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Abstract
Aim: Climate affects the flowering time of many species. Little is known, however, 
about how climate influences the properties of regional floras, including the rate at 
which taxa flower sequentially throughout the flowering season. This study is the 
first to detect geographical variation in this rate across North America. In addition, 
we tested for the independent effects of intraspecific variation in flowering time and 
taxonomic composition on the rate of sequential flowering among regional floras dis-
tributed across a temperature gradient.
Location: North America.
Time period: This study examined >59,000 herbarium specimens that were collected 
in flower from 1901 to 2013.
Major taxa studied: 2,803 angiosperm taxa.
Methods: We identified 51 climatically homogeneous regions across the continental, 
mostly western states of the USA, in each of which ≥100 species were represented 
by herbarium specimens. We then examined the effects of mean annual temperature 
(MAT) on the rate of sequential flowering among species in each region. We also 
evaluated whether geographical variation in the rate of sequential flowering was at-
tributable to intraspecific variation in the flowering time and/or the taxonomic com-
position of regional floras.
Results: As MAT increased over space, the rate of sequential flowering (standardized 
by the absolute length of the flowering season in each region) increased among rela-
tively early‐flowering taxa but decreased among the latest‐flowering taxa. Both in-
traspecific variation and shifts in taxonomic composition among floras contributed to 
this pattern.
Main conclusions: Among floras throughout North America, the rate of sequential 
flowering among co‐occurring taxa changes with MAT. Intraspecific phenological 
variation primarily affects the rate of sequential flowering during the first half of the 
growing season, consistent with the inference that future warming will most strongly 
affect flowering synchrony among early‐flowering taxa.
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1  | INTRODUC TION

Many plant species alter the timing of their flowering in response 
to local climate conditions, which can influence the mean flowering 
date (MFD), the duration and the termination of flowering by individ-
uals, populations and species (Bock et al., 2014; Cook, Wolkovich, & 
Parmesan, 2012; Fitter, Fitter, Harris, & Williamson, 1995; Panchen 
& Gorelick, 2016; Post, Pedersen, Wilmers, & Forchhammer, 2008; 
Szabó, Vincze, & Czúcz, 2016; Wolkovich et al., 2012). The effects 
of climatic conditions on the collective properties of plant commu-
nities and floras, however, have rarely been examined. For example, 
local or regional climatic conditions might influence the duration of 
the flowering season (defined here as the portion of the year during 
which 90% of species flower; Park, 2016), either compressing or ex-
tending it (Diez et al., 2012).

When considered from the perspective of a plant community or 
regional flora, geographical variation in climate may be associated 
with changes in a variety of collective properties related to the local 
flora as a whole. Just as the flowering times of individual species 
vary spatially in response to local climate conditions (Borchert, 
Robertson, Schwartz, & Williams‐Linera, 2005; Lavoie & Lachance, 
2006; Menzel, Estrella, & Fabian, 2001), so too the phenological 
properties of plant communities may shift over space in response 
to differences in local climate (CaraDonna, Iler, & Inouye, 2014; 
Diez et al., 2012). For example, changes in the percentage of co‐oc-
curring species that have begun to flower as the flowering season 
progresses may differ among floras that occupy climatically distinct 
regions. Although previous studies have determined that the sea-
sonal distribution of flowering times may differ among floras (Diez 
et al., 2012) and that the rate at which temperature increases during 
spring may control the synchrony of spring flowering (Wang, Tang, & 
Chen, 2016), no comprehensive assessment of the relationship be-
tween local climate and the distribution of flowering times across 
the growing season has yet been attempted. Here, we examine, for 
the first time, a property of regional floras, namely the rate at which 
angiosperm species initiate flowering in sequence among successive 
stages of the flowering season, and how this property is influenced 
by local climatic conditions.

In any flora, the percentage of species that has initiated flow-
ering increases from zero to 100 throughout the flowering season. 
The rate at which this percentage increases as the flowering season 
progresses (hereafter referred to as the rate of sequential flowering) 
may have strong ecological consequences (Pau et al., 2011). For ex-
ample, the rate at which species successively flower may influence 
the diversity of co‐flowering species. If this rate changes across the 
flowering season, there may be periods during which the flowering 
times of many species are highly synchronous (i.e., when a large 
number of species begin flowering in rapid succession, potentially 
resulting in a period of relatively high floral diversity). Conversely, 
there may be periods during which the synchrony of flowering is low 
(i.e., more time elapses between the flowering times of successively 
flowering species, potentially resulting in periods of relatively low 
floral diversity).

Seasonal variation in the species diversity of flowers can affect 
plant reproductive success owing to both interspecific competition 
among plant taxa for pollinator visitation (Feldman, Morris, & Wilson, 
2004; Rathcke, 1988a, 1988b; Waser, 1978) and facilitative or mu-
tualistic interactions (Feldman et al., 2004; Laverty, 1992; Mitchell, 
Flanagan, Brown, Waser, & Karron, 2009). For example, increases in 
the number of species with overlapping flowering periods may result 
in intensified competition for pollinator services (Stone, Willmer, & 
Rowe, 1998), thus reducing reproductive success. Accordingly, his-
torical patterns of interspecific flowering phenology in many floras 
limit synchrony among plant species that might otherwise compete 
for pollinator visitation (Rathcke, 1988a; Reader, 1975; Stiles, 1975; 
Whalen, 1978). In other cases, however, reductions in the number 
of co‐flowering species may disrupt mutualistic flowering displays 
among taxa, thereby reducing the frequency of pollinator visits per 
species or per individual (Staggemeier, Diniz‐Filho, & Morellato, 
2010; Tachiki, Iwasa, & Satake, 2010).

It is well documented that the diversity of species in flower var-
ies throughout the flowering season (Aldridge, Inouye, Forrest, Barr, 
& Miller‐Rushing, 2011), differs among communities that occupy 
contrasting habitats (Heinrich, 1976) and may be affected by inter‐
annual climate variation (Aldridge et al., 2011). The effects of local 
climatic conditions on the rate of sequential flowering, however, re-
mains unknown. Here, we examine these effects during successive 
stages of the flowering season.

It is important to note, however, that two distinct mechanisms 
may generate variation among plant communities in the rate at which 
sequentially flowering species initiate flowering. First, variation 
among communities in the seasonal distribution of flowering times 
may be attributable to shared species exhibiting different flower-
ing times at different locations (Lacerda, Araújo Barros, Almeida, & 
Rossatto, 2017; Panchen & Gorelick, 2016; Park, 2014). If the flow-
ering times of species that occur across a temperature gradient ex-
hibit different magnitudes (or directions) of change in response to 
local climatic conditions, this will result in geographical variation in 
the rate at which sequentially flowering species begin to flower as 
the flowering season progresses (Panchen & Gorelick, 2016; Prevéy 
et al., 2017). Second, differences among communities in the seasonal 
distribution of flowering times may be attributable to geographical 
variation in taxonomic composition, which may also be influenced 
by climatic conditions. Both these mechanisms have previously been 
documented to play a role in determining community‐level pheno-
logical mean flowering dates across broad climate gradients (Park, 
2014).

It is likely that both these mechanisms (species‐specific re-
sponses to local climatic conditions versus geographical variation 
in community composition) also play a role in determining the sea-
sonal distribution of flowering within floras distributed along similar 
climate gradients. However, these two mechanisms differ in their 
implications for our ability to predict community‐level shifts in phe-
nology in response to climate change. If geographical variation in the 
rate of sequential flowering is attributable primarily to intraspecific 
variation, then spatial variation in current climatic conditions that 



     |  3PARK and MAZER

affect the rate at which species flower successively may be used to 
predict changes in this rate in response to projected climate change. 
In contrast, if geographical variation in the rate of sequential flower-
ing is attributable primarily to differences among regions in species 
composition, then it will be more difficult to predict, for a given lo-
cation, how future climate change will affect the rate of sequential 
flowering. Thus, examining the effect of each of these processes on 
the rate of floral accumulation (i.e., the rate of at which sequentially 
flowering species flower) over space is crucial to understanding the 
implications of future climate change on the future rates of floral 
accumulation under projected climate warming.

Examinations of the rate of sequential flowering and its relationship 
to local climate require information on flowering time across a taxonom-
ically diverse and spatially heterogeneous set of floras. With the advent 
of digitally available specimen data, herbarium records now represent 
a powerful resource with which to examine the phenology of a large 
number of taxa distributed across an unparalleled geographical area 
(Callinger, Queenborough, & Curtis, 2013; Willis et al., 2017). Although 
herbarium collections have been found to exhibit some biases in their tax-
onomic and spatial focus and to under‐sample seasons corresponding to  
extreme inclement weather (e.g., winter, Daru et al., 2017), herbarium 
data have been well documented to provide an accurate account of flow-
ering phenology across a wide range of species (Davis, Willis, Connolly, 
Kelly, & Ellison, 2015; Jones & Daehler, 2018). Although potentially less 
accurate than estimates of the date of flowering onset based on in situ 
observations, herbarium‐based estimates of mean flowering time have 
been determined to remain robust even when the number of observa-
tions is low (Bertin, 2015) and are less influenced by collector bias than 
estimates of first or last flower (Robbirt, Davy, Hutchings, & Roberts, 
2011). Furthermore, estimates of mean flowering time that were de-
rived from herbarium‐based phenological data in Boston were found 
to provide accurate estimates of mean flowering time that exhibited 
similar patterns of variation to in situ observations and to remain accu-
rate among taxa with both short and long flowering durations (Primack, 
Imbres, Primack, Miller‐Rushing, & Del Tredici, 2004).

Here, we examined 59,096 electronically available herbarium 
records to investigate whether regional climatic conditions affect 
the rate of sequential flowering among species in floras distributed 
across a broad climate gradient throughout North America. In ad-
dition, we identified the role of mean annual temperature (MAT) in 
generating geographical variation in the rate of sequential flowering, 
in addition to the mechanisms that generate such changes. To begin, 
we used specimen‐based data to estimate the mean flowering dates 
(MFDs) of a total of >2,800 plant taxa distributed across the conti-
nental USA in each of 51 climatically homogeneous local climate re-
gions (LCRs; defined below). We then used these MFDs to estimate 
the amount of time required for successively flowering portions of 
the species in each LCR to flower (each portion representing 15% 
of the flowering taxa in the LCR). Finally, these values were used to 
test the hypothesis that regional MAT affects the rate at which the 
angiosperm taxa within an LCR successively flower as the flowering 
season progresses and to evaluate the roles of intraspecific varia-
tion versus changes in taxonomic composition in response to MAT in 

generating geographical variation in this property. Collectively, our 
analyses revealed that warmer climates are associated with increases 
in the rate of sequential flowering among the first 50% of species to 
flower and reductions in the rate of sequential flowering among the 
last 20% of species to flower. Both intraspecific phenological varia-
tion and changes in species composition contribute to the observed 
effects of MAT on the rate of sequential flowering, although these 
two mechanisms differ in importance and may reinforce or oppose 
each other during different portions of the growing season.

2  | MATERIAL S AND METHODS

2.1 | Herbarium data

Records of flowering phenology used in this study were drawn from 
the digital archives of 72 herbaria throughout North America (see 
Acknowledgements). This study examined 7,300,614 digital records 
of herbarium specimens and ultimately retained for analysis 59,096 
specimens that were recorded in flower and met all additional crite-
ria for analysis. These records included trees, shrubs and herbaceous 
angiosperm taxa collected from 1901 to 2013. All specimens that 
were collected while not in flower or that did not explicitly docu-
ment their phenological status, the latitude and longitude of the col-
lection site or the date of year (DOY) of collection were excluded 
from further analysis. A specimen was considered to be collected in 
flower if its digitized record explicitly included phenological status 
and recorded the specimen as being in flower. This assessment was 
based on a visual examination of the specimen by herbarium staff, 
typically at the time of digitization. Although the method for scoring 
the phenological status of a specimen might have differed among 
taxa and herbaria, the phenological assessment of all specimens was 
consistently intended to identify those that were collected while at 
least one flower was open. These records represent second‐order 
phenological data in the classification scheme developed by Yost 
et al. (2018). The DOYs of collection of these herbarium specimens 
were used to estimate the mean flowering time (MFD) of each taxon 
in each LCR, as described below (Bertin, 2015).

Given that taxonomic nomenclature was not always consistent 
among specimens, species names were standardized and synonymies 
resolved using taxonomic records from The Plant List, the International 
Legume Database and Information Service, the Global Compositae 
Checklist, and Tropicos.org using the Taxonomic Name Resolution 
Service iPlant Collaborative, v.4.0 (accessed 4 April 2017; http://tnrs.
iplantcollaborative.org; Boyle et al., 2013). Specimens that could not 
be identified unambiguously were eliminated from further analysis, as 
were duplicate specimens (i.e., one or more specimens that were col-
lected on the same date and location as another specimen of the same 
taxon). For this study, we treated subspecies as independent taxa.

2.2 | Defining local climate regions

In this study, our objective was to evaluate the pace of the flower-
ing season throughout the continental USA at geographical scales 

http://tnrs.iplantcollaborative.org
http://tnrs.iplantcollaborative.org
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broad enough to include a sufficiently large number of herbarium 
records and angiosperm taxa for rigorous analysis, but fine enough 
to discriminate among climatically distinct regions and floras. To 
accomplish this, we divided the continental USA into a series of 
LCRs, each of which represents a climatically homogeneous area 
(Park, 2016). These LCRs were identified by overlaying grid‐based 
estimates of MAT and mean annual precipitation (MAP) that were 
derived from 4 km long‐term climate means produced using the 
Parameter‐elevation Regression on Independent Slopes Model 
(PRISM) for the years 1901–2013 (PRISM Climate Group, Oregon 
State University; http://prism.oregonstate.edu; created 4 February 
2004) such that each LCR spanned a contiguous region within 
which MAT across all grid cells fell within 0.5°C of the median 
value (e.g. from 0 to 1°C), within which mean annual precipitation 
fell within 1 cm of the median value (e.g. from 20 to 22 cm), and 
which spanned ≤ 1° in latitude or longitude. This led to polygons of 
various sizes, because climatically heterogeneous landscapes were 
composed of numerous smaller LCRs, but ensured that each LCR 
represented a distinct but climatically homogeneous region.

In order to ensure that each LCR contained a sufficient diversity 
of taxa to represent its local flora, we overlaid the coordinates of the 
herbarium specimens onto these LCRs and eliminated all LCRs that 
included <100 taxa (Supporting Information Tables S1 and S2). To re-
duce the effects of unusual climate conditions on MFD, only taxa that 
were collected in ≥2 years within a given LCR were included for anal-
ysis. We acknowledge that taxon‐specific estimates of MFD in each 
LCR might not be highly precise when the sample size is low; 45% of 
local MFD estimates were derived from only two specimens, and only 
1% of local MFD estimates were based on >10 specimens (Supporting 
Information Figure S1). However, the outcome variables investigated 
here (defined in Sections 2.5, 2.7, and 2.8) do not depend on the esti-
mated MFD of any given taxon being highly accurate; they depend on 
the collective attributes of the MFDs among taxa in a given LCR. The 
criteria we imposed for inclusion of a given taxon in the dataset anal-
ysed here represented a trade‐off between sample size and taxonomic 
diversity. To address concerns that differences in sampling intensity 
among LCRs might affect the values of our outcome variables and 
therefore their association with MAT, we tested for significant correla-
tions among LCRs between taxonomic diversity and MAT and between 
sample size (the mean number of herbarium specimens per taxon) and 
MAT. Taxonomic diversity and MAT were independent among LCRs 
(r = 0.03, p > 0.245, n = 51), and the mean number of specimens per 
taxon was also independent of MAT (r = 0.04, p > 0.167, n = 51). 
Consequently, we could be confident that sampling intensity was not 
confounded with MAT when testing for relationships between MAT 
and the outcome variables examined here.

The remaining dataset spanned 51 LCRs distributed across the 
continental USA, with a mean LCR area of c. 1,000 km2. The LCRs 
used in this study ranged from 32 to 49° N latitude and from 1 to 
23°C MAT and included data from 2,803 distinct taxa, represent-
ing 59,096 herbarium specimens (Supporting Information Table S1). 
The distribution of MATs among the selected LCRs did not differ 
significantly from normal (Shapiro–Wilk test: W = 0.956, p = 0.059, 

d.f. = 51). Although the higher density of phenologically assessed 
herbarium specimens in the western USA led to the majority of LCRs 
in this study being located in this region (n = 39), our dataset also 
included LCRs in the midwestern (n = 2), gulf coast (n = 2) and north-
eastern portions of the USA (n = 9; Figure 1). Shrublands, evergreen 
forest and mixed or deciduous forests were the dominant vegetation 
domains throughout the majority of these LCRs, as estimated from 
the National Land Cover Database 2011 (Supporting Information 
Table S1; Homer et al., 2015).

2.3 | Calculating taxon‐specific mean flowering date

The annual mean flowering date of each taxon was then calculated 
for each year and LCR in which specimens of that taxon were col-
lected. The MFD for each taxon within each LCR was then calculated 
as the mean of all annual MFD estimates for that taxon within that 
LCR.

2.4 | Identification of percentile classes

To compare LCRs with respect to the rate at which sequentially flower-
ing taxa reach their MFD, we divided the flora of each LCR into groups 
of successively flowering species that could be compared directly among 
LCRs. Given that LCRs differed in species richness, these groups were 
defined so that they made up equal proportions of the flora of each LCR 
rather than a specific number of taxa. To achieve this, in each LCR, we 
ranked all taxa with respect to their MFD and then assigned each taxon 
a percentile rank, with the earliest‐flowering taxa assigned the lowest 
ranks. We then divided the flora of each LCR into six sequential per-
centile classes, each of which represented one‐sixth of the successively 
flowering taxa within a local flora; we excluded the first 5% and the last 
5% of taxa to initiate flowering in each LCR because these were consid-
ered to flower outside the flowering season (Park, 2016). The six percen-
tile classes were defined as follows within each LCR: taxa that exhibited 

F I G U R E  1  Study area and climate regions. Circles indicate 
local climate regions (LCRs). The colour of each circle indicates 
the mean annual temperature (MAT) within each LCR based on 
1901–2013 PRISM climate means

http://prism.oregonstate.edu
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MFDs within (a) the 5th–19.9th percentile (i.e., the earliest‐flowering 
taxa); (b) the 20th–34.9th percentile; (c) the 35th–49.9th percentile; (d) 
the 50th–64.9th percentile; (e) the 65th–79.9th percentile; and (f) the 
80th–94.9th percentile (i.e., late‐flowering taxa). Each percentile class 
therefore included 15% of sampled taxa in an LCR (i.e., 16.7% of taxa 
that flower within the flowering season, which excludes the first and last 
5% of taxa). The proportion of the flowering season in an LCR that was 
required for all the species within a given percentile class to flower was 
inversely proportional to the rate of flowering among the successively 
flowering species in that percentile class (see Section 2.5).

These six classes, although somewhat arbitrary, represent a 
trade‐off between identifying enough classes to capture seasonal 
differences in the rate of sequential flowering and including a suf-
ficient number of taxa within each class to represent its flowering 
behaviour. In order to ensure that the results of this study were not 
unduly influenced by the division of each local flora into six percen-
tile classes (instead of some other number), all analyses were re-
peated using nine percentile classes (with each class representing 
10% of the flowering taxa in each LCR) and five percentile classes 
(with each class representing 18% of the flowering taxa in each LCR).

It should also be noted that within each LCR, the set of taxa that 
constitute each percentile class is unique; each taxon appears in only 
one percentile class. In contrast, one or more of the taxa in a given 
percentile class within a given LCR may also appear in other LCRs, ei-
ther in the same or in different percentile classes. Additionally, given 
that percentile classes were defined as a proportion of each local flora 
rather than by a set period of flowering, the rate of sequential flower-
ing often differed among percentile classes within an LCR; that is, suc-
cessive percentile classes within a given LCR generally differed with 
respect to the time that elapsed between the MFD of the earliest‐ and 
latest‐flowering taxa (Figure 2; Supporting Information Table S1).

2.5 | Estimating rates of sequential flowering: MFD 
accumulation rates

In this study, we used the MFDs of the taxa in each LCR to examine 
a collective property of each percentile class: the percentage of the 
flowering season in the LCR required for all taxa within that class 
to flower in succession. The way in which this variable can change 
over the course of the flowering season in an LCR can be illustrated 
by an accumulation curve of its MFDs (Figure 2). The percentage of 
the flowering season required for all taxa within a percentile class 
to flower provides an estimate of the rate of successive flowering 
among taxa in each LCR throughout its flowering season; lower 
values of the former indicate a faster rate of sequential flowering 
among taxa. Below, we refer to this rate as the “MFD accumulation 
rate”, while emphasizing that high rates of MFD accumulation corre-
spond to relatively low percentages of the flowering season required 
for all taxa to reach MFD.

For each percentile class in each LCR, we first subtracted the 
MFD of the earliest‐flowering taxon from the MFD of the last taxon 
to flower, producing a raw value representing the “duration” of the 
percentile class. Given that the duration of the entire flowering sea-
son differs among LCRs, however, we standardized the duration of 
each percentile class in each LCR by converting it into a percentage 
of the total flowering season within that LCR (Park, 2016). This was 
accomplished by dividing the duration of a given percentile class in 
a given LCR by the total length of the flowering season in the LCR 
(estimated as the number of days between the MFDs of the 5th and 
95th percentile of flowering taxa within the LCR), and multiplying 
the resulting value by 100. Given that each percentile class rep-
resents one‐sixth (16.7%) of the taxa that flower during the flower-
ing season, the time required for all taxa in a given percentile class 
to reach MFD would occupy one‐sixth of the flowering season if the 

F I G U R E  2  Example of a mean flowering date (MFD) accumulation curve (red line) for a single local climate region (LCR). Within 
each percentile class of sequentially flowering taxa (e.g., the third percentile class, representing the 35th–49.9th percentile of species is 
represented by the blue shaded area), the slope of the continuous line represents the rate at which the species begins to flower. The lengths 
of double‐headed horizontal arrows indicate the proportion of the flowering season that passes between the MFD of the earliest‐ and 
latest‐flowering species within each percentile class. For example, the first species of the third percentile class begins to flower when 29% of 
the flowering season is complete, and the last species in this percentile class begins to flower when 33% of the flowering season is complete
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MFD accumulation rate were constant across the flowering season. 
Shorter durations would indicate a higher MFD accumulation rate 
within that percentile class than would occur given a constant rate of 
MFD accumulation (and therefore greater synchrony in the MFD of 
the taxa constituting that percentile class; Figure 2). Conversely, lon-
ger durations would indicate a slower MFD accumulation rate (and 
therefore lower synchrony in the MFD of the taxa constituting that 
percentile class).

2.6 | The effects of local climate on the MFD 
accumulation rate

For each percentile class, we determined the effect of MAT (based on 
1901–2013 climate means) on the MFD accumulation rate by regress-
ing, among LCRs, the percentage of the duration of the flowering season 
required for all taxa in that class to reach their MFD as a function of 
MAT (y = Bx + ab, where y is the percentage of the entire length of the 
flowering season in an LCR that was required for all taxa in that class to 
reach their MFD, x is the MAT, B is the slope of the relationship between 
MFD and MAT, and a is the intercept). In this framework, a regression 
slope significantly greater than zero would indicate that warmer climates 
are associated with an increase in the percentage of the duration of the 
flowering season required for all taxa to reach flowering (i.e., a lower 
MFD accumulation rate and lower synchrony of MFD) in that percen-
tile class. In contrast, a significant negative relationship would indicate 
that warmer climates are associated with a reduction in the percentage 
of the duration of the flowering season required for all taxa in a given 
percentile class to reach their MFD, or higher MFD accumulation rates, 
and therefore higher synchrony in MFD among taxa. To ensure that 
the direction and strength of these relationships were not qualitatively 

affected by the decision to divide the flowering season into six percen-
tile classes, this analysis was also conducted using alternative sets of 
percentile classes in which the growing season was divided into differ-
ent numbers of percentile classes that represented 10% of taxa (i.e., nine 
classes) and 18% of taxa (i.e., five classes).

2.7 | Isolating the influence of intraspecific 
phenological differences on temperature‐mediated 
MFD accumulation

We examined whether intraspecific changes in MFD along a tem-
perature gradient contributed to geographical variation in the MFD 
accumulation rate in each percentile class. This was accomplished by 
identifying every pair of taxa that co‐occurred in two or more LCRs in 
the same percentile class and measuring the dissimilarity between their 
MFDs (i.e., the absolute value of the difference in their MFDs as a per-
centage of their local flowering season) within each LCR (Equation 1).

The change in the difference between the MFDs of the two taxa 
(∆Dissimilarity; Equation 2) between each pair of LCRs in which 
both taxa occurred was then calculated, as was the difference in 
MAT (∆MAT = MATwarmer LCR − MATcooler LCR) between each pair of 
locations.

This ∆Dissimilarity value was calculated for all pairs of taxa that 
co‐occurred in multiple LCRs (Figure 3c). Given that this analysis 

(1)
|
(
MFDTaxon A−MFDTaxon B

)
|
/
Duration of flowering season=Dissimilarity

(2)Dissimilaritywarmer LCR− Dissimilaritycooler LCR= ΔDissimilarity

F I G U R E  3  Conceptual models illustrating two mechanisms that might contribute to geographical variation in the percentage of the 
flowering season required for all taxa within a percentile class to flower: changes in species composition versus intraspecific variation 
in mean flowering date (MFD) among local climate regions (LCRs). Capital letters within each panel represent the date of year (DOY) of 
hypothetical taxa with a given percentile class. The length of each vertical bar represents the time required for all taxa in a percentile class 
to flower within a given LCR. (a) changes in taxonomic composition and intraspecific phenological variation both cause a decline in the 
time required for all taxa to flower with increasing mean annual temperature (MAT); the DOYs of the MFDs represent the observed MFD 
of each taxon within each LCR. (b) Changes in taxonomic composition across LCRs alone cause a decline in the time required for all taxa to 
flower with increasing MAT; the DOYs of the MFDs are based on the mean, nationwide MFD of each taxon (estimated using all herbarium 
specimens). (c) Intraspecific phenological variation is the sole cause for the decline in the time required for all taxa to flower with increasing 
MAT; in this example, the synchrony of MFDs among co‐occurring species within a given percentile class increases as MAT increases
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was designed to evaluate changes in the synchrony of MFDs within 
each percentile class, only cases in which both taxa flowered within 
the same percentile class in both LCRs were considered for analy-
sis. Values of ∆Dissimilarity greater than zero indicate cases where 
the MFDs of a given pair of taxa became less synchronized (i.e., 
more dissimilar) in the warmer of the two LCRs in which it occurred, 
whereas values less than zero indicate cases where a pair of taxa 
became more synchronized in the warmer LCR. For each percentile 
class, we used the values for all pairs of taxa that occurred in two 
or more LCRs to conduct linear regressions of ∆Dissimilarity versus 
∆MAT. A positive slope of this regression would indicate that the 
MFDs of the two taxa became more dissimilar (i.e., less synchronous) 
in warmer LCRs. A negative slope would indicate that the MFDs of 
co‐occurring taxa became more similar in warmer LCRs.

2.8 | Isolating the effect of species composition on 
temperature‐mediated MFD accumulation

To examine the contribution of species composition to variation in 
the MFD accumulation rate among LCRs that differed in MAT, we 
compared the time required for all taxa to reach MFD (in each per-
centile class) among LCRs in the absence of intraspecific variation in 
MFD. To remove the effects of intraspecific variation in local MFDs 
across LCRs, we first calculated a single estimate of the mean MFD 
for each taxon across all locations in which it was collected (includ-
ing specimens outside the LCRs used in this study). Using these 
LCR‐independent estimates of MFD, we recalculated the MFD ac-
cumulation rate for each percentile class within each LCR. This step 
eliminated any effect of intraspecific changes in MFD among LCRs 
on the MFD accumulation rates (Figure 3b).

Within each percentile class, we then conducted linear regressions, 
among LCRs, of the percentage of the flowering season required for all 
taxa to reach flowering (using the temperature‐independent estimates 
of MFD for each taxon) versus MAT. Having eliminated intraspecific 
variation from this constrained dataset, any significant relationship 
between the percentage of the flowering season required for all taxa 
in a given percentile class to reach flowering and MAT could be at-
tributed to differences among LCRs in floristic composition. Significant 
positive relationships between the percentage of the flowering season 
required for all taxa in a given percentile class to reach flowering and 
MAT would indicate that, among LCRs in warmer locations, the taxo-
nomic composition changed such that either some taxa that exhibited 
highly synchronous MFDs were removed (thereby requiring the tem-
poral bounds of the percentile class to be extended to ensure that it 
continued to retain 15% of the taxa in the LCR) or some taxa that ex-
hibited less synchronous MFDs were added. Significant negative rela-
tionships between the percentage of the flowering season required for 
all taxa in a given percentile class to reach flowering and MAT would 
indicate that, among LCRs in warmer locations, the composition of the 
local flora changed in a manner that increased the synchrony of the 
MFDs. Given that this analysis eliminated all intraspecific variations 
in MFD that might have occurred in response to differences in local 
temperature among LCRs, any differences among LCRs with respect to 

the MFD accumulation rate for a given percentile class could therefore 
be attributed solely to differences in species composition.

3  | RESULTS

3.1 | Mean flowering date accumulation rate versus 
climatic conditions

Significant relationships were detected among LCRs between the per-
centage of the flowering season required for all taxa in a given percen-
tile class to reach flowering and MAT within the second, third and sixth 
percentile classes. This relationship was negative for both the second (R2 
= 0.30, p < 0.01; Figure 4b) and third (R2 = 0.15, p < 0.01; Figure 4c) per-
centile classes; the synchrony of MFDs increased with MAT. Conversely, 
a significant positive relationship was detected between the percentage 
of the flowering season required for all taxa in a given percentile class to 
reach flowering and MAT in the sixth percentile class (R2 = 0.10, p = 0.03; 
Figure 4f); warmer temperatures were associated with reduced syn-
chrony among the MFDs of the taxa constituting this class. No significant 
relationships were detected between the percentage of the flowering 
season required for all taxa in a given percentile class to reach flower-
ing and MAT for the first, fourth or fifth percentile classes (p > 0.17 in 
all cases; Figure 4a,d,e). Analogous relationships were detected when 
similar analyses were conducted after dividing the flowering season into 
both smaller (Supporting Information Figure S2) and larger (Supporting 
Information Figure S3) numbers of percentile classes. Across all tem-
perature regimes, the rate of MFD accumulation was found to increase 
sharply during the second percentile class (Figure 5).

3.2 | The influence of intraspecific variation on the 
synchrony of MFDs between co‐occurring taxa

Significant relationships were detected between the pairwise differ-
ence in MFDs among co‐occurring taxa (∆Dissimilarity) and the dif-
ference in MAT between the LCRs in which they occur (∆MAT). In the 
first percentile class, higher ∆MAT was associated with increasingly 
dissimilar MFDs among pairs of co‐occurring taxa (R2 = 0.06, p = 0.03; 
Figure 6a), indicating that warmer temperatures were associated with 
intraspecific shifts in phenology that reduced the synchrony of MFDs 
among the earliest‐flowering taxa. However, in the second percentile 
class, this relationship was negative (R2 = 0.18, p = 0.05; Figure 6b); 
warmer temperatures were associated with intraspecific shifts in phe-
nology that increased synchrony among those taxa. No significant 
relationships between ∆MAT and the pairwise synchrony of MFDs 
among co‐occurring taxa were detected among the remaining percen-
tile classes (p > 0.11 in all cases; Figure 6c–f).

3.3 | Mean flowering date accumulation rate versus 
climatic conditions in the absence of intraspecific 
phenological variation

In the absence of intraspecific variation in MFD among LCRs, sig-
nificant relationships were still observed between the percentage 
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of the flowering season required for all taxa in a given percentile 
class to reach flowering and MAT among LCRs for the first, second, 
fifth and sixth percentile classes (Figure 7). Increased synchrony of 
MFDs was observed in response to higher MAT in both the first (R2 
= 0.19, p < 0.01; Figure 7a) and second percentile classes (R2 = 0.35, 
p < 0.01; Figure 7b). In contrast, we observed decreased synchrony 
of MFDs in response to higher MAT in the fourth (R2 = 0.10, p = 0.02; 
Figure 7e) and sixth (R2 = 0.11, p = 0.02; Figure 7f) percentile classes. 
Controlling for intraspecific variation in MFD, we detected no signif-
icant relationship between the percentage of the flowering season 
required for all taxa in a given percentile class to reach flowering and 
MAT among the third or fourth percentile classes (p > 0.14 in both 
cases; Figure 7c,d).

4  | DISCUSSION

The rate at which taxa flower (estimated as MFD accumulation rate) 
changes substantially among LCRS with MAT and as the flowering 
season progresses.

4.1 | Rate of MFD accumulation versus temperature

Among the second and third percentile classes, the MFD accumu-
lation rate increases with MAT. It is therefore likely that flowering 
synchrony also increases with MAT during the early to mid‐portions 
of the flowering season, unless the flowering durations of these taxa 
decline sufficiently to reduce or prevent their overlap. Conversely, 
the MFD accumulation rate among the latest (i.e., sixth) percentile 
class declines with higher MAT, indicating that the synchrony of 
MFDs among late‐flowering taxa is likely to decrease in warmer 
environments.

4.2 | Seasonal patterns of MFD accumulation

Collectively, our results indicate that among the earliest‐flowering 
taxa (i.e., the first percentile class), the rate at which sequentially 
flowering species come into flower is low. This is followed by a short 
period during which a large proportion of local taxa begin to flower 
in rapid succession (representing the second and third percentile 
classes). The rate of MFD accumulation then remains relatively 

F I G U R E  4  Percentage of the flowering season required for each successive 15% of taxa to begin flowering versus mean annual 
temperature (MAT) among: (a) the first percentile class, representing the 5th–19th percentile; (b) the second percentile class, representing 
the 20th–34th percentile; (c) the third percentile class, representing the 35th–49th percentile; (d) the fourth percentile class, representing 
the 50th–64th percentile; (e) the fifth percentile class, representing the 65th–79th percentile; and (f) the sixth percentile class, representing 
the 80th–94th percentile of species within each local climate region (LCR). Each point represents one LCR. Lines indicate significant linear 
trends among LCRs. B indicates the slope of the linear relationship between the duration of MFD accumulation and MAT within each 
percentile class
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steady throughout the fourth and fifth percentile classes and de-
clines in the sixth percentile class. Although this pattern applies to 
all LCRs regardless of local MAT, the observed deviations from a con-
stant MFD accumulation rate are greater in warmer LCRs.

The magnitude of positive deviations from a constant rate of 
MFD accumulation also increases sharply with MAT among the sec-
ond and third percentile classes. Such an increase in the rate of MFD 
accumulation would inherently be associated with corresponding 
increases in the number of synchronously flowering species, unless 
it coincides with systematic decreases in flowering duration among 
taxa that flower during this period.

4.3 | Disentangling the effects of intraspecific 
variation versus floristic composition on rates of MFD 
accumulation

We detected significant relationships between MAT and the MFD 
accumulation rate that could be attributed solely to intraspe-
cific phenological responses to local climate. However, we also 
detected significant relationships between MAT and the MFD 
accumulation rate after eliminating intraspecific phenological var-
iation; these relationships can therefore be attributed to differ-
ences in the composition of floras experiencing high or low MAT. 

These results support the interpretation that, as with the mean 
flowering times of regional floras (Park, 2014), two independent 
mechanisms contribute to the observed relationship between 
MAT and the MFD accumulation rate: intraspecific changes in 
phenology in response to differing local temperature (Bradshaw, 
1965; Olsson & Ågren, 2002; Vitasse, Delzon, Bresson, Michalet, 
& Kremer, 2009); and spatial variation in the taxonomic compo-
sition of local floras (i.e., species turnover; Craine, Wolkovich, & 
Towne, 2012; Park, 2014). Furthermore, it appears that although 
spatial changes in the composition of local floras were sufficient 
to produce significant relationships between MFD accumulation 
rates and local MAT throughout both the early and late portions of 
the flowering season (e.g., the first, second, fifth and sixth percen-
tile classes), intraspecific phenological responses to local MAT af-
fected the synchrony of MFDs only during the early portion of the 
flowering season (e.g., the first and second cohorts). This finding 
corroborates a previous study in which intraspecific phenological 
responses to local climate also exhibited their strongest effect on 
community‐level flowering times during the early portion of the 
growing season (Park, 2014). Furthermore, the present study rep-
resents a significant advance over Park (2014) by demonstrating 
that intraspecific phenological responses contribute to the rate of 
MFD accumulation among local floras that differ in MAT and to 

F I G U R E  5  Standardized mean flowering date (MFD) accumulation curves. Continuous lines indicate the mean percentage of species 
observed to have begun flowering as the flowering season progresses among all local climate regions (LCRs) characterized by mean annual 
temperature: (a) <5°C; (b) from 5 to 9.9°C; (c) from 10 to 14.9°C; (d) from 15 to 19.9°C; and (e) ≥20°C. Dashed lines indicate theoretical 
constant accumulation rates. In relatively warm regions, the percentage of species that initiate flowering between the 25th and 90th 
percentage of the flowering season is higher than expected assuming a constant rate of MFD accumulation. Alternating grey bars indicate 
the proportional duration of each percentile class (as a percentage of the flowering season) within each set of LCRs
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differences in the timing of mean flowering. Unlike the effects of 
differences in the composition of local floras on the rate of MFD 
accumulation, however, intraspecific phenological responses to 
differences in MAT among local floras were found to contribute 
to shifts in the rate of MFD accumulation during only the early 
portion of the flowering season. Thus, although both intraspecific 
phenological shifts and geographical changes in the composition 
of local floras contribute to geographical variation in the pattern 
of MFD accumulation throughout the bloom season, they do not 
contribute equally to the observed relationships between MAT 
and MFD accumulation throughout the flowering season.

4.4 | Implications for rates of MFD accumulation 
under future warming

Multiple previous studies have indicated that many spring‐flow-
ering species have advanced their flowering times in response 
to recent warming (Bertin, 2015; Cook et al., 2012; Mazer et al., 

2013; Szabó et al., 2016; Wolkovich et al., 2012). It is also well 
documented that individual taxa may differ in both the magni-
tude and the direction of their responses to increasing tempera-
tures (Abu‐Asab, Peterson, Shetler, & Orli, 2001; Aldridge et al., 
2011; CaraDonna et al., 2014; Du et al., 2017; Gerst, Rossington, 
& Mazer, 2017; Marchin, Salk, Hoffmann, & Dunn, 2015). The 
present study demonstrates that these diverse species‐specific 
phenological responses collectively contribute to a systematic 
shift in the rate of MFD accumulation during the early portion 
of the flowering season (i.e., the first and second cohorts) among 
local floras distributed across a spatial temperature gradient. 
Furthermore, this pattern emerges only early in the flowering 
season; the observed phenological responses of summer or au-
tumn‐flowering species produce no such collective pattern in the 
rate of MFD accumulation.

In addition, the observed effects of these intraspecific pheno-
logical shifts on the synchrony of MFDs in response to MAT can 
be used to forecast the effects of projected warming on future 

F I G U R E  6  Relationship between the difference in pairwise dissimilarities in mean flowering date (MFD) between co‐occurring species 
(∆Dissimilarity) and change in mean annual temperature (∆MAT) among: (a) the first percentile class, representing the 5th–19.9th percentile; 
(b) the second percentile class, representing the 20th–34.9th percentile; (c) the third percentile class, representing the 35th–49.9th 
percentile; (d) the fourth percentile class, representing the 50th–64.9th percentile; (e) the fifth percentile class, representing the 65.9th–
79th percentile; and (f) the sixth percentile class, representing the 80th–94.9th percentile of species within each local climate region (LCR). 
Each point represents the change in the proportional amount of time elapsed between the MFDs of one pair of co‐occurring species shared 
by two LCRs that experience different MAT. B indicates the slope of the linear relationship between ∆Dissimilarity in MFD and ∆MAT within 
each percentile class. Within each percentile class, N equals the number of estimates of the difference in ∆Dissimilarities in MFD
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rates of floral accumulation. Unlike the taxonomic composition of 
an LCR, which is unlikely to change rapidly in the face of short‐
term climate variation, individual plants may change the timing of 
their flowering in response to inter‐annual changes in tempera-
ture (Bradley, Leopold, Ross, & Huffaker, 1999; Miller‐Rushing, 
Primack, Primack, & Mukunda, 2006; Walker, Ingersoll, & Webber, 
1995). Thus, the magnitude and direction of intraspecific pheno-
logical shifts that occur in response to inter‐annual variation in 
MAT, and their corresponding effects on the MFD accumulation 
rate within a local flora, can be expected to parallel that of intra-
specific phenological shifts that accompany spatial temperature 
gradients.

The results of the present study indicate that many regional 
floras may experience slower rates of floral accumulation during 
the earliest portion of the growing season (i.e., the first cohort) in 
response to warming conditions but more rapid rates of floral ac-
cumulation during mid‐spring (i.e., the second cohort). Given that 
intraspecific phenological shifts were not sufficient to generate 

significant increases or reductions in synchrony among species 
flowering in the third to sixth cohorts, we also predict that short‐
term increases in local MAT will produce minimal effects on the 
synchrony of MFDs among summer‐ and autumn‐flowering taxa. 
Thus, these results indicate that in the temperate zone, future 
warming will be likely to produce systematic changes in rates 
of MFD accumulation during the early portion of the flowering 
season (represented by the first and second percentile classes). It 
should be noted, however, that these results primarily represent 
the western USA. The central and southeastern USA, where suf-
ficient sampling was largely unavailable, might exhibit different 
trends.

4.5 | Ecological implications

The ecological ramifications of this projected change in the rate of 
floral accumulation among early‐flowering taxa under a warming cli-
mate might be substantial. In temperate climates, early to mid‐spring 

F I G U R E  7  Percentage of the flowering season required for each successive 15% of species to begin flowering. The mean flowering dates 
(MFDs) used for each percentile class are the nationwide mean MFDs for each taxon based on all herbarium specimens, thus eliminating the 
effects of local temperature on the MFD of each taxon. In this case, any change in the duration of each percentile class across local climate 
regions (LCRs) in response to increasing temperature is attributable to species composition alone: (a) the first percentile class, representing 
the fifth–19th percentile; (b) the second percentile class, representing the 20th–34th percentile; (c) the third percentile class, representing 
the 35th–49th percentile; (d) the fourth percentile class, representing the 50th–64th percentile; (e) the fifth percentile class, representing 
the 65th–79th percentile; and (f) the sixth percentile class, representing the 80th–94th percentile of species within each LCR. Each point 
represents one LCR. Lines indicate significant linear trends among LCRs. B indicates the slope of the linear relationship between the duration 
of MFD accumulation and mean annual temperature within each percentile class
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is a period in which many plant communities transition rapidly from 
a comparatively sparse flowering display to a highly synchronous pe-
riod, in which large numbers of taxa begin to flower. If future warming 
produces intraspecific phenological shifts that are analogous to those 
observed along the spatial temperature gradients observed here, then 
the resulting phenological shifts are likely to amplify the magnitude 
of this transition, leading to more extreme periods of floral drought 
at the onset of the growing season, followed by periods of extreme 
floral diversity. Taxa that fail to shift their MFD or that alter the tim-
ing of their flowering from a period of low synchrony to a period of 
high synchrony (or vice versa) could experience significant changes 
in the intensity of competition for pollinators. Likewise, we predict 
that if conditions warm, then the availability of floral resources will 
become more uneven, with fewer floral resources available early in 
the growing season followed by a potential over‐abundance of floral 
resources in mid‐spring.

The ecological impacts of such changes on individual species will 
be complex, however, and will depend not only on the extent to which 
they share pollinators with co‐occurring taxa (with wind‐pollinated 
species probably being largely unaffected), but also on the relative 
abundances of the plant and pollinator species in question (Ghazoul, 
2006; Ye et al., 2014) and the degree to which an increase in the abun-
dance or diversity of co‐flowering species increases or decreases pol-
linator visitation (Feldman et al., 2004).

Although specific predictions of the ecological impacts of cli-
mate warming on any particular plant or animal taxon are beyond 
the scope of this paper, this study does indicate that systematic 
differences in the sequential structure of the annual bloom display 
do exist among floras that inhabit regions characterized by differing 
temperature regimes. Furthermore, our observations of intraspe-
cific responses to higher MAT indicate that future climate warming 
is likely to disrupt the historical rates of floral accumulation, leading 
to periods of reduced floral diversity during the earliest portion of 
the growing season, followed by periods of elevated floral diversity 
shortly thereafter.

4.6 | Conclusions

The present study reinforces the power of herbarium records for 
the detection of community‐level responses to climatic conditions, 
distinct from species‐ and population‐level metrics, such as MFD. 
As a result, herbarium records have the potential to characterize 
emergent properties of community, ecosystem or regional phe-
nology, to link these properties to spatial variation in climate and 
to predict responses of these attributes to future climate change. 
Given that intraspecific phenological variation appears to contrib-
ute to the observed changes in synchrony of MFDs along a tem-
perature gradient among the first and second cohorts, it is likely 
that future climate warming will produce significant changes in 
the number of synchronously flowering taxa during the first third 
of the growing season. Although additional research is needed 
to determine how the synchrony of flowering, which is an emer-
gent property of plant communities and of regional floras, affects 

interspecific interactions that influence fruit and seed production, 
the present study highlights the utility of herbarium records not 
only to estimate species‐level changes in the dates of peak flower-
ing or flowering onset (Davis et al., 2015; Diskin, Proctor, Jebb, 
Sparks, & Donnelly, 2012; Gallagher, Hughes, & Leishman, 2009), 
but also to detect collective, community‐level responses to climatic 
conditions and to forecast the potential impacts of future warm-
ing on the distribution of floral resources throughout the flowering 
season.
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