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ABSTRACT 

Climate change has resulted in various changes to the phenology of species, and some of these 
changes have been documented through the use of herbarium specimens. Understanding how 
plants react to changes in the environment can give scientists insight into how plants have been 
responding and will respond to the continuing consequences of climate change as well as how to 
approach biodiversity conservation. In this study, herbarium records of Collinsia violacea Nutt. 
ranging from 1895 to 2014 were utilized to show the trends of the first and peak flowering dates 
with regard to various geographic and climatic variables using regression analysis. The results 
from simple linear regression analyses showed a trend of the flowering times for first and peak 
flowering dates occurring earlier over the years; however, the relationship was not significant. 
The multiple linear regression full model for first flowering indicated increases in latitude, 
longitude, and mean monthly temperatures were associated with delayed flowering while 
increases in monthly minimum and maximum temperatures were associated with earlier 
flowering. The full model for peak flowering showed that peak flowering was delayed with 
increases in latitude, longitude, and maximum monthly temperature. The reduced models, with 
highly correlated variables removed, indicated significant delays in first flowering and peak 
flowering with increases in latitude, longitude, and mean monthly temperature, but no significant 
relationship between monthly precipitation and flowering time. Further research is needed to 
fully understand the implications of these changes. 
 

INTRODUCTION 

The average global temperature has 
increased 1.1℃ since 1880 and is projected to 
continue to increase (IPCC 2014). This 
increase in temperature has resulted in loss of 
sea ice, intense temperature changes, shifts in 
the geographic ranges of plants and animals, 
and changes to the phenology of plants 

(NASA 2022). Plant phenology is defined as 
the timing of species’ phenophases (e.g., leaf-
out, flowering, and fruiting) and provides an 
indication of change due to internal and 
external factors (Keatley and Hudson 2010; 
Morellato et al. 2013; Parmesan and Hanley 
2015). Plant phenology can be affected by a 
wide range of variables including temperature, 
precipitation, and day length. The effects of 
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the ongoing changes to the climate have 
become apparent in plants over the years. 
Changes of plant phenology can vary based 
on the species (Calinger et al. 2013; Pearson 
2019). Spring is important in terms of 
phenological events, as many plants start 
showing signs of emergence from the winter 
(Keatley and Hudson 2010). Phenological 
observations have been used for centuries to 
allow for the understanding of our 
environment (Keatley and Hudson 2010). A 
wealth of long-term data is held within 
herbaria globally and can be utilized to 
document changes in plant phenology 
(Davis et al. 2015; Jones and Daehler 2017; 
Hufft et al. 2018; Pearson 2019). With 
herbarium specimens being digitized globally, 
researchers can now easily access them to 
conduct large scale studies. 

Numerous studies have shown the utility 
of using herbarium specimens to investigate 
climate change impacts (Davis et al. 2015; 
Jones and Daehler 2017). Previous studies 
have primarily focused on the effects of 
temperature on flowering times; however, 
there have been mixed results. Lima et al. 
(2021) found that climate change has caused 
inconsistent patterns in flowering and fruiting 
times across different species. Calinger et al. 
(2013) and Gallagher and Leishman (2009) 
found that the increase in temperature caused 
by climate change has caused plants to flower 
at an earlier date. Pearson (2019) found that 
spring flowering species flowered 1.8 - 2.3 
days earlier per 1℃ increase in spring 
temperatures. However, Sherry et al. (2011) 
found that warm temperatures delayed 
flowering by 6.2 days. 

In this study, we used herbarium 
specimens (Jones and Daehler 2017; 
Hufft et al. 2018) to assess the impacts of year 
as well as specific geographic and climatic 
factors (latitude, longitude, elevation, 
precipitation, mean temperature, and 
maximum and minimum temperatures) on the 
flowering time of Collinsia violacea Nutt., an 
Oklahoma native spring flowering plant. 

Collinsia violacea is native to the United States 
with a center of distribution in Missouri, 
Arkansas, Oklahoma, and Kansas (USDA, 
NRCS 2024). It is on the state endangered 
species list in Illinois, with an isolated 
population in Shelby County (Taft et al. 2009). 
According to NatureServe (2024), it is 
critically imperiled in Illinois, with a rank of 
S1; imperiled in Texas, with a rank of S2; and 
vulnerable in Kansas, with a rank of S3. As 
there are various factors that could affect the 
decline of this species, it is important to 
monitor it to determine if there are any trends 
among the Illinois population and populations 
native to other states. In Oklahoma, C. violacea 
grows mainly in the eastern half of the state 
(USDA, NRCS 2024) and is commonly found 
in "sandy or rocky soils, dry open areas, and 
woodlands" (Flora of North America 
Editorial Committee 2019). Collinsia violacea 
has also been collected in Comanche County 
in southwestern Oklahoma. While western 
Oklahoma is drier than the eastern half of the 
state, these C. violacea specimens were 
collected in wetter microhabitats near creeks 
and draws in or near the Wichita Mountains 
Wildlife Refuge (Hoagland et al. 2022). 
Flowering begins in late March and can last 
until early June. It can multiply quickly and 
easily by reseeding, sometimes forming large 
colonies. As seedlings develop in late fall, they 
can survive harsh winters and start budding in 
early March (Arkansas Native Plant Society 
2022). 

Oklahoma is home to over 3,700 plant 
taxa, including subspecies and varieties, 
mainly due to variation in the state’s climate 
and physiographic and geological features. 
Temperature and precipitation of Oklahoma 
decrease along a gradient from east to west. 
The eastern area of the state is very moist due 
to the Gulf of Mexico, while the western area 
is significantly drier (Tyrl et al. 2017). Average 
annual precipitation in Oklahoma can range 
from as much as 56 inches in the southeast 
and decrease to 16 inches in the northwest 
(Arndt 2003). Average annual temperature 
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ranges from approximately 16°C (62℉) in the 
southeast to approximately 14°C (58℉) in the 
northwest (Arndt 2003). The average growing 
season ranges from 225 to 230 days in the 
southern part of the state and decreases to 
175 to 195 days in the panhandle. Oklahoma 
is often described as flat; however, its 
topographical features include rolling hills, 
narrow canyons, mesas, and deep ravines 
(Tyrl et al. 2017). The elevation of Oklahoma 
ranges from 88 m (289 ft) to 1,516 m (4975 ft) 
(Arndt 2003). Additionally, Oklahoma soils 
are very diverse, ranging from sand to clay to 
loam (Tyrl et al. 2017). According to 
Frankson et al. (2022), Oklahoma 
temperatures have increased 0.6℉ since the 
early 1900s, and are predicted to have an 
"unprecedented" increase this century.  
Although they indicate there is no clear trend 
in changes in precipitation, they note that 
increased temperatures will lead to increased 
evaporation and drought intensity. 

We utilized digitized herbarium records 
dating back to the 1890s to analyze the 
phenological response of C. violacea to climate 
change. Our null hypothesis was that there is 
no significant relationship between flowering 
time of C. violacea in Oklahoma and our 
selected variables. 

METHODS 

Digitized herbarium specimens of 
C. violacea collected from Oklahoma were used 
to investigate the effects of year and the 
effects of geographic and climatic factors on 
flowering phenology. Specimen records of 
C. violacea were downloaded from the 
Southeast Regional Network of Expertise and 
Collections Database (SERNEC 2022) and 
access to images of specimens housed in the 
Robert Bebb Herbarium (OKL) at the 
University of Oklahoma, Norman, OK, was 
requested. There was a total of 684 collected 
specimens in the original dataset. Specimen 
records without images were excluded before 
evaluating phenophase. Flowering phenology 
was evaluated based on pre-flowering (no 

flower buds open), first flowering (at least 
25% of flower buds open), peak flowering (at 
least 50% of the flower buds open), and last 
flowering (the terminal flower buds on 
branches open) (Haggerty et al. 2013). After 
determining the phenophase of each 
specimen, we excluded those without a clear 
locality, exact collection date, specimens with 
a phenophase of pre-flowering or last 
flowering, and specimens without roots 
present. This resulted in a total of 253 
specimens for first flowering ranging from 
1895 to 2014 and a total of 252 specimens for 
peak flowering ranging from 1913 to 2009. 
No specimens were assigned to the last 
flowering category. 

In addition to the Oklahoma C. violacea, 
we investigated the Illinois C. violacea 
specimens. As there is a limited population in 
Illinois, there was a total of 18 collected 
specimens in the Illinois dataset. We 
requested rare species viewer permissions in 
SERNEC to access images of the Illinois 
specimens. Phenophase assessment was 
identical to that used for the Oklahoma 
C. violacea. After determining the phenophase 
of each specimen, we excluded one specimen 
because it was categorized with a phenophase 
of last flowering. This resulted in a total of 
eight specimens for first flowering ranging 
from 1947 to 1971 and a total of nine 
specimens for peak flowering ranging from 
1947 to 1971. 

The collection locality information on 
each herbarium specimen label was utilized to 
georeference decimal degree coordinates. 
Specimens were georeferenced using 
GEOLocate (Rios et al. 2005) to obtain 
latitude and longitude. With the decimal 
degree coordinates, the historical climate data 
were collected using the PRISM model 
provided by the PRISM Climate Group 
(2015). The climate variables included the 
average monthly temperature (℉), average 
monthly maximum and minimum 
temperatures (℉), and average monthly 
precipitation (in) for the month the specimen 
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was collected. In addition to the climate data, 
elevation (ft) data of four km resolution were 
obtained for each specimen. The collection 
date of each specimen was converted to the 
day of the year (DOY), with Jan 1 
representing day one. 

Statistical analyses were performed using 
R version 4.2.2 (R Core Team 2022). Linear 
regression (with a significance level of 0.05) 
was performed to determine whether there 
was a relationship between the collection 
DOY and the year. First flowering and peak 
flowering phenophases were combined and 
analyzed to determine if any general 
relationships were present. Then each 
phenophase was analyzed separately to 
determine whether a relationship was present 
for first and peak flowering. The regression 
equation slopes were evaluated as indicators 
of changes in flowering times. Negative slope 
values indicated the species was exhibiting 
earlier flowering dates, while positive slope 
values indicated delayed flowering dates 
(Primack et al. 2004; Haggerty et al. 2013; 
Jones and Daehler 2017). To determine 
whether there was a relationship between the 
day of the year (response variable) and the 
potential explanatory variables of year, 
elevation, latitude, longitude, precipitation, 
mean temperature , and maximum and 

minimum temperatures (Park and Mazer 
2018) multiple linear regression analyses were 
conducted, using the combined flowering 
dataset and then on the individual 
phenophase datasets. Prior to the multiple 
regression analyses, simple linear regression 
was run for each variable against day of year. 
Multiple regression was then run for each of 
the three datasets using all variables except 
those that were not significant based on the 
simple linear regression. Then to determine 
whether any variables were correlated with 
one another, a Pearson correlation test was 
performed. Reduced models were run with 
the highly correlated (Pearson correlation 
coefficient ≥ 0.70) variables removed. Finally, 
we compared the multiple regression models 
using the performance function in the R package 
performance (Ludecke et al. 2021) to 
determine the best fit model based on the 
obtained Akaike Information Criterion (AIC) 
values. 

RESULTS 

Five hundred and five herbarium 
specimens of Oklahoma C. violacea were 
examined, ranging from 1895 to 2014. Of the 
505 specimens, 253 specimens were 
categorized as first flowering and 252 
specimens were categorized as peak flowering. 

 
Figure 1  Distribution of herbarium records of Collinsia violacea Nutt. in Oklahoma 
from 1895 to 2014 
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They were scattered throughout the eastern 
region of Oklahoma, with a few locations 
(representing 70 specimens) from the 
southwestern part of the state (Figure 1). The 
frequency of specimens in the first flowering 

phenophase varied among years, but there 
was a good representation of the species 
around the 1930s, 1940s, and 1970s. The 
frequency distribution of specimens in the 
peak flowering phenophase was somewhat 

 
Figure 2  Counts of Oklahoma Collinsia violacea Nutt. specimens based on year 
of specimen collection. a) specimens in first flowering phenophase. b) 
specimens in peak flowering phenophase. 

 
Figure 3  Counts of Oklahoma Collinsia violacea Nutt. specimens based on day of 
the year of specimen collection. a) specimens in first flowering phenophase. b) 
specimens in peak flowering phenophase. Grey dashed lines represent the first 
day of a month. 
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scattered but there was a large number of 
specimens from the mid-1930s to 1960s 
(Figure 2). The dates of collection of the 

species were similar for both first and peak 
flowering ranging around April (Figure 3).  

Linear regression of day of year and year 
for both first and peak phenophases 

 
Figure 4  Scatterplots displaying trend of each phenophase on day of the year of collection 
versus year of collection for Oklahoma Collinsia violacea Nutt. a) combination of first and peak 
flowering, b) first flowering, and c) peak flowering. 
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combined resulted in a statistically 
insignificant negative relationship with a slope 
of -0.01 (Figure 4a; R2 < 0.001, p = 0.79). 
Linear regression of first flowering 
phenophase also resulted in a negative 
association, with a slope of -0.04 (Figure 4b; 
R2 = 0.002, p = 0.45, 95% CI = -0.147, 0.065). 
The slope indicates that the Oklahoma 
C. violacea plants in the first flowering 
phenophase were collected, on average, about 
0.04 days earlier per year over the sampled 
time period, but the regression was not 
significant. Linear regression of peak 
flowering phenophase had a negative 
relationship with a slope of -0.03 (Figure 4c; 
R2 = 0.005, p = 0.28, 95% CI = -0.084, 0.023), 
indicating that the Oklahoma C. violacea plants 
in the peak flowering phenophase were 
collected, on average, about 0.03 days earlier 
per year, but this regression was not 
significant.  

Simple linear regression using each 
explanatory variable individually showed all 
variables excluding year to be statistically 
significant for all three datasets (Table 1). For 
all three datasets, the individual variable 
regression coefficients were negative for year 
and elevation; all other variables had positive 
regression coefficients (Table 1). As year was 
not significant alone, we removed this variable 
prior to proceeding with the multiple 
regression analyses. 

Multiple regression retaining all variables 
for the combined phenophases dataset found 
only latitude (p < 0.001) and longitude 
(p < 0.001) statistically significant. This model 
explained 49% of the variation in flowering 
and both significant variables had positive 
regression coefficients (adjusted R2 = 0.49; 
Table 2). For the first flowering dataset 
multiple regression retaining all variables 
found all variables (latitude p = 0.02, longitude 
p < 0.001, minimum temperature p = 0.02, 
mean temperature p = 0.02, maximum 
temperature p = 0.02) except precipitation and 
elevation statistically significant while 
explaining 55% of the variation in first 
flowering (adjusted R2 = 0.55; Table 2). Of 

these significant variables, minimum 
temperature and maximum temperature had 
negative regression coefficients and the 
remaining significant variables had positive 
regression coefficients (Table 2). The peak 
flowering dataset analysis found latitude 
(p < 0.001), longitude (p = 0.04), and 
maximum temperature (p = 0.05) statistically 
significant and these had positive regression 
coefficients (Table 2).  

The Pearson correlation test showed 
elevation, minimum temperature, and 
maximum temperature to be highly correlated 
with many variables, thus these three variables 
were removed and multiple regression was 
run again on the three datasets using the 
remaining variables as reduced models. For 
the combined phenophases dataset, the 
reduced variable multiple regression explained 
49% of the variation in day of year. In this 
model latitude (p < 0.001), longitude 
(p < 0.001), and mean temperature (p < 0.001) 
were statistically significant while precipitation 
(p = 0.76) was not significant (Table 2). For 
the first flowering phenophase, the reduced 
variable model explained 54% of the 
variation. Latitude (p = 0.01), longitude 
(p < 0.001), and mean temperature (p < 0.001) 
were again statistically significant and 
precipitation (p = 0.18) was not significant. 
The reduced variable model explained 31% of 
the variation of flowering times for the peak 
flowering phenophase. In this model latitude 
(p < 0.001), longitude (p < 0.001), and mean 
temperature (p < 0.001) were statistically 
significant while precipitation (p = 0.57) was 
not significant. In all three reduced models, all 
significant variables had positive regression 
coefficients. In the multiple regression model 
performance comparisons, the reduced 
variable models only slightly performed better 
for the combined phenophases dataset 
(AIC = 3,893.54; Table 2) and the peak 
flowering dataset (AIC = 1,732.6; Table 2). 
The full model retaining all the explanatory 
variables performed slightly better for the first 
flowering dataset (AIC = 2,024.6) than the 
reduced model (AIC = 2,025.1).  
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Seventeen Illinois Collinsia violacea 
herbarium specimen images were examined, 
all collected within Shelby County. The 
dataset did not provide a good representation 
of the species, as the range of collection dates 
was very limited. The species was only 
collected in May, and it is unknown whether it 
only flowers in May at this location. We 
examined linear regression as well as multiple 
linear regression of the dataset; however, 
because the sample size was small, we did not 
obtain valid results.  

DISCUSSION 

Many studies have hypothesized that 
climate change would cause some species of 
plants to start flowering at an earlier date. This 
prediction has been supported by various 
studies, but others have indicated that 
flowering times of plants can be delayed 
(Calinger et al. 2013; Gallagher and Leishman 
2009; Pearson 2019; Sherry et al. 2011). 
Species’ distributions are based on biotic and 
abiotic factors. Collinsia violacea is commonly 
found across the central US (Missouri, 
Arkansas, Oklahoma, and Kansas). Habitats 
in which the plant was collected include shady 
banks, sandy soils, wet soils, loam, and 
wooded hills. Previous studies found that 
habitats can affect plant phenology (Croat 
1975, Bazzaz 1979, Wallace and Painter 2002). 

Collinsia violacea specimens collected in 
Oklahoma were from throughout the eastern 
region, with a few collected in the western 
region. This distribution is due to the habitats 
and the climate in the different regions of 
Oklahoma. In the far western region, 
shortgrass prairie is present. In the middle 
region, tallgrass and mixed grass prairie are 
present and the forest type habitats dominate 
the eastern region (Tyrl et al. 2017). The 
distribution of C. violacea was expected as the 
species prefers to grow in wooded areas. The 
eastern region normally experiences more 
precipitation than the west, resulting in a 
humid climate (Tyrl et al. 2017). However, 
upon closer analysis, a majority of the 
collected specimens were found in drier 

microhabitats of the wet eastern region. 
Although there were very few specimens 
collected in the west, there was a cluster of 
collections of the species in Comanche 
County (Hoagland et al. 2022). Although it is 
part of the drier western area, the specimens 
were collected near creeks and wet 
microhabitats. 

Collectors may have a bias as to which 
phenophase the species is in when collecting 
it, seeking out only one specific phenophase 
of the plant (Willis et al. 2017). As we were 
concerned about the potential bias present, 
we resolved this problem by dividing the 
dataset by phenophase and separately 
analyzing each subset with the same method 
used to analyze the entire dataset. In each 
subset, although the results of the regressions 
for year and DOY were not significant, we 
found the same trend toward earlier flowering 
times, indicating that the bias toward 
collection of a specific phenophase did not 
affect the results. 

In this study of Oklahoma C. violacea, the 
year and DOY linear regression analyses for 
both the first flowering and peak flowering 
dates showed a non-significant trend toward 
earlier flowering. We conclude that early and 
peak flowering times have not significantly 
changed over the approximately 120 years 
represented by the analyzed specimens. 
Simple linear regressions showed significant 
relationships between day of year for first and 
peak flowering phenophases and all 
geographic and climatic variables. A full 
multiple linear regression model with all 
variables showed that first flowering was 
significantly delayed (positive regression 
coefficients) with increases in latitude, 
longitude, and monthly mean temperature, 
and it was significantly earlier (negative 
regression coefficients) with increases in 
monthly minimum and maximum 
temperatures. Peak flowering was significantly 
delayed with increases in latitude, longitude, 
and monthly maximum temperature. Our 
reduced multiple linear regression model, with 
highly correlated variables removed, showed 
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significant delays in flowering time for both 
first flowering and peak flowering 
phenophases with increases in latitude, 
longitude, and mean monthly temperature. 
Global average temperatures as well as 
Oklahoma temperatures are expected to 
increase (IPCC 2014; Frankson et al. 2022). If 
minimum and maximum temperatures are the 
best predictors of first flowering for 
C. violacea, then in the future we expect that 
flowering will begin earlier. However, if mean 
temperature is the best predictor of first 
flowering for C. violacea, then we would expect 
a delay in the future. Although precipitation 
might also vary in the future with climate 
change, our multiple linear regressions 
showed no significant relationships between 
day of year of first or peak flowering and 
monthly precipitation. 

Regarding this specific study, in the 
future, we could incorporate soil factors, or 
factors such as precipitation and temperatures 
one to three months prior to collection 
(Calinger et al. 2013; Rawal et al. 2015; 
Matthews and Mazer 2016) that were not 
considered in this study to determine whether 
they would have an influence on the species’ 
flowering dates. Expanding the study to 
include herbarium specimens from the rest of 
this species’ range would allow assessment of 
flowering over the entire range. 

The contradictory results for some of the 
climate variables may be because we used 
averaged climate variables for the month the 
specimen was collected or because we tested 
only the possibility of linear responses to our 
selected variables. Non-linear plant responses 
have been found in other studies of 
phenological responses to climatic variables 
(Hudson et al. 2009; Iler et al. 2013). 
Additional non-linear testing using generalized 
additive modeling (Hudson et al. 2009) or 
piece-wise regression (Iler et al. 2013) 
approaches could assess the possibility of 
non-linear responses to our selected variables.  

Many plant species may face extinction as 
climate change progresses. The population of 
C. violacea in Illinois is declining (Taft et al. 
2009; Taft and Smith 2012) and is on the state 
endangered species list (Illinois Natural 
Heritage 2023). The population is separated 
from the established populations found 
throughout Missouri, Arkansas, Oklahoma, 
and Kansas, being about 200 km from the 
nearest population found in Jefferson County, 
Missouri (Taft and Smith 2012). It is 
unknown whether animals or humans were 
involved in the dispersal of the species 
resulting in an isolated population in Illinois, 
or whether populations of the species that 
were linked from Illinois to Missouri could 
have gone extinct due to disturbances in their 
environment. We were not able to analyze the 
linear regression and multiple linear regression 
results for the Illinois dataset as there was not 
a large enough sample size for a reliable 
regression summary. Future studies could 
specifically investigate the Illinois C. violacea 
phenology patterns, as well as look at the 
species across its entire range and compare 
the results based on each state to compare 
and contrast whether there is a delay in 
flowering or earlier flowering. 

As climate change continues to be a 
driving force in affecting our environment, 
plants will be forced to continue to adapt to 
these changes. We have seen that some plants 
have continued to evolve to cope with the 
changes by altering their flowering time, 
allowing us to document the changes. But 
there is a limit to how much plants can adapt 
to the changes to their environment. Hamann 
et al. (2018) documented some species of 
plants that had altered their flowering times 
but experienced a decrease in seed production 
and plant fitness due to climate change. 
Species that cannot keep up with the changes 
and adapt will be at risk for extinction. 
Therefore, it is important that we continue to 
research the phenology of plants to predict 
how they may respond in the future. 
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