correlated between
years within sites, and those were also averaged. Leaf ratio was the
only trait for which there was no correlation for sites within year (P b

0.01), resulting in four separate traits. The averaging process reduced
the potential of 48 to 24 derived traits (see Table 2). Those 24 derived
traits were used with the 17 climate variables in Table 2 for canonical
correlation analysis.

Ranges of derived traits and climates were generally large, contrib-
uting to strong differences among location populations (see Table 1).
For example, the mean day of year for heading across all populations
was 137, but this value ranged from 129 to 172; leaf area averaged 1.6
cm2 but ranged from 0.6 to 2.7 cm2 (Table S1). Geographic and climate
variables were also wide ranging: elevation from 487 to 2511 m and
precipitation from 701 to 213 mm (Table S2).

Canonical variates 1 and 2 (see Table S2) explained 60% of the total
variation between derived traits and climate variables, 42% for variate
1 and 18% for variate 2, with P values for canonical variates 1 and 2 of
P b 0.0002 and P b 0.0424, respectively. Thus canonical variates 1 and

2 established a strong link between genetic variation in common gar-
dens and climate at source populations. No other combinations of vari-
ates were significant (P b 0.05) and were not considered in regression
modeling.

Significant Pearson linear correlation coefficients also indicated as-
sociations between derived traits and climate, especially for blooming,
awn length, leaf ratio RE 2012, and survival CF (Table 3). Although
there were fewer significant relationships than for RE 2012, leaf ratio
for CF 2012 (data not shown)was also correlated (P b 0.05)with several
climate variables (MAT, MCMT, PAS, EMT, and Eref; abbreviations de-
fined in Table 2). Thus, a link between leaf ratio and climate variables
occurred at both sites in 2012. Survival RE was correlated with the cli-
mate variables AHM, PAS, EXT, Eref, and CMD (data not shown), as
was survival CF (see Table 3), indicating source climate had similar ef-
fects on survival between sites.

Populations with earlier blooming were generally associated with
seed source locations with higher mean and summer temperatures
(MAT and MWMT), less annual precipitation (MAP), and higher stress
indices (AHM and SHM) (see Table 3). Source populations from areas
with generally higher temperatures (MAT, MWMT, MCMT), less annual
and summer precipitation (MAP and MSP), less snow, higher evapora-
tive demand, and higher stress indices had generally longer awns and
higher survival at CF (see Table 3). Except for precipitation, source pop-
ulations with narrower leaves at RE 12 showed similar trends.

Regression models with canonical variates 1 and 2 were exception-
ally strong (Table 4), explaining 94% and 87% of the variation in plant
phenotypes, respectively. Thus, those canonical variates effectively rep-
resented the association of plant traits and source climates, providing a
strong basis for mapping seed zones. Regression models of traits for
blooming, awn length, leaf ratio RE12, and survival at CF also had rela-
tively high R2 values (see Table 4).

Early blooming populations in common gardens (day of yr
129−137) represented a large portion of the area mapped and
corresponded to the relatively warm and dry areas typical of the Great
Basin (Fig. 1). Later development was predicted in relatively cooler
and wetter areas such as portions of the Blue Mountains, the extreme
eastern part of the Northern Basin and Range, and higher elevation
areas in the Central Basin and Range. This was consistent with correla-
tions that predicted early blooming inwarmer, drier climates compared
with cooler, wetter climates (see Table 3). However, a region in thewest
Central Basin and Range mapped to relatively late blooming (day of yr

Table 2
Derived plant traits and climatic variables used in canonical correlation of Thurber’s
needlegrass growing at common gardens at Central Ferry (CF), Washington and Reno
(RE), Nevada in 2012 and 2013.

Trait Climatic variables

Heading Mean average temperature (MAT)
Blooming Mean warmest monthly temperature (MWMT)
Maturity CF Mean coldest monthly temperature (MCMT)
Maturity RE Continentality, MWMT-MCMT (TD)
Leaf length × width (leaf area) Mean annual precipitation (MAP)
Leaf length to width CF 2012
(leaf ratio)

Mean summer precipitation (MSP)

Leaf length to width CF 2013
(leaf ratio)

Annual heat moisture index (AHM),
(MAT+10)/(MAP/1000)

Leaf length to width RE 2012
(leaf ratio)

Summer heat moisture index (SHM),
([MWMT]/(MSP/1000])

Leaf length to width RE 2013
(leaf ratio)

Frost-free period (FFP)

Culm length CF D of yr when FFP ends (FFPe)
Culm length RE Precipitation as snow (PAS)
Panicle length CF Extreme minimum temperature over 30 yr

(EMT)
Panicle length RE12 Extreme maximum temperature over 30 yr

(EXT)
Panicle length RE13 Hargreaves reference evaporation (Eref)
Awn length Hargreaves climatic moisture index (CMD)
Survival CF Mean annual solar radiation (MAR)
Survival RE Mean annual relative humidity (%)
Panicle number CF
Panicle number RE
Biomass CF
Biomass RE
Crown area CF
Crown area RE 2012
Crown area RE 2013

Table 3
Pearson linear correlation coefficients between derived plant traits and canonical variates
(columns) and source climate variables (rows) for Thurber’s needlegrass in common gar-
dens (n = 60-64).

Climate
variable1

Blooming Awn
length

Leaf ratio
RE12

Survival
CF

Can Var
1

Can Var
2

MAT −0.38** 0.46** 0.50** 0.34** 0.49** 0.39**
MWMT −0.32** 0.29* 0.48** 0.13 0.65** 0.03
MCMT −0.21 0.36** 0.26* 0.40** 0.01 0.59**
TD −0.15 0.02 0.26* −0.14 0.58** −0.34**
MAP 0.31* −0.35** −0.23 −0.49** −0.12 −0.11
MSP 0.22 −0.26* −0.17 −0.33** −0.23 0.00
AHM −0.35** 0.43** 0.37** 0.41** 0.39** 0.33**
SHM −0.28* 0.31* 0.35** 0.27* 0.52** 0.07
FFPe −0.16 0.12 0.45** 0.09 0.49** 0.15
FFP −0.24 0.22 0.49** 0.10 0.57** 0.17
PAS 0.51** −0.51** −0.40** −0.67** −0.27* −0.48**
EMT −0.20 0.31* 0.34** 0.32** 0.06 0.54**
EXT −0.49** 0.53** 0.37** 0.33** 0.41** 0.19
Eref −0.34** 0.49** 0.35** 0.34** 0.39** 0.34**
CMD −0.39** 0.48** 0.34** 0.42** 0.44** 0.21
MAR 0.32** −0.28* 0.02 −0.26* 0.17 −0.18
RH 0.17 −0.26* 0.08 −0.21 0.15 0.02

*, ** Significance at P b 0.05 and P b 0.01, respectively.
1 Annual climatic variables as given byWang et al. (2012); see Table 2 for definitions of

abbreviations.
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145−157 shown as red orange, yellow, and light green hues) even
though it is an area considerably warmer and drier than much of the
central and northern areas of the Central Basin and Range.

Longer awns, greater leaf ratios, and higher survival in common
gardens generally mapped to populations from warmer, drier areas
(see Fig. 1). For awn length there was a sharp transition from longer
awns in the Central Basin and Range to shorter awns along much of its
borderwith the Northern Basin and Range. High leaf ratios, or relatively
narrow leaves, predominated in the warm, dry areas of the Snake River
Plain and Central Basin and Rangewith relatively high heatmoisture in-
dices. Relatively wide leaves with smaller leaf ratios were associated
with mostly cooler, wetter areas of Blue Mountain, Northern Basin and
Range, and Central Basin and Range ecoregions (see Fig. 1). For most
of the mapped area, survival was usually higher for populations from
relativelywarmer, drier regions, such as eastern Oregon in theNorthern
Basin and Range, and the Snake River Plain. This was also true inmost of
the Central Basin and Range (see Fig. 1).

The seed zonemapwas developed bydividing the range of canonical
scores predicted by regression models into segments and then overlay-
ing the segments representing the different canonical variates. Regres-
sion with canonical scores for variate 1 was divided into 4 segments
and those for variate 2 into 3 segments, resulting in an overlay with
12 seed zones (Fig. 2). Canonical variate 1 was given somewhat more
weight than variate 2 as it explained more of the total trait variation.
The seed zone map was focused in the Snake River Plain, the Northern
Basin and Range, and mostly northern sections of the Central Basin
and Range. Much of the western, eastern, and southern Central Basin
and Range and significant portions of the Blue Mountains were outside
our designated mapping range of two times the observed canonical
scores used to prevent excessive model extrapolation. A total of 465
079 km2wasmapped. Of the 12 zones, 6 (zones 1, 2, 3, 6, 9, and 10) rep-
resented less than 10% of the totalmapped area (see Fig. 2). The remain-
ing six zones represented 90% of the mapped areas with three zones, 5
(15.2%), 7 (17.7%), and 8 (33.4%) representing 66.3%.

Plots of zone mean temperature and precipitation illustrated how
our trait-based approach created zones separated by different climates
(Fig. 3). The low stress zone 3 (with relatively lower temperature and
higher precipitation) represented a small portion of the total area
(0.8%). It was scattered mostly in parts of the Blue Mountain ecoregion
but to some extent in other ecoregions, corresponding to generally
higher elevation areas (see Fig. 2). The high stress zone 12 (higher tem-
perature and lower precipitation), most frequently in the highly arid
and hot areas in the Central Basin and Range, represented 7.2% of the
mapped area. It was often bordered by zones 11 (7.25% of the mapped
area) and 9 (3.2% of the area), two other relatively high stress zones
(see Fig. 3). Zone 8, representing a third of themapped area,was distrib-
uted in all ecoregions of the Great Basin. Zones 4, 7, and 10 were closely
grouped in terms of precipitation and temperature and oftenmapped to
adjacent areas (see Fig. 2).

Discussion

We found strong evidence that natural selection has affected plant
phenotypes of Thurber’s needlegrass in the intermountainWest. Nearly
all potentially adaptive plant traits differed significantly among location
populations in common gardens, indicating considerable genetic varia-
tionwithin this species. This is consistentwith research on other grasses
and forbs from the Great Basin and intermountain West (Johnson et al.
2010; Johnson et al. 2012; Johnson et al. 2013; St Clair et al. 2013;
Johnson et al. 2015; Johnson and Vance-Borland 2016) and is gener-
ally observed in common garden research in other species and regions
(St. Clair et al. 2005; Leimu and Fischer 2008; Horning et al. 2010).

Significant Pearson linear correlations between derived traits and
climate variables suggested an association between traits and certain
climate variables, even though they did not represent a large part of
the total variation. In contrast, the canonical correlation analysis be-
tween derived traits and climates resulted in thefirst two canonical var-
iates explaining 60% of the variation, strongly linking genetic variation
with source climatic factors and suggesting climate-driven natural se-
lection and evolution leading to local adaptation. This was comparable
or somewhat stronger than for other genecology studies of bunch-
grasses using multivariate traits (Erickson et al. 2004; Johnson et al.
2010; Johnson et al. 2012; St Clair et al. 2013; Johnson et al. 2015;
Johnson and Vance-Borland 2016).

Interactions between source populations and different site and year
garden environments showed the expected presence of phenotypic
plasticity observed in similar studies on other species (Johnson et al.

Table 4
Equations and coefficients of determination (R2) for regression of derived plant traits (represented as canonical variates or as individual traits) with climate variables at source population
locations for Thurber’s needlegrass.

Trait R2 Regression equations1

Canonical variate 1 0.94 −71.295 + 2.1204 (MAT) + 1.49276 (MWMT) − 2.70608 (MCMT) − 2.78967 (TD) + 0.01837 (MAP) +
0.10983 (MSP) − 0.06846 (AHM) − 0.03372 (PAS) − 0.69977 (EMT) − 0.0665 (Eref) + 0.10238 (CMD) + 0.70136 (RH)

Canonical variate 2 0.87 −76.529 + 6.37187 (MAT) − 2.12495 (MWMT) − 0.00648 (MAP) + 0.10021 (AHM) − 0.01778 (SHM) +
0.08954 (eFFP) − 0.12493 (FFP) + 0.07677 (PAS) − 0.92346 (EMT) + 0.49644 (RH)

Blooming 0.61 350.33 − 0.09408 (MAP) + 0.10087 (SHM) − 0.63142 (eFFP) + 0.24391 (FFP) + 0.17409 (PAS) −
3.38374 (EXT) + 0.24648 (Eref) − 0.24346 (CMD)

Awn length 0.48 −10.811 − 0.28074 (MWMT) + 0.01397 (MSP) + 0.02996 (eFFP) + 0.25081 (EXT) − 0.00578 (Eref) + 0.00916 (CMD)
Leaf ratio RE12 0.53 332.92 − 12.8109 (MCMT) + 0.26948 (MSP) + 1.32273 (eFFP) + 7.94851 (EMT) − 3.83538 (EXT) −

0.18579 (Eref) + 0.18277 (CMD) − 4.81628 (RH)
Survival CF 0.66 −6.61382 + 0.00312 (MAP) + 0.02691 (eFFP) − 0.01766 (FFP) − 0.00866 (PAS) + 0.09104 (EXT) −

0.00478 (Eref) + 0.0039 (CMD)

1 Regression models were significant at P b 0.0001. Annual climatic variables as given by Wang et al. (2012) and at http://www.genetics.forestry.ubc.ca/cfcg/ClimateWNA/
ClimateWNA.html; see Table 2 for definitions of abbreviations.

Figure. 3. Relationship between average temperature and precipitation for Thurber’s
needlegrass seed zones in the intermountain West.
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2013; St Clair et al. 2013; Johnson et al. 2015; Johnson and Vance-
Borland 2016). In basin wildrye (Leymus cinereus [Scribn. & Merr.] A.
Love), plasticity usually represented a large fraction of the variation
but also varied for a given trait (Johnson and Vance-Borland, 2016);
there are likely corollaries with Thurber’s needlegrass. Still, there were
frequent, positive linear correlations among sites and years, indicating
that interactions were due mostly to changes in magnitude of re-
sponses, rather than in direction.

Mechanisms that promote adaption to stressful environments can
be described as escape (growth and developmentwhen stress is less se-
vere), avoidance (the external stress is present but the plant avoids
equilibriumwith it), and tolerance (the external stress approaches equi-
librium with the stress but plant metabolic function is maintained at
some level) (Levitt 1972). The trend toward early phenology in climates
with lower precipitation and high evapotranspiration potential is con-
sistentwithdrought stress escapemechanisms (Levitt 1972). Specifical-
ly, earlier blooming populationswere found in areaswithwarmer, drier
source climates (see Table 3), and that was also seen in most of the re-
gions when mapped (see Fig. 1). Earliness as a form of escape was also
observed with bluebunch wheatgrass (Pseudoroegneria spicata [Pursh]
Á. Löve) (St. Clair et al. 2013), Sandberg bluegrass (Poa secunda)
(Johnson et al. 2015), and basin wildrye (Johnson and Vance-Borland
2016) from high-stress areas in the intermountain West. Selection for
early flowering individuals was also observed in a field study with the
native perennial grass bottlebrush squirreltail (Elymus elymoides [Raf.]
Swezey) (Kulpa and Leger 2013). However, contrary to these results,
late blooming mapped to a very hot and dry area in the west-central
Basin and Range. Given that populations were not actually collected in
that specific area, this result should be interrupted with caution. Since
that area was outside the mapped range for the seed zones, there was
no impact on seed movement guidelines (see Fig. 2).

The generally longer awns in location populations from warmer,
drier areas are also consistent with their reported role in stress avoid-
ance. In cereal crops, awns have been shown to promote photosynthe-
sis, transpirational cooling, and sensible heat loss during seed
development under drought and high temperature stress (Evans et al.
1972; Ferguson et al. 1973; Blum 1986; Motzo and Giunta 2002). As
shown in wild wheat (Triticum turgidum ssp. diccocoides), awns also
have a potential function in seed dispersal and in promoting seedling re-
cruitment by helping propel seeds into the ground (Elbaum et al. 2007).
The correlation of relatively narrow leaves (leaf ratios)with populations
from higher temperature sources suggests heat dissipation and water
conservation attributes also consistent with stress avoidance. A similar
result for leaf ratio was found in bluebunch wheatgrass (St Clair et al.
2013) and Sandberg bluegrass (Johnson et al. 2015) in the intermoun-
tainWest including the Great Basin. Thus, both stress escape and avoid-
ance appear to be key mechanisms in the adaptation of Thurber’s
needlegrass and other bunchgrasses of the intermountain West to
higher-stress environments. Still, the presence of escape and avoidance
mechanisms does not exclude stress tolerance mechanisms. Stress tol-
erance in populations from warm, dry regions was beyond the scope
of this study but represents a research opportunity.

The regression models for canonical variates 1 and 2 with climate
variables were substantially higher than other studies of perennial
bunchgrasses in the intermountainWest. (Erickson et al. 2004; Johnson
et al. 2010; Johnson et al. 2012; St Clair et al. 2013; Johnson et al. 2015)
(Table 4). Horning et al. (2010), working with oceanspray (Holodiscus
discolor [Pursh] Maxim.), reported a regression model based on plant
traits from the first principal component with a R2 of 0.86, which is
the only study found that approached the strength of our models for
Thurber’s needlegrass. Thus, the strong regression models for Thurber’s
needlegrass indicated that canonical variates 1 and 2, as composite
plant traits, were closely associated with climate differences across
much of the Great Basin and surrounding areas.

Self-pollination is common in closely related species including
Indian ricegrass (Achnatherum hymenoides [Roem. & Schult]

Barkworkth = Stipa hymenoides) (Jones and Nielson 1989). But as
far as we know, the potential for outcrossing in Thurber’s
needlegrass has not been fully assessed. Differences in mating sys-
tem, gene flow, population size, phenotypic plasticity, and genetic
diversity all affect the potential for population differentiation
(Hamrick and Godt, 1996; Charlesworth and Wright 2001; Garant
et al. 2007; Scheiner and Holt 2012), and further studies relating
these factors to the degree of local adaptation observed in co-
occurring Great Basin species would be highly instructive.

It is important to note that seed zone borders are to an extent arbi-
trary and can be modified on the basis of new information and knowl-
edge of land managers. In some cases smaller-scale restoration may be
desired for specific needs and local microclimates may require a more
site-specific approach.Moremapping detail could be achieved by divid-
ing the range of canonical variates into more sections. This could allow
more precise guidance to smaller areas, but across the Great Basin, it
would rapidly increase the number of zones and cost of additional col-
lection and seed increase. In the current seed zone map, as in similar
studies (Johnson et al. 2015; Johnson and Vance-Borland 2016), we
sought to balance seed zone sizewith the practical needs for application
on relatively large-scale restoration projects. Further field testing
could identify areas where seed zones could be collapsed or divided,
as needed.

Applying this balanced approach for Thurber’s needlegrass resulted
in six zones (4, 5, 7, 8, 11, and 12) that represented 90% of the mapped
area and predominated in semiarid to arid climates. The wetter and
cooler zones (1, 2, 3, and 6) represented just 6% of the mapped area
and are less likely to require active restoration, as more mesic areas of
the Great Basin are typically more resilient to disturbance (Chambers
et al., 2013). For zones 4, 7, and 10, the relatively small differences in cli-
mate had enough effect on genetic traits to result in different seed zones
(see Fig. 3). Still, those zones were often juxtaposed, suggesting poten-
tial coalescence could be considered by landmanagers.Moreover, recip-
rocal transplants across these zones could determine the magnitude of
decline in performance, if any, associated with seed movement among
seed zones. Overall, the number of populations needed for restoration
by zones is within practical limits. This has also been the case in other
genecology studies on perennial bunchgrasses in the intermountain
West (Johnson et al. 2010; Johnson et al. 2012; St. Clair et al. 2013;
Johnson et al. 2015). Likely more limiting to seed availability of
Thurber’s needlegrass are difficulties in seed cleaning presented by the
extensive awns, which are longer in populations from the warmer,
drier seed zones most in need of restoration. Although initially more
labor intensive, transplanting seedlings is a way to obtain more viable,
surviving plants with fewer seeds and may be a way to minimize prob-
lems associated with seed awns.

Since the scope for future selective adaption and evolution depends
on the availability of genetic variation (Sgrò et al. 2011), we also recom-
mend numerouswild populations be collected and used as a restoration
population within seed zones. This may be especially important when
large distances and ecoregions separate seed zones. For example, zone
11 occurs in the western Snake River Plain and also in the western
and eastern Central Basin and Range. A conservative approach would
be to restrict seed movement between such distant areas as a buffer
against factors not directly considered, such as biotic stresses, establish-
ment potential, and soils. That approach would also require bearing
the cost of more restoration populations. Such decisions require consid-
eration by land managers consistent with available resources and
experience.

Finally, due to practical issues associated with establishing plants
from seed, we note that these seed zones were developed on the basis
of plant responses measured from the seedling stage to maturity. In
our study, genetic variation was observed during the establishment
phase as higher survival and was associated with higher stress location
populations, but germination and emergence were not directly consid-
ered. Thurber’s needlegrass does not possess the dormancy typical of
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Indian ricegrass but has been observed to have relatively low germina-
tion rates and seedling vigor (Martens et al. 1994; USDA and NRCS,
2006). Attempting to complete a genecology study of adaptive traits
in growth and development from seeds would in all probability result
in many location populations that do not germinate, emerge, or estab-
lish confounding efforts to study later growth stages, and thus, those
stages were not fully considered here.

Further testing of seed zones in field situations could be conducted
using seedling emergence and survival as response variables, and addi-
tional studies could be conducted to ask how well seed and seedling
traits correlate with adult phenotypes. For example, using seed collect-
ed from different field environments, Espeland and Hammond (2013)
found that Sandberg bluegrass seed emergence and early dry weight
in growth chambers were positively correlated with dry weight after
19−20 wk of additional growth in a greenhouse environment. There-
fore, we encourage studies of plant germination, emergence, and estab-
lishment within the context of the seed zones, asking whether seedling
establishment can be predicted on the basis of phenotypes at later
growth stages. Given that genetic variation in growth and development
of plant traits was strongly linked to climate, perhaps differences in
seedling recruitment would also be linked.

Implications

Landmanagers are challenged to identify populations for large-scale
restoration projects that are adapted and ecologically suited over di-
verse regions. In this study 12 seed zones were developed to guide res-
toration for Thurber’s needlegrass according to the relationship
between genetic variation in common gardens and seed source cli-
mates. There was a strong link between climate and key plant traits,
suggesting climate-driven evolution and adaptation. Because only six
seed zones represented 90% of the mapped area, seed production of
populations by zone would be practical even though large-scale seed
processingwould be complicated by the typically long awns of this spe-
cies. Seed zones should be open to revision and modification consistent
with future research, climate change, and local knowledge of Thurber’s
needle grass adaptation. Still, they provide a research-based framework
for selecting Thurber’s needlegrass seed sources for restoration projects
over much of the intermountain western United States.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.rama.2017.01.004.
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