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Abstract 

Partnerships between researchers and restoration practitioners can improve restoration outcomes, 

which is especially important for restoration in challenging settings. Here, we describe one such 

partnership in the Great Basin, United States, which used trait-based methods and practitioner 

knowledge to identify the most promising seed sources for restoration. Managers in this region 

can either use widely-available commercial seeds, which are often sourced from far outside the 

seeding area, or take extra steps to use locally collected seeds. We asked whether wild-collected 

seeds of two native plants, Elymus elymoides and Poa secunda, had traits more conducive to 

seedling establishment in degraded sites, relative to commercial sources. Seeds were collected 

from four remnant native populations within lands managed by the Winnemucca Bureau of Land 

Management. Collections were screened for seed and seedling characteristics previously 

identified as associated with increased seedling performance in degraded Great Basin systems, 

and we provide a detailed methodology for these measurements. Relative to commercial seeds, 

wild-collected seeds had more characteristics identified as beneficial for seedling establishment, 

including phenology, root allocation, root form, and overall size characteristics that suggest 

locally-sourced populations would be likely to establish better than commercial sources. Using 

phenotypic traits as criteria, the most promising wild populations were selected for agronomic 

production to increase the quantities of seeds available for restoration, and field trials are 

ongoing using these field-increased seeds. These results provide support for collaborative efforts 
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to identify, collect, screen, and increase the availability of local seed sources to improve 

restoration success.  
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Implications for Practice 

● Management-researcher partnerships can generate scientific information directly relevant 

to the restoration process and are likely to lead to more successful efforts on the ground.   

● Our goal was to identify the best seed sources for restoration by combining trait-based 

approaches with manager knowledge of potentially valuable remnant native populations, 

which represents a change from the restoration status quo in our region.  

● Local populations possessed more potentially adaptive traits than commercially-available 

alternatives, indicating they may be superior sources for the restoration of disturbed sites 

in their local region. 

● Screening multiple local seed sources for potentially adaptive seed and seedling traits can 

be a relatively quick and effective way to select the most promising seeds for restoration. 
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Introduction 

Selecting seeds is an important step in the restoration process, as incorrect seed selection 

can set a project up for failure before it even begins. While evidence for restoration-relevant 

concepts like local adaptation is abundant (Leimu & Fischer 2008; Hereford 2009; Baughman et 

al. 2019), applying this knowledge to restoration practices at management scales can present 

challenges (Vander Mijnsbrugge et al. 2010; Gibson et al. 2016). As a result, seed used for 

restoration is often selected for reasons other than optimal performance in a particular habitat 

(Davies et al. 2011; Ladouceur et al. 2018). For example, in the Great Basin, United States, 

common garden studies have identified large-scale patterns of local adaptation across the range 

of widespread species (Baughman et al. 2019), and seed transfer zones have been described for 

many common species (e.g., Bower et al. 2014). Despite this readily available information, most 

seeds used for restoration and rehabilitation in this region are either cultivars or populations 

selected for characteristics that may differ from the priorities of restoration practitioners (Leger 

& Baughman 2015). In many cases, seeds are sourced from geographic locations well outside the 

regions where seeding is occurring (Jones & Larson 2005; Pilliod et al. 2017).  

A primary reason for the reliance on non-local seeds is efficiency in seed production and 

economies of scale (Chivers et al. 2016). Still, managers can collect seeds from local areas and 

increase the quantity of these seeds through agricultural production, even though this may take 

extra effort and time. This effort is more common for smaller-scale restoration (e.g., Houseal & 

Smith 2000; Kiehl et al. 2010), but it is possible to use locally-collected seeds for restoring large 
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areas of public lands in the Western US, where some of the largest seeding projects are regular 

occurrences (Pilliod et al. 2017). For example, federal management agencies can commission the 

large-scale production of seeds directly from growers via a type of contract called indefinite 

delivery/indefinite quantity or IDIQ (Riley et al. 2015). This type of contract allows for lower-

risk production of seeds from untested, uncommon, or potentially challenging species or 

populations by seed producers, providing flexibility in seed availability in particular regions 

(Peppin et al. 2010). While this strategy requires a greater up-front investment, its flexibility 

allows managers to take advantage of remnant populations of native species persisting in 

disturbed areas that are invaded by exotic plants, which could be superior at establishing in 

typical restoration scenarios (Leger 2008; Goergen et al. 2011).  

Here, we present an example of a collaboration between researchers and federal land 

managers designed to assess the potential for increased restoration success with local seeds. We 

collected seeds from multiple wild populations of native perennial grasses within a particular 

management area and gathered sources of widely-available cultivars and commercial varieties. 

We then screened wild and commercial seed sources to identify which had the greatest number 

of phenotypic traits associated with increased seedling performance in disturbed, invaded 

restoration scenarios (hereafter, “potentially adaptive traits”; Supplement S1). We focused on 

two species, Elymus elymoides (Raf.) Swezey and Poa secunda J. Presl, because they are 

widespread throughout the management area, are particularly good at persisting in disturbed and 
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invaded environments, and are commonly seeded in projects in this region (Booth & Grime 

2003; Goergen et al. 2011; Stevens et al. 2014; Leger & Baughman 2015).  

We also describe the process of identifying potentially adaptive traits (Box 1), and 

methods for measuring seed and seedling traits (Box 2) for grasses and other species (Box 3). 

Our project benefited from previous experiments that focused on identifying the potentially 

adaptive traits associated with seedling establishment of E. elymoides and P. secunda in the 

presence of the highly competitive exotic annual grass Bromus tectorum L. Through a series of 

greenhouse and field studies (Supplement S1), we have found several traits associated with 

greater performance of plants in these systems including: earlier emergence, longer roots, higher 

root mass ratio (RMR; the proportion of total biomass allocated to roots), a larger number of root 

tips, and higher specific root length (SRL; a measure of root length to root weight, with higher 

values typically indicating greater allocation to fine roots), and smaller seedling size (for E. 

elymoides) (Leger & Baughman 2015; Leger & Goergen 2017; Leger et al. 2019). Seed size has 

also been important for predicting plant performance, though the relationship between seed size 

and seedling recruitment has had mixed outcomes, with larger seeds performing better in some 

situations, and smaller-seeded plants performing better in others (e.g., Kulpa & Leger 2013; 

Leger et al. 2019). We expected that locally-collected populations from disturbed sites would 

possess a greater number of potentially adaptive traits than widely-available commercial 

varieties, because the commercial varieties available in this region are typically sourced from 

areas with different environmental conditions and have been chosen for characteristics such as 
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forage quality/yield or seed production in an agricultural environment, rather than for their 

ability to establish under typical restoration conditions (Leger and Baughman 2015). In contrast, 

native populations persisting in disturbed conditions can evolve characteristics that make them 

better candidates for restoration, including the ability to withstand competition from invasive 

species (e.g. Oduor 2013). Thus, if local populations possess a greater number of potentially 

adaptive traits, this would indicate that there would be value in expending the effort to find, 

screen, and increase the availability of these seeds for use in restoration.  

Methods 

Seeds from two wild populations each of E. elymoides and P. secunda were collected from 

remnant native populations by a Seeds of Success (SOS) seed collection team, a national 

program run by the Bureau of Land Management (BLM) designed to collect and store native 

seeds for restoration (Haidet & Olwell 2015). Sites were located within the boundaries of the 

BLM’s Winnemucca District, which includes 3.3 million hectares of lands, many of which 

experience frequent fires, significant invasion of exotic species, and extensive reseeding efforts 

(Pilliod et al. 2017). Wild collection sites were in low elevation, disturbed areas (Table 1), and 

were selected by the BLM because they are similar to lands that are frequently seeded after fires. 

At all four collection sites, target species were co-occurring with an abundance of invasive 

annual weeds (B. tectorum, Ceratocephala testiculata Crantz) Roth, Chorispora tenella (Pall.) 

DC., Descurainia sophia (L.) Webb ex Prantl, Erodium cicutarium (L.) L'Hér. ex Aiton), 

Lepidium perfoliatum L., Salsola tragus L., Sisymbrium altissimum L.), and sites showed 
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evidence of grazing use and a history of wildfire. Mean annual precipitation at wild collection 

sites varied, but estimates of 30-year normal average precipitation were less than 270 mm/year at 

all sites (PRISM Climate Group, http://www.prism.oregonstate.edu; Grass Valley E. elymoides: 

268 mm, Sonoma E. elymoides: 243 mm, Button Point P. secunda: 268 mm, Winnemucca Mt. P. 

secunda: 198 mm). Seeds were collected by SOS teams in June and July of 2014 and 2015, with 

a bulk collection from ~1000 (E. elymoides) or ~10,000 (P. secunda) plants. In addition, four 

commercially-available sources of seed were screened, including Hanford and Mt. Home P. 

secunda, and Vale and Toe Jam Creek E. elymoides, which were provided by L&H Seeds or the 

Winnemucca BLM district’s residual seed stores from previous post-fire seeding projects. These 

sources represent the most proximate or climatically appropriate of the widely available 

commercial sources for use in the portions of this district in need of restoration. 

For each seed source, seeds were weighed in 10 batches of 20 seeds, and values were 

used to calculate average seed weights. We planted 90 seeds per seed source in containers 

(Stuewe and Sons SC10 3.8 cm × 21 cm cone-tainers), in a 50:50 topsoil and perlite mixture. 

Plants were grown in a greenhouse with natural lighting, and temperatures allowed to fluctuate 

with ambient conditions, but held within a minimum temperature of 2°C and a maximum of 21 

°C. We planted in a randomized block design over nine planting periods to allow for a staggered 

harvest. These species typically germinate if they receive sufficient precipitation from fall or 

winter storms, and to match this phenology, planting began on October 21, 2015 and continued 

every Monday, Wednesday, and Friday until November 9, with ten seeds per seed source planted 
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every day. Seeds were watered daily, and we noted the day each seedling emerged. We measured 

traits that were previously identified as potentially adaptive in restoration scenarios (Supplement 

S1). Many of the traits important for seedling establishment in our system are related to 

phenology, root allocation and root form, and are likely beneficial because of the importance of 

below-ground resource capture in the highly-seasonal and semi-arid climate of the Great Basin 

(Comstock and Ehleringer 1992). Plants were harvested ten days after emergence, at which point 

we carefully washed the roots from the soil (Box 2). Roots and shoots were separated, and root 

samples were scanned and analyzed using WinRhizo software (Regents Instruments, Siante‐

Foy, QC, Canada). Roots and shoots were then dried and weighed separately for each plant. 

From WinRhizo, we gathered the length of each root system and the number of root tips. RMR 

was calculated as root biomass/total biomass, and SRL was calculated as root length in m/root 

weight in g. 

 Data were analyzed using analysis of variance (ANOVA) with the program R (R Core 

Team 2019). Each response variable was log-transformed and scaled as needed to meet model 

assumptions, with seed source as a fixed factor in each model. Models with significant seed 

source effects were followed by Tukey’s HSD tests to determine significant differences among 

sources. For each phenotypic trait, we identified the population(s) with characteristics most 

likely to be adaptive in scenarios where native species are seeded into disturbed, invaded systems 

(Supplement S1). We then tabulated the number of potentially adaptive traits for each seed 

source.  
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Results  

Seed size: Seed weights of E. elymoides differed among populations (F3,36=44.0, P < 0.0001). 

Commercially-available, field increased E. elymoides sources (Vale, Toe Jam Creek) were 

significantly heavier than either population of wild-collected seeds, and the Grass Valley 

population had the smallest seeds (Table 1). Seed sizes were more similar among P. secunda 

sources, but there were still significant differences among populations (F3,36=3.0, P =0.0412). 

Seeds from the Mt. Home source were significantly smaller than those from the Hanford and 

Winnemucca Mt. sources; Button Pt. had intermediate values. 

Days to emergence: There were significant differences among E. elymoides populations 

(F3,330=3.0, P = 0.0313). The Sonoma wild collection of E. elymoides emerged significantly 

earlier than other E. elymoides seed sources, followed by the Grass Valley wild collection, Toe 

Jam Creek, and Vale. There were also significant differences among P. secunda sources in 

emergence timing (F3,213=3.5, P = 0.0171), with the Button Pt. population emerging earliest, 

followed by Mt. Home. 

 Root length: There were no significant differences in 10-day root length among E. elymoides 

collections (F3,235=1.1 P = 0.3386). There were significant differences among the P. secunda 

collections (F3,213=3.8, P = 0.0106): Button Pt. had the longest roots, followed by Mt. Home, 

Hanford, and Winnemucca Mt. 
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Root mass ratio (RMR): Root allocation was very similar among E. elymoides sources (no 

significant differences among populations, F3,235=1.9 P = 0.125), and was around 50% of total 

biomass for most sources. Allocation to roots was generally higher in P. secunda, with values 

over 60% for all but the Hanford seed source. Poa secunda populations differed in root 

allocation (F3,211=6.6, P = 0.0003); the two wild P. secunda collections had the highest root 

allocation, with Winnemucca Mt. the highest, followed by Button Pt. and Mt. Home. 

Root tips: Elymus elymoides populations differed in root tip production (F3,235=2.8 P = 0.0417), 

with the Sonoma population having the most root tips, followed by the Grass Valley population. 

There were significant differences among P. secunda seed sources (F3,211=2.9, P = 0.0347), with 

the Button Pt. collection having the most root tips, followed by Mt. Home, Hanford, and 

Winnemucca Mt. 

Specific root length (SRL): SRL was significantly higher for the two wild-collected E. 

elymoides populations (F3,235=8.5, P < 0.0001). While SRL was overall higher for P. secunda 

collections relative to E. elymoides, P. secunda collections did not differ significantly in this 

measure (F3,211=0.7, P = 0.5730). 

Total size: There were strong differences in size among E. elymoides populations (F3,235=10.4, P 

<0.0001). The Toe Jam Creek E. elymoides source produced the largest plants, and the Grass 

Valley and Sonoma wild collections were the smallest. Poa secunda plants were much smaller 

overall, and there were significant differences among P. secunda collections in overall size 

(F3,211=5.8, P = 0.0008). The Button Pt. and Mt. Home collections were the largest, followed by 
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the Hanford and Winnemucca Mt. collections. Note that we did not highlight any particular size 

as a potentially adaptive characteristic for P. secunda, as previous work did not identify size as 

an important predictor of survival in this small-statured species.  

Overall, when highlighting the traits, we assumed to be adaptive in E. elymoides seed 

sources, the Sonoma wild population has the greatest number of potentially adaptive traits (4 out 

of 7 measured traits), followed by the Grass Valley wild population (2 traits). For P. secunda 

seed sources, the wild collections again had the greatest number of potentially adaptive traits, 

with Button Point (4 out of 6 considered traits) and Winnemucca Mt. (2) well ahead of the two 

commercial collections (0, 1).  

 

Discussion 

There are many barriers to developing restoration strategies that merge the best scientific 

information with on-the-ground practices (Enquist et al. 2017). Here, we present a collaborative 

project designed to identify potentially adaptive phenotypic traits within multiple possible seed 

sources for use in restoration in a western landscape. Our case study is an example of University 

researchers and Federal practitioners working in direct partnership, combining manager 

knowledge of remnant native populations with evidence-based strategies to increase restoration 

success in challenging systems. In the Great Basin, United States, where much of the seed 

selection and production decisions are centralized outside of particular management areas, this 

collaboration represents a change from the status quo. Focusing on two commonly seeded 
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perennial grass species, we found variation among collections for a suite of traits that we 

previously found to be adaptive in field and greenhouse studies.  

Based on our screening of seed and seedling traits, we predict that the wild-collected 

Sonoma E. elymoides and the Button Pt. P. secunda would be the most promising seed sources 

of those evaluated for establishing in semi-arid, invaded Great Basin sites. The commercially-

available seed sources scored higher than field-collected seeds for one potentially adaptive trait, 

seed size, which was larger overall in commercially-produced seeds. In all other cases, when 

there were significant differences among collections in potentially adaptive traits, the wild 

sources had characteristics that previous research suggests would be adaptive in field plantings 

(Supplement S1), and thus would be promising sources for restoration. It is important to 

recognize that, even if it is possible to identify populations where a high proportion of plants 

have potentially adaptive traits, no trait-based approach can guarantee restoration success, 

especially in the most arid, invaded sites where many seedings fail (Pilliod et al. 2017). Further, 

as climates change or newly introduced species become prevalent, traits that increase seedling 

establishment may also change (e.g., Lau 2008, Leger & Goergen 2017). Thus, using diverse, 

wild-populations as a source for restoration seeds is a strategy that will allow restored 

populations to respond to any changes in selection pressure (Basey et al. 2015).  

Seed size is a trait known to be affected by maternal growing environment (Roach & 

Wulff 1987), so it is difficult to directly compare this trait among agriculturally-produced plants 

and field-collected plants. Wild-collected seeds may well increase in size when grown under 
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more resource-rich conditions, or there may be genetic differences in seed size between the wild 

collections and cultivars; common garden studies would be needed to differentiate between these 

possibilities. We had an opportunity to weigh agriculturally-grown seeds of Button Pt. P. 

secunda and Sonoma E. elymoides after our recommendations led to agricultural production of 

these populations under an IDIQ contract between the BLM and a private grower. The seed 

weights for both of these populations increased only slightly under agricultural production: the 

average weight of Button Pt. seeds from the wild was 0.44 mg, and field-grown seeds had an 

average seed weight of 0.46 mg. The same was true for Sonoma E. elymoides: wild, 2.20 mg, 

field-grown, 2.25 mg, indicating either that seed weight for these collections has a strong genetic 

basis, or that conditions in the agricultural field were not sufficiently different from wild 

conditions to cause an increase in seed weight. Additional manipulative experiments could 

investigate the importance of field conditions on seed size. Further, recent evidence suggests that 

more fine-scaled measures of seed characteristics, such as embryo size, could be more predictive 

of seed performance than seed weight (Barak et al. 2018). Even with this uncertainty, we 

highlighted the larger-seeded sources of both species as the ones that likely have the most 

beneficial traits.  

Finally, of the two commercially available sources tested for each species, there were 

very few significant differences between them, but for each species, one difference (smaller 

overall plant size) suggests that the Vale seed source may perform better than the Toe Jam Creek 

E. elymoides source and that Hanford P. secunda (larger seeds) may outperform the Mt. Home 
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cultivar in semi-arid, invaded systems. While these commercially-available seed sources may not 

be as successful at establishing under disturbed conditions as the local, wild populations 

described here, it is possible that increasing seeding rates or the frequency of seeding could 

improve establishment, regardless of origin (e.g., Schantz et al. 2016, Porensky et al. 2018). 

As an outcome of this project, wild source populations of the Sonoma collection of E. 

elymoides and the Button Pt. P. secunda have been agronomically increased via an IDIQ contract 

with a private seed grower, resulting in large quantities of locally-collected, agriculturally-

increased seeds that have been deployed for projects and experiments within this management 

area. Projects include two replicated seeding trials implemented in December 2018 and 2019, 

where seeds from local sources were seeded alongside a more standard commercial mix in three 

post-fire seedings within the Winnemucca District. These projects are the first large-scale tests of 

locally collected seeds in our region, and they will test the performance of these seed sources in 

realistic management scenarios. Thus, this researcher-practitioner partnership has allowed us to 

advance knowledge about trait-based restoration strategies in a region of high restoration 

activity, providing opportunties for the field testing of ideas that might otherwise remain either 

anecdotal or confined to journal pages. 
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Table 1. Species and sources of seeds screened, as well as mean values and standard errors (in 
parentheses) for seven potentially adaptive seed and seedling traits. Superscript letters are 
presented when ANOVA indicated significant differences among source populations, and values 
with different letters are significantly different from each other based on Tukey’s HSD tests, 
with an α threshold of 0.05 for determining significance. Bold and shaded cells indicate seed 
sources with significantly favorable values for each trait. Comparisons were made among ELEL 
collections and POSE collections separately. 
  

Source Type SOS or 
citation1 

Seed wt. 
(mg) 

Days to 
emergence 

Root 
length 
(cm) 

RMR # Root 
tips 

SRL 
  

Total 
size 
(mg) 

Elymus elymoides 

Grass 
Valley 

Wild NV020-7 2.00c 
(0.02) 

10.3ab 

(0.6) 
12.7 
(0.7) 

0.52 
(0.01) 

84.9ab 
(8.1) 

98.4a 
(4.7) 

2.5c 
(0.08) 

Sonoma Wild NV020-1 2.20b 
(0.02) 

9.3b 

(0.6) 
14.4 
(0.9) 

0.50 
(0.02) 

99.9a 
(9.1) 

98.4a 
(4.6) 

2.9c 
(0.07) 

Toe Jam 
Creek 

Commercial Jones et 
al. 2011 

2.56a 
(0.07) 

11.0ab 

(0.5) 
12.9 
(1.0) 

0.52 
(0.01) 

69.0b 
(7.5) 

70.9b 
(4.7) 

3.6a 
(0.16) 

Vale Commercial Jones 
2014 

2.60a 
(0.05) 

11.1a 

(0.7) 
12.8 
(1.5) 

0.56 
(0.02) 

81.6b 
(14.9) 

78.1b 
(7.4) 

2.8bc 
(0.18) 

Poa secunda 

Button 
Pt. 

Wild NV020-2 0.44ab 
(0.02) 

11.7b 
(0.4) 

7.3a 
(0.4) 

0.62a 
(0.01) 

38.9a 
(2.9) 

126.6 
(5.4) 

0.95a 
(0.04) 

This article is protected by copyright. All rights reserved.



Winn. 
Mt. 

Wild NV020-4 0.45a 
(0.01) 

13.7a 
(0.6) 

5.2b 
(0.3) 

0.65a 
(0.02) 

27.3b 
(2.4) 

128.1 
(8.2) 

0.70b 
(0.04) 

Hanford Commercial Majerus et 
al. 2009 

0.45a 
(0.02) 

12.3ab  
(0.5) 

6.0ab 
(0.4) 

0.56b 
(0.01) 

32.2ab 
(2.5) 

138.5 
(6.2) 

0.79ab 
(0.03) 

Mt. 
Home 

Commercial Lambert et 
al. 2011 

0.40b 
(0.01) 

11.8ab  
(0.6) 

6.6ab 
(0.6) 

0.60ab 
(0.02) 

36.3ab 
(4.3) 

124.3 
(11.4) 

0.94a 
(0.09) 

1The SOS seed collection number or the citation describing the release of named seed sources is 
shown, if available; Hanford P. secunda and Vale E. elymoides are commercially available seeds 
that have been agriculturally grown from wild populations (also known as source-identified 
seeds) originally collected near Hanford, WA and Vale, OR, respectively.  
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Box 1. Determining important traits in your study system 
 
 

 
 
Images of two Poa secunda plants harvested 35 days after emergence in the greenhouse, along with 
examples of the phenotypic traits that can be measured on plants of this size. Through experiments, we 
have determined that root characteristics of very young plants can be correlated with seedling 
performance in competitive, moisture limited conditions. 
 
In restoration projects, the ultimate measure of a planted seed’s success is its ability to grow and 
survive in its new habitat. Predicting establishment success can be improved by research efforts 
that identify potentially adaptive phenotypic trait values in seeds and seedlings. There are 
multiple ways to identify which phenotypic traits are important in your study system, including 
the following:  

1. Review the literature for published papers that have conducted common garden studies 
with your species of interest, and observe which phenotypic traits have the strongest 
correlations with environmental variables. For example, in a common garden study of 
Achnatherum hymenoides (Roem. & Schult.) Barkworth, traits associated with flowering 
phenology, leaf abundance, and leaf morphology, were correlated with annual 
temperature and precipitation at the collection location (Johnson et al. 2012). These 
would be an excellent starting place for screening, looking for populations that have trait 
values closest to the conditions at your restoration site. 
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2. Infer likely important traits from a meta-analysis of cross-species patterns. If no work 
has been done on your species of interest, one could take a best-guess based on traits 
important for similar functional groups. For example, in a review of what is known about 
local adaptation in the Great Basin, traits like leaf length and flowering phenology were 
frequently correlated with environmental variables (Baughman et al. 2019). 

3. Expert opinion, ecological paradigms. The adaptive traits we have identified in invaded 
Great Basin systems (e.g., early emergence, increased root allocation, etc.) may not be 
adaptive in ecosystems experiencing different selective pressures such as greater 
precipitation, different types of invasive species, or different forms of herbivory. In cases 
where no information is available, general information about likely adaptive 
characteristics (investment in shoot growth, defensive compounds, etc.) could be inferred 
by studies on, for example, competitive dynamics or plant/herbivore interactions in your 
system.  

4. Direct tests. Conducting experiments comparing the distribution of phenotypic traits 
before/after restoration can directly determine the strength and direction of natural 
selection on particular traits (Kulpa & Leger 2013), or greenhouse/field experiments 
where you can link success with independently-measured plant phenotypes (e.g., Rowe & 
Leger 2011; Leger et al. 2019). 
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Box 2. Working with seedling roots: tips and methods 
 
 

 
 
 
Clockwise from top-left: After a brief soak, removing seedling and soil from planting tube. Second rinse 
in clear water to carefully remove soil particles. A clean root, ready to separate from shoot for 
scanning/drying/weighing. Preparing to scan roots using the WinRhizo system. Arranging roots to reduce 
overlap for an accurate scan.  
 
 
Screening seedlings for phenotypic traits requires technique and practice. To avoid some 
common pitfalls, we are sharing our tips and successful methods:  

● Choose a growing medium that is appropriate for your system (e.g., native topsoil with 
little organic matter works well for Great Basin plants) and mix 50:50 with an inert 
material (washed decomposed granite or sand) to ease soil removal. Soils with organic 

This article is protected by copyright. All rights reserved.



matter or vermiculite become highly problematic during root screening, as it is difficult to 
separate from roots. 

● We used perlite as the inert material in this experiment, but we don’t recommend it or use 
it any longer, as roots can grow into the perlite, and it has a tendency to rise to the top of 
pots, obscuring the soil surface.  

● Plant seeds directly in pots larger than your anticipated root structures will grow in the 
allotted time 

● To track emergence timing, monitor the soil surface daily for new cotyledons and track 
individual plant pot emergence 

● Maintain a consistent age for harvesting the seedlings (e.g., 10 or 15 days after 
emergence for quickly growing grasses or forbs and 35 or 50 days for slower-growing 
species). Ideally, the developmental stage where phenotypic traits have the strongest 
impact on seed survival would be determined from experiments, but if not, consider 
selecting more than one stage for screening 

● Consider planting in staggered blocks, with at least one of each seed source planted in 
each block. With one person, we found that processing around forty pots per day was 
realistic.  

● When harvesting, soak the entire pot in a tub of water to loosen the soil, gently tap the pot 
against the sidewalls of the tub until roots are completely released. Next, transfer the 
entire plant into a series of cleaner tubs until the seedling is free of debris. 

● Do not rub or pick at the roots, since fine roots can be easily lost in this stage. 
● Use the WinRhizo software to directly scan your root images, avoiding the perils of file 

conversion and nonconforming pixel aspect ratios associated with scanning with other 
software.  

● During the screening process, roots are suspended in water, which makes them easy to 
arrange. If bubbles or particulates are obscuring roots in images, we find that using water 
that has sat out for 24 hours or filtered water results in cleaner images. 
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Box 3. Considerations for root screening for different functional groups  
 
 

 
 
Top left: Above-ground tissue of Poa secunda before harvest. Bottom left: Examples of field soil and 
decomposed granite, before mixing. All other panels: Plant and root scans of grasses (Poa secunda), 
shrubs (Artemisia tridentata, Ericameria nauseosa), and forbs (Chaenactis douglasii, Erigeron 
aphanactis) of various ages.  
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Each species and functional group are unique and may provide different challenges. The most 
notable factors impacting seedling trait screening that we have observed are variance in 1) 
emergence timing and seed dormancy, 2) root structure and elasticity, and 3) growth rate. 
Emergence timing, seed dormancy. There may be significant variation in emergence timing 
between species and even populations. For instance, we have found that while all populations of 
Elymus elymoides reliably emerge within 20 days of planting, Achnatherum thurberianum, 
another native perennial grass, took anywhere between 6 and 166 days to emerge, with large 
differences among populations. Other species can exhibit dormancy, with differences among 
populations (e.g., Barga et al. 2017), which would need to be addressed before screening. Thus, 
even screening for characteristics of young (10-days post-emergence, for example) seedlings can 
take many months to complete, if emergence timing is delayed.  
Root structure and elasticity. Particularly between functional groups, the size, resilience, and 
general architecture of the roots will vary, having cascading impacts on the difficulty of cleaning 
roots for scanning and the resulting accuracy of the measurements. For instance, roots of 
perennial grasses tend to be easily cleaned and measured, since they are elastic, resistant to 
breaking, and lay flat with relative ease. Alternatively, older shrub roots tend to be brittle and 
resist lying flat for root measurements, so they require greater care and effort during the cleaning 
and scanning process. It is still possible to scan broken roots and measure some characters 
(length, diameter), but root tips should not be assessed on broken roots. 
Growth rate. The speed at which each species grows will vary significantly, and we recommend 
a pre-screening trial to assess how fast your species of interest will grow to help determine the 
appropriate harvest date. When choosing your harvest date, if you don’t have prior information 
on what stage is most critical in restoration, we suggest selecting an age where seedlings are 
starting to show obvious differentiation among populations (e.g., different number of leaves or 
varying root length), but are not yet outgrowing their containers.  
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Box 2, Figure 2 

Box 3, Figure 3  




