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Abstract

Premise: Plant phenological shifts are among the clearest indicators of the effects of
climate change. In North America, numerous studies in the northeastern United
States have demonstrated earlier spring flowering compared to historical records.
However, few studies have examined phenological shifts in the southeastern United
States, a highly biodiverse region of North America characterized by dramatic
variations in abiotic conditions over small geographic areas.

Methods: We examined 1000+ digitized herbarium records along with location-
specific temperature data to analyze phenological shifts of 14 spring-flowering species
in two adjacent ecoregions in eastern Tennessee.

Results: Spring-flowering plant communities in the Blue Ridge and the Ridge and
Valley ecoregions differed in their sensitivity to temperature; plants in the Ridge and
Valley flower 0.73 days earlier/°C on average compared to 1.09 days/°C for plants in
the Blue Ridge. Additionally, for the majority of species in both ecoregions, flowering
is sensitive to spring temperature; i.e., in warmer years, most species flowered earlier.
Despite this sensitivity, we did not find support for community-level shifts in
flowering within eastern Tennessee in recent decades, likely because increases in
annual temperature in the southeast are driven primarily by warming summer (rather
than spring) temperatures.

Conclusions: These results highlight the importance of including ecoregion as a
predictor in phenological models for capturing variation in sensitivity among
populations and suggest that even small shifts in temperature can have dramatic
effects on phenology in response to climate in the southeastern United States.
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Shifts in phenology in response to warming temperatures
are among the best-demonstrated effects of recent climate
change (Parmesan, 2006; Davis et al., 2015; Jones and
Daehler, 2018). Because the timing of developmental events
in spring-flowering plant species is highly sensitive to
environmental conditions, these species are excellent
indicators of climate change (Polgar and Primack, 2011)
and have been the focus of several phenological studies
(reviewed by Willis et al., 2017). In the understory of
temperate forests, spring-flowering species are adapted to a
seasonal climate that includes cyclical fluctuations in
temperature and light availability after canopy closure. As
a consequence, phenological shifts in these species have
the potential to affect plant fitness by altering carbon
gain (Heberling et al., 2019), synchrony with pollinators

(Forrest, 2015; Kudo and Cooper, 2019), and the length of
the growing season (Meineke et al., 2021).

Long-term observational data sets are considered the
“gold standard” of phenological data (Davis et al., 2015) and
are valuable resources for studying phenological trends.
Studies utilizing such data sets have revealed patterns in
phenological events that are easy to measure, such as earlier
dates for first flowering (Piao et al., 2019) and spring bud
break and leaf out of woody plants (Panchen et al., 2014) in
response to warming temperatures. However, such studies
require long-term monitoring efforts and are often limited
in taxonomic scope (Wolkovich et al., 2014; Park et al., 2019).
Herbarium collections have become increasingly popular
resources for phenological research over the past decade
because they contain location-specific historical data that
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allow for the exploration of long-term trends predicted with
climate change (Jones and Daehler, 2018). Herbarium
specimens provide a snapshot of a plant at a given date
and place and hold a wealth of information including plant
morphology, reproductive status, herbivory, and other traits
that cannot be captured with observational data alone.
Further, flowering dates estimated from herbarium records
reflect field observations, substantially increase sampling
range, and alleviate sampling bias in climatic space when
comparing historic and contemporary observational data
across climatic conditions (Davis et al., 2015).

Much of the phenological research in North America
using herbarium specimens has taken place in temperate
environments above 38° latitude, primarily in the north-
eastern United States (Primack et al., 2004; Willis et al., 2010;
Calinger et al., 2013; Bertin, 2015; Davis et al., 2015; Gallinat
et al., 2018). These studies demonstrate significant advances
in flowering phenology over the past century in response to
rising temperatures, with the strongest shifts typically in
spring-flowering species. In contrast, long-term phenologi-
cal trends in the southeastern United States, a North
American biodiversity hotspot, remain poorly understood.
One study in West Virginia showed that two spring
ephemerals, Erythronium americanum Ker-Gawl and Den-
taria laciniata Muhl.,, have advanced their flowering dates
by 0.91 days per decade on average over the past century
(Petrauski et al., 2019). However, the generality of these
results is limited because only two species were included in
the study. Another analysis of over 19,000 records of
spring-, summer-, and autumn-flowering species in South
Carolina revealed that the earliest-flowering species are the
most sensitive to increasing March temperatures, but that
there have been no long-term advances in spring flowering
nor spring temperature over the past century (Park and
Schwartz, 2015). Another study found that spring-flowering
species in the Asteraceae family in the southeastern coastal
plain flowered 1.8-2.3 days earlier per 1°C increase in
spring temperature, a level of sensitivity comparable
to those estimated for northern temperate species
(Pearson, 2019). Thus, more work is clearly needed to
understand the importance of spring temperature in driving
flowering phenology in plant communities of the southeast-
ern United States.

One factor that likely inflates variations in phenological
response within plant species and communities, and that to
date has been overlooked in plant phenological studies, is
ecoregional variation. Such inflation can occur if collection
data are pooled over broad geographical areas that contain
high ecoregional diversity such as the southeastern United
States. An ecoregion is defined as an area of relative
homogeneity in abiotic and biotic factors, including soils,
vegetation, climate, geology, and physiography (Griffith
et al., 1997). Ecoregions are defined by a hierarchical system
that divides North America into increasingly narrower
regions based on these shared features. If ecoregions are not
accounted for in statistical analyses, phenological studies
could miss key information on how phenological sensitivity

varies within and among plant communities and individual
species across relatively small geographic areas because
climatic change is not geographically uniform.

The easternmost portion of Tennessee contains two
ecoregions, the Blue Ridge and the Ridge and Valley, that
have different geological formations and different climates.
The Ridge and Valley (elevation 152-1311 m a.s.l., annual
rainfall 1350 mm, average winter and summer temperatures
2° and 25°C, respectively) is characterized by a series of
parallel, even-crested ridges and valleys of primarily lime-
stone and a mesothermal climate with short, mild winters
and long, hot summers (Hart et al., 2008). In contrast, the
Blue Ridge (elevation 600-1600 m a.s.l, annual rainfall
1600 mm, average winter and summer temperatures 0.56°
and 22°C, respectively) is characterized by steep slopes and
narrow valleys (Surasinghe and Baldwin, 2014). The Blue
Ridge ecoregion contains the Great Smoky Mountains, the
most biodiverse National Park in the country.

In this study, we focused on these two distinct
ecoregions to address the following questions: (1) Are
spring-flowering species in eastern Tennessee presently
flowering earlier than they did in the last half of the 20th
century? (2) How phenologically sensitive are spring-
flowering species and communities to spring temperature
in eastern Tennessee? (3) To what extent does ecoregion
explain variation in community- and species-level responses
to spring temperature?

MATERIALS AND METHODS
Study region and focal species

Because herbarium specimen locality information is orga-
nized by county, we selected 16 counties in eastern
Tennessee from which to source herbarium specimens
within the Blue Ridge and the Ridge and Valley ecoregions
(Figure 1). Counties within each ecoregion were selected to
maintain an approximately equal sample area per ecoregion.
Because four counties are nearly equally split between the
Blue Ridge and the Ridge and Valley ecoregions (i.e.,
Blount, Monroe, Sevier and Cocke; see Figure 1), we
obtained specific locality descriptions (e.g., mountain peaks,
trail heads, cities) for specimens from those counties when
available and then used GeoLocate (www.geo-locate.org) to
assign them to an ecoregion. If a specimen from one of the
four counties did not have specific locality information, we
removed it from the data set.

We focused on spring-flowering plant species because
they are known to be particularly sensitive to spring
temperature when compared to later-flowering species
(Fitter and Fitter, 2002; Park and Schwartz, 2015) and are
excellent indicators of climate change (Polgar and
Primack, 2011). To select focal species for inclusion in our
study, we first performed a preliminary search of the
Southeast Regional Network of Expertise and Collections
(SERNEC) data portal to acquire locality information for a
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FIGURE 1 Map of ecoregions within eastern Tennessee counties. Red stars indicate counties included in this study. Ecoregion map adapted from U.S.
Geological Survey Level IV TN Ecoregions Map (https://store.usgs.gov/assets/MOD/StoreFiles/Ecoregion/21632_tn_front.pdf).

TABLE 1 Number of specimens in each ecoregion and observation time span of focal species. RV = number of specimens in Ridge and Valley

ecoregion, BR = number of specimens in Blue Ridge ecoregion.

Code Species Common name Family Date range BR RV
DENDIP Dentaria diphylla Michx. crinkleroot Brassicaceae 1923-2014 44 40
DENLAC Dentaria laciniata Muhl. Ex Willd. cutleaf toothwort Brassicaceae 1933-2019 26 47
ERYAME Erythronium americanum Ker-Gawl. dogtooth violet Liliaceae 1925-2010 19 39
GERMAC Geranium maculatum L. wild geranium Geraniaceae 1934-2012 48 38
HEPACU Hepatica acutiloba DC. sharp lobe hepatica Ranunculaceae 1934-2019 36 13
MAIRAC Maianthemum racemosum (L.) Link. false Solomon's seal Asparagaceae 1931-2019 34 42
PODPEL Podophyllum peltatum L. mayapple Berberidaceae 1925-2015 32 36
POLBIF Polygonatum biflorum (Walt.) EIL true Solomon's seal Asparagaceae 1925-2012 40 36
SANCAN Sanguinaria canadensis L. bloodroot Papaveraceae 1919-2019 41 30
THATHA Thalictrum thalictroides (L.) Eames & B. Boivin rue anemone Ranunculaceae 1925-2003 41 37
TIACOR Tiarella cordifolia L. Allegheny foamflower Saxifragaceae 1925-2016 79 54
TRILUT Trillium luteurn (Muhl.) Harbison yellow trillium Melanthiaceae 1914-2015 40 40
UVUGRA Uvularia grandiflora Sm. largeflower bellwort Colchicaceae 1925-2019 9 28
VIOSOR Viola sororia Willd. common blue violet Violaceae 1928-2017 79 40

list of over 20 spring-flowering species collected in our
study region. SERNEC is a consortium of over 233
southeastern herbaria that offers an extensive digitized
collection of specimens spanning >200 years of observations
for public download online (www.sernecportal.org). To be
included in our analysis, each species had to meet the
following criteria: (1) There were at least 50 unique
observations backed by vouchered herbarium specimens

available with county-level locality information. (2) Date
information included the year, month, and day of collection.
(3) Reproductive structures were easily identifiable. (4) There
were at least 15 observations per species in each ecoregion.
These criteria resulted in a group of 14 species that span 11
plant families and flower across the spring growing season
(Table 1). After compiling our list of focal species, we
obtained phenological data from digitized herbarium
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specimens from (1) SERNEC, (2) the University of Tennessee
Herbarium (TENN), and (3) the Great Smoky Mountains
National Park Collections Preservation Center (GSMNP).

Although studies including elevation as a covariate in
phenology models often use the mean elevation of a county
(e.g., Park et al., 2019), this metric is not helpful for our
study because elevations within counties split between the
Blue Ridge and the Ridge and Valley can differ by >1500 m
(e.g., in Sevier County, city of Sevierville =275 m, Cling-
man's Dome=2025 m). Additionally, the majority of
specimens in this study (especially ones from the earlier
half of the 19th century) lack locality information specific
enough to determine a latitude and longitude needed to
derive elevation data. Thus, we did not include elevation as
a covariate.

After removing duplicate, mislabeled, nonreproductive,
or damaged specimens that we could not score, the final
data set from SERNEC comprised 1249 specimens. To
increase our sample size, we also accessed historic speci-
mens from the Great Smoky Mountains National Park that
were deposited at the TENN herbarium and digitized for
this project as well as specimens from the GSMNP. These
added 186 and 48 additional data points to our study,
respectively. Before incorporating climate data, the data set
contained 1483 unique observations spanning 141 years.

Phenological data collection

The majority of phenological studies using digitized
herbarium specimens apply one of two approaches to
categorizing reproductive phenology: (1) a binary approach,
where a score of 1 or 0 indicates either the presence or
absence of flowers on a specimen (e.g., Bertin, 2015; Park
and Schwartz, 2015) or (2) a “relative” approach, where a
specimen is considered flowering if a given proportion of
flowers are open (typically 50% but up to 75%; e.g., Primack
et al., 2004; Davis et al., 2015; Park et al., 2019). While these
approaches are sufficient for capturing general phenological
trends across broad spatial scales, finer-scale scoring
methods that assign a phenophase based on the relative
number of buds, flowers, and fruits present on a specimen
enable more precise estimates of phenological trends
(Pearson, 2019). Thus, we defined five “scores” that
categorized specimens into phenophases based on the
relative proportion of reproductive structures present on a
given specimen: 0: no reproductive structures present; 1:
early flowering (<50% of reproductive structures are open
flowers, fruits absent); 2: peak flowering (>50% of
reproductive structures are open flowers, fruits absent or
present); 3: late flowering (<50% of reproductive structures
are open flowers, fruits present); 4: fruiting (only fruits
present).

To assign phenophases to digitized specimen images, we
trained 10 observers (undergraduate students at the TENN
Herbarium) to recognize the reproductive structures of the
14 individual species included in our study. Observers

determined the phenophase of individual specimens by
counting the total number of reproductive structures (buds,
flowers, and fruits) present on a specimen, then assigning a
score from 0 to 4 based on the relative number of each
reproductive structure. To ensure consistency in scoring
among observers, we created reference sheets that included
photographs of reproductive structures from digitized
herbarium specimens for each species (Appendix S1) and
assessed observers on their data collection until consistency
and accuracy were achieved. Willis et al. (2017) used
crowdsourcing (Amazon's Mechanical Turk service) to hire
anonymous workers with no previous botanical experience
to score the phenological stage of herbarium specimens.
Their study showed that, with proper training, non-experts
produce the same data quality as expert botanists. Thus, we
are confident that the phenological scores assigned by our
trained observers reflect the true phenophases of the
specimens.

Climate data collection

While spring flowering phenology in temperate regions can
be influenced by several abiotic factors, including spring
temperature (Primack et al., 2004; Miller-Rushing and
Primack, 2008), snowmelt (Inouye, 2008), and precipitation
(Matthews and Mazer, 2016), short-term records of flower-
ing phenology in the southeastern United States imply that
flowering phenology in this region is more closely related to
temperature than to precipitation (Funderburk and
Skeen, 1976; Abu-Asab et al,, 2001). Thus, we chose to
use spring temperature in the 2 months preceding flowering
as the primary environmental predictor of spring phenology
(see Data analyses section in Materials and Methods for a
detailed description of how spring temperature was
calculated).

Mean monthly temperatures for each county across the
141-year range of the data set were obtained from NOAA's
Global Historical Climatology Network (https://ncdc.noaa.
gov/ghcnm/). To calculate mean spring temperature within
ecoregions in counties split between the Ridge and Valley
and Blue Ridge, we obtained data from separate county-
level weather stations located within each ecoregion, then
assigned the appropriate annual mean spring temperature
to individual specimens according to their ecoregion.
Because data were not available for all years in all counties,
specimens that were collected in a year for which there were
no weather data available were removed from the data set.
In total, the final data set contained 1088 unique
observations.

Data analyses
To analyze changes in flowering and fruiting phenophases

over time, we regressed the year of observation against the
day of the year that it was observed for each individual
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phenophase. We then used Welch's t-test, which is robust to
unequal variances and sample sizes (Ruxton, 2006), to
determine whether there was a difference between historical
(pre-1970) and recent (1970 and later) flowering or fruiting
dates for each species. The year 1970 was chosen as the
dividing year for historical and recent observations because
climate data suggest that global surface temperatures began
to steadily increase around 1970 (Pachauri et al., 2014). In
addition, this year has been used as the cut-off between
historical and recent phenophase observations in other
herbarium-based phenological studies (e.g., Abu-Asab
et al,, 2001; Bertin, 2015; Petrauski et al., 2019). Thus,
using 1970 to divide historical and recent observations
allows us to compare a time frame with a cooler climate and
low interannual variation to a more recent time frame
where average temperatures were increasing and higher on
average (Bertin, 2015).

To characterize phenological sensitivity to spring
temperature, we regressed the average temperature of
the 2 months before the average month of flowering
against the day of the year of a given phenophase for each
species. For example, for an April-flowering specimen
collected in the Blue Ridge ecoregion, we associated the
average monthly temperature of February and March in
the Blue Ridge during the year of collection with that
particular specimen (see Calinger et al., 2013 for an
example of a similar analysis). The temperature-averaging
period was determined by calculating Pearson's correla-
tion coeflicients for the relationship between the day of
the year of flowering (phenophases 1-3) and the average
monthly temperature for each month preceding flowering
in a given year and ecoregion. This analysis showed that
significant correlations occurred for 1, 2, or both 1 and 2
months preceding flowering for most species (Appen-
dix S2). Ideally, to obtain species-specific estimates of
phenological sensitivity, we would allow the random slope
of each species to vary in response to spring temperature.
However, we did not have enough statistical power to do
so. Instead, we ran separate models to obtain slope
estimates for the linear relationships between spring
temperature and the day of year of a phenophase for
each individual species in each ecoregion.

To analyze phenological sensitivity at the community
level, we applied the same analysis described above to all
species binned together with ecoregion as a fixed effect and
the year of observation and species as random effects for
each phenophase. The late flowering phenophase (stage 3)
was excluded due to limited sample size.

RESULTS
Shifts in phenology over time
Focal species showed varied phenological patterns and

sensitivity to climate both at the community level and
within species between the Ridge and the Valley and Blue
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FIGURE 2 Changes in (A) mean annual temperature, (B) mean spring
temperature, and (C) mean summer temperature in the Blue Ridge and
Ridge and Valley ecoregions over the past century (1920-2020). Dotted
lines indicate the division between historical and recent time periods (year
1970) used in analyses of phenological shifts over the past century.

Ridge ecoregions. Across all years of data, annual tempera-
tures in the Blue Ridge were 0.8°C lower on average than
those in the Ridge and Valley (Figure 2A). Spring
temperatures were highly variable among years but not
between ecoregions (Figure 2B), and temperature differ-
ences were greatest between the two regions in the summer
(Figure 2C). Mean flowering dates of individual species
calculated across all years of observation and all flowering
phenophases (1-3) ranged from late March (e.g., Hepatica
acutiloba DC. [sharp lobed hepatica; Ranunculaceae],
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Sanguinaria canadensis L. [bloodroot; Papaveraceae]) to
early May [e.g., Maianthemum racemosum (L.) Link (false
Solomon's seal; Asparagaceae), Polygonatum biflorum Walt.
Ell. (Solomon's seal; Asparagaceae)] (Figure 3). The three
earliest- and latest-flowering species showed the least
variation in mean flowering date between ecoregions, with
April-blooming plants flowering earlier on average in the
Ridge and Valley compared to the Blue Ridge (Figure 3).
Across the full temporal range of observations, plants in the
Ridge and Valley flowered 6.03 days earlier on average than
plants in the Blue Ridge region (Welch's tjp407=5.5,
P <0.001). Plants in the Ridge and Valley flowered 2.16
days earlier post-1970 than they did pre-1970, although this
difference was not significant (Welch's ty¢4, = 1.21 P=0.25,
95% CI: -1.53, 5.85). Plants in the Blue Ridge region showed

little change in flowering phenology between historical and
recent time frames (Figure 4).

Phenological sensitivity to temperature

At the community level, spring temperature and ecoregion
had significant impacts on flowering phenology (Table 2).
For every degree-Celsius increase in temperature, spring
flowering advanced 1.26 days on average across both
ecoregions (95% CI: -1.78, -0.70) when analyzing all
stages with flowers present together (stages 1-3). Results
of models run separately for each ecoregion revealed
that plants in the Blue Ridge ecoregion were more sensitive
to spring temperature, with flowering dates advancing by

TABLE 2 Results of mixed-effects models analyzing the relationship between average spring temperature, ecoregion, and day of year of flowering. Full
models were analyzed using community-level data (all species binned together) from both ecoregions, and Ridge and Valley and Blue Ridge models were
analyzed using community-level data from each respective ecoregion. N.S. = not significant.

Phenological stage Ecoregion e df P
All flowering stages (flowers present) Both ecoregions
Avg. spring temperature 20.6 1 57 x 107¢
Ecoregion 14.3 1 1.6 x 107*
Avg. spring temperature N.S.
X ecoregion
Ridge and Valley
Avg. spring temperature 2.5 1 0.11
Blue Ridge
Avg. spring temperature 10.3 1 0.001
Early flowering (>50% of reproductive Both ecoregions
structures are open flowers, fruits absent) 4
Avg. spring temperature 13.2 1 2.7 x 10
Ecoregion 0.04 1 0.85
Avg. spring temperature 1 N.S.
X ecoregion
Ridge and Valley
Avg. spring temperature 16.5 1 49 x 107
Blue Ridge
Avg. spring temperature 0.09 1 0.76
Peak flowering (>50% of reproductive Both ecoregions
structures are open flowers, fruits absent or .
present Avg. spring temperature 10.5 1 0.001
Ecoregion 14.6 1 1.3x10™*
Avg. spring temperature N.S.
X ecoregion
Ridge and Valley
Avg. spring temperature 0.11 1 0.74
Blue Ridge
Avg. spring temperature 10.0 1 0.002
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FIGURE 5 Variation in sensitivity of different phenophases to spring temperature in the Blue Ridge and Ridge and Valley ecoregions. Points represent

slope estimates and 95% confidence intervals.

111.09 days/°C (95% CI: -1.81, -0.33) compared to 0.73 days/°C
on average (95% CI: -1.57, 0.17) in the Ridge and Valley. When
analyzing early and peak owering phenophases separately in
each region, early spring flowering had the highest level of
sensitivity of any phenological stage for plants in the Ridge
and Valley (2.78 day advance/°C, 95% CI: -4.13, -1.31;
Figure 5). While sensitivity of peak flowering was lower, it was
still significant for plants in the Blue Ridge (0.52 day advance/
°C, 95% CI: -2.12, -0.32). Fruiting was not significantly
impacted by spring temperature in either ecoregion.

At the species level, sensitivity to temperature varied
within species between ecoregions as well. In the Ridge and
Valley, confidence limits for the slope of the line relating
spring temperature to flowering date were negative
(indicating advances in flowering phenology) and did not
overlap zero for one of 14 species (Geranium maculatum L.
[wild geranium; Geraniaceae]) (Figure 6). In contrast, in the
Blue Ridge, the confidence limits for three species were
negative and did not overlap zero: Maianthemum racemo-
sum, Trillium lutewm (Muhl.) Harbison (yellow trillium;
Melanthiaceae), and Sanguinaria canadensis L. (bloodroot;
Papaveraceae) (Figure 6).

DISCUSSION

Our results demonstrate that, although spring-flowering
species in eastern Tennessee vary in the magnitudes of
their phenological sensitivity to spring temperature (i.e.,

they flower earlier in warmer springs), mean flowering
dates have not consistently advanced over the past century
for most species tested. These results are concordant with
another study that pooled data from >1700 species in
South Carolina across the entire flowering season (Park
and Schwartz, 2015). This pattern is likely explained by
the fact that, although spring temperature is highly
variable among years, it does not appear to have increased
appreciably since the latter half of the 20™ century
(Figure 2B). Further, spring temperature has not changed
substantially in the southeastern United States over the
20th century as a whole (Costanza et al., 2016). Interest-
ingly, the most appreciable changes in temperature in the
southeastern United States have occurred during the
summer (+2°C since 1980, Costanza et al., 2016), a time of
year that should not affect spring flowering. Although we
did not detect greater increases in summer temperature
than in spring temperature in our study region, the
average temperature difference between the two ecore-
gions is greater in the summer than in the spring
(Figure 2C). Further studies investigating warming
patterns and their effects on spring phenology in this
region of the United States are warranted.

Although we did not find evidence of significant
advances in average flowering date during the latter half
of the 20th century, our result that the average flowering
date of spring-flowering species advanced by around 1.26
days/°C in response to warming spring temperatures
supports the findings of other studies in the southeast
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FIGURE 6 Variation in sensitivity of flowering to spring temperature (days advanced/°C) within species between the Blue Ridge and Ridge and Valley
ecoregions. Points represent slope estimates and 95% confidence intervals. Asterisks indicate species for which confidence intervals for their estimate of

phenological sensitivity do not overlap zero. See Table 1 for species codes.

(Park and Schwartz, 2015; Petrauski et al., 2019) and
elsewhere (Primack et al., 2004; Panchen et al., 2012;
Bertin, 2015; Park et al., 2019). Further, species varied in
their sensitivities (Figure 6), suggesting that future pheno-
logical responses to continued climatic change will be
heterogeneous within communities. Although our ability to
estimate the sensitivity of individual species was limited by

our sample sizes, our results demonstrate that the flowering
phenology of spring-flowering communities in both the
Blue Ridge and the Ridge and Valley was sensitive to spring
temperature. However, individuals in the Blue Ridge appear
to be trending toward greater sensitivity to spring tempera-
ture, which could reflect the fact that low phenological
sensitivity is “riskier” in the Blue Ridge due to greater

85US017 SUOLUWIOD AR 3|qed!|dde au Aq pauienob a1e ool YO ‘38N J0S3|NnJ oy Aelq 1 auluO 8|1 UO (SUO1}IPUOD-PpUE-SWLRIALI0D" A8 | 1M Ale.d 1 put|uo//SdY) SUOIPUOD PUe SWIS L 84} 89S *[€202/L0/cz] uo Ariqiauliuo Ao|Im ‘€029T 2 e/200T 0T/1op/wod Ao |imAselq puljuo sgndesd)/sdiy wody popeojumoq ‘0 ‘L6TZ.EST



10 of 12 |

SPRING PHENOLOGICAL SHIFTS IN EASTERN TENNESSEE

interannual climatic variability (Park et al,, 2019). In the
higher-elevation Blue Ridge ecoregion, temperatures tend to
be lower (Figure 2), and the growing season tends to be
shorter, so low temperature sensitivity in this ecoregion may
present greater risk for mismatching with mutualists and
other negative fitness consequences than it does to
individuals in the lower-elevation Ridge and Valley. These
differential responses of plant communities in the two
ecoregions included in this study agree with the results of a
recent study that found local environmental conditions to
be an important explanatory factor in predicting the onset
and duration of phenological stages of species in five
botanical gardens across Germany (Sporbert et al., 2022),
highlighting the importance of including microclimatic
conditions in future studies of plant phenology.
Differential responses to climate change across relatively
small geographic areas (i.e., within a single county located in
two ecoregions) could result in changes to the structure and
composition of plant communities, potentially altering gene
flow and interactions between plants and their mutualistic
partners such as pollinators or seed dispersers (ie.,
phenological mismatch; Miller-Rushing et al.,, 2010). For
example, species with greater sensitivities to temperature
have been found to be at greater risk of herbivory than
less-sensitive species (Meineke et al., 2021). In another
study, flowering onset of Corydalis ambigua Chem. Et
Schlecht (Papaveraceae) plants demonstrated greater
sensitivity to snowmelt date than pollinator emergence,
resulting in reduced seed set in years with earlier
snowmelt (Kudo and Cooper, 2019). Thus, the result
that the same communities in the Ridge and Valley and
the Blue Ridge differ in their sensitivity to spring
temperature and the magnitude of their phenological
shifts in response to climate over the past century implies
that the fitness consequences of continued climatic
change on plant species will be heterogeneous, not only
within communities, but across the landscape as well.

CONCLUSIONS

The fitness consequences of phenological sensitivity are
complex (Prather et al., 2023). In the short term, dynamic
phenological tracking of climate via high sensitivity to
temperature could be potentially risky in cooler and less-
predictable environments because it puts species at risk of
freezing temperatures if they flower too early (Park
et al,, 2019). However, in the long-term, the ability of
species’ phenologies to track changes in temperature may
be necessary for their persistence in light of continued
climate warming. Willis et al. (2008) used historical
records of the phenology and abundance of 473 spring
wildflowers in Massachusetts, United States to assess the
relationship between phenological sensitivity to tempera-
ture and change in abundance. The authors found that the
species whose flowering times did not effectively track
seasonal temperature have greatly declined in abundance

over the past 100 years. In the southeastern United States,
further work is needed to understand whether other
variables related to climate (e.g., snowmelt) or summer
warming may be more important for phenological
sensitivity and whether being sensitive to temperature is
advantageous or detrimental depending on the ecological
context. Given that the Blue Ridge ecoregion is a center of
biodiversity in the eastern United States and contains the
greatest floristic diversity in the entire state of Tennessee
(U.S. Environmental Protection Agency, 1997), further
work toward understanding the phenological sensitivity of
plants is of particular importance in this region. While our
study showed that overall plants did not demonstrate high
levels of sensitivity to spring temperature, our work
highlights the importance of considering ecoregion as a
predictor in phenological studies because it allows
researchers to account for differences in local abiotic
conditions across even relatively small geographical areas
that may explain inter- and intraspecific variation in
phenological trends across time.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Species reference sheets used for scoring
phenological stages of herbarium specimens.

Appendix S2. Pearson's correlation coefficients for the
relationship between the day of year of flowering and mean
monthly temperatures preceding flowering for species
flowering on average in March, April, and May.
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