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Abstract
In recent decades, the final frost dates of winter have advanced throughout North
America, and many angiosperm taxa have simultaneously advanced their flowering
times as the climate has warmed. Phenological advancement may reduce plant fitness, as flowering prior to the final frost date of the winter/spring transition may
damage flower buds or open flowers, limiting fruit and seed production. The risk of
floral exposure to frost in the recent past and in the future, however, also depends
on whether the last day of winter frost is advancing more rapidly, or less rapidly, than
the date of onset of flowering in response to climate warming. This study presents
the first continental-scale assessment of recent changes in frost risk to floral tissues,
using digital records of 475,694 herbarium specimens representing 1,653 angiosperm
species collected across North America from 1920 to 2015. For most species, among
sites from which they have been collected, dates of last frost have advanced much
more rapidly than flowering dates. As a result, frost risk has declined in 66% of sampled species. Moreover, exotic species consistently exhibit lower frost risk than native species, primarily because the former occupy warmer habitats where the annual
frost-free period begins earlier. While reducing the probability of exposure to frost
has clear benefits for the survival of flower buds and flowers, such phenological advancement may disrupt other ecological processes across North America, including
pollination, herbivory, and disease transmission.
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1 | I NTRO D U C TI O N

floral tissues to frost or freeze events can reduce pollen and seed

In recent decades, advances in the final frost dates of winter or

Inouye, 2008; Pardee et al., 2018; Sakai et al., 1981). Over multiple

early spring have been observed throughout North America while

generations, reductions in reproductive success due to increases in

advances in the timing of flowering have been documented in many

frost exposure may lead to progressive declines in local abundance,

angiosperm taxa (Abu-Asab et al., 2001; Inouye, 2008). In response

potentially resulting in local extirpation (Inouye, 2000). Accordingly,

to recent climate warming, the flowering times of many species have

the ability to initiate and to complete flowering and fruiting without

changed, which may alter the risk of reproductive structures being

exposure to frost or freeze events plays a major role in determining

exposed to spring frosts (Inouye, 2000). Exposure of reproductive

the geographic range of many species (Chuine & Beaubien, 2001).

production or result in reproductive failure (Gezon et al., 2016;

tissues to frost is hazardous for many plant species, as floral tissues

Previous studies have predicted that progressive warming could

are often the most vulnerable to frost damage, and the exposure of

increase the risk of frost damage to floral tissues for many species if,

Glob Change Biol. 2021;27:165–176.

wileyonlinelibrary.com/journal/gcb
© 2020 John Wiley & Sons Ltd

|

165

166

|

PARK et al.

in response to warming, flowering times advance more rapidly than

detect or to characterize general trends in a continental flora. As

the date of last frost, defined as the date that marks the beginning

a result, the general effects of recent climate change on the risk of

of that portion of each year during which daily minimum tempera-

frost exposure to floral tissues remain largely unknown. Additionally,

tures remain above 0°C (Gim et al., 2018; Kimmins & Lavendar, 1992;

flowering phenology has previously been documented to be evolu-

Ma et al., 2019; Vitasse et al., 2018; Figure 1). This pattern has

tionarily conserved among co-occurring taxa that are closely related

been particularly well documented among shrub and forb species

(Davies et al., 2013). Given that exposure to frost depends on a spe-

whose flowering time is primarily driven by snowmelt (Inouye &

cies’ phenology at a given location, it is also possible that frost risk is

McGuire, 1991; Pardee et al., 2019; Sherwood et al., 2018; Wheeler

phylogenetically conserved. However, no systematic examination of

et al., 2014), resulting in reductions to annual flower and seed pro-

the degree to which frost risk is phylogenetically conserved among

duction (Inouye, 2008; Inouye et al., 2002). Conversely, warming

closely related taxa has yet been conducted.

climates may advance the date of last frost more rapidly than plant

To address these gaps, we conducted the first continent-wide

species advance their flowering times, thereby reducing their risk of

assessment of frost risk by evaluating the flowering times (relative to

frost exposure (Long & Hutchin, 1991; Sherwood et al., 2018); this

the date of the last frost in the year and site of collection) of 1,653

pattern has been detected among 14 European angiosperm species

species collected in flower from 1920 to 2015 and represented by

(Bennie et al., 2010; Scheifinger et al., 2003). Warming conditions

475,694 digital records of herbarium specimens collected through-

may also delay bud break and flowering of those taxa that require an

out North America, with specimens primarily concentrated in the

extended period of winter chilling (vernalization) to break dormancy,

Western and Eastern United States. By comparing rates of temporal

protecting them from flowering prior to the onset of the frost-free

changes in dates of last frost experienced by each species among the

period (Asse et al., 2018; Guo et al., 2019).

sites where it was sampled to rates of temporal changes in flowering

While the phenological responses of flowering time to climate

date from 1920 to 2015, we determined that, for most species, the

warming have been measured in thousands of species (Bertin, 2015;

advancement of the last frost date has outpaced the advancement of

Park & Mazer, 2018), and broad-scale temporal reductions in frost

flowering date, resulting in a reduction in the risk of floral exposure to

risk to developing leaves have been detected among North American

frost. Furthermore, this pattern persisted across regions that histori-

trees (Zohner et al., 2020), no large-scale examinations of shifts in

cally experienced both early and late dates of last frost. We also con-

frost risk have yet been conducted on a sufficient array of taxa to

ducted a phylogenetically informed analysis to determine whether,

F I G U R E 1 Alternative scenarios by
which the historical relationship between
flowering time and the date of last
frost for a given species may become
disrupted. A hypothetical relationship
between the period of frost versus the
distribution of flowering times among
individuals of a given species at a given
location is illustrated in (a). In (b), advances
in the date of last frost occur without
corresponding advances in flowering time,
reducing frost risk; in (c), advances in the
date of last frost are matched by advances
in flowering time, maintaining a constant
frost risk; in (d), advances in flowering
time exceed advances in the date of last
frost, leading to increased frost risk; in (e),
advances in the date of last frost exceed
advances in flowering time, leading to
reduced frost risk; in (f), advances in the
date of last frost co-occur with delays
in flowering time, leading to reduced
frost risk. Scenario (e) corresponds to the
pattern observed in most species analyzed
here [Colour figure can be viewed at
wileyonlinelibrary.com]
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as has been found for flowering time itself (Davies et al., 2013), the

identify all specimens, which sometimes changed over time or dif-

risk of exposure to frost exhibits a phylogenetic signal. Finally, we

fered among collectors, was standardized according to The Plant List

compared the degree of frost risk experienced by native versus ex-

(www.theplantlist.org) and TROPICOS (www.tropicos.org) using the

otic species, and evaluated whether the relatively low risk exhibited

Taxonomic Name Resolution Service iPlant Collaborative, Version

by the latter is due to differences in the mean climate conditions

4.0 (Boyle et al., 2013, Accessed: 4 April 2017; http://tnrs.iplantcoll

they occupy or to differences between natives and exotics in the

aborative.org) and subsequently filtered to eliminate all taxa not

degree of phenological change that they exhibited.

identified to species level within the megaphylogeny used by the
PhyloMaker package in R (Zanne et al., 2014), which similarly used

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Phenological data

a standardized taxonomy derived from TPL and TROPICOS (Jin &
Qia, 2019; Smith & Brown, 2018; Zohner et al., 2020). To avoid pseudoreplication, duplicate specimens (i.e., specimens of a given species
collected on the same date and from identical locations) were also
removed. Each species was then classified as native or exotic based

Phenological data pertaining to flowering times in this study con-

on its characterization in the USDA Plants Database (USDA, 2006).

sisted of 475,694 specimen records of angiosperm species collected

The resulting dataset included 475,694 specimens representing

in flower. These data were derived through filtering of a larger data-

1,653 species distributed throughout North America (Figure 2a).

set consisting of 894,392 specimen records accessed from the digi-

The date of last frost (i.e., the date that marks the beginning of the

tal archives of 72 herbaria (see Data S1 for full listing), and cleaned

portion of each year during which temperatures remain above 0°C)

using several criteria described below. Estimates of mean flowering

at the site and year of each collection event, as well as each collec-

date from herbarium specimens have been reported to provide ac-

tion site's long-term mean date of last frost (based on 1901–1990

curate estimates of species’ flowering times (Primack et al., 2004)

climate averages), were estimated using the ClimateNA v5.51 soft-

and have yielded estimates of phenological change similar to those

ware package, available at http://tinyurl.com/ClimateNA (Hamann

derived from in situ observations of living plants across both tempo-

et al., 2013).

ral (Bertin, 2015; Lavoie & Lachance, 2006; Primack et al., 2004) and
spatial climate gradients (Bowers, 2007; Houle, 2007).
To ensure the quality of the data used in this study, specimens

2.2 | Estimating frost risk

were included in the dataset analyzed here only if, at the time of digitization, herbarium personnel had: verified that the specimens were

In this study, we calculated the frost risk of each sampled species

collected when in flower; recorded GPS coordinates of the location

using annual estimates of the date of last frost at each collection

from which the specimen was collected; and provided the precise

site obtained from ClimateNA version 5.5.1. Frost risk of each spe-

date of collection (including month, date, and year). Only those spec-

cies was defined as the proportion of its specimens collected in

imens that were explicitly recorded as being in flower within either

flower before the date of last frost in the years and locations in

the DarwinCore “reproductivecondition” or “lifestage” fields of their

which they were collected. Frost risk in this context does not invari-

source's database were included in this study. Specimens that were

ably predict the risk of reproductive damage, which depends not

listed only as “buds present” or “fruiting” were not considered to be

only on species- and population-specific cold tolerances, which are

in flower for purposes of this analysis, as some perennial species col-

undocumented for most taxa (Tryon & True, 1964), but also on mi-

lected during the winter may be described as “buds present” when

croclimate conditions that cannot be easily incorporated into con-

buds are completely dormant, or may retain aborted or unripe fruits

tinental-scale datasets, such as humidity, wind speed, and recent

that cannot be distinguished from recently matured fruits preserved

precipitation (Augspurger, 2011; Smith, 2019). Nevertheless, tem-

on herbarium specimens. The taxonomic nomenclature used to

peratures of 0°C have been documented to damage floral tissues of

F I G U R E 2 (a) Spatial distribution of all herbarium specimens used in this study. (b) Mean differences in frost risk among specimens
collected in each 0.5° cell within which >100 specimens were collected in flower both before 1980 and post-1979. Note that within each
cell, these differences do not reflect changes in frost risk within any specific set of taxa, but rather the overall observed change in frost risk
among all specimens observed within that cell across both time periods [Colour figure can be viewed at wileyonlinelibrary.com]
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a wide variety of species (Vitasse et al., 2018), as radiative cooling

pre-1980 and post-1979), and the time period of collection (i.e.,

often results in damage to floral tissues and emerging leaves under

pre-1980 or post-1979) were treated as independent variables. Pre-

nighttime temperatures of 0°C even in species that otherwise re-

1980 values for each species were distinguished from post-1979

main hardy to subzero temperatures (Ducrey, 1998; Perraudin &

values using a categorical variable coded as 0 for pre-1980 values,

Fellay, 1975). Thus, frost risk is used here as a standardized met-

and 1 for post-1979 values (Table S2).

ric indicating the likelihood of exposure of floral tissues to frost or
freeze events.

2.3 | Comparing current to historical frost risk

2.4 | Comparing directional changes over time in
phenology and dates of last frost
We complemented our assessment of historical versus current

To estimate historical (pre-1980) frost risk for each species, we cal-

frost risk by comparing the magnitude of directional change over

culated the proportion of specimens of each species collected from

time in phenology among species to the change in dates of last

1920 to 1979 that were collected prior to the date of last frost at

frost (henceforth “DLF”) within their ranges. We estimated rates of

the site and year of their collection. To estimate recent (1980–2015)

phenological change over time (Days/Year) using a random-slope

frost risk, we similarly calculated the proportion of specimens of each

mixed-effects model, which includes a random component in the

species collected from 1980 to 2015 that were collected prior to the

coefficient of one or more covariates whose effects might differ

date of last frost at the site and year of their collection (Table S1).

across groups (across species, in this case). We included the day of

To ensure that a sufficient number of observations of each spe-

year of flowering (DOY) of all specimens for each species i in year

cies were available to produce meaningful estimates of frost risk

j and location k as the response (DOY ijk) and year of collection of

within both periods, we eliminated all species that were not repre-

each specimen (Yearj ) as a predictor, with random slopes reflect-

sented by at least 50 specimens both (a) prior to the year 1980 and

ing species-level differences in flowering trends over time (β1 + v1i ),

(b) after the year 1979.

where v1i is a zero-centered, normally distributed random compo-

The year 1980 was selected as a breakpoint for these data as it

nent of the coefficient for year. To control for potential changes

has previously been identified by the Intergovernmental Panel on

in the spatial distribution of specimen collections within a species’

Climate Change as the year after which global land temperatures

range over time (and possible confounding effects with Yearijk), we

rose consistently above the 1961–1990 normal (Alley et al., 2007;

included the 1961–1990 DLF normal at the site of collection k of

Hartmann et al., 2013).

each specimen i as a fixed effect (DLF Normalk with coefficients β2).

We then tested for significant differences in mean estimated

We also included species-, genus-, and family-level random inter-

frost risk between historical (1920–1979) and recent (1980–2015)

cepts to account for taxonomic differences in mean flowering time

time periods across all taxa by conducting a comparison of the pre-

(α1i, α2m, and α3n, respectively).

1980 and the 1980–2015 frost risk estimated for each species using
a Wilcoxon paired rank test. It should be noted that some late-spring

(
)
DOYijk ∼ 𝛼 0i + 𝛼 1m + 𝛼 2n + 𝛽 1 + v1i × Yearj + 𝛽 2 × DLF Normalk . (1)

and summer-flowering species were not exposed to frost within the
duration of this study, or were exposed to frost only rarely. However,

To quantify directional changes in dates of last frost over time,

to avoid the inherent biases that would result from selectively in-

we first standardized DLF relative to historical DLFs in each site of

cluding only those species that were exposed to frost (some of which

specimen collection. To do this, we calculated DLF anomalies as the

may have never experienced frosts prior to 1980), all species were

difference between observed dates in the year and site of collec-

included in this analysis regardless of frost exposure.

tion and the 1961–1990 DLF normal for that site. Consequently,

The number of specimens of each species that were collected

positive and negative values of the anomalies, respectively, indicate

prior to 1980 often differed from the number collected post-1979,

later-than-average and earlier-than-average dates of last frost for a

as did the mean frost date normals of the locations from which

given year and location. We then calculated directional shifts in DLF

those specimens were collected. This difference in sampling had

within the range of each species using the random-slopes mixed-ef-

the potential to bias estimates of the change in frost risk between

fects model in Equation (1), but using DLF anomalies in the year and

these two periods. We therefore conducted a multiple regression to

site of specimen collection as a response instead (DLF Anomalyijk;

test whether significant differences in frost risk between pre-1980

Equation 2).

and 1980–2015 samples persisted after controlling for variation in
(a) the mean flowering dates among species, (b) the number of spec-

(
)
DLF Anomalyijk ∼ 𝛼 0i + 𝛼 1m + 𝛼 2n + 𝛽 1 + v1i × Yearj + 𝛽 2 × DLF Normalk . (2)

imens of each species that were collected pre-1980 and post-1979,
and (c) the mean normal frost dates of the locations from which

We transformed the units of rates of change in both DOY and

specimens were collected pre-1980 and post-1979. In this analysis,

DLF to days per decade by multiplying the coefficients for Yearijk

frost risk was the dependent variable, while species-specific mean

from Equations (1) and (2) by a factor of 10. We then tested for dif-

flowering dates, species-specific mean frost date normals (both

ferences in mean changes over time in DOY and in the date of last

|
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frost using a non-parametric Mann–Whitney U test. All mixed-

with earlier mean dates of last frost, it was also necessary to de-

effects models in this study were implemented using the “lme4”

termine whether the differences in pre-1980 and post-1979 frost

package version 1.1-24 in R (Bates et al., 2015; R Core Team, 2019).

risk that we observed between native and exotic species could be

Freezing tolerance differs among species (Thomashow, 1998),

attributed either to differences in mean flowering date between

and temperatures of 0°C might not constitute damaging frost

native and exotic species, or to differences in the date of last frost

events for some taxa. To our knowledge, no high-spatial-resolution

among the sites from which native and exotic species were collected.

gridded climate product spanning our study period provides dates

We therefore conducted multiple linear regressions (using Type III

of last frost defined using temperature thresholds other than 0°C.

sums of squares for significance testing) to determine whether signif-

Consequently, we were not able to directly quantify changes in frost

icant differences in either pre-1980 frost risk (Table S4) or post-1979

risk over time when defining frost risk using temperature thresholds

(Table S5) frost risk persisted between native and exotic species

other than 0°C. Instead, we assessed whether temporal changes in

after controlling for variation in mean flowering date and in mean

the date of last occurrence of alternative temperatures below 0°C

date of last frost among the locations from which each species was

were similar in direction and magnitude to temporal changes in

collected.

the date of last occurrence of 0°C temperatures. To do so, we obtained data from 801 weather stations in the World Meteorological
Organization network across North America to quantify rates of
temporal change in DLFs defined using 0°C, −1°C, −2°C, −3°C, and

2.6 | Estimating the degree of phylogenetic
conservation in frost risk

−4°C. We then assessed whether directional changes over time in
DLF defined using 0°C thresholds agreed in magnitude and direc-

To determine whether clades differ with respect to mean frost risk

tion with changes over time in DLF for other temperature thresholds

or either the magnitude or direction of the change in their frost risk

using simple linear regression (see Figure S2 for further methodolog-

in response to recent climate change, we estimated Bloomberg's K,

ical detail). Weather station data were obtained using the “rnoaa”

a metric of phylogenetic conservatism (Blomberg et al., 2003) for

package v. 1.1.0 in R (Chamberlain, 2020).

both (a) the pre-1980 frost risk for each species and (b) the magnitude and direction of changes in frost risk post-1979. Phylogenetic

2.5 | Comparing past and present frost risk among
native and exotic plants

distances used in this study were calculated using angiosperm nodes
aged according to the V.Phylomaker package in R (Jin & Qia, 2019),
which was also used to estimate Blomberg's K. Note that all genera
used in this study were present in this tree, and that all genera were

To determine whether frost risk differs between native versus ex-

considered to be polytomies.

otic species, and whether recent climate changes have differentially
impacted the frost risk of native (n = 1,503) versus exotic (n = 137)
species, we calculated the mean frost risk for native and exotic spe-

2.7 | Relating frost risk to temporal shifts in climate

cies both pre-1980 and from 1980 to 2015. Note that of the 1,653
species evaluated in this study, 13 could be considered as either

To evaluate the relationship between frost risk and short-term cli-

native or exotic depending on where in North America they were sam-

mate deviations, we first calculated the mean frost risk for all spe-

pled; these species were excluded from this portion of the analysis.

cies using a 20-year moving window average calculated at 1-year

As the variances in frost risk were found to be similar among native

increments from 1920 through 2015. To eliminate those taxa for

and exotic species both pre-1980 (F1,1638 = 3.119, p = .78) and from

which sample density was too low to produce robust estimates of

1980 to 2015 (F1,1638 < 1.234, p = .267), differences in frost risk

frost risk throughout the entire time series, only those taxa that

between native and exotic species were then compared one-way

were represented by a minimum of 40 specimens within all 20-year

ANOVA tests. As Shapiro–Wilk’s tests indicated that shifts in frost

windows were included in this analysis. A total of 268 species dis-

risk between pre-1981 and post-1980 time periods were not nor-

tributed throughout North America met this criterion. Overall frost

mally distributed (W = 0.890, p < .001, df = 1,651), Wilcoxon paired

risk within each 20-year window was then assessed by calculating

rank tests were used in preference to classical t-testing to determine

the mean estimated frost risk across these 268 species within that

whether significant differences in frost risk were observed pre-1980

time period.

versus 1980–2015 among either native or exotic species.

For each specimen that fell within a given 20-year window, we

To determine whether native and exotic species differed in (a)

also calculated its annual deviation from the local normal date of last

their mean flowering dates, (b) the mean dates of last frost at the

frost at the location in which it was collected (i.e., the difference

habitats from which they were collected, (c) their mean pre-1980

between the last frost date in the year [and location] of specimen

frost risk, or (d) their post-1979 frost risk, we evaluated whether

collection and the 1961–1990 normal frost date for the location).

significant differences existed between native and exotic species

For each species, we then calculated both the frost risk and the

with respect to each of these parameters using Mann–Whitney

mean annual deviation from normal dates of last frost among all the

rank tests (Table S3). As exotic species were found to inhabit sites

specimens represented within each 20-year window. Within each
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3 | R E S U LT S
3.1 | Temporal change in last frost dates, flowering
time, and frost risk

deviation between current and historical last frost dates increases
(e.g., as the last frost dates become increasingly earlier in re-

Across all 1,653 species that were well documented both pre-1980 and

sponse to warming), the mean frost risk of the species in each

post-1979, mean frost risk has declined significantly since 1979, from

successive 20-year window would also decline. To test for the ef-

12.1% to 8.7% (Figures 2b and 3; Table S2), representing a ~28% re-

fects of annual deviations in local dates of last frost on frost risk,

duction in frost risk. Moreover, the number of species that experience

we conducted a linear regression of the mean frost risk within

minimal frost risk (i.e., species for which <0.1% of all sampled specimens

each 20-year window on the mean annual deviation in the date

were collected in flower prior to the date of last frost) has increased

of last frost within that 20-year window. To determine whether

from 234 species pre-1980 to 291 species post-1979 (Figure 3b). Of the

the relationship between frost risk and short-term climate devia-

66.1% of species (1,092 of 1,653 species) that exhibited a reduction in

tions persisted across regions of North America characterized by

frost risk post-1979, the mean frost risk declined from 16.0% to 9.7%.

both early and late dates of last frost, we separated taxa into two

Conversely, of the 24.5% of species (405 of 1,653 species) that exhib-

groups: (a) those for which the mean last frost date normal of the

ited a post-1979 increase in frost risk over this pre-1980 frost risk, mean

collection sites was earlier than the median last frost date normals

frost risk increased from 6.3% to 9.3% (Figure 3c), with only 77 species

across the entire dataset and (b) those for which the mean late

exhibiting a net increase in absolute frost risk greater than 5% (Table S1).

frost date normal of the collection sites was later than the median

Median rates of directional change in dates of last frost over time

last frost date normal. Having separated taxa that were predom-

were 3.3 times greater than rates of directional changes in flowering

inantly sampled from locations characterized by early versus late

time among species (Figure 4). Consistently, while both frost dates

last frost dates, we conducted the above analyses separately on

and mean flowering dates among most species were found to occur

each group of taxa.

earlier post-1979 than pre-1980, differences in the mean date of last

F I G U R E 3 The mean and frequency distributions of frost risk among 1,653 species before 1980 and post-1979, and the distribution of
the change in frost risk among all 1,653 species. (a) The mean frost risk of 1,653 species during each period; the red horizontal line denotes
the median, the boxes represent the 25th–75th percentiles, and the whiskers extend to the 5th and 95th percentiles. Points outside the
whiskers represent outliers. Significant reductions in mean frost risk were detected among the 1,653 species evaluated in this study, based on
related samples Wilcoxon paired rank tests conducted in SPSS (p < .001, df = 1,650). This difference remained significant after controlling for
variation in the number of specimens collected and in the frost date normals among all sites from which specimens were collected pre-1980
and post-1979 (Table S2). (b) The frequency distributions of frost risk among all species sampled before 1980 and after 1979. Blue bars indicate
pre-1980 frost risk, while red bars indicate post-1979 frost risk. Purple indicates overlap between the two histograms. (c) The frequency
distribution among species of the change in mean frost risk between samples collected prior to 1980 versus after 1979. Values of ∆frost risk
<0 represent species for which the risk of floral exposure to frost declined between sampling periods (in red); values >0 represent species for
which the risk of floral exposure to frost increased over time (in blue) [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 5 (a) Temporal variation in frost risk and in annual
deviations from average last frost dates (defined as the mean frost
date from 1901 to 1990) among all 20-year moving windows from
1930 to 2005, and (b) the linear relation between the mean frost
risk and mean deviation from frost date normals among all 20-year
moving windows. The midpoint of each 20-year window is used to
represent its placement in time (e.g., the year 1930 indicates data
drawn from 1920 through 1939). Negative values of the deviation
from frost date normals indicate advances in mean frost date
relative to local frost date normals across all specimens collected
within each 20-year window. Only those species for which at least
40 specimens were collected in flower within all moving windows
were included in this analysis, representing 268 species [Colour
figure can be viewed at wileyonlinelibrary.com]
F I G U R E 4 (a) Frequency distributions of directional changes in
flowering time (DOY) and in date of last frost (DLF, defined as the
date of last occurrence of 0°C temperatures in the year and site of
specimen collection) within the range of 1,653 species throughout
the continental US. (b) Boxplot comparison of the distribution of
directional changes over time in DLF and flowering times among
species. Significant differences in median directional changes were
detected between dates of last frost and flowering time, with changes
over three times greater for last frost dates than for flowering time.
***p < .001 [Colour figure can be viewed at wileyonlinelibrary.com]

earlier than the 1901–1990 mean last frost date, the mean frost risk
has declined. Moreover, among 20-year moving windows from 1920
to 2015, advances in the frost-free date explain 65% of the observed
variation in mean frost risk (Figure 5b). When examined separately,
this pattern remained consistent among taxa occupying regions with
late frosts and those occupying regions with early frosts, although
late-frost regions experienced slightly greater reductions in frost risk
during years experiencing earlier frosts (Figures S3 and S4).
Analysis of 801 weather stations across North America revealed

frost between reference periods were of greater magnitude than

that rates of change over time for the date of last occurrence of 0°C

those in flowering phenology (Figure S1). Temporal changes in frost

temperatures were highly correlated to changes in last occurrences

risk during this period are clearly associated with annual deviations

for −1°C, −2°C, −3°C, and −4°C temperatures (Figure S2). The mag-

from normal dates of last frost (Figure 5a). From 1970 to 2015, as

nitude of change over time in last 0°C dates closely matched that of

the annual dates of last frost have generally become progressively

changes for last −1°C and −2°C dates of occurrence (Figure S2). In
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turn, directional changes in dates of last frost defined using −3°C, and

North America (n = 1,503). Native species exhibited greater frost

−4°C were of moderately lesser magnitude than changes in 0°C dates

risk than exotics both pre-1980 and post-1979 (Figure 6; Table S3),

of last frost (on average, 69.2 ± 2.4% and 63.1 ± 2.6% of the magni-

although the former exhibit a greater temporal reduction in frost

tude of changes in 0°C dates of last frost, respectively; Figure S2).

risk. The lower frost risk of exotics appears to be driven primarily
by their occupation of habitats with earlier dates of last frost than

3.2 | Phylogenetic signal for frost risk

those of native species (t = 3.34, df = 1,638, p < .01, Table S3). After
controlling for variation among species in mean flowering time and
in the mean date of last frost of all locations from which each species

Our statistical test for the degree to which frost risk is conserved

was collected, no significant differences were detected between

(using Blomberg's K, which ranges from a value of 0.0, indicating no

native and exotic species in either pre-1980 (t = −0.45, df = 1,636,

phylogenetic conservatism, to 1.0, and tests whether K > 0) among

p = .66, Table S4) or post-1979 (t = 1.20, df = 1,636, p = .23, Table S5)

the species sampled here indicated that a significant but weak phy-

frost risk. Thus, exotic species have historically experienced similar

logenetic signal exists both in the magnitude of pre-1980 frost risk

frost risk to native species occupying similar climates, but at the con-

(K = 0.04, p < .01), and in the magnitude of change between pre-

tinent-wide scale, exotic species are more likely to occupy warmer

1980 and post-1979 frost risk (K = 0.03, p = .05). However, both

climates, in which frost risk is typically lower (Figures S3 and S4).

of these properties exhibited less conservatism than would be predicted under a Brownian motion model of evolutionary change.

3.3 | Native versus exotic species

4 | D I S CU S S I O N
Frost risk throughout North America appears to have declined
in response to recent climate change. Furthermore, advances in

While frost risk was not found to be highly conserved evolutionarily

the date of last frost from 1920 to 2015 have typically outpaced

among our sampled taxa, we detected significant differences in frost

advances in flowering phenology, despite advances in both frost

risk between exotic species (n = 137) and those that are native to

dates and mean flowering dates among most species. We recognize that, for any given species, the frost risk during any particular time period could have been overestimated if the species was
disproportionately sampled from sites where phenological advancement exceeded the advancement of the date of last frost,
or underestimated if the species was disproportionately sampled
from sites where the advancement of the date of last frost exceeded phenological advancement. However, the fact that these
results remained consistent across so many taxa, and remained
similar even when taxa occupying relatively warm regions (with
early dates of last frost) and those occupying relatively cold regions (with late dates of last frost) were examined separately,
indicates that such biases did not contribute significantly to the

F I G U R E 6 Mean frost risk among native and exotic species
pre-1980 and post-1979. Red bars indicate the mean frost risk for
1,503 native angiosperm species; blue bars indicate frost risk for
137 exotic species. Center (horizontal) lines denotes the median
values, the boxes cover the 25th–75th percentiles, and the whiskers
extend to the 5th and 95th percentiles. Points outside the whiskers
represent outliers. Related-sample Wilcoxon paired rank tests
determined that frost risk among native species was significantly
higher than among exotic species both pre-1980 and post-1979
(p < .001 in both cases). Although significant reductions between
pre-1990 and post-1989 frost risk were detected among both
native and exotic species based on related samples Wilcoxon paired
rank tests conducted using IBM SPSS statistics software version 24
(p < .001 in both cases), a one-way ANOVA test found that native
species exhibited greater reductions in mean frost risk than exotic
species (F = 3.09, df = 3,1647, p = .026). Within each time period, a
significant difference between the mean frost risk of native versus
exotic species is indicated by distinct letters (a vs. b or A vs. B)
[Colour figure can be viewed at wileyonlinelibrary.com]

observed temporal changes in frost risk. Moreover, by constructing models in which we controlled statistically for spatial variation
in the climate normals of each species’ specimens sampled before 1980 versus after 1979, we further minimized this possibility.
Thus, although it is well documented that early-flowering species,
which flower in closest proximity to the last spring frost, are typically more phenologically sensitive to local temperature and show
more rapid advances under warming conditions than late-flowering species (Cook et al., 2012; Dunne et al., 2003; Fitter & Fitter,
2002; Fitter et al., 1995; Mazer et al., 2013; Menzel et al., 2006;
Miller-Rushing & Primack, 2008; Park et al., 2019; Scheifinger
et al., 2003; Sparks et al., 2000; Wolkovich et al., 2012), this study
indicates that early-flowering species do not typically advance
more rapidly than the date of last frost throughout North America.
This pattern is relatively consistent among taxa, with less than 25%
of sampled taxa exhibiting increases in frost risk post-1980. However,
these results also indicate that, while significant phylogenetic signal
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for exposure to frost exists among the taxa sampled here, the degree

to be robust to different definitions of the temperatures that is likely

to which frost risk is conserved among closely related taxa is minimal.

to induce tissue damage.

Instead, similarities in frost risk among related taxa are more likely to

In addition to direct effects of frost damage on vulnerable vege-

be the result of convergent evolution in traits that are correlated with

tative or reproductive tissues, the effects of these changes in frost

attributes that lead to exposure to frost rather than to strong phylo-

risk on the survival and local abundances of many species will likely

genetic conservatism (Blomberg et al., 2003). Thus, it does not appear

be mediated by a variety of factors. Some species may experience

that there are systematic differences among angiosperm clades with

reduced herbivore damage as a result of lowered frost exposure

respect to the effect of recent warming on frost risk. Similarly, while a

(Little et al., 2017). Conversely, warmer temperatures may lead to

higher proportion of invasive species was observed in relatively warm

increased exposure to pathogens and pests (Dantec et al., 2015)

regions (in which frost risk is typically lower), no systematic differ-

or to reduced survival due to intensifying summer droughts (Iler

ences in frost risk were apparent between native and invasive taxa

et al., 2019) or extended winter freeze–thaw cycles (Connolly &

after controlling for differences in long-term frost dates across their

Orrock, 2015).

ranges (Table S3). Thus, although previous studies have indicated that

It should be noted that any herbarium-based study of this magni-

invasive species often exhibit more responsive phenologies (Willis

tude is susceptible to the criticism that it includes potentially faulty

et al., 2010; Wolkovich & Cleland, 2010) and weaker chilling require-

records, either because of differing biases among collectors in the

ments (Primack et al., 2015) than their native counterparts, this study

timing and location of collection, or because of limited documenta-

indicates that more successful avoidance of frost risk is unlikely to

tion of the error distances associated with georeferencing of each

be a systematic factor that determines the invasive ability of most

specimen. Previous examinations of herbarium collections have

exotics.

found, for example, that collection effort is often concentrated at

Dates of last frost have typically advanced more rapidly than

locations that are easily accessed and may also avoid periods of se-

dates of flowering for most of the 1,653 North American species

vere inclement weather such as intense storms or blizzards (Daru

sampled in this study (Figure 4), and temporal advances in the mean

et al., 2017). However, multiple studies have determined that es-

date of last frost are closely associated to reductions in frost risk

timates of phenological change keep pace with estimates of phe-

(Figure 5). These results are supported by previous examinations

nological change derived from in situ data sources, indicating that

of exposure to frost by growing leaves among North American tree

collector preferences in the timing of collection are unlikely to pro-

species by Zohner et al. who also found reduced frost exposure in

duce systematic bias in the resulting estimates of flowering time or

association with recent warming. Collectively, these results demon-

phenological advancement (Bertin, 2015; Davis et al., 2015; Lavoie

strate that the risk of frost exposure and damage to both repro-

& Lachance, 2006; Primack et al., 2004). Similarly, while the rarity

ductive and vegetative tissues are systematically decreasing across

with which estimates of georeferencing accuracy are recorded in

North America.

digital specimen data limits our ability to directly analyze the effects

The ecological implications of these reductions in frost risk

of georeferencing errors on this analysis, such errors are more likely

may be complicated by variation among species in their resilience

to be a source of noise rather than of systematic bias in a study of

to frost-related damage and in the degree to which frost damage

this scale. To produce systematic biases in the resulting data, loca-

to floral tissues may reduce their reproductive success, both of

tions associated with large error distances would be required to be

which remain largely unknown for most species. We were not able

biased toward locations with frost risks that differed in a specific

to directly quantify changes in frost risk defined using temperature

direction (e.g., toward cooler locations than were actually sampled).

thresholds other than 0°C because, to our knowledge, no gridded

Furthermore, such biases would be required to persist across re-

products provide dates of last frost defined using a lower tempera-

cords produced and georeferenced by many different collectors and

ture threshold at high spatial resolutions and spanning our study

multiple independent institutions, all of which would be required to

period (1920–2015). However, weather station data revealed that

exhibit similar directional or climatic biases.

rates of temporal change in dates of last frost defined using different

It should also be noted that these results represent broad regional

temperature thresholds (i.e., 0 to −4°C) were highly correlated and

patterns in frost risk among 1,653 taxa across a large portion of the

of similar magnitude. Temporal changes in dates of last frost defined

continental US. As this study documents, a significant proportion of

using thresholds of −3°C and −4°C were moderately lower in mag-

taxa (24.5%) have exhibited increased frost risk post-1979. While be-

nitude than rates of change for 0°C dates of last frost (~31% and

yond the scope of the current study, certain regions or floras have

~37% lower, respectively). However, given that rates of change over

likely exhibited lesser reductions (or greater increases) in frost risk than

time in dates of last frost at 0°C were more than three times greater

were observed across the broad spatial scales examined in this study.

than those in flowering time (Figure 4), the moderately slower rate of

Furthermore, examinations of frost risk to various crop species have

change of −3°C and −4°C dates of last frost likely outpaced changes

indicated that microclimate variations that occur at smaller scales than

in flowering time as well. Therefore, although the identity and exact

can be observed in this study may also play significant roles not only

proportion of taxa experiencing changes in frost risk over time might

in determining local temperature but also in the process of ice nu-

vary when using freezing temperatures more severe than 0°C to de-

cleation, thereby affecting the resulting risk of frost-related damage

fine frost, the general trend toward lower frost risk over time is likely

to plant reproductive tissues (Augspurger, 2011; Logan et al., 2000;

174

|

PARK et al.

Smith, 2019). Nevertheless, the results presented here are consistent
with broad-scale models of past and present frost risk to vegetative
tissues among native tree species (Zohner et al., 2020), indicating that,
for the majority of species and in the majority of locations, frost risk to
reproductive tissues is likely to be decreasing as a result of progressive
climate changes.
While the effects of these changes will likely produce complex impacts on fruit and seed production across taxa and throughout North
America, understanding the degree to which broad, systematic shifts
in frost risk, phenology, and other ecological processes are occurring
among taxa in response to recent climate change remains critical to
understanding the broad-scale effects of climate change. Broad generalizations about the phenology of a flora at regional or continental
scales, however, require historical data that are both temporally deep
and spatially extensive. By leveraging the wealth of data presented
by herbarium specimens and other natural history collections data,
we may seek and identify broad, climate-driven patterns in reproductive phenology (Park et al., 2018; Park & Mazer, 2018, 2019). By
demonstrating that recent warming has produced a systematic reduction in frost risk to floral tissues throughout the North American
flora, this study highlights a critical aspect of the effects of future
climate change, and the likelihood that future warming will further
reduce frost risk across the majority of taxa across North America.
AC K N OW L E D G E M E N T S
This work was supported by NSF DEB-1556768 (to S.J.M. and I.W.P.).
We would like to thank Mason Heberling, Emily Meineke, Katelin
Pearson, and Jenn Weber for suggestions that improved this manuscript. S.J.M. is very grateful for generous support from the Yale
Institute for Biospheric Studies, which hosted her sabbatical visit in
2019–2020, during which this paper was completed.
DATA AVA I L A B I L I T Y S TAT E M E N T
The data used to conduct these analyses are available from the
Consortium of California Herbaria, the Consortium of Pacific
Northwest Herbaria, and the SEINnet network of participating herbaria. Identification fields required to access those specimens used
in this study, as well as python code used to conduct the analyses
presented in this study are publicly available at https://github.com/
isaacWpark/Frost_Risk.
ORCID
Isaac W. Park

https://orcid.org/0000-0001-5539-1641

Tadeo Ramirez-Parada
Susan J. Mazer

https://orcid.org/0000-0002-9900-8373

https://orcid.org/0000-0001-8080-388X

REFERENCES
Abu-Asab, M. S., Peterson, P. M., Shetler, S. G., & Orli, S. S. (2001). Earlier
plant flowering in spring as a response to global warming in the
Washington, DC, area. Biodiversity and Conservation, 10, 597–612.
https://doi.org/10.1023/A:1016667125469
Alley, R. B., Berntsen, T., Bindoff, N. L., Chen, Z., Chidthaisong, A.,
Friedlingstein, P., Gregory, J. M., Hegeri, G. C., Heimann, M.,
Hewitson, B., Hoskins, B. J., Joos, F., Jouzel, J., Kattsov, V., Lohmann,

U., Manning, M., Matsuno, T., Molina, M., Nicholls, N., … Wratt,
D. (2007). Climate change 2007: The physical science basis. In
S. Solomon, D. Qin, M. Manning, M. Marquis, K. Averyt, M. M. B.
Tignor, & H. L. J. Miller (Eds.), Contribution of working group I to the
fourth assessment report of the Intergovernmental Panel on Climate
Change (p. 996). Cambridge University Press.
Asse, D., Chuine, I., Yann, V., Yoccoz, N. G., Delphierre, N., Badeau, V.,
Delestrade, A., & Randin, C. F. (2018). Warmer winters reduce the
advance of tree spring phenology induced by warmer springs in the
Alps. Agricultural and Forest Meteorology, 252, 220–230. https://doi.
org/10.1016/j.agrformet.2018.01.030
Augspurger, C. K. (2011). Frost damage and its cascading negative effects on Aesculus glabra. Plant Ecology, 212, 1193–1203. https://doi.
org/10.1007/s11258-011-9897-z
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear models using lme4. Journal of Statistical Software, 67(1), 2015.
Bennie, J., Kubin, E., Wiltshire, A., Huntley, B., & Baxter, R. (2010).
Predicting spatial and temporal patterns of bud-burst and spring
frost risk in north-west Europe: The implications of local adaptation to climate. Global Change Biology, 16, 1503–1514. https://doi.
org/10.1111/j.1365-2486.2009.02095.x
Bertin, R. I. (2015). Climate change and flowering phenology in Worcester
county, Massachusetts. International Journal of Plant Sciences, 176(2),
107–119. https://doi.org/10.1086/679619
Blomberg, S. P., Garland, T., & Ives, A. R. (2003). Testing for phylogenetic signal in comparative data: Behavioural traits are more labile.
Evolution, 57, 717–745. https://doi.org/10.1111/j.0014-3820.2003.
tb00285.x
Bowers, J. E. (2007). Has climatic warming altered spring flowering date of
Sonoran desert shrubs? The Southwestern Naturalist, 52(3), 347–355.
https://doi.org/10.1894/0038-4909(2007)52[347:HCWASF]2.0.CO;2
Boyle, B., Hopkins, N., Lu, Z., Garay, J. A. R., Mozzherin, D., Rees,
T., Matasci, N., Narro, M. L., Piel, W. H., McKay, S. J., Lowry, S.,
Freeland, C., Peet, R. K., & Enquist, B. J. (2013). The taxonomic
name resolution service: An online tool for automated standardization of plant names. BMC Bioinformatics, 14(16). https://doi.
org/10.1186/1471-2105-14-16
Chamberlain, S. (2020). rnoaa: 'NOAA' weather data from R. R package
version, 1.1.0. https://CRAN.R-projec t.org/package=rnoaa
Chuine, I., & Beaubien, E. G. (2001). Phenology is a major determinant of tree species range. Ecology Letters, 4, 500–510. https://doi.
org/10.1046/j.1461-0248.2001.00261.x
Connolly, B. M., & Orrock, J. L. (2015). Climatic variation and seed persistence: Freeze-thaw cycles lower survival via the joint action of
abiotic stress and fungal pathogens. Global Change Ecology, 179,
609–616. https://doi.org/10.1007/s00442-015-3369-4
Cook, B. I., Wolkovich, E. M., & Parmesan, C. (2012). Divergent responses
to spring and winter warming drive community level flowering trends.
Proceedings of the National Academy of Sciences of the United States of
America, 109(23), 9000–9005. https://doi.org/10.1073/pnas.1118364109
Dantec, C. F., Ducasse, H., Capdevielle, X., Fabreguettes, O., Delzon, S.,
& Desprez-Loustau, M.-L. (2015). Escape of spring frost and disease
through phenological variations in oak populations along elevational
gradients. Journal of Ecology, 103(4), 1044–1056.
Daru, B. H., Park, D. S., Primack, R. B., Willis, C. G., Barrington, D. S.,
Whitfeld, T. J. S., Seidler, T. G., Sweeney, P. W., Foster, D. R., Ellison,
A. M., & Davis, C. C. (2017). Widespread sampling biases in herbaria
revealed from large-scale digitization. New Phytologist, 217(2), 939–
955. https://doi.org/10.1111/nph.14855
Davies, T. J., Wolkovich, E. M., Kraft, N. J. B., Salamin, N., Allen, J. M.,
Ault, T. R., Betancourt, J. L., Bolmgren, K., Cleland, E. E., Cook, B.
I., Crimmins, T. M., Mazer, S. J., McCabe, G. J., Pau, S., Regetz, J.,
Schwartz, M. D., & Travers, S. E. (2013). Phylogenetic conservatism
in plant phenology. Journal of Ecology, 101(6), 1520–1530. https://doi.
org/10.1111/1365-2745.12154

PARK et al.

Davis, C. C., Willis, C. G., Connolly, B., Kelly, C., & Ellison, A. M. (2015).
Herbarium records are reliable sources of phenological change driven
by climate and provide novel insights into species’ phenological cueing mechanisms. American Journal of Botany, 102(10), 1599–1609.
https://doi.org/10.3732/ajb.1500237
Ducrey, M. (1998). Aspects écophysiologiques de la réponse et de l'adaptation des sapins méditerranéens aux extrêmes climatiques: Gelées printanières et sécheresse estivale. Association Forêt Méditerranéenne.
Dunne, J. A., Harte, J., & Taylor, K. J. (2003). Subalpine meadow flowering
phenology responses to climate change: Integrating experimental and
gradient methods. Ecological Monographs, 73(1), 69–86. https://doi.org
/10.1890/0012-9615(2003)073[0069:SMFPRT]2.0.CO;2
Fitter, A. H., & Fitter, R. S. R. (2002). Rapid changes in flowering time
in British plants. Science, 296, 1689–1691. https://doi.org/10.1126/
science.1071617
Fitter, A. H., Fitter, R. S. R., Harris, I. T. B., & Williamson, M. H. (1995).
Relationship between first flowering date and temperature in the
flora of a locality in central England. Functional Ecology, 9, 55–60.
Gezon, Z. J., Inouye, D. W., & Irwin, R. E. (2016). Phenological change in
a spring ephemeral: Implications for pollination and plant reproduction. Global Change Biology, 22, 1779–1793. https://doi.org/10.1111/
gcb.13209
Gim, H.-J., Ho, C.-H., Kim, J., & Lee, E. J. (2018). Urbanization may reduce the risk of frost damage to spring flowers: A case study of two
shrub species in South Korea. PLoS One, 13(2), e0191428. https://doi.
org/10.1371/journal.pone.0191428
Guo, L., Wang, J., Li, M., Liu, L. U., Xu, J., Cheng, J., Gang, C., Yu, Q.,
Chen, J. I., Peng, C., & Luedeling, E. (2019). Distribution margins
as natural laboratories to infer species’ flowering responses to
climate warming and implications for frost risk. Agricultural and
Forest Meteorology, 268, 299–307. https://doi.org/10.1016/j.agrfo
rmet.2019.01.038
Hamann, A., Wang, T., Spittlehouse, D. L., & Murdock, T. Q. (2013). A
comprehensive, high-resolution database of historical and projected
climate surfaces for western North America. Bulletin of the American
Meteorological Society, 94, 1307–1309. https://doi.org/10.1175/
BAMS-D-12-00145.1
Hartmann, D. L., Tank, A. M. G. K., Rusticucci, M., Alexander, L. V.,
Brönnimann, S., Charabi, Y., Dentener, F. J., Dlugokencky, E. J.,
Easterling, D. R., Kaplan, A., Soden, B. J., Thorne, P. W., Wild, M., &
Zhai, P. M. (2013). Observations: Atmosphere and surface. In T. F.
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung,
A. Nauels, Y. Xia, V. Bex, & P. M. Midgley (Eds.), Climate change 2013:
The physical science basis. Contribution of working group I to the fifth assessment report of the Intergovernmental Panel on Climate Change (pp.
159–254). Cambridge University Press.
Houle, G. (2007). Spring-flowering herbaceous plant species of the deciduous forests of eastern Canada and 20th century climate warming. Canadian Journal of Forest Research, 37(2), 505–512. https://doi.
org/10.1139/X06-239
Iler, A. M., Compagnoni, A., Inouye, D. W., Williams, J. L., CaraDonna, P.
J., Anderson, A., & Miller, T. E. X. (2019). Reproductive losses due to
climate change-induced earlier flowering are not the primary threat
to plant poulation viability in a perenial herb. Journal of Ecology, 107,
1931–1943. https://doi.org/10.1111/1365-2745.13146
Inouye, D. W. (2000). The ecological and evolutionary significance of
frost in the context of climate change. Ecology Letters, 3, 457–463.
https://doi.org/10.1046/j.1461-0248.2000.00165.x
Inouye, D. W. (2008). Effects of climate change on phenology, frost damage, and floral abundance of montane wildflowers. Ecology, 89(2),
353–362. https://doi.org/10.1890/06-2128.1
Inouye, D. W., & McGuire, A. D. (1991). Effects of snowpack on timing
and abundance of flowering in Delphinium nelsonii (Ranunculaceae):
Implications for climate change. American Journal of Botany, 78(7),
997–1001. https://doi.org/10.1002/j.1537-2197.1991.tb1450 4.x

|

175

Inouye, D. W., Morales, M. A., & Dodge, G. J. (2002). Variation in
timing and abundance of flowering by Delphinium barbeyi Huth
(Ranunculaceae): The roles of snowpack, frost, and La Niña, in the
context of climate change. Oecologia, 130, 543–550. https://doi.
org/10.1007/s00442-001-0835-y
Jin, Y., & Qia, H. (2019). V.PhyloMaker: An R package that can generate
very large phylogenies for vascular plants. Ecography, 42, 1353–1359.
https://doi.org/10.1111/ecog.04434
Kimmins, J. P., & Lavendar, D. P. (1992). Ecosystem-level changes that
may be expected in a changing global climate: A British Columbia
perspective. Environmental Toxicology and Chemistry, 11, 1061–1068.
https://doi.org/10.1002/etc.5620110803
Lavoie, C., & Lachance, D. (2006). A new herbarium-based method for
reconstructing the phenology of plant species across large areas.
American Journal of Botany, 93(4), 512–516. https://doi.org/10.3732/
ajb.93.4.512
Little, C. M., Chapman, T. W., Moreau, D. L., & Hillier, N. K. (2017).
Susceptibility of selected boreal fruits and berries to the invasive
pest Drosophila suzukii (Diptera: Drosophilidae). Pest Management
Science, 73(1), 160–166.
Logan, J., Mueller, M. A., & Searcy, M. J. (2000). Microclimates, peach
bud phenology, and freeze risks in a topgraphically diverse orchard.
Horttechnology, 10(2), 337–340.
Long, S. P., & Hutchin, P. R. (1991). Primary production in grasslands
and coniferous forests with climate change: An overview. Ecological
Applications, 1, 139–156. https://doi.org/10.2307/1941807
Ma, Q., Huang, J.-G., Nänninen, H., & Berninger, F. (2019). Divergent
trends in the risk of spring frost damage to trees in Europe with
recent warming. Global Change Biology, 24, 351–360. https://doi.
org/10.1111/gcb.14479
Mazer, S. J., Travers, S. E., Cook, B. I., Davies, T. J., Bolmgren, K., Kraft, N. J. B.,
Salamin, N., & Inouye, D. W. (2013). Flowering date of taxonomic families
predicts phenological sensitivity to temperature: Implications for forecasting the effects of climate change on unstudied taxa. American Journal
of Botany, 100, 1381–1397. https://doi.org/10.3732/ajb.1200455
Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R., Almkübler, K., Bissolli, P., Braslavská, Ol'ga, Briede, A., Chmielewski,
F. M., Crepinsek, Z., Curnel, Y., Dahl, Å., Defila, C., Donnelly,
A., Filella, Y., Jatczak, K., Måge, F., … Zust, A. (2006). European
phenological response to climate change matches the warming
pattern. Global Change Biology, 12(10), 1969–1976. https://doi.
org/10.1111/j.1365-2486.2006.01193.x
Miller-Rushing, A. J., & Primack, R. B. (2008). Global warming and flowering times in Thoreau's Concord: A community perspective. Ecology,
89(2), 332–341. https://doi.org/10.1890/07-0068.1
Pardee, G. L., Inouye, D. W., & Irwin, R. E. (2018). Direct and indirect
effects of episodic frost on plant growth and reproduction in subalpine flowers. Global Change Biology, 24, 848–857. https://doi.
org/10.1111/gcb.13865
Pardee, G. L., Jensen, I. O., Inouye, D. W., & Irwin, R. E. (2019). The individual and combined effects of snowmelt timing and frost exposure
on the reproductive success of montane forbs. Journal of Ecology,
107(4), 1970–1981. https://doi.org/10.1111/1365-2745.13152
Park, D. S., Breckenheimer, A. C., Law, E., Ellison, A. M., & Davis, C. C.
(2018). Herbarium specimens reveal substantial and unexpected
variation in phenological sensitivity across the eastern United States.
Philosophical Transactions of the Royal Society of London B: Biological
Sciences, 374(1763).
Park, D. S., Breckheimer, I., Williams, A. C., Law, E., Ellison, A. M., & Davis,
C. C. (2019). Herbarium specimens reveal substantial and unexpected
variation in phenological sensitivity across the eastern United States.
Philosophical Transactions of the Royal Society B: Biological Sciences,
374(1763), 20170394. https://doi.org/10.1098/rstb.2017.0394
Park, I. W., & Mazer, S. J. (2018). Overlooked climate parameters best
predict flowering onset: Assessing phenological models using

176

|

the elastic net. Global Change Biology, 24, 5972–5984. https://doi.
org/10.1111/gcb.14447
Park, I. W., & Mazer, S. J. (2019). Climate affects the rate at which species successively flower: Capturing an emergent property of regional
floras. Global Ecology and Biogeography, https://doi.org/10.1111/
geb.12916
Perraudin, G., & Fellay, D. (1975). Les moyens de lutte. La lutte contre le
gel. Revue Suisse De Viticulture, Arboriculture, Horticulture, 7, 31–54.
Primack, D., Imbres, C., Primack, R. B., Miller-Rushing, A. J., & Del Tredici,
P. (2004). Herbarium specimens demonstrate earlier flowering times
in response to warming in Boston. American Journal of Botany, 91(8),
1260–1264. https://doi.org/10.3732/ajb.91.8.1260
Primack, R. B., Laube, J., Gallinat, A. S., & Menzel, A. (2015). From observations to experiments in phenology research: Investigating climate
change impacts on trees and shrubs using dormant twigs. Annals of
Botany, 116(6), 889–897. https://doi.org/10.1093/aob/mcv032
R Core Team. (2019). R: A language and environment for statistical
computing.
Sakai, A., Paton, D. M., & Wardle, P. (1981). Freezing resistance of
trees of the south temperate zone, especially subalpine species of
Australasia. Ecology and Evolution, 62, 563–570.
Scheifinger, H., Menzel, A., Koch, E., & Peter, C. (2003). Trends of
spring time frost events and phenological dates in Central Europe.
Theoretical and Applied Climatology, 74(1), 41–51. https://doi.
org/10.1007/s00704-002-0704-6
Sherwood, J. A., Debinski, D. M., Caragea, P. C., & Germino, M. J. (2018).
Effects of experimentally reduced snowpack and passive warming on
montane meadow plant phenology and floral resources. Ecosphere,
8(3), e01745. https://doi.org/10.1002/ecs2.1745
Smith, E. D. (2019). Cold hardiness and options for the freeze protection of southern highbush blueberry. Agriculture, 9(9), https://doi.
org/10.3390/agriculture9010009
Smith, S. A., & Brown, J. W. (2018). Constructing a broadly inclusive
seed plant phylogeny. American Journal of Botany, 105(3), 302–314.
https://doi.org/10.1002/ajb2.1019
Sparks, T. H., Jeffree, E. P., & Jeffree, C. E. (2000). An examination of the
relationship between flowering times and temperature at the national
scale using long term phenological records from the UK. International
Journal of Biometeorology, 44, 82–87. https://doi.org/10.1007/s0048
40000049
Thomashow, M. F. (1998). Role of cold-responsive genes in plant freezing tolerance. Plant Physiology, 118(1), 1–8. https://doi.org/10.1104/
pp.118.1.1
Tryon, E., & True, R. (1964). Relative susceptibility of Appalachian hardwood species to spring frosts occurring after bud break. West Virginia
University Agricultural Experiment Station Bulletins, 53, 3–18.
USDA, N. (2006). The PLANTS Database National Plant Data Center.
http://plants.usda.gov
Vitasse, Y., Schneider, L., Rixen, C., Christen, D., & Rebetez, M. (2018).
Increase in the risk of exposure of forest and fruit trees to spring

PARK et al.

frosts at higher elevations in Switzerland over the last four decades. Agricultural and Forest Meteorology, 248, 60–69. https://doi.
org/10.1016/j.agrformet.2017.09.005
Wheeler, J. A., Hoch, G., Cortés, A. J., Sedlacek, J., Wipf, S., & Rixen, C.
(2014). Increased spring freezing vulnerability for alpine shrubs under
early snowmelt. Oecologia, 175, 219–229. https://doi.org/10.1007/
s00442-013-2872-8
Willis, C. G., Ruhfel, B. R., Primack, R. B., Miller-Rushing, A. J., Losos, J.
B., & Davis, C. C. (2010). Favorable climate change response explains
non-native species' success in Thoreau's woods. PLoS One, 5(1),
e8878. https://doi.org/10.1371/journal.pone.0008878
Wolkovich, E. M., & Cleland, E. E. (2010). The phenology of plant invasions: A community ecology perspective. Frontiers in Ecology and the
Environmet, 9(5), 287–294. https://doi.org/10.1890/100033
Wolkovich, E. M., Cook, B. I., Allen, J. M., Crimmins, T. M., Betancourt,
J. L., Travers, S. E., Pau, S., Regetz, J., Davies, T. J., Kraft, N. J. B.,
Ault, T. R., Bolmgren, K., Mazer, S. J., McCabe, G. J., McGill, B. J.,
Parmesan, C., Salamin, N., Schwartz, M. D., & Cleland, E. E. (2012).
Warming experiments underpredict plant phenological responses to
climate change. Nature, 2(485), 494–497. https://doi.org/10.1038/
nature11014
Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A.,
FitzJohn, R. G., McGlinn, D. J., O’Meara, B. C., Moles, A. T., Reich, P.
B., Royer, D. L., Soltis, D. E., Stevens, P. F., Westoby, M., Wright, I. J.,
Aarssen, L., Bertin, R. I., Calaminus, A., Govaerts, R., … Beaulieu, J.
M. (2014). Three keys to the radiation of angiosperms into freezing
environments. Nature, 506(7486), 89–92. https://doi.org/10.1038/
nature12872
Zohner, C. M., Mo, L., Renner, S. S., Svenning, J.-C., Vitasse, Y., Benito,
B. M., Ordonez, A., Baumgarten, F., Bastin, J.-F., Sebald, V., Reich, P.
B., Liang, J., Nabuurs, G.-J., Dde-Miguel, S., Alberti, G., Clara, A.-F.,
Balazy, R., Brändli, U.-B., Chen, H. Y. H., … Crowther, T. W. (2020).
Late-spring frost risk between 1959 and 2017 decreased in North
America but increased in Europe and Asia. Proceedings of the National
Academy of Sciences of the United States of America, 117(22), 12192–
12200. https://doi.org/10.1073/pnas.1920816117

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Park IW, Ramirez-Parada T, Mazer SJ.
Advancing frost dates have reduced frost risk among most
North American angiosperms since 1980. Glob Change Biol.
2021;27:165–176. https://doi.org/10.1111/gcb.15380

