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PREMISE: Shifting phenology in response to climate is one mechanism that can promote
population persistence and geographic spread; therefore, species with limited ability to
phenologically track changing environmental conditions may be more susceptible to
population declines. Alternatively, apparently nonresponding species may demonstrate
divergent responses to multiple environmental conditions experienced across seasons.

METHODS: Capitalizing on herbarium records from across the midwestern United States
and on detailed botanical surveys documenting local extinctions over the past century, we
investigated whether extirpated and extant taxa differ in their phenological responses to
temperature and precipitation during winter and spring (during flowering and the growing
season before flowering) or in the magnitude of their flowering time shift over the past
century.

RESULTS: Although warmer temperatures across seasons advanced flowering, extirpated
and extant species differed in the magnitude of their phenological responses to winter and
spring warming. Extirpated species demonstrated inconsistent phenological responses

to warmer spring temperatures, whereas extant species consistently advanced flowering

in response to warmer spring temperatures. In contrast, extirpated species advanced
flowering more than extant species in response to warmer winter temperatures. Greater
spring precipitation tended to delay flowering for both extirpated and extant taxa. Finally,
both extirpated and extant taxa delayed flowering over time.

CONCLUSIONS: This study highlights the importance of understanding phenological
responses to seasonal warming and indicates that extirpated species may demonstrate
more variable phenological responses to temperature than extant congeners, a finding
consistent with the hypothesis that appropriate phenological responses may reduce
species’ likelihood of extinction.

KEY WORDS climate change; extinction; flowering time; herbaria; historical data;
phenology; prairie; temperature; spring warming; winter warming.

'.) Check for updates

Phenology, or the timing of life history events, is critical to fitness
and population persistence (Parmesan and Yohe, 2003; Cleland et al.,
2007). While some species and populations exhibit little phenologi-
cal plasticity (i.e., shift their phenology little in response to environ-
mental variation), other species and populations respond strongly
to temperature and precipitation (Visser and Both, 2005; Matthews
and Mazer, 2016; Thackeray et al., 2016; Cremonense et al., 2017)
and other environmental variables such as nutrient availability or
competition (Smith et al., 2012; Xia and Wan, 2013; Du et al., 2019;
Wang and Tang, 2019). Phenological plasticity may promote popu-
lation growth (or limit population declines) in the face of climate
change and has been associated with invasiveness and range size

(Crawley et al., 1996; DeFalco et al., 2007; Willis et al., 2008, 2010;
Cleland et al., 2012; Pearson et al., 2012; Wolkovich et al., 2013;
Lustenhouwer et al., 2018; Zettlemoyer et al., 2019b; Reeb et al,,
2020), suggesting that species that are less phenologically plastic
may be more at risk of population declines and eventual extirpation
(Moller et al., 2008; Willis et al., 2008; Forrest and Miller-Rushing,
2010; Miller-Rushing et al., 2010).

If failure to adjust phenology is in fact correlated with population
decline and extirpation (or if phenological plasticity correlates with
population growth and persistence), species’ phenological traits could
be key predictors of local extinction risk, particularly under future
climates. However, whether a failure to shift phenology is linked to
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local extinction events remains uncertain. Traits of locally extinct
species may correspond with historical responses of those species to
environmental change, thereby informing predictions of extinction
risk for these species across their ranges as well as for similar threat-
ened species (Purvis et al.,2000; Collen et al.,2010). Herbarium speci-
mens and other historical data sets such as repeated botanical surveys
provide valuable records of local extinction events (Lang et al., 2018;
Meineke et al., 2018; Zettlemoyer et al., 2019a). They span decades,
include dozens of species replicates, and often contain species that
have recently declined due to contemporary changes such as rising
temperatures (Primack et al., 2004; Meineke et al., 2018). Individual
plants contained in herbaria also provide a valuable record of how
phenology shifts over time in response to climate (Willis et al., 2017;
Ellwood et al., 2019). The time span and geographic area encom-
passed by herbarium specimens represent greater climatic variation
than traditional observational or manipulative studies, thus providing
a more complete picture of phenological shifts (Davis et al., 2015).
The bulk of studies investigating phenological plasticity have fo-
cused on phenological responses to temperature in the context of
warming. However, a surprising number of species do not appear to
advance flowering in response to warming (Rafferty and Ives, 2011;
Cook et al.,, 2012; Parmesan and Hanley, 2015). Rather than being
insensitive to rising temperature, species may respond to climate
changes beyond spring warming such as changing precipitation pat-
terns or winter warming, and temperate species may respond differ-
ently to environmental conditions in different seasons (Cook et al.,
2012). Warmer winters and earlier snowfall generally accelerate phe-
nology (Arft et al., 1999; Bjorkman et al., 2016). Drought can accel-
erate (Cremonense et al., 2017) or delay flowering (Cui et al., 2017),
while heavy rainfall can extend the growing season later into the year
(Schuster and Dukes, 2017). Finally, species may delay flowering in
response to warming during some seasons, but advance flowering in
response to warming in other seasons (Parmesan and Hanley, 2015).
For example, 81 of 490 studied species from the United States and
United Kingdom delayed flowering due to winter warming and ad-
vanced flowering due to spring warming, resulting in no observable
overall phenological response to temperature (Cook et al., 2012).
Phenological shifts in response to winter warming or shifts in pre-
cipitation also could prove maladaptive if it makes plants more sus-
ceptible to late frost events or other harsh environmental conditions
(Elzinga et al., 2007). Failing to consider climatic conditions in seasons
other than spring may thus result in underestimating the proportion
of species able to shift their phenology in response to climate change.
We used herbarium specimens from across the midwestern
United States to examine the flowering phenologies of eight confa-
milial (often congeneric) pairs of locally extinct (defined here as spe-
cies that have disappeared from a particular county) (Zettlemoyer
etal., 2019a) and extant prairie species. We investigated how locally
extinct vs. extant species’ phenologies have shifted over the last 155
years (ca. 1860-2015) and in response to temperature and precipita-
tion experienced during spring (during flowering and the growing
season before flowering) and winter. By considering the responses
of both locally extinct and extant species, we investigated whether
the inability to shift phenology in response to temperature or pre-
cipitation or over time is associated with local extinction. By con-
sidering responses to both spring and winter climatic variables, we
addressed the importance of seasonal variation on phenology. We
asked the following questions: (1) How does the phenology of lo-
cally extinct and extant species respond to temperature and pre-
cipitation experienced during the month of flowering, during the

growing season before flowering, and during the winter before flow-
ering? (2) Does the phenology of locally extinct and extant species
differ, and do those differences influence phenological responses to
climate? (3) Has the phenology of locally extinct and extant species
shifted over time? If the hypothesis that failure to adjust phenol-
ogy contributes to population decline holds, we expect that locally
extinct species’ phenology will be less sensitive to temperature and
precipitation than extant species.

MATERIALS AND METHODS

Study system

Kalamazoo County, covering 1492 km? in southwestern Michigan,
United States, boasts a diverse and well-documented flora that was
surveyed from ca. 1890-1940 (Hanes and Hanes, 1947) and was
resurveyed from ca. 1994-2003 (McKenna, 2004). These historical
records describe the presence/absence of native and introduced
vascular plants in Kalamazoo County (note that no historical
abundance data are available). Rare, prairie specialist species are
at high risk of local extinction in the county (Zettlemoyer et al.,
2019a). From these species, we selected 17 native prairie species
in which one species within a family is locally extinct (“locally
extinct”), while the other persists (“extant”) (7 pairs and 1 trip-
let; Table 1). The species selected represent all available pairs of
native, perennial, prairie specialist forbs. Although the locally ex-
tinct species are not extinct across their entire range, they are rare
species likely susceptible to population declines elsewhere (Daru
et al., 2018). We limit our study taxa to prairie specialist species
because they are at higher risk of loss than species that can persist
in other habitat types (Kuussaari et al., 2009; Zettlemoyer et al.,
2019a) and so that differences in habitat use (e.g., the ability to
use other grossly different habitat types) would not be confounded
with local extinction. However, we acknowledge that many other
differences between taxa may be associated with local extinction
(e.g., abundance or niche breadth differences beyond broad habi-
tat type preferences). We selected confamilial pairs to control for
trait differences due to taxonomic relatedness (van Kleunen et al.,
2010), although we also test for and account for phylogenetic relat-
edness in our analyses (see below). Our approach is akin to com-
parisons of native vs. non-native species in that it identifies traits
and responses associated with shifts in abundance or range size, in
this case rarity and eventual extirpation (Murray et al., 2002; van
Kleunen and Richardson, 2007). This combination of historical
data sets documenting local extinctions and herbarium records
for assessing phenology provides us with the capacity to test the
hypothesis that phenology influences not only population declines
but local extinctions.

Phenological data

We examined 1090 herbarium specimens from locations span-
ning the midwestern United States. Although this phenolog-
ical scale (the Midwest) differs from the scale of extinction
(Kalamazoo County), we included samples from the states of
Michigan, Ohio, Indiana, Illinois, and Wisconsin to increase
sample size (Appendix S1). Due to the difference in scale, we
performed all analyses on the full data set and on specimens col-
lected in Michigan. Because the results of the full and the spatially



restricted model were qualitatively similar, we present the results
from the broader midwestern data set in the main text and report
Michigan-only results in Appendix S2.

We visited the Michigan State University and University of
Michigan herbaria to examine specimens in person; we found all
other specimens online in the Consortium of Midwest Herbaria
(http://midwestherbaria.org/portal/). We checked for changes
in species names over time when we first examined the histor-
ical data sets. We excluded specimens that had no reproductive
structures present. From each specimen, we recorded the num-
ber of buds, flowers, senescing flowers, and fruits. For species
with flowering heads, we visually estimated the proportion of
each head in bloom, multiplied that by the average number of
flowers and buds per head, and calculated approximate numbers
of flowers and buds. For each specimen, we also noted date and
year collected (ranging from 1860-2015), and location (latitude
and longitude).

Herbarium specimens, while useful in phenological studies,
pose challenges due to biases (Daru et al., 2018). Specimens may
have been more intensively collected in different years; however,
we detect little evidence that any bias in collection efforts across
time differed for locally extinct and extant species (status x decade
F ,,=0.01,P=0.91). Because error in phenology estimated from a
specimen can be high (Schmidt-Lebuhn et al., 2013), we examined
at least 50 specimens per species (Panchen and Gorelick, 2017;
Table N, ... =532and N =484 specimens; N = 937
specimens). To make the data set more robust than records from a
single herbarium, we incorporated records from 27 herbaria across
the Midwest.

We conducted all analyses on two response variables currently
debated as the most appropriate phenological metrics from herbar-
ium data: discrete phenology vs. a continuous estimate (Pearson,
2019). First, we used collection day of year as a proxy for flowering
day of year (Day of Year [DOY]), following Park et al. (2018).
However, herbarium specimens represent a discrete life stage and
are often biased toward mature flowers (Schmidt-Lebuhn et al,,
2013), resulting in later first-flowering estimates than detected in
the field (Davis et al., 2015). To compare this discrete flowering date
to a phenological estimate spanning budding to fruiting specimens,
we also quantified phenology along a continuum (Moussus et al.,
2010; Panchen and Gorelick, 2017). We calculated a developmental
index (DI) for each specimen based on number of different repro-
ductive structures as:

No. of reproductive structures

1 (No. buds)+2 (No. flowers)
+3 (No. senescing ﬂowers) +4 (No. fruits)

DI= -In (DOY)

This DI accounts for variation in phenology by incorporat-
ing a continuum of phenological phases from budding to fruit-
ing across specimens collected on varying dates. As a result of
the coefficients preceding each floral stage (buds, flowers, se-
nescing flowers, and fruits), species further along in their phe-
nology (i.e., a greater proportion of fruits than buds; flowered
earlier) have a lower DI. For example, a specimen with 10 buds
collected on Julian day 200 has a lower DI (5.3) than a specimen
with 10 buds collected on Julian day 300 (5.7) and a higher DI
than a specimen collected on Julian day 200 but with 10 fruits
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instead of buds (DI =1.32). DI and DOY estimates were weakly
correlated (Pearson’s r = 0.11, P = 0.0003; correlations ranged
from r = —0.03 to r = 0.42 across taxa).

Climate data

We used the CLIMOD database (http://climod2.nrcc.cornell.edu/)
and the Applied Climate Information System (rcc-acis.org) to col-
lect all temperature and precipitation data. Weather data was que-
ried from the ACIS using the tidyr, httr, sqldf, jsonlite, and lubridate
packages in R v3.5.3 (Grolemund and Wickham, 2011; Ooms, 2014;
Grothendieck, 2017; R Core Team, 2019; Wickham, 2019; Wickham
and Henry, 2019). We used each specimen’s date, year, and county of
collection to search all available records from contemporaneously
operating weather stations and calculated the mean of each climatic
variable across weather stations.

Given that temperature commonly influences flowering
time (Fitter and Fitter, 2002) and has been associated with phe-
nological shifts in a wide range of both plant and animal taxa
(Thackeray et al.,2016) and that precipitation can also influence
flowering phenology (Schuster and Dukes, 2017), we collected
temperature and precipitation data for three seasonal time pe-
riods: during flowering (Tﬂowerlng ﬂOwermg) during the growing
season (T, . orP_ . ),andduringthewinterbefore flowering
(T, . orP_ ). Eachspecies was assigned a set range of dates
for each seasonal metric based on its mean flowering date (e.g.,
the mean flowering date for Monarda fistulosa across the entire
data set was 22 July, so all Monarda fistulosa specimens had a
flowering season of 30 days before 22 July, a growing season
of 1 April-22 July, and a winter season of November-March).
Specifically, Ty . and Py . were calculated as the means of
daily temperatures (°C) or precrpltauon (mm) at the specimen’s
location during the year in which a specimen was collected 30
days before the species’ mean flowering date. T, and P
were calculated as the mean of daily temperatures f C) or pre-
cipitation (mm) experienced between 1 April (which we denote
as approximately the beginning of the Midwest growing sea-
son based on average last frost dates [Michigan State University
College of Agriculture and Natural Resources, 2019]) and the
species’ mean flowering date. T, _and P were calculated
as the mean of daily temperatures (°C) or precipitation (mm)
during the winter season before flowering (November-March,
based on when snowfall occurs across the region represented in
this study [Appendix S3]).

Data analyses

We first tested for relationships between year, geography, and each
individual climatic variable using linear models. We included
o , P ,and P as separate response
owerin; growing’ ~ winter” ~ flowering, © growing winter
variables and year, latitude, and longitude as predictor variables (in-
teractions were never significant (P > 0.1) and removed from anal-
yses) (Appendices $4, S5).

Because flowering time and shifts in abundance can be phylogenet-
ically conserved (Willis et al., 2008), we tested for phylogenetic signal
in extinction status, mean ﬂowering time, and phenological sensitivity
to each climatic variable (T R ).

lowering” growm wmter ﬂowenng growing® ~ winter
Sensitivity is defined here as the slope (days/°C or cm) of locally ex-
tinct vs. extant species’ overall phenological response to each climatic
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TABLE 1. Species (abbreviation), plant family, mean flowering date, range of years represented by species samples, and sample size for the seven confamilial pairs and
one triplet (Penstemon) included in this study. Superscript LE indicates a locally extinct species. Mean flowering date, year range, and sample size are provided for each

species and for locally extinct vs. extant species overall.

Mean flowering date

Species Family (Julian day) Year range Sample size
Aster (Symphyotrichum) ericoides (L) G.L.Nesom (AE) Asteraceae 21 Sept (264.23) 1888-2006 100
Aster (Symphyotrichum) sericeus Vent. (AS) ‘£ Asteraceae 16 Sept (259.84) 1860-2008 99
Baptisia tinctoria (L.) Vent. (BT) Fabaceae 17 July (198.20) 1870-2015 50
Baptisia bracteata Muhl. ex Elliott (BB) ‘¢ Fabaceae 27 May (147.10) 1981-2010 100
Eryngium yuccifolium Michx. (EY) Apiaceae 27 July (208.86) 1880-2010 50
Thaspium trifoliatum (L.) A.Gray (TT) ¢ Apiaceae 12 June (163.40) 1876-1998 50
Liatris aspera Michx. (LA) Asteraceae 3 Sept (246.45) 1902-2011 49
Liatris punctata Hook. (LP) ‘¢ Asteraceae 26 Aug (238.74) 1980-2014 39
Monarda fistulosa L. (MF) Lamiaceae 22 July (203.97) 1889-2015 108
Pycnanthemum tenuifolium Schrad. (PT) ‘£ Lamiaceae 4 Aug (216.63) 1896-2012 50
Penstemon digitalis Nutt. ex Sims (PD) Plantaginaceae 25 June (176.03) 1892-2011 48
Penstemon hirsutus (L.) Willd. (PH) '€ Plantaginaceae 10 June (161.69) 1890-2008 99
Penstemon pallidus Small (PP) ‘£ Plantaginaceae 3 June (154.69) 1895-2005 50
Ratibida pinnata (Vent.) Barnhart (RP) Asteraceae 27 July (208.76) 1887-2011 50
Ratibida columnifera (Nutt.) Woot. & Standl. (RC) ‘¢ Asteraceae 14 July (195.11) 1896-2011 50
Silohium perfoliatum L. (SP) Asteraceae 8 Aug (220.09) 1882-2013 50
Silphium terebinthinaceum (compositum) Elliot non. Jacq. (ST) ‘£ Asteraceae 16 Aug (228.76) 1891-2011 48
Locally extinct species 18 July (199.47) 1872-2014 532
Extant species 13 Aug (225.56) 1880-2015 484

variable (Park et al., 2018; calculated from the linear mixed models
described below). We obtained a phylogenetic tree from Phylomatic
(phylodiversity.net/phylomatic) using the Zanne et al. (2014) tree
(Appendix S6). We tested for phylogenetic conservatism using the
phylosignal function in the package picante in R (v1.3-0; Kembel
et al., 2010; R Core Team, 2019). The phylosignal function measures
Blomberg’s K, a test statistic that compares the observed phylogenetic
signal in a trait with the signal under a Brownian motion model of
trait evolution. K = 0 indicates random evolution; K = 1 indicates
trait conservatism; K > 1 indicates species being more similar than
expected (Blomberg et al., 2003). The function also measures PIC.
variance.P, which tests for greater phylogenetic signal than expected;
traits with PIC.variance.P < 0.05 show non-random phylogenetic
signal (Kembel et al., 2010). Since phenological sensitivity to tem-
perature (T, . T .. T.,.) Wwas phylogenetically conserved
(Appendix S7), we performed phylogenetic generalized least squares
(PGLS) analyses for each measure of phenological sensitivity with
Brownian motion models of trait evolution (Garland et al., 1993;
Martins and Hansen, 1997). We incorporated the constructed phy-
logeny (Appendix S6) into the covariance structure using the ape
package (v. 1.3-4; Paradis, 2012). Each of the six phenological sensi-
tivity measurements was included as a separate response variable, and
status was included as the predictor variable. Models were fit using
the gls function in the nlme package (v.3.1-119; Pinheiro et al., 2015).

To test for shifts in phenology due to variation in temperature
or precipitation and whether extant and locally extinct species dif-
fer in phenological responses to climate, we used random slope lin-
ear mixed models to determine the effects of T

flowering’ growmg winter”

. , P status (locally extinct vs. extant), and interac-
owering’ ~ growing’ ~ winter’

tions of status with each climatic variable (e.g., status x T, . ,status

wrowing €tC-) 0N flowering phenology (response variables: DOY or
DI). Models were fit using Type III ANOVA with Satterthwaite’s ap-
proximation of denominator degrees of freedom using the ImerTest
package in R (v3.1-3; Kuznetsova et al., 2017). We included latitude
and longitude as covariates to control for spatial variation in pheno-
logical responses from cooler, high latitude populations to warmer,

low latitude populations and from wetter eastern populations to drier
western populations, respectively. Because of the high number of po-
tential model terms, we did not include all interactions and instead
only included interactions between latitude, longitude, climatic vari-
ables, and status when there was a biologically reasonable hypothesis
for the interaction based on prior studies (Appendix S8). We fit ran-
dom slopes for each species’ response to each climatic variable (i.e.,
each species varied in its slope to reflect species-specific phenolog-
ical responses to climate) (Bliese and Ployhart, 2002). We then used
backward elimination to simplify the two models (one for DOY and
another for DI), sequentially removing predictors with the highest
P-value greater than « (« = 0.1) until no collinear predictors were
included and all P-values were greater than a. Results for full models
prior to elimination are provided in Appendix S9. We provide Akaike
information criterion values for sequential models for DOY produced
via backward elimination in Appendix S10 (procedures for DI mod-
els were similar). The final model for DOY included status, latitude,

longitude, T, , ,P_ ,statusx T , status
owering” ~ growing’ ~ winter” ~ flowering’ © growing flowering

x T, latitude x Jlatitude x T, latitude x P . ,and lon-

gitudex T as predlctor variables. The ﬁnal model for DI included

, status x lon-

status, latltude’ longltude’ flowering” ~ growing’ wmter %r_‘cwm 1 d
ongitude x

gitude, status x T, ., status x T, latitude X
T verin 30 long1tude xT,  as predlctor variables.

gher -flowering species often respond more strongly to climate
change (Park et al,, 2018). To determine whether any phenologi-
cal differences between locally extinct and extant taxa could be at-
tributed to relative flowering time, we re-conducted the analyses
described above including each species’ mean flowering date (calcu-
lated as mean DOY) as a covariate. We again included hypothesized
interactions between mean flowering date (MFD), latitude, longi-
tude, status, and climatic variables (Appendix S8). The final model
for DOY included status, latitude, longitude, T
MEFD, status x T,

flowering

flowering’ ™ growing’ ~ winter’

, latitude x MFD, longitude

flowering’ ~ growing’

X MFD, T, . x MFD, T X MFD P x MFD, latitude x
owering winter ﬂowermg
P, , longitude x T and longitude x P, . as predictor
lOwerln; growmg lowering
varlabf



Since these are complex models with many interactions, we also
examined DOY and DI as a function of latitude and longitude then
conducted downstream analyses on the residuals, thereby removing
variation associated with geography. Using this method, individu-
als with a negative residual value flower earlier than expected after
controlling for geography and vice versa. Models included the six
climatic variables, status, MFD, and their interactions as predictor
variables and the random slopes described above. Results are quan-
titatively similar, so we present residual models in Appendix S11.
We chose to present DOY and DI models in the main text because
they explicitly test for differences in phenological responses across
space, which we expect based on spatial variation in responses to
climate change (Bradshaw and Holzapfel, 2006).

To test for phenological changes over time independently from
responses to climate (Panchen and Gorelick, 2017), we used general
linear models with DOY or DI included as separate response vari-
ables and year, status, and their interactions as predictor variables
and latitude and longitude as covariates. As above, we fit random
slopes for each species’ phenological response over time.

To further investigate how locally extinct vs. extant taxa dif-
fer in phenological responses to climate, we examined differences
in phenological responses to year and climatic variables within
each confamiliar pair of locally extinct and extant species by fit-
ting separate models for each species pair. We included DOY and
DI as two separate response variables, and status, Ty . . T, .

winter’ Phiowering Parowing® Pwineer 1atitude, longitude, the interactions of
status with each climatic variable sta-
tus x latitude, and status x longitude as
predictor variables. Mean flowering date
was not included as a covariate due to
its collinearity with status. To investigate
how locally extinct vs. extant taxa differ
in phenological responses over time, we
again fit separate models for each species
pair; we included DOY and DI as sepa-
rate response variables, status, year, and
the interaction of status X year as predic-
tor variables, and latitude and longitude
as covariates. We applied a Bonferroni
correction for multiple comparisons.

Penstemon pallidus -
Penstemon hirsutus -
Thaspium trifoliatum -
Silphium terebinthinaceum -
Baptisia bracteata -

Ratibida columnifera 4

Liatris punctata -
Pycnanthemum tenuifolium -
Aster sericeus -

Penstemon digitalis
Eryngium yuccifolium -
RESULTS Silphium perfoliatum -
Baptisia tinctoria

. . Ratibida pinnata -
Phylogenetic conservatism of local

extinction and flowering time Listisasper]

. . . Monarda fistulosa -
Mean flowering time and phenological

- . Aster ericoides
sensitivity to each temperature variable
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extinction events across Kalamazoo County (Zettlemoyer et al.,
2019a).

Locally extinct vs. extant species’ responses to temperature and
precipitation

Locally extinct and extant species differed in the consistency of
their phenological responses to warming (Fig. 1). Under warmer
temperatures during the month of flowering (T ering)> bOth l0-
cally extinct and extant species accelerated flowering on average.
However, locally extinct species demonstrated more variable
responses to warmer temperatures during flowering. Overall,

this variability resulted in locally extinct species appearing to

accelerate their phenologies less in response to T opvering OD AVET-
age, than extant species (DOY: status x T . ¥* ... = 29.85,

P <0.0001; extant response = —4.98 + 0.51 days/°C; locally ex-
tinct response = —1.41 + 0.62 days/°C; Appendix S12; Fig. 2A,
B; full model y* ., ., = 0.04, P = 0.83; Appendix $9). Using DI
as the response variable, extant species advanced flowering while
locally extinct species, on average, did not shift flowering un-
der warmer temperatures during flowering (DI: status x T, .
X1 45708 = 3203, P <0.0001; extant response = —0.04 + 0.01 days/°C;
locally extinct response = —0.004 + 0.006 days/°C; Appendices
§12-14; full model x* . ¢ = 4.63, P = 0.03; Appendix 59). This
difference in the mean responses of locally extinct and extant taxa
was largely due to more consistent advances in flowering time

(Tﬂowering’ growing’ and Twinter) are phylo—
genetically conserved (Appendix S7, all
P < 0.06), while sensitivity to precipita-
tion is not phylogenetically conserved
(Appendix S7; all P > 0.1). Not surpris-
ingly, given how species were selected
for this study (congeneric or confamiliar
pairs of locally extinct and extant spe-
cies), local extinction is randomly dis-
tributed across phylogeny in this data
set (K = 0.008, P = 0.99), similarly to

flowering phenology (day
ber of days shifted per 1°C
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* * § [ ] L]
® s Qs ° ® °
[ ] [ o [ ]
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. ® (] O
o+ o - ® s o) o] °
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Thowering Tgrowing Tinter Prowering Pyrowing Painter
Shift in flowering advanced e delayed

FIGURE 1. Locally extinct and extant species vary in the direction and magnitude of their pheno-
logical responses to climate. Effect of climatic variables (

T

toweri T ) P )on
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FIGURE 2. Locally extinct and extant species differ in the magnitude of their phenological responses to temperature and over time. Left: Phenological
sensitivity t0 (A) Ty eing (©) T oing: and (E) T, ... (°C), and (G) year in locally extinct (red) vs. extant (grey) species. Sensitivity is defined here as the slope
(days/°C or year) (+ SE) of locally extinct vs. extant species’ overall phenological response to temperature and over time (Park et al., 2018). Positive
values indicate delayed flowering; negative values indicate advanced flowering. Asterisks over a bar indicate a significant response to temperature;
asterisks over a bracket indicate a significant difference between locally extinct and extant species; “n.s”"indicates a nonsignificant response. Note that

mean responses can be influenced by both variation in phenological sensitivity (the magnitude of response) and variation in the direction of pheno-

logical response. Right: Effect of (B) T nowering’ (0) Tyroming’ (F) Ty @Nd (H) year on flowering phenology (day of year) of all species included in this study.
Red and gray lines show locally extinct and extant species, respectively. We fit random slopes for each species’ response to Toowering’ Tgroming’ andT .

for extant taxa. Seven of eight extant species advanced flowering
under warmer temperatures during the month of flowering (two
significantly advanced; P < 0.05), while for locally extinct species,
only four of nine advanced flowering (two significantly) and an-
other five tended to delay flowering under warmer temperatures
(Figs. 1, 3A; Appendix S15). When controlling for phylogeny,
locally extinct and extant species did not differ in their pheno-
logical sensitivity to T, . . although extant species still tended
to advance their flowering earlier in response to T; . more so
than locally extinct species (Appendix S16).

Under warmer growing season temperatures, both locally ex-
tinct and extant species advanced ﬂowering by an average of
3.14 & 099 days/°C (DOY: T 1y gy = 2169 P < 0.0001;
Appendix S12; Fig. 2C, D; full model y*, = 1.40, P = 0.24;
Appendix S9). Twelve of 17 (5 of 9 locally extinct and 7 of 8 extant)
species tended to advance flowering under warmer growing sea-
son temperatures (five significantly advanced) (Appendix S15; Figs.
1, 3B). Using DI, on average, extant species advanced flowering,
while locally extinct species did not shift ﬂowering under warmer
growing season temperatures (status x T arowing X Lo = 32.57,
P <0.0001; extant response = —0.05 + 0.01 days/°C locally extinct
response = —0.005 + 0.007 days/°C; Appendices S12-S14; full model
X1 o1z = 417, P = 0.04; Appendix §9). This difference in the mean
responses of locally extinct and extant taxa is again likely due to
inconsistent advances in flowering time for locally extinct taxa
(Appendix S14B). After accounting for phylogeny, locally extinct
and extant species tended to differ in their phenological responses
to T . (status £ =187, P = 0.08; Appendix S16).

Under warmer winter temperatures, locally extinct species gener-
ally advanced flowering, while extant species did not consistently re-
spond to warmer winter temperatures (DOY: status x T ¥* o .
= 12.38, P = 0.0005; extant response = 0.20 = 0.68 days/°C; locally
extinct response = —1.86 + 0.69 days/°C; Appendix S12; Fig. 2E, F;
full model . . = 0.84, P=0.35; Appendix S9). Six of nine locally ex-
tinct species tended to advance flowering under warmer winter tem-
peratures (two significantly advanced), while for extant species, two
species significantly delayed and another three tended to delay flow-
ering under warmer winter temperatures (Appendices S14, S15; Figs.
1, 3C). Even after accounting for phylogeny, locally extinct and extant
species differed in their responses to winter temperatures, with locally
extinct species advancing flowering more so than their extant conge-
ners under warmer winter temperatures (status t = —2.15, P = 0.04;
Appendix S16). However, using DI, both locally extinct and extant
species accelerated flowering under warmer winter temperatures by
an average of 0.34 + 0.15 days/°C (DL T, ¥ 55, = 6-46, P = 0.03;
Appendices 512, 513; full model y* ., - =4.89, P=0.03; Appendix S9).

Locally extinct species flowered earlier than extant species (sta-
tus: DOY p, .o = 38.99, P < 0.0001; DI y, . = = 4.84, P = 0.03;
Appendix S12; full model * .., = 0.54, P = 0.46; Appendix S9).
Early-flowering species tended to advance flowering more than

late-flowering species under warmer temperatures during flower-
ing and winter (DOY: MED x Ty . ¥* .= 2.84, P = 0.09; MFD
= 261, P = 0.1; Appendix S12; full model: MFD x
ﬂowermgX 1,574.66 =2.33,P=0.12; MFD x TwmterX 192427 1.61,P=0.20;
Appendix S9; Fig. 2B). When including MFD as a covariate, locally
extinct species, on average, still advanced flowering less in response
to warmer temperatures during flowering than extant species (sta-
tus x Ty .0 DOY X1 we— 427, P =004 DI |, = 15.89,
P < 0.0001; locally extinct DOY response = —3.34 + 4.03 days/°C
(DI response = —0.08 + 0.04); extant DOY response = —5.52 + 2.45
days/°C (DI response = —0.14 + 0.10); Appendix S12; full model
X1 aoras = 146, P = 0.23; Appendix §9). However, including MFD as
a covariate eliminated the previously observed differences between
extant and locally extinct species’ responses to winter warming
(status x T, removed from models including MFD; full model
X1 g = 0-01, P = 0.90). Instead, both locally extinct and extant
species tended to advance flowering under warmer winter tempera-
tures by 4.97 + 3.12 days/°C (T : DOY * = 2.54, P =0.1; DI
X1 osa0 = 442, P = 0.04; overall DI response = —0.32 £ 0.15 days/°C).
This result suggests that differences in mean flowering time between
locally extinct and extant species explain differences between lo-
cally extinct and extant taxa in phenological responses to winter
warming but not warming during flowering.

Greater precipitation during flowering and the growing season
delayed flowering by 0.16 + 0.70 and 1.44 + 1.17 days/mm, respec-
tively (DOY: Py o X, 77p = 377, P = 0.05; Pgmng X rerse = 2:9%
P =0.08; Appendix S12; full model: Pﬂwermgx L = 2:51, P =012

wowing X 1,755 = 0-27, P = 0.60; Appendix $9; Fig. 4; Appendices
S17, S18). We also detected a pattern for early-flowering species
to advance flowering under increased precipitation during flow-
ering (DOY: MED x Py . ¥ ;0 = 852, P = 0.004; full model
X1 orsss = 5:09, P = 0.02), but this effect was driven by one early-
flowering species, Baptisia bracteata. Locally extinct and extant taxa
did not differ in their responses to precipitation (status x precipita-
tion variables were never included in simplified models; full model
status x precipitation variables all P > 0.6). However, when phyloge-
netic relationships are accounted for, locally extinct and extant spe-
cies differed in their phenological sensitivity to precipitation during
flowering and during the growing season (status: P, .t = 5.01,
P =10.0002; P . t=3.04,P=0.008). Specifically, locaﬁy extinct
delayed ﬂowermg, while extant species advanced flowering under
increased precipitation during flowering and during the growing

season (Appendix S16).

2
winter X 1, 56.83

Phenological shifts over time and variation across space

Locally extinct and extant species both delayed flowering
over time (year: DOY y* | . = 10.32, P = 0.001; Appendix
S12; Fig. 2G, H; but DI x* ..., = 0.08, P = 0.78). Over space,
specimens from southern latitudes advanced flowering under
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spectively. Gray areas represent 95% confidence intervals.

warmer growing season temperatures more so than those from
northern latitudes (DOY: latitude x Tgmwing le, s = 1317,
P=0.0003; DI: X21,949.1s =6.88, P =0.009; Appendix S12; full model
X1 onsas = 3-85, P = 0.05; Appendix S9). This was true for six of
the 17 species studied, while for another six species, southern
populations delayed flowering more so than northern popu-
lations (Appendix S19). Early-flowering species flowered later,

while late-flowering species flowered earlier in more northern
and western populations (MFD x latitude: DOY x* ., = 5.19,
P =0.02; DI p* . . =892, P=0.003; MFD x longitude: DOY
=11.86,P=0.0005; AppendixS12;fullmodel: MFD xlatitude
X1 gos0a = 364, P=0.05 MFD x longitude y* . ~=4.51,P=0.03;
Appendix S9). Other interactions with geography were species-
and model-specific (Appendix S12).

2
X 1,907.62
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DISCUSSION

Consistent with previous findings of advancing phenology under cli-
mate warming, the 17 native prairie species studied here advanced
flowering under warmer spring and winter temperatures. However,
locally extinct species advanced flowering less consistently in re-
sponse to warmer spring temperatures during flowering than extant
species. In other words, locally extinct species’ responses to warmer
spring temperatures are more variable than those of extant species.
These results support previous work positing that species that do not
respond appropriately to rising spring temperatures may experience
population declines (Willis et al., 2008, 2010; Miller-Rushing et al.,
2010; Thackeray et al., 2016) and further suggest that understanding
idiosyncrasies in species’ responses to climate change could be im-
portant for conservation efforts. In contrast, locally extinct species
advanced flowering more than extant species as winter temperatures
warmed. This result illustrates the increasing need to examine warm-
ing across seasons when examining phenological shifts. This study, by
highlighting differences in the consistency of phenological responses
between locally extinct and extant taxa, implicates phenology as a po-
tential response to global change underlying local extinction events.
In our study, species advanced flowering under spring tempera-
tures (during flowering and the growing season), but locally extinct
species on average advanced flowering less than extant species. Two
things could explain the reduced average response of locally extinct
species to spring warming. First, locally extinct species’ responses
appear more idiosyncratic. While extant species demonstrated con-
sistent responses to spring warming, locally extinct species were
just as likely to delay as to advance flowering in response to spring
warming. Second, locally extinct species might be less phenologi-
cally plastic to spring temperature. Lack of phenological responses
have been detected in species ranging from North American grass-
lands and mountains to the United Kingdom to the Mongolian
steppe (Bradley et al., 1999; Dunnell and Travers, 2011; Cook et al.,
2012, Liancourt et al., 2012), and there are several hypotheses for
why temperate species might not shift their phenology under ris-
ing temperatures. First, other abiotic factors such as soil moisture
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or precipitation may regulate flowering more than temperature
(Korner and Basler, 2010; Caffarra et al.,, 2011; Crimmins et al.,
2011). In our study, increasing amounts of spring precipitation
generally delayed flowering, similar to phenological patterns de-
tected in other forbs such as Trillium obvatum (Matthews and
Mazer, 2016). Alternatively, some species might be more sensitive
to static cues such as photoperiod. For instance, early-flowering
species (here,locally extinct) might respond to photoperiod to pre-
vent growth in the winter or early spring (Pau et al., 2011). Second,
warming might affect early- and late-flowering species differently
(Sherry et al., 2007; Cornelius et al., 2013; CaraDonna et al., 2014;
Park and Schwartz, 2015) and locally extinct species typically flow-
ered earlier than extant species in our data set. In our case, we find
that earlier-flowering species advanced flowering under warmer
temperatures during flowering more than later-flowering species,
so earlier flowering is unlikely to explain the observed reduced
phenological responses among locally extinct taxa. Third, spe-
cies may delay flowering if they do not experience sufficient win-
ter chilling requirements (vernalization): if winter warming delays
vernalization, species may flower later in the spring (Schwartz and
Hanes, 2010; Yu et al., 2010; Cook et al., 2012; Hart et al., 2014).
Finally, variable temperatures, altered snowmelt timing, and frost
events may select for delayed phenology if accelerated flowering
leads to increased risk of reproductive consequences under novel
environmental conditions (Elzinga et al., 2007; Cooper et al., 2011;
Rafferty et al., 2013; Iler et al., 2019). However, in separate analy-
ses testing whether the absolute value of phenological sensitivity
to each temperature metric (Tﬂowemg, growing and T ) differed
between locally extinct and extant species, locally extinct and ex-
tant species did not differ in the magnitude of their phenological
responses to temperature (Appendix S20). This finding suggests
that the locally extinct and extant species studied here are simi-
larly plastic to temperature in terms of their flowering phenology,
but the direction of locally extinct species’ phenological responses
are more variable.

While locally extinct species were more variable in their phe-
nological responses to spring temperatures than their extant
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congeners, they advanced flowering in response to winter warm-
ing more consistently than extant species. As described above,
flowering earlier under warmer winter temperatures can expose
plants to disproportionately harsh abiotic conditions from earlier
snowmelt as plants are exposed to cold air and soil temperatures,
resulting in negative consequences for growth, survival, and re-
production (Rosa et al., 2015; CaraDonna and Bain, 2016). Since
the early-flowering, locally extinct species studied here accelerated
flowering in response to warmer winters, they may have experi-
enced such losses and subsequent population declines. This find-
ing illustrates the need to examine species’ responses to seasonal
temperatures, as failures to identify phenological responses across
seasons may incorrectly identify some species’ phenology as insen-
sitive to climate. For example, Cook et al. (2012) reanalyzed species
responses to spring vs. winter warming in species previously found
to exhibit non-responding phenology in the United Kingdom and
United States. They found that 17% of species advanced flowering
under spring warming and delayed flowering under winter warm-
ing, but these patterns were obscured by previous use of a single
environmental variable. Similarly, winter warming decreased the
effects of spring warming on phenological advancement in the
Alps (Vitasse et al., 2018) and Switzerland (Glisewell et al., 2017).
However, none of these studies addressed whether species’ re-
sponses to warm spring vs. winter temperatures had consequences
for population persistence. Here, locally extinct species are more
consistent in their responses to winter rather than spring warm-
ing. This result suggests that rare or locally extinct species’ phenol-
ogy might respond to different seasonal temperatures than more
common species. We might have misidentified one set of taxa as
unresponsive to climate had we examined either winter or spring
temperature independently. Ultimately, variable responses to dif-
ferent environmental conditions could lead to the conclusion that
species do not respond to warming temperatures when in fact they
respond to diverse temperatures cues across seasons.

Earlier flowering is often associated with species success (Willis
et al, 2010; Cleland et al., 2012), particularly in invasive spe-
cies (Willis et al., 2010; Wolkovich et al., 2013; Zettlemoyer et al.,
2019b). In contrast, our study reveals that locally extinct species
flower earlier than extant species. Early-flowering species ad-
vanced flowering under warmer spring temperatures more so than
later-flowering species, similar to other studies in the Great Plains
(Sherry et al., 2007) and the Rocky Mountains (CaraDonna et al.,
2014) (although other studies find that early-flowering species delay
flowering relative to late-flowering species [Cornelius et al., 2013;
Park and Schwartz, 2015; Park et al., 2018]). Our finding suggests
that changes in phenology (and subsequent effects on population
dynamics) might be affected by historical flowering times. Our data
set is skewed toward the Asteraceae, which generally flower later in
the season. We reran analyses including only one pair of Asteraceae
at a time: in two of four models, the interaction of status x T
became nonsignificant, and in all four models, effects of monthly
and growing season precipitation became nonsignificant (data not
shown). It is possible that these late-flowering species respond more
strongly to precipitation across the growing season, although this
result could also be due to low power.

Comparing two phenological metrics

We used two phenological response variables to compare discrete
(day of year) vs. continuous (developmental index, DI) estimates of

phenology. These two metrics yielded qualitatively similar results in
terms of the direction but not magnitude of phenological response.
Specifically, using DI as a metric of phenology, we found that while ex-
tant species advance flowering in response to both spring temperatures
(Tiperng a0d T, ), the variability in locally extinct species’ responses
resulted in the appearance of no average phenological shift in response
to spring warming. Day of year represents a “binary method” wherein
all specimens with at least buds are included. However, this method
can have higher variance because it does not account for phenological
events spanning longer periods of time (Panchen and Gorelick, 2017).
It also skews results toward mature flowers (Schmidt-Lebuhn et al.,
2013), which can result in later estimates of phenology. In contrast, DI
is likely more conservative because it accounts for phenology along a
continuum. Indeed, our DI results resulted in smaller estimates of phe-
nological sensitivity with lower standard error (e.g., flowering advanced
by almost 5 days per °C, £ 0.5 days, for extant species using DOY, but
by only 0.04 £ 0.01 days using DI). DI estimates were also clustered to-
ward the earlier end of the continuum (Appendix S13), suggesting that
DI might have better accounted for specimens that were still early in
their flowering phenology (i.e., had fewer developed flowers).

CONCLUSIONS

On average, we find that native prairie species advanced their flow-
ering phenologies in response to both spring and winter warming,
a combination of environmental cues that is rarely examined to-
gether (Cook et al,, 2012). However, locally extinct species acceler-
ated phenology less consistently than extant species in response to
warmer springs but advanced flowering more than extant species in
response to warmer winters. This result highlights a need to exam-
ine phenological responses to multiple environmental cues to accu-
rately predict phenological shifts under climate change. Our results
also indicate that locally extinct species’ responses to temperature
are more idiosyncratic than those of extant species.

Locally extinct species flowered earlier than extant species,
suggesting that historical flowering time might contribute to sub-
sequent population declines. By examining historical responses to
changing climates in recently extinct species, this study not only
supports the hypothesis that ineffective phenological responses
correlate with population declines but suggests that phenology
plays a role in contemporary extinction events. Our use of locally
extinct vs. extant species provides a novel framework for examin-
ing mechanisms that might influence species declines and extirpa-
tions across a species’ range. However, further work is needed to
determine whether delayed or nonresponsive phenology is associ-
ated with lower fitness or population growth rates (Miller-Rushing
et al,, 2010; Iler et al., 2019). We note that many other traits likely
influence population declines and local extinction and that cli-
mate change is only one possible cause of extinction. This caveat
is highlighted by the fact many locally extinct species responded
similarly to extant taxa, advancing flowering greatly under spring
warming and minimally responding or even delaying flowering
in response to winter warming. Ongoing experimental work is
investigating the role of climate warming, nitrogen enrichment,
and herbivory on population demography in reintroduced popu-
lations of these same locally extinct vs. extant prairie species. As
these species are rare prairie specialists, likely at-risk throughout
their range, understanding their phenological trends where they
will persist may prove a useful tool in their conservation.
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