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Abstract
Seed banking supports conservation, but freshly collected and stored seed may differ in important characteristics. Our 
resurrection study assessed differences in seedling traits from stored and fresh populations of six native plant species in 
the Great Basin, where invasive annual grasses increase fire frequency to the detriment of native plants. We evaluated 
stored seed collected through the Seeds of Success programme and contemporary re-collections from the same 
population 3–11 years later, including sites that burned between collection dates and paired, unburned sites. We sowed 
seeds in a common garden and measured differences in seed mass, emergence (timing and total), survival, and multiple 
size traits. We observed temporal changes in trait means for at least one trait in every species irrespective of burn 
history. The direction of change varied among species, and very few traits changed in variance. Seed mass and 
emergence traits changed most frequently (12 of 17 measures changed over time), with fewer changes in mortality and 
size traits (6 of 24). Changes may reflect sampling, ageing, or maternal effects, or changes in gene frequency from drift 
or natural selection. Evidence consistent with adaptive evolutionary response to disturbance was observed in Elymus 
elymoides, with burned sources shifting towards smaller plant size and earlier emergence, with lower variance. 
Regardless of cause, widespread differences in seed and seedling traits between wild populations and seed banked 
seeds provide support for continued seed banking efforts, as intra-population phenotypes often differ between ex situ 
seed collections and in situ wild populations.
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Introduction
Seed banking supports native plant conservation (Schoen and 
Brown 2001, Guerrant et al. 2004, Pritchard et al. 2014), but traits 
in ex situ collections may diverge from their original in situ source 
population (Franks et al. 2008, 2018, Etterson et al. 2016). For ex 
situ populations, divergence can stem from initial sampling ef
fects and storage effects (Franks et al. 2018, Weis 2018). 
Sampling effects occur when seeds are non-randomly collected 
across phenotypes, space, and time (Franks et al. 2018, Weis 
2018). Storage can shift traits via maternal effects, plastic re
sponses to storage conditions, or non-random mortality redu
cing phenotypes relevant to survival during storage and 
associated traits (Franks et al. 2018, Weis 2018, Pennington 
et al. 2026). Meanwhile, in situ populations phenotypes or gene 
frequencies may shift over time through maternal effects or 

evolutionary change (Hamilton 1994, Franks et al. 2018, 
Braasch et al. 2021). Assessing trait divergence can inform seed 
banking strategies, especially in an era of widespread anthropo
genic change where in situ populations may undergo rapid evo
lution in response to environmental pressures that ex situ 
populations do not face (Franks et al. 2018). For instance, compe
tition with invasive plants may exert selection pressures and 
prompt rapid evolutionary response in some native plant popu
lations (Strauss et al. 2006, Oduor 2013, Brafford et al. 2021). If 
divergence between ex situ and in situ populations is widespread, 
seed banking strategies may need to incorporate repeated visits 
to extant populations to accurately represent wild plant trait 
variation (Hoban et al. 2020).

Resurrection studies that grow past and contemporary seeds 
from the same population in a common garden are a key method 
to assess trait divergence and change over time (Franks et al. 
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2018, Pennington et al. 2026). These studies have revealed tem
poral changes in flowering phenology, size, and mating system in 
crop weeds (Cheptou et al. 2022); changes in leaf morphology in 
response to drought (Anstett et al. 2021); and potential rapid 
adaptation within populations of invasive plants in their new 
ranges (Whitney and Gabler 2008, Sultan et al. 2013, 
Hernández et al. 2019). A recent synthesis found phenotypic 
change in almost every resurrection study conducted on flower
ing plants (50 out of 52 reviewed studies), for just over 50% of 
measured traits (Pennington et al. 2026). These results suggest 
that rapid evolution is common in plants, particularly for annu
als, which demonstrated greater, more rapid temporal change 
and were more studied than perennials (Pennington et al. 
2026). Furthermore, changes were adaptive across many studies 
and thus consistent with rapid evolution in response to natural 
selection, such as the evolution of earlier phenology, which 
may be an adaptive response to drought (Franks et al. 2008, 
Weis et al. 2014, Pennington et al. 2026). However, genetic drift 
can also prompt rapid, sometimes maladaptive evolutionary 
change, particularly in small populations or via population bot
tlenecks (Jump and Peñuelas 2005, Pennington et al. 2026).

Resurrection studies are a potentially powerful tool to exam
ine temporal trait change, including in seed banking pro
grammes (Mattana et al. 2025). However, it can be challenging 
to determine whether trait shifts result from maternal effects, 
storage effects, or evolutionary change (Franks et al. 2018, 
Weis 2018, Pennington et al. 2026). Growing a ‘refresher gener
ation’ of past and contemporary seed collections together is a 
common strategy to reduce maternal and storage effects 
(Franks et al. 2018, Pennington et al. 2026, Sheth et al. 2026). 
However, this can be difficult for perennial species with slower 
reproduction timelines than annuals: indeed, while ∼80% of res
urrection studies on annual species include a refresher gener
ation, ∼60% of studies on perennials or multiple species with 
mixed longevity do not (Pennington et al. 2025). Additionally, 
resurrection studies alone cannot determine evolutionary mech
anisms, but complementary genetic, experimental, or observa
tional studies can help identify cause(s) (i.e. adaptive natural 
selection, gene flow, or genetic drift, Franks et al. 2018, 
Pennington et al. 2026). For instance, a resurrection study with 
populations collected across a range of drought severity paired 
with a water limitation experiment revealed evidence of rapid 
evolution in traits associated with drought avoidance that oc
curred only in populations that had experienced severe drought 
(Anstett et al. 2021). It is also possible to infer adaptive natural 
selection by examining trait change in light of known environ
mental changes and evolutionary patterns (Franks et al. 2018). 
In observational studies, stronger trait shifts in regions that 
have experienced greater environmental change could suggest 
natural selection (i.e. trait shifts correlated with drought intensity 
suggesting drought as a selective agent, Rauschkolb et al. 2023). 
Similarly, trait shifts towards earlier phenology could be 
consistent with natural selection in response to climatic warm
ing, as advanced phenology appears common across experimen
tal warming studies (Stuble et al. 2021), observational studies 
(Cleland et al. 2007, Thackeray et al. 2016), and resurrection stud
ies inferring natural selection in response to climate change 
(Pennington et al. 2026). Further evidence for trait change driven 
by directional selection include shifts in trait means along with 
decreases in trait variance (Franks et al. 2018, Bishop et al. 

2023). Despite uncertainty over the causes of trait changes in 
some resurrection studies, especially with perennial plants, con
ducting such studies is important to understand the changes in 
phenotypic diversity between ex situ and in situ populations, 
and contribute to a broader understanding of trait change in 
wild plants.

We used a resurrection study to explore trait shifts between ex 
situ and in situ populations of six widespread native plant species 
in the Great Basin USA, an area of intense environmental change, 
restoration, and seed banking activity (Pilliod et al. 2017, 2021, 
Barga et al. 2020). The spread of flammable invasive annual 
grasses (including Bromus tectorum L.) across the Great Basin 
fuels a positive feedback cycle in which increased wildfire size 
and frequency transforms native shrubland habitats into 
invasive-dominated grasslands (Svejcar et al. 2017, Fusco et al. 
2019, Pilliod et al. 2021, Strand et al. 2025). The combination of 
altered fire regimes and intense competition from invasive an
nual grasses displaces native plants, many of which have diffi
culty recovering after fire, especially when fires are repeated 
(Pilliod et al. 2021). There is evidence that some populations of 
‘remnant’ native plants may have undergone rapid adaptive evo
lution in response to strong selection pressures, allowing them to 
persist in invaded, burned, and altered Great Basin landscapes 
(Leger 2008, Goergen et al. 2011, Rowe and Leger 2011, Leger 
and Goergen 2017). If these populations harbour beneficial adap
tations, they could be managed to preserve in situ diversity, pro
tected from gene flow and outcrossing with non-local and 
non-adapted genotypes, and targeted as seed sources for restor
ation (Leger 2008, Leger and Espeland 2010). The latter approach 
may be of particular interest to land managers, as large-scale 
post-fire restoration is frequently implemented in the Great 
Basin, often with limited success (Pilliod et al. 2017, Svejcar 
et al. 2017), but could potentially benefit from prioritizing seed 
sources that are locally adapted to contemporary environmental 
stressors (Leger and Baughman 2015, Baughman et al. 2019, 
Leger et al. 2024).

We investigated change over time using ex-situ seeds sources 
from the Seeds of Success (SOS) programme, a Bureau of Land 
Management (BLM)-led effort which has been collecting and stor
ing seeds from the Great Basin since 2000 (Haidet and Olwell 
2015). Over 600 SOS sites have burned since collection (Barga 
et al. 2020), creating a unique opportunity to re-collect seeds 
and ask if fire affects trait change over time. Using a paired 
framework, we compared plant traits within populations col
lected before (past) and after fires (contemporary), along with 
sites collected in similar timeframes that had not burned in 
over 20 years. Our objective was to assess trait change in ex 
situ and in situ populations, and ask if divergent fire history af
fected change. We asked: (i) Have plant traits (means and vari
ance) diverged between past and contemporary collections? (ii) 
Does change over time differ between burned and unburned 
populations?

We hypothesized that fire could alter the evolutionary trajec
tory of native plants via natural selection or genetic drift associ
ated with a sudden reduction in population size. Accordingly, we 
expected trait means to shift in potentially adaptive directions 
and trait variance to decrease over time in burned populations, 
indicative of directional selection (Bishop et al. 2023) reducing 
or eliminating genotypes that were not favoured in burned land
scapes. Alternatively, decreases in trait variance without shifts in 
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trait means over time could indicate stabilizing selection towards 
an adaptive trait mean (Franks et al. 2018). Given the association 
between invasive annual grasses and fire, we expected to see 
shifts in burned populations towards traits that are potentially 
adaptive for native Great Basin plants growing in invaded and 
disturbed environments (Leger and Baughman 2015). These in
clude earlier emergence, which is associated with seedling sur
vival in invaded Great Basin environments (Kulpa and Leger 
2013, Leger et al. 2019, Ploughe et al. 2020, Agneray et al. 
2022); larger seed mass, which is sometimes associated with in
creased survival in the Great Basin (Kulpa and Leger 2013, Leger 
et al. 2019, Agneray et al. 2022) and drylands globally 
(Shackelford et al. 2021); and smaller plant size, which may be 
associated with increased survival and competitive abilities in 
the Great Basin (Goergen et al. 2011, Kulpa and Leger 2013). 
Conversely, consistent trait shifts regardless of burn status 
across species could suggest selection from a global actor, 
such as climate change, or indicate that strong maternal effects 
are driving change over time. While we hypothesized that tem
poral trait changes would be driven by rapid evolution due to se
lection or drift, we cannot rule out the possibility that differences 
in seed collection techniques, seed storage conditions/duration, 
or maternal effects could result in trait change, and we consider 
all of these potential mechanisms in our interpretation.

Methods
Source populations and site 
characteristics
We studied six species—three forbs and three grasses—native to 
Great Basin sagebrush ecosystems: Chaenactis douglasii (Hook.) 
Hook. and Arn., Elymus elymoides (Raf.) Swezey, Erigeron linearis 
(Hook.) Piper, Poa secunda J. Presl, Pseudoroegneria spicata 
(Pursh) Á. Löve, and Sphaeralcea grossulariifolia (Hook. and 
Arn.) Rydb. We chose species that were present in burned and un
burned sites and for E. elymoides and P. secunda, were examined 
in previous trait research in the Great Basin (Leger and 
Baughman 2015, Leger et al. 2021). Forbs were perennials (E. lin
earis and S. grossulariifolia) or annual, biennial, or short-lived 
perennial (C. douglasii). Chaenactis douglasii is mostly outcross
ing (Cane et al. 2012), E. linearis has an unknown mating system 
but its importance to pollinators implies some degree of out
crossing (Gucker and Shaw 2019), and S. grossulariifolia is strong
ly outcrossing and possibly self-sterile (Gucker and Shaw 2024a). 
Grasses were perennials and self-pollinating (E. elymoides, Jones 
1998), self-pollinating or apomictic (P. secunda, Kellogg 1987, 
Kelley et al. 2009), or outcrossing (P. spicata, Bradley St. Clair 
et al. 2013).

Each species had a paired burned and unburned population 
(Table 1). We determined burn status using GIS fire perimeters 
(National Interagency Fire Center (NIFC) 2025), selecting un
burned populations that had not burned since 1995, and burned 
populations that burned after their initial SOS collection date. 
We focused on fires occurring in 1995 and later due to improve
ments in tools for measuring fire perimeters in the early 90s and 
to allow at least 15 years between the last fire and seed collec
tion for unburned populations. We matched burned–unburned 

pairs by Level III Ecoregions (Environmental Protection Agency 
(EPA) 2025), geographic distance, and past collection dates 
(Table 1). We retrieved 30-year climate normals (1991–2020) for 
each site (PRISM Climate Group 2014), and burned sites were 
generally warmer and drier than unburned sites (except for P. se
cunda and S. grossulariifolia, Table 1).

From this experimental design, each population had two types 
of seed: past seed collected through SOS and obtained via the 
Germplasm Resources Information Network (ars-grin.gov) and 
contemporary seed collected in 2020–2021 in Nevada, Oregon, 
and Idaho (Table 1, Supplementary Table S1, Fig. 1). Both collec
tions followed the SOS protocol, including collecting from at 
least 50 plants, recording the approximate number of plants col
lected and found (Supplementary Table S2), and pooling seed 
within the population (i.e. not separating seed by maternal lines, 
Bureau of Land Management (BLM) 2023). Contemporary collec
tions were generally smaller than past collections, but we 
sampled randomly and equally across the entire population 
when feasible (following SOS protocol, BLM 2023), or within 
100 m of the collection’s GPS point for large populations 
(Supplementary Table S2). While the SOS protocol recommends 
collecting seed throughout the dispersal season (BLM 2023), 
most past collections were made during a single visit in June 
or July, and contemporary collections were made during a 
single visit in June (during 2020, 2021, or both years, Table 1, 
Supplementary Table S2). We collected plant cover data at 
each site following a modified version of the rangeland 
Assessment, Inventory, and Monitoring programme protocol 
(Herrick et al. 2017). Specifically, we recorded vegetation types 
intersecting a pin flag dropped every paced metre along three 
50-m transects radiating from the collection GPS point at 0°, 
120°, and 240°. We recorded vegetation by habit (shrub, peren
nial or annual forb or grass) combined with native status (native 
or non-native). We also recorded Bromus tectorum L. cover at the 
species level as we were interested in its relationship to burn 
status and trait change, but still included it in the non-native 
and non-native annual grass categories (along with less common 
non-native annual grasses Bromus racemosus L., Taeniatherum 
caput-medusae L., and Vulpia bromoides L., Supplementary 
Table S2).

Greenhouse planting
We grew four sources per species (burned/unburned + past/con
temporary) in a common greenhouse environment at the Valley 
Road Greenhouse Complex in Reno, Nevada. We grouped species 
and randomized sources within to accommodate different plant
ing times and watering needs. We watered plants daily during 
emergence, then biweekly once seedlings were established. 
Greenhouse temperatures fluctuated with ambient conditions, 
with greenhouse controls set to 2–20°C in winter/early spring 
and up to 25°C in late spring/summer. We planted 100 pots per 
source with 2–3 contemporary seeds or one past seed per pot, 
as we had more contemporary than past seed. We randomly 
thinned pots with multiple seedlings 3 days after the last seedling 
emerged. We directly seeded the grasses (E. elymoides, P. secunda, 
P. spicata) and E. linearis into pots without treatment. We scarified 
then stratified S. grossulariifolia seeds at 3.8°C for 15 days (Dunn 
2011), then transplanted seeds (most of which germinated) into 
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pots. We also stratified C. douglasii seeds at 3.8°C for 30 days be
fore planting (Gucker and Shaw 2024b). We planted seeds in 
6.3 cm × 25.4 cm pots (Heavyweight Deepot Cells, Stuewe and 
Sons, Inc.) with 33% decomposed granite and 67% topsoil (mixed) 
in February (or March 2021 after stratification for C. douglasii) then 
harvested plants in September 2022.

Data collection
We were unable to grow a refresher generation as few plants pro
duced seed within our study timeframe, so traits were measured 
from initial seed collections (seed mass) or plants grown from ini
tial seed (other traits). Before planting, we weighed seed mass to 

Figure 1 Seed collection site locations and photos for our six study species in Oregon, Idaho, and Nevada. Site locations are colour-coded by species 
and unburned sites are represented by circles while burned sites are represented by triangles. The triangle with two colours represents the P. spicata 
and E. elymoides burned populations that were collected from the same location. Collection site photos show the unburned site on the left, and burned 
site on the right, for each species.
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0.1 mg from 10 lots of 5 randomly chosen seeds. In the green
house, we recorded total emergence, emergence timing, mortal
ity, height, leaf number, and collected aboveground biomass. We 
assessed total emergence and emergence timing using all 
planted seeds, including seeds that were thinned if multiple 
seeds germinated per pot. Other responses (mortality, height 
to 0.1 cm, leaf number, and aboveground biomass to 0.1 mg) 
were recorded only for plants that emerged and were not 
thinned. We recorded emergence and mortality daily for 4 weeks 
after planting (from the week of March 14–25 April 2022 for E. ely
moides, E. linearis, P. secunda, P. spicata, and S. grossulariifolia, 
or from April 23–3 June 2022 for C. douglasii) then biweekly for 
the remainder of the experiment. We measured height from the 
soil to the tallest part of any green plant structure and leaf num
ber as the total number of green leaves per plant. We recorded 
height and leaf number the week of 26 September 2022. 
Aboveground biomass was harvested at the soil surface the 
week of 2 October 2022, dried in an oven at 40°C for 5 days, 
and weighed in October and November 2022.

Data analysis
We analysed data with R version 4.4.0 (R Core Team 2024) and 
based significance on P < 0.05 for analyses, but also present 
and discuss differences of P < .10 for some metrics. We calcu
lated Pearson correlation coefficients to assess association 
among sets of traits measured per plant (emergence timing, 
height, leaf number, and aboveground biomass), and all correla
tions were under 0.65 with most under 0.50, so we consider and 
present traits as independent variables.

First, we asked whether plant community composition differed 
between burned and unburned sites, comparing the per cent 
cover of aggregated native and non-native species, non-native 
annual grasses, and B. tectorum. We used mixed linear models 
to determine how burn status, species, and their interaction af
fected per cent cover with transect number as a random effect 
(model: lmer(cover ∼ burn * species + (1|transect)). We assessed 
the distribution of residuals (visually through Q–Q plots and his
tograms), then log transformed B. tectorum per cent cover (with a 
small constant added to each 0 value) to meet assumptions of 
normality. We calculated test statistics and P values using Wald 
analysis of deviance tests with the R package ‘car’ (Fox and 
Weisberg 2019), then used post-hoc Tukey tests with the R pack
age ‘emmeans’ (Lenth 2025) to examine pairwise differences be
tween burned and unburned collection sites for each species.

Next, we asked how trait averages and variance differed be
tween past to contemporary sources and if the direction or magni
tude of change over time differed between burned and unburned 
populations. We initially included species identity in models and 
found significant species effects, and for most trait interactive spe
cies effects with time (Supplementary Table S3), so we ran separ
ate models per species, using each plant as an independent 
replicate. Ideally, we would have included multiple burned and un
burned sites per species to enable generalization beyond our study 
sites, but we were constrained by past collection locations so such 
replicates were not possible with these species in this region.

For trait averages, we used generalized linear (or generalized 
linear mixed) models with data-specific distributions to account 
for non-normally distributed residuals that were not improved by 
transformation. For emergence traits, we used generalized linear 

mixed models to determine how burn status, time, and their inter
action affected trait averages with pot number as a random effect 
(models: glmer(trait ∼ burn * time + (1|pot_number)). We analysed 
total emergence as binary values on a per-seed basis with a bino
mial distribution and emergence timing as count data (number of 
days to emergence) with a negative binomial distribution to ac
count for overdispersion. We did not analyse emergence timing 
for S. grossulariifolia because seeds germinated rapidly during 
cold stratification. We analysed non-emergence traits with general
ized linear models to determine how burn status, time, and their 
interaction affected trait averages (models: glm(trait ∼ burn *  
time). We analysed mortality as binary values on a per-plant basis 
with a binomial distribution, leaf number as count data (number of 
leaves) with a negative binomial distribution to account for over
dispersion, and seed mass, height, and aboveground biomass 
with generalized linear models with Gamma distributions. We do 
not present figures for leaf number or aboveground biomass as 
there was little variation among sources. We calculated test statis
tics and P values using Wald analysis of deviance tests with the R 
package ‘car’ (Fox and Weisberg 2019). For trait variance, we per
formed Levene’s Test for Homogeneity of Variance to assess trait 
variance changes from past to contemporary sources for each 
burned and unburned population per species (excluding total 
emergence and mortality). We use standard error to represent vari
ance in the results and figures.

Results
Source population community 
composition
The per cent cover of native species, non-native species, non- 
native annual grasses, and B. tectorum was significantly affected 
by burn status (native: χ21 = 44.45, P < .0001; non-native: χ2

1 =
28.17, P < .0001; non-native annual grasses: χ2

1 = 5.73, P < .05; 
B. tectorum: χ2

1 = 50.94, P < .0001), species (native: χ2
1 = 98.62, P

< .0001; non-native: χ2
1 = 22.75, P < .001; non-native annual 

grasses: χ2
1 = 31.10, P < .0001; B. tectorum: χ2

1 = 72.03, P
< .0001), and the burn by species interaction (native: χ2

1 =
124.70, P < .0001; non-native: χ2

1 = 39.40, P < .0001; non-native 
annual grasses: χ2

1 = 44.85, P < .0001; B. tectorum: χ2
1 = 92.65, P

< .0001, Supplementary Table S4). There were significant species 
effects and species by burn status interactions for all cover re
sponses (Supplementary Table S4), indicating that while burned 
sites had overall higher cover of non-native species (18 percent
age points higher) and lower cover of native species than un
burned sites (17 percentage points lower, Supplementary 
Table S4, Fig. 2), the strength of these effects differed among spe
cies pairs (Supplementary Tables S4 and S5, Supplementary 
Figure S1). A post-hoc analysis found that neither B. tectorum 
nor total invasive annual grass cover predicted the magnitude 
nor direction of trait change in native plants over time, so we 
continued analysing burn/unburned as binary factors.

Overview of trait change
We saw significant change over time from past to contemporary 
sources for at least one trait mean in every species, while trait 
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variance remained similar for all species except E. elymoides 
and S. grossulariifolia (Table 2, Supplementary Tables S6 and 
S7). Changes in trait means were concentrated in seed and 
seedling emergence stages (12 of 17 seed and seedling emer
gence measures changed over time) with fewer changes in 
mortality, height, leaf number, or aboveground biomass (6 of 
24 mortality and size traits changed over time; Table 2). The 
magnitude or direction of changes in trait means over time dif
fered among species (Figs 3, 4, 5) and sometimes differed be
tween burned and unburned populations (indicated by a 
significant burn by time interaction), particularly for P. secun
da and E. elymoides (Table 2).

Seed mass
Seed mass changed significantly over time for five of six spe
cies (E. elymoides: χ2

1 = 4.28, P < .05; E. linearis: χ2
1 = 9.58, P  

< .01, P. secunda: χ2
1 = 59.24, P < .0001, P. spicata: χ2

1 = 30.42, 

P < .0001, S. grossulariifolia: χ2
1 = 9.07, P < .01, Table 2, 

Supplementary Table S6), though the direction of change dif
fered among species (Fig. 3a). Burn status influenced change 
for three species (burn × time interactions; E. elymoides: χ2

1 =
6.88, P < .01, E. linearis: χ2

1 = 5.65, P < .05, P. secunda: χ2
1 =

4.16, P < .05, Table 2, Supplementary Table S6). Erigeron lin
earis and P. secunda seed mass decreased over time, and 
this decrease was stronger in the E. linearis burned popula
tion (0.13 ± 0.00 mg decline in average seed mass) than un
burned population (0.02 ± 0.00 mg decline) and stronger in 
the P. secunda unburned population (0.27 ± 0.00 mg decline) 
than burned population (0.19 ± 0.01 mg decline, Fig. 3a). 
Elymus elymoides seed mass averages and variance decreased 
over time in the unburned population (0.36 ± 0.02 mg decline, 
F1,28 = 4.30, P < .05), while changing little in the burned popu
lation (0.07 ± 0.03 mg increase, Fig. 3a, Supplementary 
Table S7). Pseudoroegneria spicata and S. grossulariifolia 
seed mass increased over time regardless of burn status 
(Fig. 3a).

Figure 2 Density (per cent cover) of native and non-native plants by burn status across seed collection sites. Boxes represent the interquartile range 
with whiskers representing upper and lower quartiles; the horizontal line inside each box represents the median; ‘X’ symbols represent the mean; and 
points represent average cover per transect (three transects per site across six unburned and six burned sites). Different letters within panels represent 
significant differences in cover (P < .05) between the burned and unburned populations (Supplementary Table S4).

Table 2 Overview of significant mean trait differences between burned and unburned populations (B), change over time (T), 
time by burn interactions (BxT), and trait variance change over time in the burned (VB) or unburned (VU) populations for 
our six study species; full statistical results are reported in the text and supplement (Supplementary Tables S2, S5, S6).

Species Seed mass Total 
emergence

Emergence 
timing

Mortality Height Leaf 
number

Aboveground 
biomass

C. douglasii T B
E. elymoides B, T, BxT, VU T, BxT, VB T B
E. linearis T, BxT B T T B
P. secunda T, BxT B, T, BxT T BxT BxT
P. spicata B, T T B
S. grossulariifolia B, T B, BxT — T BxT VU

A bold ‘B’ in BxT interactions indicates that change was stronger in burned populations, as we predicted. Traits include seed and seedling traits (seed mass, total 
emergence, and emergence timing), mortality, and size traits (height, leaf number, and aboveground biomass). A dash (–) indicates that the trait was not 
measured or analysed for that species. Trait variance was not measured for total emergence or mortality.
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Total emergence
Emergence was higher for grass species (E. elymoides: 91%, P. se
cunda: 44%, P. spicata: 83%) than for forbs (C. douglasii: 23%, E. lin
earis: 22%, S. grossulariifolia: 22%). For three of six species, 
emergence changed significantly over time, with a significant 
main effect of time (C. douglasii: χ2

1 = 10.70, P < .01), a significant 
burn by time interaction (S. grossulariifolia: χ2

1 = 11.99, P < .001), 
or both (P. secunda time: χ2

1 = 26.35, P < 0.0001; burn by time: χ2
1

= 11.10, P < .001, Table 2, Supplementary Table S6). The direction 
of change was not consistent across species or by burn status, 
though generally the past collections had higher emergence than 
contemporary (Fig. 3b). Contemporary C. douglassii seeds had low
er emergence than past seeds, regardless of burn status (20 

percentage points lower, Fig. 3b). For P. secunda, contemporary 
emergence was also lower than past emergence, and this differ
ence was greater in the unburned population (56 percentage 
points lower) than the burned (21 percentage points lower, 
Fig. 3b). For S. grossulariifolia, emergence increased over time in 
the burned population (20 percentage points greater), while the 
unburned population had similar past and contemporary emer
gence (Fig. 3b).

Emergence timing
Emergence timing differed significantly between past and contem
porary sources for four of five species, with a significant effect of 

Figure 3 Trait change over time for burned and unburned populations of each species for seed and seedling traits: a: seed mass (of one seed) in 
milligrams and b: emergence per cent. The x axes represent time from past to contemporary (contemp.) populations and the y axes represent trait 
values. The y axes differ among species to clearly visualize within-species change over time. Burned populations are represented by red circles and solid 
lines while unburned populations are represented by blue triangles and dashed lines. Error bars represent standard error and are not included in the 
plots for emergence per cent as points represent exact values. Letters within each graph represent significant mean trait value change over time (T), 
time by burn interactions (BxT), and trait variance change over time in the burned (VB) or unburned (VU) population. Table 2.
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time (E. elymoides: χ2
1 = 11.06, P < .001, E. linearis: χ2

1 = 4.64, P < .05, 
P. secunda: χ2

1 = 3.94, P < .05, and P. spicata: χ2
1 = 11.28, P < .001), 

and for E. elymoides, a significant burn by time interaction (χ2
1 =

21.27, P < .0001, Table 2, Supplementary Table S6). The direction 
of change was not consistent among species or by burn status 
(Fig. 4). For the E. elymoides burned population, contemporary 
seeds emerged 3.8 ± 0.2 days earlier with significantly lower vari
ance (±0.4 days less, F1,147 = 27.65, P < .0001) than the past seeds, 
while the unburned population changed little over time (Fig. 4, 
Supplementary Table S7). For E. linearis and P. secunda, contem
porary seeds emerged later than past seeds (E. linearis: 4.4 ±
0.3 days later; P. secunda: 1.9 ± 0.3 days later), while P. spicata con
temporary seeds emerged earlier than past seeds, regardless of 
burn status (1.7 ± 0.1 days earlier, Fig. 4).

Mortality
In general, forb species had higher mortality than grasses, and 
annual/biennial C. douglasii had the highest mortality (Fig. 5a). 
For three of six species, mortality after emergence significantly 
differed among past and contemporary sources, with a signifi
cant time effect (E. linearis: χ2

1 = 4.52, P < .05, S. grossulariifolia: 

χ2
1 = 4.37, P < 0.05) or significant burn by time interaction (P. se

cunda: χ2
1 = 4.06, P < .05, Table 2, Supplementary Table S6), 

though the direction of change was not consistent across species 
or by burn status (Fig. 5a). Regardless of burn status, mortality 
was lower for contemporary sources of E. linearis (17 percentage 
points lower) and S. grossulariifolia (24 percentage points lower, 
Fig. 5a). For P. secunda, mortality was lower for contemporary 
sources from the unburned population (8 percentage points low
er) while mortality was higher for contemporary sources in the 
burned population (15 percentage points greater, Fig. 5a).

Height
For three of six species, height differed significantly among past and 
contemporary sources, with significant time (E. elymoides: χ2

1 = 6.20, 
P < .05) or burn by time interactions (P. secunda: χ2

1 = 6.46, P < .05; S. 
grossulariifolia: χ2

1 = 5.07, P < .05, Table 2, Supplementary Table S6). 
The direction of change over time was not consistent across species 
or by burn status (Fig. 5b). Contemporary E. elymoides plants were 
shorter than past plants, and this trend was stronger in the burned 
population (15.08 ± 1.61 cm shorter) than in the unburned (2.63 ±
1.19 cm shorter) with a nearly significant time by burn interaction 

Figure 4 Trait change over time for burned and unburned populations of each species for emergence timing (days to emergence). The x axes represent 
time from past to contemporary populations and the y axes represent trait values. The y axes differ among species to clearly visualize within-species 
change over time. Burned populations are represented by red circles and solid lines while unburned populations are represented by blue triangles and 
dashed lines. Error bars represent standard error. Letters within each graph represent significant mean trait value change over time (T), time by burn 
interactions (BxT), and trait variance change over time in the burned (VB) or unburned (VU) population. Table 2.
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(χ2
1 = 3.28, P = .0700, Fig. 5b). For the burned P. secunda population, 

contemporary plants were shorter than past plants (12.94 ± 0.56 cm 
shorter) while in the unburned population, contemporary plants 
were taller than past plants (13.03 ± 4.70 cm taller, Fig. 5b). The op
posite was true for S. grossulariifolia, as contemporary burned plants 
were taller than past burned plants (0.43 ± 0.03 cm taller) while con
temporary unburned plants were shorter than past unburned plants 
(0.37 ± 0.01 cm shorter, Fig. 5b).

Leaf number and aboveground biomass
There were no significant time effects or burn by time interac
tions for any species for leaf number or aboveground biomass 
(means), though there was a significant increase in aboveground 
biomass variation in the unburned S. grossulariifolia population 
(±1.29 mg more, F1,17 = 5.83, P < .05, Table 2, Supplementary 
Tables S6 and S7).

Discussion
Through a resurrection study, we assessed change over time in 
native plants collected through the SOS programme, comparing 
seed and seedling traits in populations collected before and after 
wildfire. We found evidence of temporal change across all spe
cies and nearly all traits. The most change was observed in 
seed and emergence traits, which often predict survival and per
formance in the invaded Great Basin (Leger et al. 2021). However, 
our hypothesis that wildfire would lead to larger changes and 
shift traits towards potentially adaptive means with decreased 
trait variance was not widely supported. Instead, trait change oc
curred in both burned and unburned populations, and change 
occurred in a diversity of directions per trait, rather than the con
sistent shifts and decreases in trait variance that we hypothe
sized. These results are consistent with global patterns across 
resurrection studies, as we observed temporal changes that dif
fered across species and traits, supporting the notion that trait 
evolution differs among species, populations, and by environ
mental context (Pennington et al. 2026). While trait shifts could 
be driven by rapid evolutionary change, either through adaptive 
natural selection or random processes such as genetic drift and 
gene flow, they could also be influenced by differences in past 
and contemporary seed collection methods, storage effects, or 
maternal effects. While we cannot determine the precise agent(s) 
of trait change, our characterization of ex situ seed collections for 
six species from the Great Basin suggests that we should expect 
seed and seedling traits to vary across collection years.

Our hypothesis that traits would shift in potentially adaptive 
directions with decreased variance, consistent with rapid evolu
tion via natural selection, was supported for only one species, E. 
elymoides. Emergence timing shifted almost 4 days earlier with 
lower variance in the burned E. elymoides population, while 
the unburned population changed little over time. Emergence 
phenology can predict adult plant traits and success (Donohue 
et al. 2010), and early emergence can increase competitive ability 
with B. tectorum (Goergen et al. 2011, Barak et al. 2015, Leger 
et al. 2019, 2021). Plants from the burned, highly invaded E. ely
moides site may have experienced directional selection for earlier 
emergence, consistent with rapid evolution towards earlier 

emergence of E. elymoides or congener E. multisetus from in
vaded sites in other studies (Goergen et al. 2011, Kulpa and 
Leger 2013, Leger et al. 2019, Agneray et al. 2022). We also ob
served temporal shifts towards smaller plant size (height) in 
the E. elymoides burned population, and the P. secunda burned 
population, though variance did not change over time for either 
species. Smaller plant size may be adaptive in the Great Basin for 
E. elymoides and E. multisetus, as studies associate smaller plant 
size with enhanced B. tectorum competition and restoration suc
cess for these species (Rowe and Leger 2011, Kulpa and Leger 
2013, Ferguson et al. 2015, Leger and Baughman 2015).

Beyond this well-studied species, we found little evidence for 
broad or consistent trait change in response to fire. It is possible 
that changes associated with fire are not a strong driver of evolu
tion in the Great Basin (at least for these species and populations), 
or that the single fire events studied here did not have a large 
enough effect on site conditions to induce change. Alternatively, 
differences between burned and unburned sites may have 
masked or overpowered any evolutionary influence of fire, as 
our pairs diverged in characteristics other than fire history. Even 
if fire exerted selection pressures, adaptive evolution requires suf
ficient genetic diversity underlying heritable traits (Strauss et al. 
2006, Leger and Espeland 2010). If fire reduced populations 
through non-selective mortality, associated genetic diversity 
loss could limit their ability to adapt to post-fire changes, leaving 
populations susceptible to further diversity loss via genetic drift 
(Leger and Espeland 2010). However, changes in population size 
did not appear driven by fire for any perennial species, and we 
saw no declines in trait variance without trait mean change that 
could indicate genetic drift via a population bottleneck or stabil
izing selection (Franks et al. 2018).

We did, however, observe trait changes for all species and pop
ulations, including all five perennial species and populations with 
only 3–4 years between collections. Some changes align with ob
servations from multi-species studies and reviews that found gen
eral shifts towards smaller seed size (Lenzo et al. 2025), earlier 
phenology (Pennington et al. 2026), and smaller plant size 
(Leger 2013) over time. We also observed changes in these traits, 
including seed mass (changes in five of six species), emergence 
phenology (changes in four of five species), and height (changes 
in three of six species). However, the direction and magnitude 
of change differed among species and populations, with only 
some populations shifting towards lower seed mass, earlier phen
ology, and smaller plant size; others surprisingly shifted in oppos
ite directions. These inconsistent changes among species and 
sources suggest that populations are adapting to differing selec
tion pressures, experiencing neutral genetic drift or gene flow, or 
that these changes are due to other, non-evolutionary factors, 
such as sampling differences, storage effects, or maternal effects.

Differences in past and contemporary seed collection methods 
may have influenced trait divergence by inadvertently sampling 
different genetic and trait diversity between past ex situ and con
temporary in situ sources (Franks et al. 2018, Weis 2018, 
Pennington et al. 2026). All collections followed the SOS protocol, 
which aims to sample randomly across entire populations to cap
ture genetic diversity (BLM 2023). However, sampling across the 
entire geographic extent of large populations and throughout 
the entire growing season for species that produce ripe seed 
over weeks or months is not always feasible. Collections made 
during a single visit (8 of 12 past and 10 of 12 contemporary) could 
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have missed early, mid, or late season seed, potentially affecting 
results. Additionally, the SOS protocol focuses on collecting pop
ulations during one, not multiple, years (BLM 2023). While this 
method protects populations from overharvesting, it could lead 
to incomplete capture of genetic and phenotypic diversity if 
only certain individuals emerge or produce viable seed during a 
given year (Franks et al. 2018). The SOS programme is essential 
to conservation, restoration, and provides valuable resources 
for research, but these potential sampling inconsistencies high
light the benefits of seed banking programmes like Project 
Baseline that are designed to study evolution via a resurrection 
approach (Etterson et al. 2016, Franks et al. 2018).

Storage and seed ageing effects could also influence ex situ 
and in situ trait divergence, as our past seed collections were 

stored for 3–11 years while contemporary collections were 
grown within a year of collection. Past seeds were stored under 
optimal conditions, but we were unable to grow a refresher gen
eration to further reduce storage effects (Weis 2018, Pennington 
et al. 2026). Even under optimal conditions, non-random mortal
ity during storage can lead to differential trait expression, also 
known as the ‘invisible fraction’ bias (Franks et al. 2018, Weis 
2018, Pennington et al. 2026). When emergence percentages 
are high in both past and contemporary populations, the invis
ible fraction bias is trivial (Weis 2018), and this was the case 
with E. elymoides and P. spicata. For E. linearis, past and contem
porary sources had similar (low) per cent emergence, and C. dou
glasii and P. secunda contemporary sources had higher 
emergence than the past. Although high germination is often 

Figure 5 Trait change over time for burned and unburned populations of each species for mortality and morphology traits: (a) per cent mortality after 
emergence and (b) plant height (cm). The x axes represent time from past to contemporary (contemp.) populations and the y axes represent trait values. The 
y axes differ among species to clearly visualize within-species change over time. Burned populations are represented by red circles and solid lines while 
unburned populations are represented by blue triangles and dashed lines. Error bars represent standard error. Letters within each graph represent 
significant mean trait value difference between burned and unburned populations (B), change over time (T), and time by burn interactions (BxT). Table 2.
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associated with plant success, reduced germination is not neces
sarily a sign of maladaptation; these populations could be exhib
iting increased dormancy (which occurs for these species, Gucker 
and Shaw 2019, Gucker and Shaw 2024a, Gucker and Shaw 
2024b, Chen et al. 2022, Kildisheva et al. 2019), possibly as a 
bet-hedging response to climate change or increased climatic 
variability (Venable and Brown 1988, Pausas et al. 2022). Even 
with lower contemporary emergence, we cannot rule out the 
possibility that storage affected emergence, and potentially as
sociated traits. Storage and seed ageing did seem to affect 
some S. grossulariifolia traits, as past seeds generally had lower 
seed mass, lower emergence, and higher post-emergence mor
tality. Seed mass and viability can decline in storage and with 
age as seeds metabolize stored resources (Franks et al. 2018, 
De Vitis et al. 2020), which could explain these differences, as 
we weighed seeds from initial collections (rather than from a re
fresher generation). Only the S. grossulariifolia burned popula
tion had higher contemporary emergence, and was collected 
2 years before the unburned, possibly increasing seed ageing 
and non-random mortality during storage. The E. lienaris past 
sources also had higher post-emergence mortality than contem
porary, but unlike S. grossulariifolia, this was not accompanied 
by lower past seed mass nor lower emergence.

Another potential, and perhaps likely explanation for some of 
our observed trait divergence is maternal environmental effects. 
Maternal effects occur when the maternal environment affects 
the phenotype of the offspring in a process distinct from evolu
tionary change (Roach and Wulff 1987). Maternal effects can be 
difficult to differentiate from changes in gene frequencies (i.e. 
evolutionary changes), especially without a refresher generation 
(Bischoff and Müller-Schärer 2010). Even with a refresher gener
ation, maternal effects can sometimes persist over multiple gen
erations (i.e. transgenerational maternal effects), requiring 
multiple refresher generations to eliminate their influence 
(Roach and Wulff 1987, Bischoff and Müller-Schärer 2010, 
Franks et al. 2018). Maternal effects are well documented in early 
life stages, including seed mass and emergence traits (Bischoff 
and Müller-Schärer 2010). Given that we saw the most change in 
early seed and emergence traits, rather than later seedling mor
tality and morphology traits, maternal effects could have affected 
early traits, then decreased at later stages of plant development.

Our resurrection study revealed temporal trait shifts across sev
eral traits, species, and populations, but we cannot say with cer
tainty how these changes arose. In addition to sampling 
differences, the impracticality of producing a refresher generation 
from perennial species with longer generation times can be a major 
challenge in resurrection studies, leading to potential biases from 
maternal effects, storage effects, and seed ageing (Franks et al. 
2018, Weis 2018). This may be part of the reason many researchers 
use annual species in resurrection studies (Pennington et al. 2026). 
However, perennial species should not be overlooked, as they are 
common and important components of Great Basin ecosystems, 
where they may compete with invasive annual grasses (Svejcar 
et al. 2017, Johnson et al. 2022). Irrespective of cause, trait diver
gence between ex situ and in situ populations has important impli
cations for seed banking, conservation, and restoration, as 
offspring from stored seeds used in restoration efforts could ex
press phenotypes that are poorly suited to their environment, re
ducing fitness and restoration success. Repeat sampling over 
time, especially in areas of rapid or extreme environmental change, 

may be necessary to ensure that ex situ samples remain represen
tative of their in situ counterparts, especially if they are used for re
storing increasingly disturbed and degraded ecosystems.

Conclusions
We observed change over time in at least one trait for every species, 
regardless of burn status or degree of invasion. For E. elymoides, 
change was consistent with fire and subsequent invasion as the se
lective agent, as the earlier emergence and smaller size are likely 
adaptive in this well-studied species and genus (Rowe and Leger 
2011, Kulpa and Leger 2013, Ferguson et al. 2015, Leger and 
Baughman 2015). Other species changed in opposite directions, 
and it is possible that these changes are also adaptive, but we 
lack the information needed to understand fitness strategies for 
seedlings of these plants. Whether observed changes were a result 
of evolutionary change or rooted in sampling differences, storage 
effects, or maternal effects, our observation that seed bank sam
ples and contemporary collections often differ in potentially adap
tive traits is relevant for using these seeds for restoration or 
research. Specifically, given the ubiquity of change observed 
here, one should expect that seed banked seeds are not a mirror 
image of contemporary populations, which can change while the 
seed bank gene pool remains relatively static. Our conclusions sup
port the continued effort of programmes like SOS (Haidet and 
Olwell 2015) to collect wild seed for restoration and long-term stor
age. While current guidelines encourage visiting populations 
throughout the same season to capture genetic variation (BLM 
2023), our results suggest that guidelines could include collecting 
from one population over multiple years to maximize genetic 
and trait diversity capture across dynamic wild plant populations.
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