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Common milkweed seeds exhibit latitudinal clines more
consistent with adaptation to growing season length
than temperature
Emily K. Mohl1,2 , Andrew C. McCall3, Madelyn Wood1, Lauren Sherman1, Mari V. Reid1,
Patricia A. Saunders4, Sara E. Scanga5, Clara Danielson1, M. Caitlin Fisher-Reid6, Heather Marella6,
Danielle E. Garneau7, Kaitlin Stack Whitney8, Kendra Cipollini9, Jennifer Nesbitt Styrsky10,
John D. Styrsky11, Spencer Rasmussen1, Kristine N. Hopfensperger12

Overwinteringmonarch (Danaus plexippus) populations have declined since the 1990s. In response, restoration of milkweeds, includ-
ingAsclepias syriaca (commonmilkweed), an important host plant in their breeding grounds, has become increasingly common.How-
ever, latitudinal variation in milkweed populations suggests the possibility of regional adaptation and the potential for seed
provenance to affect restoration success. Using seeds from 20 populations throughout the range of A. syriaca, we tested whether seed
mass, germination success, and germination time in the greenhouse demonstrate geographic clines consistent with available evidence
for this species fromother studies. In addition,we tested for patterns in germination traits consistentwith adaptation to spring thermal
conditions by planting seeds from10populations in growth chambers simulatingMinnesota andKentucky spring temperatures. Even
after accounting for seedmass, seeds from higher latitudes germinated faster on average under all conditions. Elevated temperatures
accelerated germination time and leaf development time; however, we did not detect geographic patterns in leaf development time,
indicating that the processes underlying the latitudinal cline in germination time may be unique to the germination stage. In the ther-
mal adaptation study, high-latitude populations produced larger seeds and seeds that germinated at a higher rate; however, neither
latitudinal trend was observed in the geographic clines study, even though individual seedmass predicted germination success. High-
latitude populations express more favorable germination traits in every setting measured, perhaps due to reduced dormancy. Conse-
quently, we conclude that latitudinal clines aremore consistent with adaptation to growing season length than to spring temperatures.

Key words: Asclepias syriaca, geographic cline, germination traits, intraspecific variation, population differentiation, seed
dormancy, thermal time

Implications for Practice

• Given that some milkweed germination traits show con-
sistent latitudinal clines, we provisionally recommend
sourcing seeds from similar ecoregions or climates.

• Although seeds from high-latitude populations germinate
quicker, which could be favorable for restoration, more data
about fitness across life stages are necessary to evaluate seed
sourcing strategies that deviate from climate-matching.

• Seeds from lower latitudes appear more dormant and may
require longer periods of cold stratification prior to sow-
ing in the spring.

• Although 4 weeks of cold stratification is commonly
recommended for common milkweed seeds, a full year
of cold stratification was not harmful for most accessions
and appears beneficial, especially for low-latitude seeds.

• Larger seeds have germination traits that are likely to
improve establishment.

Introduction

Asclepias syriaca (common milkweed) has declined by 50–90%
in the United States, with estimates varying with geographic
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area, time frame, habitat, and method of study (Pleasants &
Oberhauser 2012; Zaya et al. 2017; Boyle et al. 2019). Milk-
weed species are the only host plants for Danaus plexippus
(monarch butterfly) larvae in North America, so declines in
milkweed may contribute to declining monarch populations
(Pleasants & Oberhauser 2012; Stenoien et al. 2018). Conse-
quently, some advocate for widespread planting of milkweeds
(Thogmartin et al. 2017). Common milkweed in particular is
an important food source for migrating monarchs (Seiber
et al. 1986; Malcolm et al. 1993), so restoration projects often
focus on increasing its abundance (Thogmartin et al. 2017).

Restoration practitioners must decide how to source seeds for res-
toration. Because local adaptation is widespread (Hereford 2009;
Leimu & Fischer 2008), introducing seeds from different environ-
ments may result in reduced restoration success. For example, seeds
in novel environments may miss germination cues, mistimed emer-
gence could cause seedling death, and geneflow can cause outbreed-
ing depression or long-term collapse (Kramer & Havens 2009).
Consequently, generalized seed transfer zones have been developed
to support selecting seeds that come from similar environments
(Hufford & Mazer 2003; Bower et al. 2014). However, seed avail-
ability and cost probably drive most decision-making, especially in
the absence of data favoring a particular seed-sourcing strategy.

Alternatively, it may be advantageous to source seeds from
diverse populations, including those that match projected future
climates (Kramer & Havens 2009; Weeks et al. 2011; Breed
et al. 2013). This practice may improve evolutionary potential
under changing climate, but it risks disrupting local adaptation
to non-climate-related factors (Aitken & Whitlock 2013). Thus,
characterizing the relative importance of climate- and non-cli-
mate-related adaptations is important for restoration. Patterns
of adaptation can vary across different life stages of the same
species, and since most restoration projects use seeds, specific
studies of adaptation at early life stages are important for resto-
ration (Gibson et al. 2016).

Common garden studies provide evidence consistent with
adaptive population differentiation when traits are associated
with geography of origin—called a cline. Clines in germination
traits can be idiosyncratic across species, precluding generalized
recommendations for seed sourcing (Cochrane et al. 2015;
Seglias et al. 2018). Thus, it is important to investigate environ-
mental clines specific to A. syriaca to identify factors to consider
when selecting seeds for restoration.

Geographic variation in A. syriaca traits, including growth,
phenology, defense, seed mass, and germination rates have been
documented in parts of the range (Malcolm et al. 1989; Woods
et al. 2012; Finch et al. 2018); however, there is not strong evi-
dence for adaptation to local conditions (Finch et al. 2023).
Asclepias syriaca plants from higher latitudes produce larger
seeds (Woods et al. 2012) with higher germination success
(Finch et al. 2018) and faster germination times (Finch
et al. 2023). These latitudinal clines are consistent with adapta-
tion to temperature, growing season length (GSL), or some other
aspect of the environment that varies with latitude (De Frenne
et al. 2013).

The thermal time hypothesis predicts a tradeoff between the
basal temperature (the minimum temperature at which

development occurs) and the thermal time, measured in degree
days, to complete a developmental process (Bonhomme 2000;
Trudgill et al. 2005; Dürr et al. 2015). Specifically, individuals
from colder latitudes are predicted to start development and ger-
minate earlier in colder temperatures than those from warmer
latitudes. In contrast, individuals from warmer latitudes have
warmer basal temperatures but can develop faster, so they are
predicted to germinate earlier in warmer environments (crossing
reaction norms, Fig. 1A; Trudgill et al. 2005).

Alternatively, GSL also varies predictably with latitude, and
could select for consistent clines if genotypes from environ-
ments with shorter growing seasons exhibit consistently faster
development (Conover & Schultz 1995; Belk et al. 2005; Tofte-
gaard et al. 2016) or consistently earlier phenologies (Fig. 1B).
Indeed, common garden studies, including one with common
milkweed (Woods et al. 2012), have found that higher latitude
plants have earlier phenologies (Turesson 1930; Olsson &
Ågren 2002; Zettlemoyer et al. 2017).

Applying the thermal time concept to milkweed seeds is chal-
lenging because germination requires two processes: dormancy
breaking and germination. Milkweed seeds at maturity are con-
ditionally dormant, meaning they can germinate in a specific
period of time under a narrow range of conditions (Finch-
Savage & Leubner-Metzger 2006). Dormancy decreases with
time in dry storage (called after-ripening) and cold-moist strati-
fication (Finch et al. 2018). As dormancy breaks, the range of
environmental conditions under which germination occurs
expands. Dormancy primarily affects germination success
(Batlla & Benech-Arnold 2015), but dormancy-breaking pro-
cesses such as cold stratification can also alter germination time,
for example, by reducing the basal temperature necessary for
germination (Steadman & Pritchard 2003). If dormancy is an
adaptive trait, we might expect greater dormancy in plants
experiencing colder winters to reduce risks of early germination
(Meyer et al. 1995). However, Finch et al. (2018) reported
greater germination success in milkweed seeds from higher lat-
itudes, especially at colder temperatures and with less cold strat-
ification, suggesting that seeds from northern populations are
less dormant.

We aimed to characterize geographic clines (GCs) and test for
adaptation to thermal spring conditions in common milkweed

Figure 1. Alternative predictions for adaptation to temperature (A) or GSL
(B). (A) Adaptation to temperature predicts crossing reaction norms, such
that seeds originating from high latitudes germinate relatively faster under
colder springs, such as in MN; whereas, seeds originating from lower
latitudes germinate relatively faster under the warmer springs, such as in
KY. (B) Adaptation to GSL predicts parallel reaction norms in which seeds
from high latitudes germinate relatively faster under all thermal conditions.
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seeds to support strategic restoration of milkweed. Given previ-
ous observations of latitudinal clines and the general importance
of temperature for seed traits (Batlla & Benech-Arnold 2015),
we hypothesized that temperature drives geographic patterns
in seed and germination traits, implying that seeds for restora-
tion should be sourced from environments similar to current or
projected thermal conditions at a site. This hypothesis led to
two predictions:

(1) Seed and germination traits in A. syriaca would show GCs
with latitude of origin, since latitude is closely associated
with temperature. We tested for clines in germination suc-
cess and germination time by collecting seeds from 20 popu-
lations across the range (Lat: 36–47�N; Long: 71–96�W)
and planting them in 2 different greenhouses.

(2) The development time of A. syriaca seeds would demon-
strate patterns consistent with adaptation to thermal condi-
tions, with seeds sourced from environments climatically
similar to their growing temperature germinating faster than
those from dissimilar environments (Fig. 1A). We tested for
adaptation to thermal conditions by planting seeds from
10 populations in growth chambers simulating northern
and southern thermal spring conditions.

Methods

Natural History

Asclepias syriaca is a weedy perennial native to the Great Plains
and Northeast regions of the United States (Woodson 1954).
Milkweed pollination occurs via transfer of pollinia, meaning
seeds in each follicle are full siblings. Seeds are wind-dispersed
and most are conditionally dormant at maturity; dormancy
declines during after-ripening and especially after a period of
cold-moist stratification (Baskin & Baskin 1977; Finch
et al. 2018). No studies have identified persistent seed banks
for milkweed species (Johnson & Anderson 1986; Csontos
et al. 2009; Kaye et al. 2018).

Seed Collection and Maternal Plant Traits

Seeds were collected by volunteer educators participating in the
Milkweed Adaptation Research and Education Network
(marenweb.com) from 25 sites spanning the U.S. range of com-
mon milkweed (Table S1; Fig. 2). Mature, individual seed pods
from naturally occurring A. syriaca plants were collected from
five stems that were at least 5 m apart, air dried, and mailed to
St. Olaf College. Seeds from each pod were counted, massed,
and stored at �3�C. Seeds that appeared to be unfilled were
excluded. Most collections occurred during 2017 or 2018, but
two additional sites were added in 2020 (Table S1). Volunteers
submitted data on maternal plant height and number of seed
pods for 16 source populations (indicated in Table S1), which
we use to make inferences about possible maternal effects on
seeds.

Source Environmental Data

If GCs in traits exist, they suggest adaptation to some environ-
mental variable associated with geography. To make inferences
about environmental characteristics associated with GCs, source
populations were georeferenced using ArcMap (v. 10.5.0;
ESRI 2011). Soil attributes (Soil Survey Staff 2005) and BioClim
variables (Fick&Hijmans 2017) were extracted. Site-specific soil
attributes represent weighted averages of the soil layers for cation
exchange capacity (CEC) at pH 7 (a measure of how readily the
soil holds nutrients), available water capacity (cm water/cm soil),
percent soil organic matter, and reaction pH. Growing season
length, was the expected number of frost-free days from 1961 to
1990 (Soil Survey Staff 2005). We limited the BioClim variables
to mean annual temperature, temperature seasonality (standard
deviation), mean annual precipitation, and precipitation seasonal-
ity at the 30-second spatial resolution. Other environmental char-
acteristics, especially biotic factors such as disease or pests, could
also exhibit associations with geography (Woods et al. 2012), but
we do not have a good source of data for these.

Study DesignGeographic Clines Study. To test for GCs in
germination time and germination success, seeds from 20 source
populations distributed across the range of common milkweed
(Table S1; Fig. 2) were germinated in controlled conditions in
Minnesota (MN) (St. Olaf College, Northfield, MN, U.S.A.)
and Virginia (VA) (University of Lynchburg, VA, U.S.A.).
We planted seeds from 10 full-sibling genetic families (seed
pods) from 5 to 7 different maternal families per source
population.

In early March 2020, seeds from 18 source populations were
mixed with sand and deionized water and began cold-moist
stratification at �3�C. Due to the COVID-19 pandemic, plant-
ing was delayed, so seeds were stratified for more than a year.
Consequently, some genetic families stratifying at each location
(10 in VA and 17 in MN) experienced either visible mold
growth or dry stratification media, and these were excluded from
analyses. Seeds from two additional southern source popula-
tions were collected in fall 2020 (Table S1) to increase represen-
tation of seeds from across the range; we term the initial
18 populations our “core” collection and all 20 populations the
“extended” collection. We also collected additional seeds from
both MN and VA in 2020 to compare with previous seed collec-
tions (2017 and 2018, respectively). Fall 2020 collections were
cold stratified for 3–4 weeks prior to planting. In mid-late April
2021, all seeds were planted in M1 potting mix (Grower Select,
BFG Supply Co, Burton, OH, U.S.A.) in flats, with each genetic
family assigned to 2–4 randomized locations in the growing
space. Depending upon availability, 24–48 seeds were planted
for each genetic family, totaling �7,500 seeds planted at each
experimental location (MN and VA). Planting took place over
a period of 4–8 days; trays were grown in a greenhouse
(MN) or indoors (VA) under grow lights (400-watt high pres-
sure sodium bulbs in MN; 250-watt equivalent LED bulbs in
VA) set to a 16:8 light:dark cycle and watered with tap water
as needed.
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In MN, seedling emergence was recorded daily for 18 days
after planting, and germination success was calculated as the
fraction of planted seeds that emerged. Germination time was
measured as the number of days between planting and seedling
emergence. In VA, emergence was checked at day 11 and ger-
mination success was recorded 21 days after planting. Germina-
tion success was higher in VA (see “Results” section), but
probably not because of the difference in time until recording:
of those seeds that germinated, 95% had done so by day 10 in
MN and 97% had done so by day 11 in VA.

Thermal Adaptation Study. To test for adaptation to tempera-
ture, in Spring 2019 we planted seeds from 10 populations
(Table S1; Fig. 2), as described above and grew them in growth
chambers (Conviron CMP 6050, Winnipeg, Manitoba, Canada)
set to simulate spring temperatures in Kentucky (KY) and MN,

states from which our most northern and southern seeds were
collected. In addition, we manipulated the length of the cold
stratification period (CS = 4 or 10 weeks) to test for different
dormancy-breaking requirements among the populations, as
length of winter varies by location. We pooled seeds from each
genetic family within a population for cold stratification, and
planted 26 seeds from each source population and cold stratifica-
tion period into each thermal condition, for a total of 1,040
seeds. We randomly assigned seeds from each site and cold
stratification period to locations within a 72-cell plug tray filled
with potting mix (SunGro Professional, Agawam, MA, U.S.A.),
with four trays in each growth chamber. Given limited space, we
planted two seeds of the same type per cell.

We used Online Degree-Day Models (http://uspest.org/cgi-
bin/ddmodel.us) to calculate predicted daily max and min tem-
peratures and growing degree days for sites of collection in
MN (44.466�N, 93.191�W) and KY (37.839�N, 84.270�W),

Figure 2. Seed collection sites for the two studies span much of the native range of Asclepias syriaca in the Great Plains and Northeast regions of the
United States. Squares represent source populations in the germination cline study, triangles represent source populations in the local adaptation study, and stars
indicate source populations used in both studies. Symbol size is scaled based on the height predicted for the maternal plants in the population (see “Results”
section). Coordinates and dates of collection are reported in Table S1.
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based on 10-year historical averages. We selected April 15 as
the start date for our simulated spring, and we programmed the
growth chamber temperatures to match the average tempera-
tures for the week that centered around that date and each subse-
quent week for a total of 8 weeks, using a 14:10 hour light:dark
cycle (Table S2). Humidity was set to a constant 50% and light
was set to maximum at 875 μmols�m�2�second�1. However,
checks during the fourth week revealed light intensity below
programmed intensity expected in each chamber (�650 in KY
and 447 μmols�m�2�second�1 in MN), so we adjusted the light
intensity of both chambers to 445 μmols�m�2�second�1. Prior
research suggests light has little effect on germination rates of
common milkweed seeds that have been cold-moist stratified
for 2 weeks or more (Baskin & Baskin 1977). Trays were
watered approximately every other day as necessary.

Germination, measured as the emergence of the seedling from
the soil, and development were observed daily for 8 weeks. If a
seed sprouted in a cell that already had a primary seedling, we
marked the date of emergence of the younger secondary seed-
ling and uprooted it carefully from the cell. Leaf development
time was only measured on primary seedlings and was deter-
mined as the difference in days between the time to expansion
of the first pair of true leaves and the time of germination.

Statistical Analysis

Geographic and Environmental Predictors. We tested for
GCs using latitude and longitude as predictors. Rather than run-
ning many additional models with each environmental variable
as a predictor, which would inflate the type I error rate, we
designed our models to test for GCs. We tested separately for
associations between geography and the GIS-extracted climate
and soil variables. We used correlation analysis to identify asso-
ciations that were linear (Pearson) as well as those that were not
linear but monotonic (Spearman).

Statistical Models. All analyses were conducted in R version
4.0.2 (R Core team 2020). We used mixed-effects models in the
lme4 package (Bates et al. 2015) to account for nonindependent
structure in the data while investigating the fixed effects of geog-
raphy on traits, including the binomial trait germination success.
See Table S3 for the specification of each model. We report sig-
nificance based on type II sums of squares (Car package; Fox &
Weisberg 2019) which is the most powerful approach with
unbalanced data when there are not significant interactions. In
general, we are not interested in the marginal main effects when
interactions are significant (Langsrud 2003).

Maternal Plants. For the 16 accessions with maternal plant
data, maternal height and fruit number were modeled as a func-
tion of latitude and longitude, accounting for source population
as a random variable. Fruit number was square-root-transformed
to improve the homoscedasticity of the residuals. For seed-pod-
level maternal plant traits, that is, seed number and total seed
mass per pod, multiple seed pods could be collected from the
same plant, so geographic trends were modeled with the random

variables maternal plant nested within source population. To test
for geographic trends in the average mass of individual seeds,
we included seed number as a covariate in a model of total seed
mass per pod, with maternal plant nested within source popula-
tion as random variables.

Geographic Clines. We first analyzed data from the core col-
lection, since these were all in cold stratification for the same
amount of time. We then followed with the extended collection,
for which care with interpretation is warranted.

We tested for GCs in germination success for seeds from each
genetic family using a mixed-effects binomial model with mean
seed mass, latitude, and longitude as fixed predictors and the fol-
lowing random effects structure: genetic full-sibling family
nested within maternal plant within source population within
level II ecoregion (Omernik & Griffith 2014; shown in
Table S1). Planting site was included as a separate random var-
iable. Latitude, longitude, and seed mass were standardized so
estimates could be compared. Because these models were over-
dispersed, we present quasi-adjusted p-values calculated with
standard errors scaled by dispersion factor, or the ratio of the
sum of squared residuals to the residual degrees of freedom
(Dean & Lundy 2016). To characterize the effect of collection
year and cold stratification time on germination success, we also
used binomial mixed models to compare the early (2017/2018)
and late (2020) collections for MN and VA (sites analyzed sep-
arately), with genetic family nested within maternal plant as ran-
dom variables. These models were not overdispersed, so we
report significance based on type II sums of squares.

Germination time, measured as days to germination, was
square-root-transformed for all analyses. We used mixed
models with the same nested structure for random effects; how-
ever, because germination time was only measured in the MN
greenhouse, we modeled planting tray within the greenhouse
rather than planting site as a separate random effect to quantify
spatial variation. We used separate mixed-effects models to
compare germination time for seeds collected from MN in
2017 versus 2020 and also for seeds collected in VA in 2018
versus 2020; random effects included genetic family nested
within maternal plant.

Thermal Adaptation

In the TA study, we used mixed models to test whether germina-
tion and growth traits varied in response to latitude, thermal
spring conditions (KY vs. MN chambers), cold stratification
period (4 vs. 10 weeks), and all two-way interactions. We
excluded longitude to avoid overfitting with just 10 source
populations. Seeds in this study were pooled by source popula-
tions, so source population and planting tray were modeled as
separate random variables. For the subset of source populations
used in the TA study, seed mass was positively correlated with
latitude of origin (r = 0.84, p = 0.0026), so we did not include
seed mass as a covariate. Germination success was analyzed in
a binomial mixed model; since each seed was scored indepen-
dently, we did not test for overdispersion. Germination time
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and leaf development time were square-root-transformed for
analyses.

Results

Geographic Predictors

Climate and GSL were strongly associated with latitude. High-
latitude populations experienced colder temperatures
(r = �0.98; p < 0.0001), less rainfall (r = �0.79; p < 0.0001),
greater seasonality in both precipitation (r = 0.65; p < 0.0001)
and temperature (r = 0.85; p < 0.0001), and shorter growing
seasons (r = �0.79; p < 0.0001; Table S4; Fig. S1). High-
latitude soils tended to be more basic (r = 0.58; p = 0.0046)
and enriched in organic matter (ρ= 0.50; p= 0.017). Longitude
was most strongly associated with seasonality: western sites had
greater seasonality in rainfall (r = �0.74; p < 0.0001) and tem-
perature (r = �0.51, p = 0.01). Western sites also tended to
have lower annual precipitation (r = 0.41; p = 0.04), higher
CEC (r = �0.43; p = 0.045), and lower organic matter
(r = 0.43; p = 0.048).

Maternal Plants

Maternal plant height showed clines with both latitude (estimate
[standard error]: β = � 13.48 [4.47], χ2 = 9.11, d.f. = 1,
p = 0.0025) and longitude (β = � 11.14 [4.15], χ2 = 7.19, d.
f. = 1, p = 0.0043), such that plants from the south and west
were tallest at the time of seed collection (Fig. 2). We did not
detect clines in number of fruits per plant (Lat: χ2 = 0.97, d.
f.= 1, p= 0.33; Long: χ2= 0.57, d.f.= 1, p= 0.45) or average
seed mass after accounting for the number of seeds in a pod (Lat:
χ2 = 0.0008, d.f. = 1, p = 0.98; Long: χ2 = 1.019, d.f. = 1,
p = 0.31). However, there was evidence for a longitudinal cline
as pods from the east contained lower total masses of seed per
pod (β = � 0.14 [0.07], χ2 = 3.96, d.f. = 1, p = 0.047). This

cline might be explained by the number of seeds per pod, which
showed a similar but nonsignificant relationship with longitude
(β = � 15.83 [9.29], χ2 = 2.90, d.f. = 1, p = 0.088). Overall,
these trends suggest that there was geographically structured
variation in maternal plant condition.

Geographic Clines Study

Of the �7,500 seeds planted at each location, 73% germinated
in VA and 62% in MN. Seeds from pods with greater average
seed mass germinated more successfully (Table S5; Fig. 3).
There was no evidence for GCs in the core collection
(Table S5; Fig. 3B). The extended collection, however, showed
a significant positive relationship between latitude and germina-
tion success (Table S5; Fig. 3B).

Across planting sites, only 39% of the seeds from VA that
were collected in 2020 germinated, a significantly lower rate
than the 87% germination rate of seeds collected in 2018
(contrast = �2.77 [0.55]; χ2 = 26.25, d.f. = 1, p < 0.0001).
However, 82% of the MN seeds collected in 2017 germinated,
while 68% of seeds collected in 2020 germinated, and this dif-
ference was not significant (contrast = �0.68 [0.6]; χ2 = 1.86,
d.f. = 1, p = 0.17).

Germination time ranged from 3 to 18 days, with a median of
6 days. Larger seeds were more likely to germinate earlier
(Table S5; Fig. 4A), and even after accounting for seed mass,
high-latitude seeds germinated earlier in both the core and
extended collections (Table S5; Fig. 4B).

Seeds from VA collected in 2018 germinated in an average of
6.66 days, more than 2 days earlier than those collected in 2020
(mean = 8.9 days; contrast = 0.47 [0.14], χ2 = 11.5, d.f. = 1,
p= 0.0007). However, seeds fromMN collected in 2017 germi-
nated in an average of 6.4 days, and were not significantly dif-
ferent from those collected in 2020 (mean = 6.8 days;
contrast = 0.098 [0.08], χ2 = 1.5, d.f. = 1, p = 0.22).
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Figure 3. Germination success as a function of seed mass (A) and latitude (B). Data are the proportion of seeds planted from each genetic family that germinated
in the grow-room in VA (circles; solid line) or the greenhouse inMN (triangles; dashed line). We studied seeds from 10 genetic families from each of 20 different
source populations. (A) Germination success increases with average seed mass (quasibinomial mixed model: β = 0.53 [0.14], z= 3.9, p < 0.0001). (B) There is
no relationship between geography and germination success in our core collections (see Table S5); however, with the extended collections from two southern
sites (in gray) that were cold stratified for a shorter time period, germination success increases with latitude (quasibinomial mixed model; β = 0.69 [0.3],
z = 2.3, p = 0.02).
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Thermal Adaptation Study

In the TA study, 589 of the 1,040 seeds that were planted germi-
nated successfully. Germination success among populations in
each chamber ranged from 11–92%. Germination success was
positively related to latitude (Fig. 5A; β =0.79 [0.19],
χ2 = 22.47, d.f. = 1, p < 0.0001; Table S6). Neither thermal
conditions nor cold stratification length affected germination
success independently or via an interaction.

In the MN chamber, seeds averaged 32 days to germinate
(range of source population means: 29.1–35.6); while in the
KY chamber, seeds germinated in 10.6 days on average (range
of source population means: 8.7–14.8; thermal spring con-
trast = 2.39 [0.11], χ2 = 567.33, d.f. = 1, p < 0.0001;
Table S6). We did detect GCs in germination time, but different
thermal regimes did not generate crossing clines (Fig. 5B), as
would be expected if plants were locally adapted to thermal con-
ditions (Fig. 1A). Under both theMN spring and KY spring con-
ditions, and both cold stratification regimes, seeds originating
from higher latitudes germinated more quickly on average
(Fig. 5B; β = � 0.18 [0.06], χ2 = 8.05, d.f. = 1, p = 0.0045;
Table S6), consistent with the results observed in the GCs study.
Compared to 4 weeks of cold stratification, 10 weeks of cold
stratification tended to result in earlier germination by a little
more than 1 day (contrast = �0.17 [0.06], χ2 = 13.33, d.
f. = 1, p = 0.0003; Table S6); there was no interaction between
latitude and cold stratification period.

Although germination traits showed clines with latitude, leaf
development time did not (Table S6; Fig. 5C). However, it did
respond to temperature/chamber (Table S6; Fig. 5C, con-
trast = 0.80 [0.074], χ2 = 143.38, d.f. = 1, p < 0.0001). Leaf
development took an average of 12 days in the KY chamber
(range: 5–24 days), but the colder MN spring conditions
extended leaf development time approximately 6 days com-
pared to KY (average = 17.5 days; range: 8–33 days).

Discussion

Rapid Germination of Seeds from High-Latitude Populations

As predicted, latitudinal clines in seed and germination traits of
Asclepias syriaca were common. Seeds from higher latitudes
germinate faster: for each degree of latitude, seeds tend to germi-
nate about 0.1 (GCs study) to 0.5 days earlier (TA study). This
pattern is consistent with many results showing that high-
latitude populations display early phenology (Turesson 1930;
Olsson & Ågren 2002; Prendeville et al. 2013) and is thought
to be an adaptation to short growing seasons. Woods et al.
(2012) found milkweed from high-latitude populations also
emerged from rootstock earlier in the season, and early phenol-
ogy was associated with larger end-of-season biomass in north-
ern but not southern common gardens. Together, these findings
suggest that more rapid spring establishment has been selected
for in high-latitude milkweed populations.

Contrary to our predictions, we did not find the crossing reac-
tion norms in development time expected in the TA study if
plants experience a tradeoff between basal development temper-
ature and thermal time requirements. Instead of germinating fas-
ter in thermal spring conditions similar to their source
populations, high-latitude seeds always germinated earlier, con-
sistent with adaptation to GSL. Across species, high-latitude
populations experience shorter growing seasons and evolve to
compensate by developing at colder temperatures, so when
grown in a common environment, they develop more quickly
(Conover & Schultz 1995; Belk et al. 2005; Toftegaard
et al. 2016). High-latitude populations have been shown to ger-
minate faster in other plants, including an herb (Campanula
americana, Prendeville et al. 2013; Zettlemoyer et al. 2017)
and an invasive grass (Sporobolus alterniflorus, Liu &
Zhang 2020). We hypothesize that for milkweed, rapid germina-
tion might be especially important in variable environments
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Figure 4. Predictors of germination time in the MN greenhouse. (A) Seed mass. Larger seeds germinate faster (β = � 0.035 [0.11], χ2 = 10.15, d.f. = 1,
p= 0.0014). (B) Latitude of origin. Seeds originating from high latitude populations germinate faster. The cline is significant whether the two source populations
collected in 2020, indicated in gray, that were stored and cold stratified for less time than seeds from other populations are included (β = � 0.097 [0.025],
χ2 = 14.88, d.f. = 1, p = 0.0001) or excluded (β = � 0.062 [0.021], χ2 = 9.13, d.f. = 1, p = 0.0025). Points represent the mean germination time for those
individuals that germinated from each genetic family to more clearly reveal patterns. Statistics are from a mixed model of square-root-transformed germination
time (see the text).
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with a limited growing season, perhaps because biomass accu-
mulation facilitates survival through stressful periods (see Strat-
ton 1992), and the risks of germinating early are balanced by the
costs of germinating late. Characterizing fitness in the field will
be necessary to fully test this idea (Donohue et al. 2010). In a
recent study of common milkweed seed establishment in low-
and mid-latitude field sites (Missouri and Illinois, U.S.A.), seeds
sourced from high-latitude populations germinated earlier, but
there was no evidence of an effect of latitude of origin on

survivorship or above-ground biomass accumulation by July
(Finch et al. 2023). We note that common milkweed invests
heavily in below-ground growth and suggest testing whether
population differences in germination time correspond with dif-
ferences in root:shoot ratio, overwintering success or flowering
time, especially at high-latitude field sites.

Rapid germination could be achieved through reduced basal
temperature or thermal time requirements for germination,
reduced dormancy, or reduced demands for dormancy breaking

Figure 5. Latitudinal variation in germination success (A), germination time (B), and leaf development time (C) in the local adaptation study. Seeds from
10 populations were exposed to simulated MN or KY thermal spring conditions and cold stratification for either 4 or 10 weeks; plots show population means in
each condition. (A) Germination success was highest among seeds from high-latitude populations (binomial mixed model: β =0.79 [0.19], χ2 = 22.47, d.f.= 1,
p < 0.0001) but did not vary with experimentally manipulated environments. (B) Germination was fastest for seeds from high latitudes overall (mixed model:
β =� 0.18 [0.06], χ2 = 8.05, d.f.= 1, p= 0.0045; dashed and dotted lines are visual aids only), regardless of whether seeds were grown in KY (circles) or MN
(triangles) spring temperatures (interaction: χ2 = 0.2, d.f.= 1, p= 0.66). KY temperatures advanced germination by 22 days compared to MN (contrast= 2.39
[0.11], χ2 = 567.33, d.f. = 1, p < 0.0001). Longer cold stratification reduced germination time by about a day (contrast = �0.17 [0.06], χ2 = 13.33, d.f. = 1,
p = 0.0003), but the interaction between cold stratification and source latitude was not significant (χ2 = 0.031, d.f. = 1, p = 0.86). (C) Leaf development time
showed no evidence of a cline (mixed model: χ2 = 1.0, d.f. = 1, p = 0.32).
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(Batlla & Benech-Arnold 2015; Fern�andez-Pascual et al. 2019).
We observed a cline in germination time after cold stratification
for more than a year, which appeared sufficient to reduce the
cline in dormancy, even after accounting for seed mass. Conse-
quently, we infer that high-latitude populations either have
lower thermal time or basal temperature requirements for germi-
nation only, since clines were not evident for leaf development
time. A study of Festuca altaica (Canadian fescue) germination
showed high-latitude populations had higher basal temperatures
and lower thermal time requirements (Qiu et al. 2010). A similar
study for milkweeds could clarify whether thermal time under-
lies the cline in germination time observed.

If seeds do not show adaptation to thermal spring conditions,
why do low-latitude populations have consistently later germi-
nation times? We expect selection on germination phenology
to balance the risks of early germination (prior to the end of win-
ter) and the costs of delayed germination (a competitive disad-
vantage and less opportunity for growth). Germination timing
determines the environment in which seedlings will grow, there-
fore low-latitude populations may be evolving traits that prevent
early germination prior to the end of winter. For example, com-
mon milkweed seeds from Illinois and Missouri germinated in
simulated fall temperatures (Barton et al. 2020), a phenomenon
that is expected to result in the death of a plant over winter. Ger-
mination time is also influenced by dormancy: in a study of
Ambrosia artemisiifolia (common ragweed) populations invad-
ing China, high-latitude populations germinated more slowly
and also demonstrated greater dormancy (Zhou et al. 2021).
Thus, although the direction of clines in germination traits may
vary across species (Cochrane et al. 2015), we speculate germi-
nation time and dormancy may work together to impact germi-
nation phenology.

Inconsistent Clines in Seed Mass and Dormancy

We observed latitudinal clines in seed mass and germination
success in one, but not both experiments. When present, these
clines were consistent with previous reports of higher germina-
tion success (Finch et al. 2018) and higher seed masses
(Woods et al. 2012) in high-latitude populations. Limited germi-
nation success under otherwise favorable conditions is fre-
quently interpreted as evidence of dormancy (Batlla &
Benech-Arnold 2015), but the cline in germination success in
the TA study could also be driven by seed mass. Increased seed
mass correlates to increased germination success and early seed-
ling survivorship, both within, and across, plant species
(Leishman et al. 2000; Moles et al. 2007; Baskin & Bas-
kin 2014). Our GCs study shows that A. syriaca is no exception:
seeds from genetic families with greater average seed mass ger-
minated earlier and in higher proportions. Similarly, a separate
study with individually massed A. syriaca seeds (Mohl et al.
unpublished data, 2019) provided clear evidence for a positive
association between seed mass and germination success
(β= 0.48, χ2= 17.73, d.f.=1, p < 0.0001). Although one study
claimed the relationship between population seed mass and ger-
mination in Asclepias syriaca was weak (Farmer et al. 1986),
another demonstrated that germination success, seedling

survival, and seedling performance are all positively associated
with individual seed mass, although emergence time was not
(Morse & Schmitt 1985). Together, these findings suggest that
seed mass could explain the latitudinal cline in germination suc-
cess observed in the TA study; we found no evidence for a lati-
tudinal cline in germination success in the GCs study in which
seed mass and latitude were not confounded, at least when the
2020 seed collections were excluded.

Dormancy could also explain the different patterns of germi-
nation success between our GCs and TA studies. The core seed
collection of the GCs study, which experienced an extended
period of cold stratification, showed no latitudinal cline in ger-
mination success. The clear presence of this cline in the TA
study, where cold stratification was limited to 10 weeks or less,
could be interpreted as evidence that low-latitude populations
express greater dormancy that can be overcome by very long
periods of cold stratification. Supporting this interpretation,
seeds from a low-latitude VA site exposed to 2 years of storage
and a full year of cold stratification expressed significantly
greater germination success and accelerated germination time
compared to seeds from the same site exposed to the more stan-
dard 4 weeks of cold stratification. However, 3 years of storage
and a full year of cold stratification did not significantly affect
either germination trait for seeds from high-latitude MN. Other
studies have also documented higher dormancy in low-latitude
milkweed populations, as demonstrated by longer periods of
cold stratification being necessary to germinate a given propor-
tion of seeds and by a lower proportion of seeds germinating
(Finch et al. 2018). It would be interesting to investigate whether
high levels of dormancy in low-latitude populations allow viable
seeds to persist in a seed bank in the soil for more than a year.

Many studies report higher dormancy in high-altitude or
high-latitude populations as a means to avoid germinating in
unfavorable winter conditions (Meyer et al. 1995; Cavieres &
Arroyo 2000; Fern�andez-Pascual et al. 2013), so reduced dor-
mancy in high-latitude populations is relatively unexpected.
Dormancy preserves seeds until environmental cues signal a
favorable environment for germination (Finch-Savage &
Leubner-Metzger 2006), but it may also serve to spread risk in
temporally variable environments (Venable & Brown 1988).
However, we found no evidence that latitude was correlated
with the coefficient of variation in germination time (GCs study:
r = 0.069, T = 0.29, d.f. = 18, p = 0.77; TA study: r = �0.16,
T � 0.47, df= 8, p= 0.65), suggesting that latitudinal variation
in dormancy is more likely to facilitate environmental tracking
than risk spreading. Diurnal fluctuations are likely to facilitate
germination by terminating dormancy (Farmer et al. 1986;
Batlla & Benech-Arnold 2015). We suspect that dormancy
might be less important in high-latitude sites where snowpack
dampens diurnal fluctuations in light and temperature until
spring. In contrast, low-latitude populations might benefit from
deeper dormancy that reduces the risks of germinating during
the fall (Bandara et al. 2019) or under false spring conditions
(Ojala 1985; Meyer et al. 1995; Fowler & Dwight 1964;
Schütz &Milberg 1997). In fact, as common milkweed expands
its range farther south (Wyatt et al. 1993; Wyatt 1996), southern
populations may be evolving increased dormancy to facilitate
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germination at appropriate times. Although we found no evi-
dence for local adaptation to spring thermal conditions, milk-
weeds might display adaptations to local overwintering
conditions; specifically, rapidly germinating seeds from high-
latitude populations might germinate and perish before the end
of winter at higher frequencies in low-latitude sites, while dor-
mant seeds from low latitudes might be outperformed by
early-germinating seeds at northern sites. If true, changing cli-
mates that reduce the length of winter and change the pattern
of exposure to diurnal temperature fluctuations could impact
milkweeds (Walck et al. 2011; Bandara et al. 2019), though
more data are necessary to make precise predictions.

Unlike Finch et al. (2018), we found no effect of thermal con-
dition or cold stratification period on germination success in our
TA experiment. We surmise that gradual warming over 8 weeks
in our study, rather than incubation for 2 weeks as in Finch et al.
(2018), meant that differences in relative dormancy (the range of
environmental conditions sufficient to allow germination; Betlla
and Benech Arnold 2015), were expressed as differences in ger-
mination time rather than germination success. That is, seeds
with greater relative dormancy experienced a suitable environ-
ment for germination later in time, but were still able to germi-
nate. Indeed, increasing the cold stratification period, which
was intended to break dormancy, reduced the time necessary
for germination. However, 10 weeks of cold stratification was
insufficient to remove the latitudinal cline in germination suc-
cess. Since seed mass is predicted to be inversely related to dor-
mancy (Venable and Brown 1988, Leishman et al. 2000), both
dormancy and seed mass could jointly contribute to the pattern
of larger seeds from higher latitudes germinating at a higher rate
in the TA study.

Interpreting Variation in Germination Traits

Although we observed population differences, especially in ger-
mination time, phenotypic plasticity in milkweed may be more
likely to impact restoration success. For example, warmer spring
temperatures strongly advanced milkweed germination time in
our TA study. However, warmer winters might delay the time
when monarch butterflies migrate north from Mexico because
they respond to prolonged exposure to cold and possibly photo-
period cues (Guerra and Reppert 2015). Indeed, citizen science
data document a shift across 18 years of observations toward
earlier milkweed emergence, but later monarch arrival
(Howard and Davis 2015). As a result, as the climate warms,
milkweeds might be older, better-defended, and/or already colo-
nized by competitors or predators when monarchs first arrive in
the spring (Yang and Cenzer 2020). Mowing milkweed could
reset growth with possible benefits for monarchs (Haan and
Landis 2020).

Because seeds were collected from wild populations rather
than plants grown in a common garden, we cannot confirm that
clines we observed are adaptive rather than plastic responses to
the maternal environment, which strongly influences seed traits
(Fernandez-Pascual et al. 2013; Baskin and Baskin 2014). Inter-
estingly, many of the maternal plant traits demonstrated longitu-
dinal clines that were not present in our GCs study. Of the

maternal traits studied, only height showed a latitudinal cline,
though seed mass also showed a cline in a subset of the popula-
tions. Based on these findings, it is possible that southern plants
grow taller in response to competition but also experience
greater stress, especially at the range edge, thereby producing
smaller seeds that germinate less well. Even if the clines we
detected are genetically based, they might not be detectable in
all environments (Alba et al. 2016). As such, germination stud-
ies under field conditions, where water stress, herbivory, compe-
tition, and overwintering success can impact germination
success, are an important next step to generate relevant predic-
tions for plant establishment.

Currently, there is scant evidence from field studies sup-
porting local seed sourcing. However, growing conditions in
a given year may muddle evidence of local adaptation that
can be resolved with longer-term data (Barton et al. 2020).
Given repeated findings of latitudinally based clines in com-
mon milkweed seed and germination traits, climate, and espe-
cially GSL, latitude is likely an important driver of population
differentiation in common milkweed. We provisionally rec-
ommend sourcing milkweeds seeds from similar climates.
However, we hesitate to recommend climate-matching seeds
from sources similar to predicted future climates (Weeks
et al. 2011, Breed et al. 2013). Low-latitude seeds often ger-
minated at lower frequencies; therefore, it does not yet appear
they will be more successful than locally-sourced northern
seeds. As the climate warms, the discrepancy between high-
and low-latitude germination success may increase if shorter
winters fail to break higher dormancy demands in low-latitude
seeds (Walck et al. 2011); alternatively, low-latitude popula-
tions may harbor the dormancy necessary to prevent prema-
ture germination in a warmer world. At the same time,
range-edge populations may experience reduced fitness.
Future research will be necessary to determine the value of
low-latitude seed sources for common milkweed restoration.
Although high-latitude seeds could initially be successful in
more southern springs, since faster germination may translate
into long-term benefits for growth and reproduction (Verdú
and Traveset 2005), data about fitness at all life stages, includ-
ing overwintering success, are necessary to predict long-term
outcomes and to optimize milkweed restoration practices in
the face of climate change.

Acknowledgments

The authors thank NSF-DEB-Award 1936621, the University of
Lynchburg Jordan Kicklighter Sustainability Research Fund,
and the St. Olaf CURI program for funding and the Ecological
Research as Education Network for facilitating collaboration.
Thanks to William Wei for preliminary data analysis, Catherine
Gilbert and Margot Groskreutz for collecting TA data, Natasha
Capell, Pauline Corzilius, Patti Dugan-Henriksen, Tracy Gart-
ner, Kevin Geedey, Amber Gremmels, Lisa Hooper, Rebecca
Hutchison, Abby Kula, Ken Lidle, Mary Mohl, Lary Mohl,
Aimee Phillippi, and Mark Studer for collecting seeds, and
Dan Miles, William Fowler, Paul Gehl, Alyssa Gundel,

Restoration Ecology10 of 13

Common milkweed seed clines



Madison Hicks, Kassidy McCall, Mimi Oliver, Adrian Tardy,
and Diane Vargas for support with planting.

LITERATURE CITED
Aitken SN, Whitlock MC (2013) Assisted gene flow to facilitate local adaptation

to climate change. Annual Review of Ecology, Evolution, and Systematics
44:367–388. https://doi.org/10.1146/annurev-ecolsys-110512-135747

Alba C, Moravcov�a L, Pyšek P (2016) Geographic structuring and transgenera-
tional maternal effects shape germination in native, but not introduced,
populations of a widespread plant invader. American Journal of Botany
103:837–844. https://doi.org/10.3732/ajb.1600099

Barton KE, Jones C, Edwards KF, Shiels AB, Knight T (2020) Local adaptation
constrains drought tolerance in a tropical foundation tree. Journal of Ecol-
ogy 108:1540–1552. https://doi.org/10.1111/1365-2745.13354

Bandara RG, Finch J, Walck JL, Hidayati SN, Havens K (2019) Germination
niche breadth and potential response to climate change differ among three
North American perennials. Folia Geobot 54, 5–17. https://doi.org/10.
1007/s12224-019-09347-2

Baskin C, Baskin JM (2014) Seeds: ecology, biogeography, and evolution of dor-
mancy and germination. Academic Press, San Diego

Baskin JM, Baskin CC (1977) Germination of common milkweed (Asclepias syr-
iaca L.) seeds. Bulletin of the Torrey Botanical Club 104:167–170. https://
doi.org/10.2307/2484365

Bates D, Kliegl R, Vasishth S, Baayen H (2015) Parsimonious mixed models.
Journal of Statistical Software 67:1–48. https://doi.org/10.18637/jss.
v067.i01

Batlla D, Benech-Arnold RL (2015) A framework for the interpretation of tem-
perature effects on dormancy and germination in seed populations showing
dormancy. Seed Science Research 25:147–158. https://doi.org/10.1017/
S0960258514000452

Belk MC, Johnson JB, Wilson KW, Smith ME, Houston DD (2005) Variation in
intrinsic individual growth rate among populations of leatherside chub
(Snyderichthys copei Jordan &Gilbert): adaptation to temperature or length
of growing season? Ecology of Freshwater Fish 14:177–184. https://doi.
org/10.1111/j.1600-0633.2005.00091.x

Bonhomme R (2000) Bases and limits to using “degree.day” units. European
Journal of Agronomy 13:1–10. https://doi.org/10.1016/S1161-0301(00)
00058-7

Bower AD, Clair JB, Erickson V (2014) Generalized provisional seed zones for
native plants. Ecological Applications 24:913–919. https://doi.org/10.
1890/13-0285.1

Boyle JH, Dalgleish HJ, Puzey JR (2019) Monarch butterfly and milkweed
declines substantially predate the use of genetically modified crops. Pro-
ceedings of the National Academy of Sciences 116:3006–3011. https://
doi.org/10.1073/pnas.1811437116

Breed MF, Stead MG, Ottewell KM, Gardner MG, Lowe AJ (2013) Which prov-
enance and where? Seed sourcing strategies for revegetation in a changing
environment. Conservation Genetics 14:1–10. https://doi.org/10.1007/
s10592-012-0425-z

Cavieres LA, Arroyo MT (2000) Seed germination response to cold stratification
period and thermal regime in Phacelia secunda (Hydrophyllaceae)—
altitudinal variation in the Mediterranean Andes of central Chile. Plant
Ecology 149:1–8. https://doi.org/10.1023/A:1009802806674

Cochrane A, Yates CJ, Hoyle GL, Nicotra AB (2015) Will among-population
variation in seed traits improve the chance of species persistence under cli-
mate change? Global Ecology and Biogeography 24:12–24. https://doi.org/
10.1111/geb.12234

Conover DO, Schultz ET (1995) Phenotypic similarity and the evolutionary sig-
nificance of countergradient variation. Trends in Ecology & Evolution 10:
248–252. https://doi.org/10.1016/S0169-5347(00)89081-3

Csontos P, Bozsing E, Cseresnyes I, Penksza K (2009) Reproductive potential of
the alien species Asclepias syriaca (Asclepiadaceae) in the rural landscape.
Polish Journal of Ecology 57:383–388

De Frenne P, Graae BJ, Rodríguez-S�anchez F, Kolb A, Chabrerie O, Decocq G,
et al. (2013) Latitudinal gradients as natural laboratories to infer species’
responses to temperature. Journal of Ecology 101:784–795. https://doi.
org/10.1111/1365-2745.12074

Dean CB, Lundy ER (2016) Overdispersion. In Wiley StatsRef: Statistics Refer-
ence Online (eds N. Balakrishnan, T. Colton, B. Everitt, W. Piegorsch, F.
Ruggeri and J.L. Teugels). https://doi.org/10.1002/9781118445112.
stat06788.pub2

Donohue K, Rubio de Casas R, Burghardt L, Kovach K, Willis CG (2010) Ger-
mination, postgermination adaptation, and species ecological ranges.
Annual Review of Ecology, Evolution, and Systematics 41:293–319.
https://doi.org/10.1146/annurev-ecolsys-102209-144715

Dürr C, Dickie JB, YangXY, Pritchard HW (2015) Ranges of critical temperature
and water potential values for the germination of species worldwide: contri-
bution to a seed trait database. Agricultural and Forest Meteorology 200:
222–232. https://doi.org/10.1016/j.agrformet.2014.09.024

ESRI (2011) ArcGIS desktop: release 10. Environmental Systems Research Insti-
tute, ESRI: Redlands, California

Farmer JM, Price SC, Bell CR (1986) Population, temperature, and substrate
influences on common milkweed (Asclepias syriaca) seed germination.
Weed Science 34:525–528. https://doi.org/10.1017/S00431745
00067369

Fern�andez-Pascual E, Jiménez-Alfaro B, Caujapé-Castells J, Jaén-Molina R,
Díaz TE (2013) A local dormancy cline is related to the seed maturation
environment, population genetic composition and climate. Annals of Bot-
any 12:937–945. https://doi.org/10.1093/aob/mct154

Fern�andez-Pascual E, Mattana E, Pritchard HW (2019) Seeds of future past: cli-
mate change and the thermal memory of plant reproductive traits. Biologi-
cal Reviews 94:439–456. https://doi.org/10.1111/brv.12461

Fick SE, Hijmans RJ (2017) Worldclim 2: new 1-km spatial resolution climate
surfaces for global land areas. International Journal of Climatology 37:
4302–4315. https://doi.org/10.1002/joc.5086

Finch J, Seglias AE, Kramer AT, Havens K (2023) Recruitment varies among
milkweed seed sources for habitat specialist but not generalist. Restoration
Ecology 31:e13725. https://doi.org/10.1111/rec.13725

Finch J, Walck JL, Hidayati SN, Kramer AT, Lason V, Havens K (2018) Germi-
nation niche breadth varies inconsistently among three Asclepias congeners
along a latitudinal gradient. Plant Biology 21:425–438. https://doi.org/10.
1111/plb.12843

Finch-Savage WE, Leubner-Metzger G (2006) Seed dormancy and the control of
germination. New Phytologist 171:501–523. https://doi.org/10.1111/j.
1469-8137.2006.01787.x

Fowler DP, Dwight TW (1964) Provenance differences in the stratification
requirements of white pine. Canadian Journal of Botany 42:669–675.
https://doi.org/10.1139/b64-062

Fox J, Weisberg S (2019) An {R} companion to applied regression. 3rd ed. Sage
Publications, Thousands Oaks, CA

Gibson AL, Espeland EK, Wagner V, Nelson CR (2016) Can local adaptation
research in plants inform selection of native plant materials? An analysis
of experimental methodologies. Evolutionary Applications 9:1219–1228.
https://doi.org/10.1111/eva.12379

Guerra PA, Reppert SM (2015) Sensory basis of lepidopteran migration: focus on
the monarch butterfly. Current Opinion in Neurobiology 34:20–28. https://
doi.org/10.1016/j.conb.2015.01.009

Haan NL, Landis DA (2020) Grassland disturbance effects on first-instar mon-
arch butterfly survival, floral resources, and flower-visiting insects. Biolog-
ical Conservation 243:108492. https://doi.org/10.1016/j.biocon.2020.
108492

Hereford J (2009) A quantitative survey of local adaptation and fitness trade-offs.
The American Naturalist 173:579–588. https://doi.org/10.1086/597611

Howard E, Davis AK (2015) Investigating long-term changes in the spring migra-
tion of monarch butterflies (Lepidoptera: Nymphalidae) using 18 years of
data from Journey North, a citizen science program. Annals of the Entomo-
logical Society of America 108:664–669. https://doi.org/10.1093/aesa/
sav061

Restoration Ecology 11 of 13

Common milkweed seed clines

https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.3732/ajb.1600099
https://doi.org/10.1111/1365-2745.13354
https://doi.org/10.1007/s12224-019-09347-2
https://doi.org/10.1007/s12224-019-09347-2
https://doi.org/10.2307/2484365
https://doi.org/10.2307/2484365
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1017/S0960258514000452
https://doi.org/10.1017/S0960258514000452
https://doi.org/10.1111/j.1600-0633.2005.00091.x
https://doi.org/10.1111/j.1600-0633.2005.00091.x
https://doi.org/10.1016/S1161-0301(00)00058-7
https://doi.org/10.1016/S1161-0301(00)00058-7
https://doi.org/10.1890/13-0285.1
https://doi.org/10.1890/13-0285.1
https://doi.org/10.1073/pnas.1811437116
https://doi.org/10.1073/pnas.1811437116
https://doi.org/10.1007/s10592-012-0425-z
https://doi.org/10.1007/s10592-012-0425-z
https://doi.org/10.1023/A:1009802806674
https://doi.org/10.1111/geb.12234
https://doi.org/10.1111/geb.12234
https://doi.org/10.1016/S0169-5347(00)89081-3
https://doi.org/10.1111/1365-2745.12074
https://doi.org/10.1111/1365-2745.12074
https://doi.org/10.1002/9781118445112.stat06788.pub2
https://doi.org/10.1002/9781118445112.stat06788.pub2
https://doi.org/10.1146/annurev-ecolsys-102209-144715
https://doi.org/10.1016/j.agrformet.2014.09.024
https://doi.org/10.1017/S0043174500067369
https://doi.org/10.1017/S0043174500067369
https://doi.org/10.1093/aob/mct154
https://doi.org/10.1111/brv.12461
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/rec.13725
https://doi.org/10.1111/plb.12843
https://doi.org/10.1111/plb.12843
https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1139/b64-062
https://doi.org/10.1111/eva.12379
https://doi.org/10.1016/j.conb.2015.01.009
https://doi.org/10.1016/j.conb.2015.01.009
https://doi.org/10.1016/j.biocon.2020.108492
https://doi.org/10.1016/j.biocon.2020.108492
https://doi.org/10.1086/597611
https://doi.org/10.1093/aesa/sav061
https://doi.org/10.1093/aesa/sav061


Hufford KM,Mazer SJ (2003) Plant ecotypes: genetic differentiation in the age of
ecological restoration. Trends in Ecology & Evolution 18:147–155. https://
doi.org/10.1016/S0169-5347(03)00002-8

Johnson RG, Anderson RC (1986) The seed bank of a tallgrass prairie in Illinois.
The American Midland Naturalist 115:123–130. https://doi.org/10.2307/
2425842

Kaye TN, Sandlin IJ, Bahm MA (2018) Seed dormancy and germination vary
within and among species of milkweeds. AoB Plants 10:ply018. https://
doi.org/10.1093/aobpla/ply018

Kramer A, Havens K (2009) Plant conservation genetics in a changing world.
Trends in Plant Science 14:599–607. https://doi.org/10.1016/j.tplants.
2009.08.005

Langsrud Ø (2003) ANOVA for unbalanced data: use Type II instead of Type III
sums of squares. Statistics and Computing 13:163–167. https://doi.org/10.
1023/A:1023260610025

Leimu R, Fischer M (2008) A meta-analysis of local adaptation in plants. PLoS
One 3:e4010. https://doi.org/10.1371/journal.pone.0004010

Leishman M, Wright IJ, Moles A, Westoby M (2000) The Evolutionary ecology
of seed size. In M. Fenner Ed., Seeds: the ecology of regeneration in plant
communities, 2nd ed., CABI International; 31–57.

Liu L, Zhang X (2020) Effects of temperature variability and extremes on spring
phenology across the contiguous United States from 1982 to 2016. Scien-
tific Reports 10:1–4. https://doi.org/10.1038/s41598-020-74804-4

Malcolm SB, Cockrell BJ, Brower LP (1989) Cardenolide fingerprint of monarch
butterflies reared on common milkweed, Asclepias syriaca L. Journal of
Chemical Ecology 15:819–853. https://doi.org/10.1007/BF01015180

Malcolm SB, Cockrell BJ, Brower LP (1993) Spring recolonization of eastern North
America by the monarch butterfly: successive brood or single sweep migra-
tion. InMalcolm, SB, ZaluckiMP, eds., Biology and conservation of themon-
arch butterfly. Natural History Museum of Los Angeles County; 253–267.

Meyer SE, Kitchen SG, Carlson SL (1995) Seed germination timing patterns in
intermountain Penstemon (Scrophulariaceae). American Journal of Botany
82:377–389. https://doi.org/10.1002/j.1537-2197.1995.tb12643.x

Moles AT, Ackerly DD, Tweddle JC, Dickie JB, Smith R, Leishman MR,
Mayfield MM, Pitman A, Wood JT, Westoby M (2007) Global patterns
in seed size. Global Ecology and Biogeography 16:109–116. https://doi.
org/10.1111/j.1466-8238.2006.00259.x

Morse DH, Schmitt J (1985) Propagule size, dispersal ability, and seedling per-
formance in Asclepias syriaca. Oecologia 67:372–379. https://doi.org/10.
1007/BF00384943

Ojala A (1985) Seed dormancy and germination in Angelica archangelica subsp.
archangelica (Apiaceae). Annales Botanici Fennici 22:53–62. http://www.
jstor.org/stable/23725295

Olsson K, Ågren J (2002) Latitudinal population differentiation in phenology, life
history and flower morphology in the perennial herb Lythrum salicaria.
Journal of Evolutionary Biology 15:983–996. https://doi.org/10.1046/j.
1420-9101.2002.00457.x

Omernik JM, Griffith GE (2014) Ecoregions of the conterminous United States:
evolution of a hierarchical spatial framework. Environmental Management
54:1249–1266. https://doi.org/10.1007/s00267-014-0364-1

Pleasants JM, Oberhauser KS (2012) Milkweed loss in agricultural fields because
of herbicide use: effect on the monarch butterfly population. Insect Conser-
vation and Diversity 6:135–144. https://doi.org/10.1111/j.1752-4598.
2012.00196.x.

Prendeville HR, Barnard-Kubow K, Dai C, Barringer BC, Galloway LF
(2013) Clinal variation for only some phenological traits across a spe-
cies range. Oecologia 173:421–430. https://doi.org/10.1007/s00442-
013-2630-y

Qiu J, Bai Y, Fu YB, Wilmshurst JF (2010) Spatial variation in temperature
thresholds during seed germination of remnant Festuca hallii populations
across the Canadian prairie. Environmental and Experimental Botany 67:
479–486. https://doi.org/10.1016/j.envexpbot.2009.09.002

R Core Team (2020) R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-
project.org/

Schütz W, Milberg P (1997) Seed germination in Launaea arborescens: a contin-
uously flowering semi-desert shrub. Journal of Arid Environments 36:113–
122. https://doi.org/10.1006/jare.1996.0201

Seglias AE,Williams E, Bilge A, Kramer AT (2018) Phylogeny and source climate
impact seed dormancy and germination of restoration-relevant forb species.
PLoS One 13:e0191931. https://doi.org/10.1371/journal.pone.0191931

Seiber JN, Brower LP, Lee SM, McChesney MM, Cheung HT, Nelson CJ,
Watson TR (1986) Cardenolide connection between overwintering mon-
arch butterflies from Mexico and their larval food plant, Asclepias syriaca.
Journal of Chemical Ecology 12:1157–1170. https://doi.org/10.1007/
BF01639002

Soil Survey Staff (2005) Web soil survey. Natural Resources Conservation Ser-
vice, United States Department of Agriculture. USDA. http://
websoilsurvey.sc.egov.usda.gov/ (Accessed June 20, 2019)

Steadman KJ, Pritchard HW (2003) Germination of Aesculus hippocastanum
seeds following cold-induced dormancy loss can be described in relation
to a temperature-dependent reduction in base temperature (Tb) and thermal
time. New Phytologist 161:415–425. https://doi.org/10.1046/j.1469-8137.
2003.00940.x

Stenoien C, Nail KR, Zalucki JM, Parry H, Oberhauser KS, Zalucki MP (2018)
Monarchs in decline: a collateral landscape-level effect of modern agricul-
ture. Insect Science 25:528–541. https://doi.org/10.1111/1744-7917.12404

Stratton DA (1992) Life-cycle components of selection in Erigeron annuus:
I. Phenotypic selection. Evolution 46:92–106. https://doi.org/10.1111/j.
1558-5646.1992.tb01987.x

Thogmartin WE, L�opez-Hoffman L, Rohweder J, Diffendorfer J, Drum R,
Semmens D, et al. (2017) Restoring monarch butterfly habitat in the Mid-
western US: “all hands on deck”. Environmental Research Letters 12:
074005. https://doi.org/10.1088/1748-9326/aa7637

Toftegaard T, Posledovich D, Navarro-Cano JA, Wiklund C, Gotthard K,
Ehrlén J (2016) Variation in plant thermal reaction norms along a latitudinal
gradient—more than adaptation to season length. Oikos 125:622–628.
https://doi.org/10.1111/oik.02323

Trudgill D, Honek A, Li D, van Straalen NM (2005) Thermal time—concepts and
utility. Annals of Applied Biology 146:1–14. https://doi.org/10.1111/j.
1744-7348.2005.04088.x

Turesson G (1930) The selective effect of climate upon the plant species. Hereditas
14:99–152. https://doi.org/10.1111/j.1601-5223.1930.tb02531.x

Venable DL, Brown JS (1988) The selective interactions of dispersal, dormancy,
and seed size as adaptations for reducing risk in variable environments. The
American Naturalist 131:360–384. https://doi.org/10.1086/284795

Verdú M, Traveset A (2005) Early emergence enhances plant fitness: a phyloge-
netically controlled meta-analysis. Ecology 86:1385–1394. https://doi.org/
10.1890/04-1647

Walck J, Hidayati S, Dixon K, Thompson K, Poschlod P (2011) Climate change
and plant regeneration from seed. Global Change Biology 17:2145–2161.
https://doi.org/10.1111/j.1365-2486.2010.02368.x

Weeks AR, Sgro CM, Young AG, Frankham R, Mitchell NJ, Miller KA, et al.
(2011) Assessing the benefits and risks of translocations in changing envi-
ronments: a genetic perspective. Evolutionary Applications 4:709–725.
https://doi.org/10.1111/j.1752-4571.2011.00192.x

Woods EC, Hastings AP, Turley NE, Heard SB, Agrawal A (2012) Adaptive geo-
graphical clines in the growth and defense of a native plant. Ecological
Monographs 82:149–168. https://doi.org/10.1890/11-1446.1

Woodson RE (1954) The North American species of Asclepias L. Annals of the
Missouri Botanical Garden 41:1–211. https://doi.org/10.2307/2394652

Wyatt R (1996) More on the southward spread of common milkweed, Asclepias
syriaca L. Bulletin of the Torrey Botanical Club 123:68–69. https://doi.org/
10.2307/2996307

Wyatt R, Stoneburner A, Broyles S, Allison JR (1993) Range extension south-
ward in common milkweed, Asclepias syriaca L. Bulletin of the Torrey
Botanical Club 120:177–179. https://doi.org/10.2307/2996947

Yang LH, Cenzer ML (2020) Seasonal windows of opportunity in milkweed–
monarch interactions. Ecology 101:e02880. https://doi.org/10.1002/ecy.
2880

Restoration Ecology12 of 13

Common milkweed seed clines

https://doi.org/10.1016/S0169-5347(03)00002-8
https://doi.org/10.1016/S0169-5347(03)00002-8
https://doi.org/10.2307/2425842
https://doi.org/10.2307/2425842
https://doi.org/10.1093/aobpla/ply018
https://doi.org/10.1093/aobpla/ply018
https://doi.org/10.1016/j.tplants.2009.08.005
https://doi.org/10.1016/j.tplants.2009.08.005
https://doi.org/10.1023/A:1023260610025
https://doi.org/10.1023/A:1023260610025
https://doi.org/10.1371/journal.pone.0004010
https://doi.org/10.1038/s41598-020-74804-4
https://doi.org/10.1007/BF01015180
https://doi.org/10.1002/j.1537-2197.1995.tb12643.x
https://doi.org/10.1111/j.1466-8238.2006.00259.x
https://doi.org/10.1111/j.1466-8238.2006.00259.x
https://doi.org/10.1007/BF00384943
https://doi.org/10.1007/BF00384943
http://www.jstor.org/stable/23725295
http://www.jstor.org/stable/23725295
https://doi.org/10.1046/j.1420-9101.2002.00457.x
https://doi.org/10.1046/j.1420-9101.2002.00457.x
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1111/j.1752-4598.2012.00196.x
https://doi.org/10.1111/j.1752-4598.2012.00196.x
https://doi.org/10.1007/s00442-013-2630-y
https://doi.org/10.1007/s00442-013-2630-y
https://doi.org/10.1016/j.envexpbot.2009.09.002
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1006/jare.1996.0201
https://doi.org/10.1371/journal.pone.0191931
https://doi.org/10.1007/BF01639002
https://doi.org/10.1007/BF01639002
http://websoilsurvey.sc.egov.usda.gov/
http://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.1046/j.1469-8137.2003.00940.x
https://doi.org/10.1046/j.1469-8137.2003.00940.x
https://doi.org/10.1111/1744-7917.12404
https://doi.org/10.1111/j.1558-5646.1992.tb01987.x
https://doi.org/10.1111/j.1558-5646.1992.tb01987.x
https://doi.org/10.1088/1748-9326/aa7637
https://doi.org/10.1111/oik.02323
https://doi.org/10.1111/j.1744-7348.2005.04088.x
https://doi.org/10.1111/j.1744-7348.2005.04088.x
https://doi.org/10.1111/j.1601-5223.1930.tb02531.x
https://doi.org/10.1086/284795
https://doi.org/10.1890/04-1647
https://doi.org/10.1890/04-1647
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.1111/j.1752-4571.2011.00192.x
https://doi.org/10.1890/11-1446.1
https://doi.org/10.2307/2394652
https://doi.org/10.2307/2996307
https://doi.org/10.2307/2996307
https://doi.org/10.2307/2996947
https://doi.org/10.1002/ecy.2880
https://doi.org/10.1002/ecy.2880


Zaya DN, Pearse IS, Spyreas G (2017) Long-term trends in midwestern milkweed
abundances and their relevance to monarch butterfly declines. Bioscience
67:343–356. https://doi.org/10.1093/biosci/biw186

Zettlemoyer MA, Prendeville HR, Galloway LF (2017) The effect of a latitudinal
temperature gradient on germination patterns. International Journal of Plant
Sciences 178:673–679. https://doi.org/10.1086/694185

Zhou L, Yu H, Yang K, Chen L, Yin W, Ding J (2021) Latitudinal and longitudi-
nal trends of seed traits indicate adaptive strategies of an invasive plant.
Frontiers Plant Science 12:657813. https://doi.org/10.3389/fpls.2021.
657813

Supporting Information
The following information may be found in the online version of this article:

Table S1. Seed collection sites for each study.
Table S2. Growth chamber settings for the thermal adaptation study.
Table S3. Model specifications
Table S4. Environmental correlations.
Table S5. Statistics for the geographic cline study.
Table S6. Statistics for the thermal adaptation study.
Figure S1. Environmental correlation plots.

Coordinating Editor: Stuart Allison Received: 12 October, 2022; First decision: 1 December, 2022; Revised: 1
February, 2023; Accepted: 1 February, 2023

Restoration Ecology 13 of 13

Common milkweed seed clines

https://doi.org/10.1093/biosci/biw186
https://doi.org/10.1086/694185
https://doi.org/10.3389/fpls.2021.657813
https://doi.org/10.3389/fpls.2021.657813

	Common milkweed seeds exhibit latitudinal clines more consistent with adaptation to growing season length than temperature
	Introduction
	Methods
	Natural History
	Seed Collection and Maternal Plant Traits
	Source Environmental Data
	Study Design
	Geographic Clines Study
	Thermal Adaptation Study

	Statistical Analysis
	Geographic and Environmental Predictors
	Statistical Models
	Maternal Plants
	Geographic Clines

	Thermal Adaptation

	Results
	Geographic Predictors
	Maternal Plants
	GeographicClines Study
	Thermal Adaptation Study

	Discussion
	Rapid Germination of Seeds from High-Latitude Populations
	Inconsistent Clines in Seed Mass and Dormancy
	Interpreting Variation in Germination Traits

	Acknowledgments
	LITERATURE CITED


