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Abstract
As the climate warms, northern ecosystems are experiencing warmer winters and seasonal climatic shifts. Vascular plants are 
expected to respond to climate change by adjusting flowering or seeding periods. To determine how a native mixed-wood 
boreal floral assemblage has responded to warming temperatures over the 20th century, we collated historical observations 
made by field-naturalists as well as voucher data from the Thunder Bay region of Ontario, Canada. Combining these data-
sets, we performed regression analyses on 11 species of spring-flowering vascular plants to evaluate temporal trends and 
used spring cumulative growing degree day (sGDD0) to determine the influence of climate on flowering times. Four species 
showed consistent positive temporal trends (i.e., flowered later with time), while four species (three of which also demon-
strated temporal trends) showed negative trends with sGDD0 (i.e., flowered earlier with an increased number of degree days 
above 0°C). The unexpected observation of later flowering times but predicted observation of earlier blooming with increased 
sGDD0 indicates that the inclusion of climate metrics may be necessary to determine the response of native vascular plants to 
the onset of changes in their environment. These observations were not statistically significant when field-naturalist or herb-
arium voucher data were analyzed separately, possibly due to low statistical power. Combining data from both sources, how-
ever, revealed common responses to climate warming among species within an ecoregion.
Key words: Climate change; phenology; Ontario; boreal mixed woods; angiosperms

Introduction
Anthropogenic activity is unequivocally alter-

ing global climate, with significant and observable 
effects on ecosystems (Hoegh-Guldberg and Bruno 
2010; Woodward et al. 2010; Burrell et al. 2020). The 
earth’s climate has increased 0.74°C on average over 
the last 100 years, and the Intergovernmental Panel on 
Climate Change (IPCC) projects a continued rise of 
0.2°C in each following decade (Trenberth et al. 2007; 
IPCC 2018). Rising global temperatures have many 
environmental side effects, among them the melting 
of polar ice caps, increased drought, and unpredict-
able extremes for regular climatic events such as El 
Niño and La Niña (Fischer and Knutti 2015; Stott 
2016; Teng et al. 2016; Jia et al. 2019). These abi-
otic climatic changes affect organisms living in these 
environments in ways that are acute, long-term, or 

both (Rodenhouse et al. 2009; Last et al. 2011; Pecl 
et al. 2017). Perhaps the most likely to be affected, 
especially in northern latitudes, are organisms reliant 
on temperature-specific cues to time their lifecycles. 

Climate-change-related temperature increases are 
most pronounced in temperate, Antarctic, and Arctic 
regions, with the most dramatic changes expressed 
as increases in mean winter temperature and a con-
traction of the length of winter (e.g., Beaumont et al. 
2011; Guzzo et al. 2017). These climatic changes have 
the potential to alter a variety of seasonally dependent 
phenotypes in plants, animals, and other organisms, 
such as timing of migration, reproduction, food acqui-
sition, and frequency of reproductive bouts (Both et 
al. 2010; Bussière et al. 2015; Goulson et al. 2015; 
Green 2017; Tao et al. 2018). Decoupling or mis-tim-
ing of these cues can result in a variety of deleterious 
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outcomes including reproductive failure (Williams et 
al. 2014; Tao et al. 2018), changes in energetic cou-
pling (Guzzo et al. 2017), or mismatches in responses 
of different trophic levels to different environmental 
cues leading to reduced energy transfer and decreased 
survival (e.g., Winder and Schindler 2004). An adap-
tive response to these outcomes is to migrate to cooler 
latitudes, which may have an effect on the pre-exist-
ing flora and fauna of that region (Schmidt et al. 
2012). Species that are reliant on environmental cues 
are thus dependent on their ability to adapt to new 
climatic norms, respond by phenotypic plasticity, or 
their ability to migrate to new habitats to survive.

Phenology, the study of the seasonal lifecycle of 
organisms, will play a role in determining how these 
organisms adapt to a warming environment. Phe-
nological cues can either be independent of climate 
(e.g., number of daylight hours) or climate dependent 
(e.g., soil temperature, type or amount of precipita-
tion). While equatorial ecosystems often rely on pre-
dictable changes in the moisture regime with largely 
stable temperatures (Borchert 1996; Marques et al. 
2004), temperate organisms are often reliant on the 
onset of spring to initiate their lifecycles, signalled by 
snowmelt, increased daylight hours, and warmer tem-
peratures. The ability to capitalize on these conditions 
is often critical to an organism’s ability to survive and 
produce offspring. 

In plants, climatic challenges related to phenology 
may be greater than in animals (Cleland et al. 2007). 
While shifts in elevational or latitudinal distributions 
are predicted for both animals and plants to main-
tain an optimal thermal environment, the reliance of 
vascular plants on seeding success for this distribu-
tional shift (rather than active individual movement) 
is an intrinsically slower process; extirpations of local 
populations have been observed in several species as 
individual plant populations fail to adapt to new cli-
matic conditions (Wiens 2016). Previous studies of 
vascular plant phenology have shown that consecu-
tive warmer springs result in earlier flowering (Fitter 
et al. 1995; Miller-Rushing and Primack 2008; Beau-
bien and Hamann 2011a; Panchen et al. 2012), but 
patterns are not consistent across taxa, variably show-
ing earlier, delayed, or neutral responses to increas-
ingly warm springs (Cook et al. 2012; Ziello et al., 
2012; Hart et al. 2014; Hufft et al. 2018; Panchen 
and Gorelick 2017). Of the temperate vascular plants 
previously studied, those that bloom in early spring 
often show an increased sensitivity to mild winters 
and early-arriving springs, blooming days earlier than 
their late spring or summer counterparts (Lavoie and 
Lachance 2006; Miller-Rushing and Primack 2008; 
Willis et al. 2010; Ellwood et al. 2013). 

To determine if and how assemblages of plants are 
responding to climate change, long-term datasets are 
critical. Museums hold a wealth of information that 
can be used to address phenology; vouchers of botan-
ical specimens provide a record of location, range, 
and flowering stage. Collected over many years, they 
also provide a valuable account of plant phenology 
and occurrence through both time and space. How-
ever, herbarium collections can show biases, includ-
ing curator bias towards particular taxa or a tendency 
for vouchers to be collected from only accessible 
locations (Willis et al. 2017). In spite of these biases, 
herbarium vouchers often form the basis of histori-
cal phenological studies in plants (Everill et al. 2014; 
Panchen et al. 2014, 2019; Park and Schwartz 2015; 
Riera et al. 2015; Daru et al. 2018; Park et al. 2019), 
which can also be coupled with short-term citizen sci-
ence observations or field studies (Morisette et al. 
2009; Spellman and Mulder 2016). Along these lines, 
amateur field-naturalist (hereafter simply field-natu-
ralist) records can provide another source of informa-
tion that remains largely unmined for potentially infor-
mative phenological data (Miller-Rushing et al. 2012).

Field-naturalist observations have been made for 
centuries, often with a goal of determining timing and 
location of agricultural harvest, but also with an inter-
est in observing the natural world. Perhaps the most 
famous North American example is Henry David 
Thoreau’s recording of natural events in and around 
Walden Pond, in Concord, Massachusetts (Miller-
Rushing and Primack 2008). Detailed individual 
accounts like Thoreau’s are the exception, but in the 
20th century we see the rise of organized groups of 
field-naturalists who often recorded local natural 
events over time. This practice continues in the form 
of citizen science projects including the USA Phenol-
ogy Network (https://www.usanpn.org/usa-national-
phenology-network), and the Canada PlantWatch pro-
gram (https://www.naturewatch.ca/plantwatch/).

Northwestern Ontario, located on edge of the 
boreal Canadian Shield, presents a unique opportu-
nity to determine how phenology is changing in a pre-
viously understudied part of Canada, with records 
of vascular plant phenology available through writ-
ten records kept by the Thunder Bay Field Naturalists 
(TBFN; https://tbfn.net), as well as in the holdings of 
the Claude Garton Herbarium (LKHD) at Lakehead 
University. In Canada, studies that use historical or 
herbarium data to examine changes in phenology are 
growing in number. Several have been conducted in 
the last 30 years that have examined climatic effects 
on seasonality of herbaceous plants in Quebec, 
Alberta, and regions of the high Arctic (Lavoie and 
Lachance 2006; Houle 2007; Beaubien and Hamann 
2011a; Kharouba et al. 2014; Panchen and Gorelick 
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2017; Prevéy et al. 2017; Park et al. 2019). To date, 
no study of this nature has been conducted in north-
western Ontario and we believe this to be the first 
study to use long-term phenological records kept by 
the TBFN.

The goal of our study was to determine climate-
related phenological changes in early-flowering vas-
cular plants from several common plant families in 
northwestern Ontario. As no work of this nature has 
been done in the region, we chose a variety of angio-
sperm taxa well represented in both herbarium and 
field-naturalist datasets from different families. We 
hypothesize that the earliest blooming species will 
be the most sensitive to changes in climate and will 
flower significantly earlier through time.

Methods
Study area

Northwestern Ontario is located on the Canadian 
Shield and is bounded by the U.S. Minnesota border 
and the Great Lakes to the south, Hudson’s Bay to the 
north, Manitoba to the west, and Timmins, Ontario, to 

the east (Figure 1). The Thunder Bay region, where 
many of the collections or observations included 
here were made, encompasses ~103 722 km2 and is 
composed of several large tracts of Canadian Crown 
land that transitions from southern mixed-wood for-
ests into boreal forest. These forests are dominated 
by birch (Betula spp.), poplar (Populus spp.), spruce 
(Picea spp.), pine (Pinus spp.), and various shrubs 
(alder, willow [Salix]). The understorey is largely her-
baceous, with 119 families of vascular plants present 
(TBFN 2015). 
Climate data

Historical daily average temperatures were ob-
tained from Environment and Climate Change Can-
ada (ECCC; Government of Canada 2019) from five 
weather stations within a 25 km radius of the city of 
Thunder Bay (Figure 1), the area in which 70% of the 
herbarium vouchers were collected (n = 271/399) and 
100% of the naturalist observations were made (see 
below). Recorded temperatures in this area span al-
most 140 years, from 1878 to 2017. Where multiple 

Figure 1. Map showing Thunder Bay region with collection localities of included vouchers. Of the 399 vouchers from 
the Claude Garton Herbarium (LKHD) included, 29 lacked GPS co-ordinates and are not shown here. Weather stations are 
denoted with a cross.
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daily temperatures from several stations were re-
corded, we used the average value of all stations with 
useable data (i.e., those not flagged as erroneous by 
ECCC). Although the first and last phenological ob-
servations in our dataset occurred in 1932 and 2006, 
respectively, we included all available climatic data in 
this region to attempt to capture possible changes in 
the long-term climate record. Mean annual temperature 
was estimated as the 365-day average of daily means. 

All five stations were used to generate a com-
plete dataset with daily average temperatures and 
very few stations had periods of overlap with regard 
to data availability. As most observations were con-
centrated in the Thunder Bay region, we used mean 
daily temperatures from this area as indicative of cli-
mate in the region generally. Given the broad tempo-
ral (e.g., annual averages) scale of our analysis, minor 
regional deviations in microclimate across our study 
region were assumed to be negligible. To validate this 
assumption, we compared mean annual temperatures 
between our dataset and one at the IISD Experimen-
tal Lakes Area, 600 km west of Thunder Bay (date 
range of comparison 1970 to 2013). The relationship 
between estimates from both stations (forced through 
the origin) was not significantly different from 1:1 (t43 

= 1.43, P = 0.07), suggesting that the Thunder Bay 
weather stations were representative of the region 
generally. 

Because many early spring-flowering plants are 
thought to rely on temperature cues to begin their phe-
nological cycle, we use cumulative growing degree 
days (GDD) greater than 0°C over the spring period 
(sGDD0 hereafter). Cumulative GDD are used to mea-
sure the ambient air temperature above a threshold tem-
perature from germination or reactivation in perennial 

species to a given life stage, here peak flowering of 
spring plants. Although GDD is a measure of ambient 
air temperature, it has been used as a metric of phe-
nology and growth patterns to determine the impor-
tance of climate in dictating the life history of many 
taxa, including fishes, insects, and plants (Neuheimer 
and Taggart 2007; Mulder et al. 2017). 

As minimum growth temperatures for our species 
are not known, we set our base temperature at 0°C, 
the minimum temperature at which most C3 plants 
are able to grow (Dürr et al. 2015). A lower temper-
ature threshold of 0°C has been used elsewhere in 
plant growth investigations that include early flower-
ing plants (Abrami 1972). Further, it has been demon-
strated that root development in cold-adapted species 
(including species of Ranunculaceae and Astera-
ceae, well represented in our study; Table 1) begins at 
between 0 and 1°C (Nagelmüller et al. 2017). As all 
the plants under investigation here are early ephem-
erals adapted to begin growth in cold environments 
shortly after snow melt, the common reference point 
of 0°C was assumed to be suitable across all spe-
cies, and also provides comparable estimates across 
species. 

We defined “spring” as the period from 1 Febru-
ary to 31 May. These dates were chosen because (a) 
few non-zero GDD values were observed between 
1 January to 1 February in the study region over the 
period investigated (indeed, including January had no 
impact on our sGDD0 estimates; data not shown), (b) 
this span of time included the typical flowering period 
for all species studied, and (c) the inclusion of months 
after the known blooming period has been shown 
to weaken the statistical relationship between tem-
perature and flowering timing in other phenological 

Table 1. Species used in climate trend evaluations, Thunder Bay Region, Ontario, Canada. Number of observations from 
Thunder Bay Field Naturalists (TBFN) newsletters and vouchers at the Claude Garton Herbarium (LKHD) are indicated.

Family Species Common name Range of years 
evaluated

TBFN 
(n)

LKHD 
(n)

Ranunculaceae Anemone quinquefolia L. Wood Anemone 1933–1983 19 85
Ranunculaceae Caltha palustris L. Yellow Marsh Marigold 1948–1992 19 50
Montiaceae Claytonia caroliniana Michaux Carolina Spring Beauty 1937–1992 17 109
Ericaceae Epigaea repens L. Trailing Arbutus 1954–1994 14 63
Rosaceae Fragaria vesca L. Wild Strawberry 1949–1991 17 43
Ranunculaceae Hepatica americana (de Candolle) Ker Gawler Round-lobed Hepatica 1949–1992 22 50
Asteraceae Petasites frigidus (L.) Fries Coltsfoot 1933–1992† 23 94
Salicaceae Salix discolor Muhlenberg Pussy Willow 1949–1981 15 171
Papaveraceae Sanguinaria canadensis L. Bloodroot 1932–1994 29 66
Violaceae Viola pubescens Aiton Yellow Violet 1950–2003 12 72
Violaceae Viola selkirkii Pursh ex Goldie* Selkirk’s violet 1933–2003 0 155

*LKHD data only; only three TBFN observations available, none noted as “in bloom”.
†2017 outlier removed.
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studies of temperate vascular plants (Mulder et al. 
2017). To calculate sGDD0, mean daily temperatures 
greater than 0°C were summed from 1 February to 
31 May. We additionally estimated GDD0 to bloom, 
where the cumulative GDD0 was estimated for each 
year that blooms were observed for each species. 
Phenological data

We focussed our study on 11 species of peren-
nial angiosperms from eight families found in north-
western Ontario (Table 1). These species were cho-
sen as they represented the plants with the greatest 
number of records between TBFN and herbarium 
datasets, and also showed the earliest flowering pat-
terns in the region. It should be noted that herbarium 
collections and observations do not cover the entire 
defined Thunder Bay region; most of these data orig-
inate from the southern townships east and west the 
city. Of the 11 included species, all are herbaceous 
with the exception of Pussy Willow (Salix discolor 
Muhlenberg), which is woody and usually the first to 
flower locally.

Herbarium vouchers were used to score flow-
ering through time in the 11 chosen species. When 
a voucher had more than one specimen, these were 
scored individually and treated as individual obser-
vations in the dataset. All herbarium vouchers stud-
ied (n = 399; Table S1) are housed in LKHD. While 
most specimens had an associated latitude and longi-
tude, a small number of older vouchers did not (Table 
S1). We identified those associated localities that fell 
within the Thunder Bay region using maps. If a local-
ity was outside of this region or could not be identi-
fied due to vague locality description (n = 29), it was 
not included. The pressing quality of vouchers can 
vary, so only specimens with clear stages of flower-
ing were scored and included in the herbarium data-
set. Collection dates for focal plant species began in 
1932 and end in 2006. 

All field-naturalist observations (n = 190; Table 
S1) were made by members of the TBFN. This orga-

nization has kept phenological records as part of their 
membership newsletters from 1947 to present; news-
letters are digitized and publicly available on their 
website (https://tbfn.net/). Three to five newsletters 
have been published each year, with each issue con-
taining a detailed section on member-reported local 
phenology of plants, birds, and other wildlife. For 
angiosperms, the recorded data were most often first 
flowering of the year, alongside notable locations of 
rare species; occasionally senescence was noted as 
well. For our dataset, we included only spring obser-
vations in which the state of the plant was explicitly 
stated (e.g., “in flower”). When a notation of pheno-
logical state included flowering, it was assumed that 
peak flowering was being observed. Recorded sight-
ings by the TBFN are focussed primarily in the city 
of Thunder Bay (formerly two separate towns, Fort 
William and Port Arthur) and the nearby townships of 
Dorion, Neebing, and Oliver-Paipoonge (Table S1). 

Collection of vascular plants by herbarium staff 
occurred from 1932 until 1994, and on a yearly basis 
until the 1970s, when collections began to decline. In 
all, herbarium records encompass ~60 years of data. 
Likewise, the TBFN newsletters contain phenologi-
cal records of local vascular plant species from 1948 
until the 1980s when the records began to be less reg-
ularly reported in the newsletters. Each of the species 
included in the study was represented within both 
datasets except Selkirk’s Violet (Viola selkirki Pursh 
ex Goldie), which was found in LKHD records only.
Phenological coding

A variety of approaches have been used to deter-
mine the stage of phenology in flowering plants, espe-
cially with respect to herbarium vouchers (Everill et 
al. 2014; Rawal et al. 2015; Willis et al. 2017; Hufft et 
al. 2018). We numerically coded our plants based on 
an eight-stage phenological scale, starting with first 
leaf out (1) and ending with fall senescence (8; Table 
2), adapting and expanding on coding stages proposed 
by Haggerty and Mazer (2008). Collection dates were 

Table 2. Coded stages of phenology used to determine flowering stage used in the study, Thunder Bay region, Ontario, Canada.

Stage of phenology Description
1 Leaf buds present but not opened
2 First leaf is fully expanded
3 Entire plant is leaf out with only buds present
4 First flower is fully open
5 Peak flowering is occurring (largest floral display, >50% of flowers on individual plants are open)
6 Last flower
7 Fruit maturity and/or seed dispersal
8 Leaves are withered and discoloured (senescence)
X Status cannot be determined from voucher or observation

https://tbfn.net/
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converted to numerical day of year to facilitate anal-
ysis of phenological trends across years. Because 
our main interest was determining if the timing of 
blooms in early-flowering species was responding to 
variation in spring conditions, and to provide com-
parable data between datasets, we focussed on peak 
flowering (stage 5), the period during which 50% or 
more of the present flowers are open simultaneously 
on a given individual plant. Peak flowering has been 
used to measure phenological changes in response to 
climate change and is thought to be a more accurate 
predictor of population response time than first flow-
ering events as it represents a measure of central ten-
dency of the bloom period, rather than the extreme 
of first flowering date (Miller-Rushing and Primack 
2008; CaraDonna et al. 2014; Zhang et al. 2018). 
Finally, while other stages of phenology are impor-
tant and classically understudied (e.g., autumn; see 
Gallinat et al. 2015), most of the LKHD collections 
and TBFN observation included were gathered in 
spring or summer, not allowing the inclusion of any 
other developmental stage of the plants to be consid-
ered here.

On herbarium vouchers with multiple individ-
ual plants included on a single voucher, plants were 
each coded individually, with the assumption that 
they represented collections of individuals from the 
same population. If the entire record for the plant in 
a given year was a single voucher with single or mul-
tiple plants in bloom, this was used to estimate peak 
flowering date. We calculated a weighted average of 
the day of year for peak bloom only if multiple vouch-
ers occurred in the same year, using the proportion 

of individuals at peak flowering on the voucher as 
our weighting term. Weighted means were calculated 
using the summarize function in R (version 3.6.2, R 
Core Team 2019) package “dplyr” (Wickham 2011). 

Bloom records from TBFN newsletters (Table S1) 
were entered by hand from newsletters. Each botani-
cal record made by the TBFN was assigned a stage of 
flowering, if noted, on the eight-stage scale. The phe-
nological stage code assigned to each year was then 
assigned a binary code; 1 for peak flowering and 0 
for any other stage. If no observation of phenological 
stage was included, the record was coded with an “X” 
to denote stage unknown. Similar to herbarium speci-
men data, dates of recorded sightings were converted 
into numerical day of year. 

Because Wild Strawberry (Fragaria vesca L.) 
blooms multiple times through the season, we lim-
ited the reported bloom dates to those occurring prior 
to 20 July (day of year 200), given that we were pri-
marily interested in the patterns of spring blooming 
of plants. For both LKHD and TBFN datasets in the 
Thunder Bay region, the number of observations for 
each species included varied between datasets, rang-
ing from three (Selkirk’s Violet, TBFN) to 171 (Pussy 
Willow, LKHD; Table 3).
Statistical analyses

Analyses were conducted using R (version 3.6.2, 
R Core Team 2019). Mean dates of flowering and 
GDD0 for each species were estimated (Table 3). 
Temporal trends in climate data (mean annual air 
temperature, sGDD0) were evaluated using linear 
regression. To determine relationships between day 
of year of peak bloom and year of collection, a simple 

Table 3. Estimated mean day of bloom and mean growing degree days (GDD) greater than 0°C (units of degree days) to 
bloom across all observations in the Thunder Bay region, Ontario, Canada. GDD0 to bloom estimated as the sum of daily 
temperatures above zero until observed bloom date in a given year; mean across all years with reported bloom dates are pre-
sented. n = sample size are shown for both the Thunder Bay Field Naturalist (TBFN) and Claude Garton Herbarium (LKHD) 
datasets. 

Species Mean day of 
bloom SE Mean GDD0  

to bloom SE
Total peak flowering 

TBFN (n) LKHD (n)
Wood Anemone 144 (24 May) ± 3.2 288 ± 28 11 22
Yellow Marsh Marigold 150 (30 May) ± 3.3 376 ± 39 18 28
Carolina Spring Beauty 136 (16 May) ± 2.4 129 ± 17 12 23
Trailing Arbutus 139 (19 May) ± 3.5 249 ± 18 11 18
Wild Strawberry 148 (28 May) ± 5.8 410 ± 66 6 16
Round-lobed Hepatica 135 (15 May) ± 2.5 215 ± 22 15 32
Coltsfoot 135 (15 May) ± 2.7 238 ± 23 18 34
Pussy Willow 117 (27 Apr) ± 8.1 135 ± 26 8 11
Bloodroot 133 (13 May) ± 2.0 205 ± 20 14 37
Downy Yellow Violet 151 (31 May) ± 2.9 380 ± 32 14 20
Selkirk’s Violet* 148 (28 May) ± 2.5 338 ± 31 0 14

*Only herbarium records.
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regression was applied to each species using the peak 
bloom time estimated for each year. When simple lin-
ear regression was applied to only LKHD and TBFN 
datasets separately, they tended to have weak or non-
existent trends for all species; therefore, only the 
combined dataset trends are reported here. The com-
bined datasets were examined to determine the rela-
tionship between peak bloom and sGDD0 using linear 
regression. Assumptions of homogeneous and nor-
mally distributed residuals were evaluated visually 
and data transformations were applied to peak bloom 
time when necessary to satisfy these assumptions 
(Table 3). Relationships were reported as significant 
for all P below a critical alpha of 0.1. We chose this 
more liberal threshold to help emphasize commonali-
ties of temporal trends among species apparent in the 
data, which, given their consistency in both direction 
and magnitude across several species (see Results), 
we believe are unlikely to result from spurious associ-
ations. Where significant patterns were observed, the 
mean predicted change over the period investigated 
for each species was calculated. For each species, 
between one to five years had observations from both 
datasets. We used these data with observations from 
both datasets to conduct a paired t-test across all spe-
cies to determine how closely the TBFN and LKHD 
records compared to one another. 

Results
Mean annual air temperature increased signifi-

cantly from 1878 to 2017 (F1,135= 14.4, P = 0.0002, 
r2 = 0.1), increasing by 1.04°C over the nearly 140-
year period on average (Figure 2a; see Table S2 for 
raw data). Similarly, we also observed an increase 
in sGDD0 with time (F1,138 = 15.8, P = 0.0001, r2 = 
0.1), increasing by 86.8 degree days on average over 
the nearly 140-year period investigated (Figure 2b). 
There was a significant positive relationship between 
sGDD0 and mean annual air temperature (F1,135 = 90.9, 
P < 0.0001, r2 = 0.4; Figure 2c).

The 11 species included in this study were all con-
firmed to be early blooming, with mean peak bloom 
dates ranging between 27 April for Pussy Willow and 
31 May for Downy Yellow Violet (Viola pubescens 
Aiton), and mean sGDD0 ranging between 129 (Car-
olina Spring Beauty [Claytonia caroliniana Mich-
aux]) and 410 degree days (Wild Strawberry; Table 
3). One hundred fifty-nine vouchers (of 399) showed 
359 individual specimens during their peak flowering 
period (stage 5); 116 of 190 TBFN observations were 
recorded as “in bloom”.

In four of the 11 species evaluated (Table 4, Fig-
ure 3), we observed a substantial lag in peak bloom 
over time. This trend was observed in Wood Anem-
one (Anemone quinquefolia L.: 38-day delay on 

average from 1952 to 1983), Bloodroot (Sanguinaria 
canadensis L.: 19-day delay from 1932 to 1994), 
Carolina Spring Beauty (29-day delay from 1937 
to 1992), and Wild Strawberry (53-day delay from 
1949 to 1992). Wood Anemone showed a significant 

Figure 2. Changes in climate in the Thunder Bay region 
over the past ~130 years. a. Mean annual temperature in the 
region has increased (F1,135= 14.4, P = 0.0002, r2 = 0.1), with 
increasing variability since ca. 1960. b. Growing degree 
days >0°C between February and May (describing thermal 
conditions in the spring in the region) have also increased 
during the same period (F1,138 = 15.8, P = 0.0001, r2 = 0.1). 
c. Spring cumulative growing degree day (SGDD0) is posi-
tively related to mean annual temperature in the region (F1,135 

= 90.9, P < 0.0001, r2 = 0.4).
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relationship, but only with the exclusion of any obser-
vations made before 1950, which appeared distinctly 
separate from the distribution of the rest of the data 
series for that species (Figure 3a). There was a weak 
positive trend for Wild Strawberry (F1,14 = 3.1, P = 

0.098); applying a log-transformation improved the 
fit slightly (Table 4, Figure 3c). Collectively, the mean 
predicted peak bloom of the four species showing 
strong trends was delayed 35 days between 1932 and 
2006. The other six species evaluated demonstrated 

Table 4. Statistical results for evaluations of trends over time and with spring GDD0 (growing degree days from February 
to May greater than 0°C), Thunder Bay region, Ontario, Canada. Statistically significant relationships (P < 0.1) are in bold.

Species
Trend with year Trend with spring GDD >0°C

Test statistic P Test statistic P
Wood Anemone* F1,15 = 20.40 <0.01 F1,20 = 3.54 0.08
Yellow Marsh Marigold F1,26 = 0.08 0.77 F1,26 = 0.00 0.95
Carolina Spring Beauty F1,21 = 8.80 0.01 F1,21 = 5.08 0.04
Trailing Arbutus F1,16 = 0.11 0.74 F1,16 = 0.14 0.71

Wild Strawberry F1,14 = 3.30 0.09† F1,14 = 3.25 0.09

Round-lobed Hepatica F1,30 = 0.10 0.76 F1,30 = 7.44 0.01
Coltsfoot F1,32 = 0.17 0.69 F1,32 = 0.56 0.46
Pussy Willow F1,9 = 1.21 0.30 F1,9 = 0.13 0.73
Bloodroot F1,35 = 5.34 0.03 F1,35 = 0.33 0.57
Downy Yellow Violet F1,18 = 1.02 0.33 F1,18 = 0.59 0.45
Selkirk’s Violet F1,12 = 0.02 0.88 F1,12 = 0.13 0.72
*Trend excludes data earlier than 1950.
†Results for log-transformed data.

Figure 3. Plants in the Thunder Bay region, Ontario, Canada demonstrating significant positive changes in flowering phenol-
ogy over time. a. Wood Anemone (Anemone quinquefolia), demonstrating a significant positive relationship from 1950–1983 
only (F1,15 = 20.4, P = 0.0004, r2 = 0.58, β = 1.23). b. Carolina Spring Beauty (Claytonia caroliniana, F1,21 = 8.8, P = 0.007, 
r2 = 0.3, β = 0.5303). c. Wild Strawberry (Fragaria vesca, F1,14 = 3.3, P = 0.092, r2= 0.19, β = 0.0051 from log-transformed 
bloom date). d. Bloodroot (Sanguinaria canadensis, F1,35 = 5.34, P = 0.027, r2 = 0.13, β = 0.3125). TBFN = data collected 
from the Thunder Bay Field Naturalists, LKHD = data collected from the Claude Garton Herbarium, Lakehead University.
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no significant trends (Table 2). Contrary to our predic-
tions, no early blooming plants included in this data-
set demonstrated a significant relationship of earlier 
blooming over the time series. 

Across all species investigated, comparison of the 
LKHD and TBFN datasets in years when both were 
represented revealed that LKHD blooming dates 
tended to be nine days later on average than TBFN 
records (t28= 2.28, P = 0.03).

Flowering as a function of sGDD0

Yearly cumulative sGDD0 was negatively related 
to peak flowering for four species evaluated (Table 
4; Figure 4): Round-lobed Hepatica (Hepatica amer-
icana (de Candolle) Ker Gawler), Wood Anemone, 
Wild Strawberry, and Carolina Spring Beauty. Each 
of these species showed a significant negative trend 
with an increase in cumulative sGDD0. With a higher 
quantity of cumulative thermal energy in spring, 
plants tended to have earlier peak blooms (Round-
lobed Hepatica 24 days earlier; Wood Anemone 22 
days earlier; Wild Strawberry 33 days earlier; Caro-
lina Spring Beauty 18 days earlier). Collectively, the 
peak bloom of these species decreased a predicted 
mean of 21 days as cumulative sGDD0 increased 
between 214 and 246 degree days. 

Discussion
Changing phenology of the Thunder Bay region

Regardless of the analysis applied (either sim-
ple regression of flowering over time or response to 
sGDD0), several angiosperms in the Thunder Bay 
region of northwestern Ontario were observed to have 
changed their flowering times in a consistent and pre-
dictable fashion in response to a warming climate. 
However, these metrics showed a perceived con-
flict in trend direction. In analyses that examine only 
changes in peak flowering over time, species show-
ing a significant trend were unexpectedly observed to 
delay their flowering over time rather than advanc-
ing bloom time as we originally hypothesized. In con-
trast, but matching expectations, we observed earlier 
blooming with a greater accumulation of sGDD0. 

Trends in flowering phenology
Contrary to the trend we expected—earlier bloom-

ing periods with warmer springs—each of the species 
showing significant relationships reached peak bloom 
later in the year rather than earlier, from anywhere 
between 19 and 52 days (Wood Anemone and Wild 
Strawberry, respectively) over the entire time period 
evaluated. Of the four species that flowered later 
through time, Bloodroot and Carolina Spring Beauty 

Figure 4. Plants in the Thunder Bay region, Ontario, Canada demonstrating significant negative changes in flowering phe-
nology with growing degree days >0°C between February and May. a. Wood Anemone (Anemone quinquefolia, F1,20 = 3.54, P 
= 0.08, r2 = 0.15, β = –0.985). b. Carolina Spring Beauty (Claytonia caroliniana, F1,21 = 5.08, P =0.035, r2 = 0.2, β= –0.0860). 
c. Wild Strawberry (Fragaria vesca, F1,14 = 3.25, P = 0.09, r2 = 0.19, β = –0.1396). d. Round-lobed Hepatica (Hepatica ameri-
cana, F1,30 = 7.44, P = 0.011, r2 = 0.2, β = –0.0968). TBFN = data collected from the Thunder Bay Field Naturalists, LKHD 
= data collected from the Claude Garton Herbarium, Lakehead University.
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flower briefly before tree leaf-out (Vezina and Grandt-
ner 1965; Schemske 1978), whereas Wild Strawberry 
and Wood Anemone have longer flowering periods 
that continue after the canopy closes (Swink 1952; 
Eriksson and Ehrlén 1991). The delay in flowering 
for these species varies, with Carolina Spring Beauty 
and Bloodroot changing by 0.5 to 0.3 days per year, 
respectively (five to three days per decade) and Wood 
Anemone and Wild Strawberry delaying their flow-
ering by 1.2 days per year (~12 days per decade over 
the period observed). These four plants are among the 
earliest flowering vascular plants seen in the Thunder 
Bay area (Table 3). 

Other published work has noted species with 
conflicting trends over time. While the majority of 
published studies record earlier flowering times in 
response to warming temperatures, a minority of pre-
vious studies have recorded delayed or no change in 
flowering for some species, particularly in response to 
warm fall or winter temperatures (Sherry et al. 2007; 
Hart et al. 2014). Additionally, while some species do 
not shift their first flowering or peak bloom, last flow-
ering may be delayed (e.g., CaraDonna et al. 2014; 
Parmesan and Hanley 2015). Although no trends are 
detected for some of the species included in our data-
set, it is possible that their response to changing cli-
mate is not occurring with peak flowering but rather 
with delayed onset of the last bloom, fruiting periods, 
or senescence, which we were unable to evaluate in 
our study with the data available.

It is possible that the delay in flowering noted here 
could also be the result of a plastic response to win-
ter temperature, specifically vernalization, a process 
through which overwintering plants use cold tem-
perature cues to time their flowering (Williams et al. 
2015). Vernalization is cumulative, so that the num-
ber of days below a certain temperature must be met 
before the angiosperm responds to warm tempera-
tures by flowering. During winters that have mild 
mean temperatures, plants that rely on this process 
will not meet their cumulative cold degree require-
ments to respond to an earlier spring with a delay in 
their flowering time. Indeed, warming mean annual 
temperatures in northwestern Ontario and across Can-
ada are largely attributable to warmer winters (Guzzo 
et al. 2017; Myers-Smith et al. 2019). Non-significant 
results for species included in our dataset could be the 
result of vernalization requirements not being met, as 
demonstrated in the analysis by Cook et al. (2012) of 
temperate early-flowering plants in the United King-
dom. However, the conflicting trends we report with 
sGDD0 regressions, along with lack of research con-
ducted on the vernalization of native North Ameri-
can plants, make it difficult to conclusively say that 
a cold winter temperature threshold is a requirement 

of the plants included in our study. Further, of the 11 
species assessed, four species of three different fam-
ilies—three of which show delayed flowering in the 
simple temporal regression—showed a response to an 
increased number of growing degree days above 0°C; 
Wood Anemone, Round-lobed Hepatica, Wild Straw-
berry, and Carolina Spring Beauty all reached an ear-
lier peak bloom with a greater accumulation of sGDD0. 

While early North American studies of local phe-
nology largely sought to characterize the timing of 
flowering over short timescales (e.g., Swink 1952; 
Vezina and Grandtner 1965), researchers now have 
the ability to examine long-term trends over larger 
timescales in accordance with climate data. Here, 
we see that the inclusion of GDD provides evidence 
consistent with predictions, and context for an oth-
erwise surprising result when considering tempo-
ral trends only. The similarity of significant trends 
among species suggests that the patterns observed are 
real and not spurious. Our results suggest that using 
metrics (e.g., temporal trends alone) that do not also 
consider biological responses to environmental cues 
may result in incorrect inferences. While later flow-
ering in these species may be evidence of vernaliza-
tion, data required to evaluate this possibility are lack-
ing. Instead, our predicted results of earlier blooming 
with sGDD0 are consistent with expectations due to 
increased thermal accumulation. 

In the species that show significant but conflict-
ing trends in temporal and sGDD0 analyses, other 
work shows that when temperature is accounted for, 
these species bloom earlier in response to warmer 
climate. For example, Wood Anemone has flowered 
increasingly earlier in the southern part of its range, 
in conjunction with mild winters (Abu-Asab et al. 
2001; Panchen et al. 2012). Canadian populations of 
another early-flowering species in the same family, 
Prairie Pasqueflower (Pulsatilla nuttalliana (de Can-
dolle) Berchtold ex J. Presl), similarly showed a two-
day decrease in flowering per decade in conjunction 
with thermal time models (Beaubien and Hamann 
2011a). Carolina Spring Beauty shows similar sensi-
tivity to earlier springs. Previously, only one study has 
examined the Canadian phenology of Carolina Spring 
Beauty, but without accounting for the influence of 
temperature (Vezina and Grandtner 1965). However, 
spring beauty (Claytonia spp.) is a North American 
genus that has demonstrated earlier blooming time 
with correspondingly early snowpack melt (Panchen 
et al. 2012; Gezon et al. 2016). Although snow melt 
data were not available for analysis in our study, oth-
ers have demonstrated its correlation with earlier flow-
ering times, especially in plants reliant on this abiotic 
factor as a primary cue (Lavoie and Lachance 2006; 
Lambert et al. 2010; Bjorkman et al. 2015).
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The consistent but conflicting trends and non-
responsiveness of some species we observed could 
also be the result of small sample sizes. Panchen et 
al. (2012), studying changing phenology of plants 
in the Philadelphia region, found that for the 150-
year span of their study, species with short flowering 
periods showed significant results with 60 observa-
tions, while longer flowering species required up to 
100 observations to show significant changes. When 
assessing TBFN and LKHD data together, the aver-
age number of observations per species was 50, which 
is slightly below both these thresholds. However, the 
species which showed significant trends for tempo-
ral or temperature-based analyses all had between 31 
(Wild Strawberry) and 62 (Bloodroot) observations, 
indicating that despite smaller sample sizes of peak 
flowering records, there is still a strong enough trend 
to detect consistent changes in phenology. Species 
that did show significant phenological responses also 
varied in bloom period, from short- to longer-bloom-
ing periods. This suggests that there are other dynam-
ics influencing the response of these plants. 

It is also possible that some of the differences we 
observed are population-level adaptations or a plas-
tic species response to differences in climate, where 
some populations have become more attuned to ver-
nalization or temperature cues than others (Panchen 
et al. 2017; Prevéy et al. 2017). However, studies of 
phenology across native ranges of North American 
vascular plants do not regularly address differences 
in flowering time by populations. Additionally, many 
range oriented studies focus on expansion, contrac-
tion, or shifts, but have not examined the in situ differ-
ences between existing populations. Of the few stud-
ies that have addressed phenological differences at a 
latitudinal gradient, significant differences in require-
ments for germination and flowering have been 
observed, with more northern populations achieving 
smaller size and flowering earlier, compared to more 
southern populations achieving larger size and later 
flowering (van Dijk et al. 1997; Weber and Schmid 
1998; Olsson and Ågren 2002). Here, what evidence 
of population level plasticity does exist is also con-
flicting; while many vascular plants readily respond 
to temperature cues (Nicotra et al. 2010; Schmidt et 
al. 2012; Tansey et al. 2017), others demonstrate no 
appreciable differences (Vitasse et al. 2009; Philli-
more et al. 2012). It is evident that additional stud-
ies examining population-level phenological plastic-
ity are necessary to tease apart these trends.
Importance of climatic metrics in local phenology 
studies 

While climatic variables are important in charac-
terizing phenology, the choice of environmental cue 
should be based on the life history of the organisms 

under consideration. Other approaches include snow 
melt (Lavoie and Lachance 2006), air temperature 
and moisture (Reed et al. 2019), and year-to-year cli-
matic variability (Büntgen et al. 2012). Given that cli-
matic effects vary over latitude and ecosystem, any 
of these metrics may provide an avenue to measure 
changes in flowering phenology and should be used 
in conjunction with phenological studies when such 
data are available. However, although a variety of 
approaches can be taken, GDD (sometimes referred 
to as thermal time models) does show consistency in 
the ability to predict the change over time for several 
thermally-dependent organisms across a broad range 
of taxa (Bonhomme 2000; Beaubien and Hamann 
2011b; Lester et al. 2014). Additionally, understand-
ing general flowering trends with GDD for early 
blooming species (Table 3) provides metrics for eval-
uating other phenological patterns across latitudinal 
gradients (Ross et al. 2021).
Source data

Without the combination of both locally col-
lected field-naturalist observations and the herbar-
ium records included in our study, sample sizes were 
too small to reveal reliably significant trends for all 
11 species. Although many previous studies have 
included citizen science projects conducted over the 
short-term, the incorporation of long-term field-nat-
uralist records to either augment existing data or as a 
data source on their own is still a relatively new prac-
tice (Miller-Rushing et al. 2012). As herbaria and 
museums become increasingly digitized, the com-
bination of these two data sources has the potential 
to greatly expand our understanding of how biota 
respond to global climate change. While many stud-
ies of phenology attempt to cover large areas (Lavoie 
and Lachance 2006; Panchen and Gorelick 2017) or 
include thousands of specimens (Gordo and Sanz 
2005; Hart et al. 2014), these types of studies often 
require vouchers from other herbaria or other records 
to bolster their datasets. For small herbaria, augment-
ing voucher data with naturalist observations may go 
further to reveal the responses of local ecosystems to 
climate that may otherwise go unnoticed. 

Interestingly, in years when both TBFN and 
LKHD records were available, bloom times in the 
LKHD vouchers were nine days later on average than 
TBFN flowering times. It is unclear why this might 
be. Regardless, the delays in blooming reported here 
are all longer than nine days over the periods inves-
tigated, suggesting that the trends observed were 
real and unlikely an artefact of systematic differ-
ences between datasets. Further, the distribution of 
data from both datasets in species that demonstrate 
trends does not appear to be biased over the time 
periods investigated (Figure 3), further reducing the 
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possibility that bias in datasets might be contributing 
to observed results.

Our study suggests that field-naturalist data can 
contribute to long-term, ongoing studies of phenol-
ogy. Current projects, such as the USA-National 
Phenology Network (USA-NPN), use citizen scien-
tist data to track phenological change across North 
America, as well as archival datasets that are acces-
sible to both researchers and the public (https://www. 
usanpn.org/results/dataset-list). These retroactive con-
tributions to monitoring projects can help strengthen 
trends across time and space for researchers who are 
concerned with changing phenological norms. Addi-
tionally, they also can help to increase data coverage 
in areas where there may be few collections but writ-
ten personal or organizational records exist.
Conclusion

While climate change is a global phenomenon, the 
impacts are felt locally. Our study demonstrates the 
value of both regional herbaria and long-term field-
naturalist records in helping reveal the effects of cli-
mate change on a local level, and for the first time, 
uses data collected in the northwestern Ontario region 
to determine how vascular plants are responding to 
changing climate. We found that a small number of 
early-flowering vascular plants showed a response to 
warming seasons, but also that these trends oppose 
one another in temporal and climatic analyses. Lastly, 
our study supports the maintenance of local herbaria 
and the continuance of field-naturalist observations 
as essential resources for local phenological studies. 
Recording local phenological changes also provides a 
unique opportunity for institutions (such as herbaria) 
to partner with the public. Phenology is an accessible 
field: records are easy to keep for those without scien-
tific training, allowing researchers, citizen scientists, 
and other organizations to work together to interact 
with, monitor, and manage their surrounding ecosys-
tems. 

Author Contributions
Conceptualization: E.S.L.; Investigation: E.S.L.; 

Formal Analysis: G.M. and M.D.R.; Writing – Origi-
nal Draft: E.S.L. and M.D.R.; Writing – Review and 
Editing: E.S.L., M.D.R., and G.M.

Acknowledgements
We thank the members of the Thunder Bay Field 

Naturalists (TBFN) especially Sharon Gilbert, for 
access to unpublished records, and Susan Bryan. We 
also thank the curator of the Claude Garton Herbar-
ium, Kristi Dysievick, and professor emeritus Dr. 
Lada Malek for fruitful discussions and support dur-
ing the data compilation and analysis. Data collection 
would have been incredibly slow without the help of 

Yuen (Lilian) Ting, who helped parse many of the 
digitized TBFN newsletters to collate bloom counts 
of focal species. We thank two anonymous review-
ers and the CFN editors for their thoughtful and thor-
ough comments, which greatly improved this paper. 
This work was supported by generous grants through 
the Canada Research Chair and Natural Sciences and 
Engineering Research Council (NSERC) Discov-
ery programs to M.D.R. E.S.L. is supported by an 
NSERC Postgraduate Scholarship-Doctoral grant. 
Data collection, analysis, and writing were conducted 
on the traditional territories of the Anishnaabeg and 
Métis peoples in Superior-Robinson Treaty lands.

Literature Cited
Abrami, G. 1972. Optimum mean temperature for a plant 

growth calculated by a new method of summation. Ecol-
ogy 53: 893–900. https://doi.org/10.2307/1934305

Abu-Asab, M.S., P.M. Peterson, S.G. Shetler, and S.S. 
Orli. 2001. Earlier plant flowering in spring as a response 
to global warming in the Washington, DC area. Biodi-
versity and Conservation 10: 597–612. https://doi.org/ 
10.1023/A:1016667125469

Beaubien, E., and A. Hamann. 2011a. Spring flowering 
response to climate change between 1936 and 2006 in 
Alberta, Canada. BioScience 61: 514–524. https://doi.org/ 
10.1525/bio.2011.61.7.6

Beaubien, E.G., and A. Hamann. 2011b. Plant phenol-
ogy networks of citizen scientists: recommendations 
from two decades of experience in Canada. International 
Journal of Biometeorology 55: 833–841. https://doi.org/ 
10.1007/s00484-011-0457-y

Beaumont, L.J., A. Pitman, S. Perkins, N.E. Zimmer-
mann, N.G. Yoccoz, and W. Thuiller. 2011. Impacts of 
climate change on the world’s most exceptional ecore-
gions. Proceedings of the National Academy of Sciences 
of the United States of America 108: 2306–2311. https://
doi.org/10.1073/pnas.1007217108

Bjorkman, A.D., S.C. Elmendork, A.L. Beamish, M. Vel-
lend, and G.H.R. Henry. 2015. Contrasting effects of 
warming and increased snowfall on Arctic tundra plant 
phenology over the past two decades. Global Change Bi-
ology 21: 4651–4661. https://doi.org/10.1111/gcb.13051

Bonhomme, R. 2000. Bases and limits to using ‘degree.day’ 
units. European Journal of Agronomy 13: 1–10. https://
doi.org/10.1016/S1161-0301(00)00058-7

Borchert, R. 1996. Phenology and flowering periodicity of 
Neotropical dry forest species: evidence from herbar-
ium collections. Journal of Tropical Ecology 12: 65–80. 
https://doi.org/10.1017/S0266467400009317

Both, C., C.A.M. Van Turnhout, R.G. Bijlsma, H. Siepel, 
A.J. Van Strien, and R.P.B. Foppen. 2010. Avian pop-
ulation consequences of climate change are most severe 
for long-distance migrants in seasonal habitats. Proceed-
ings of the Royal Society B: Biological Sciences 277: 
1259–1266. https://doi.org/10.1098/rspb.2009.1525

Büntgen, U., H. Kauserud, and S. Egli. 2012. Linking 
climate variability to mushroom productivity and phe-
nology. Frontiers in Ecology and the Environment 10: 

https://www.usanpn.org/results/dataset-list
https://www.usanpn.org/results/dataset-list
https://doi.org/10.2307/1934305
https://doi.org/10.1023/A:1016667125469
https://doi.org/10.1023/A:1016667125469
https://doi.org/10.1525/bio.2011.61.7.6
https://doi.org/10.1525/bio.2011.61.7.6
https://doi.org/10.1007/s00484-011-0457-y
https://doi.org/10.1007/s00484-011-0457-y
https://doi.org/10.1073/pnas.1007217108
https://doi.org/10.1073/pnas.1007217108
https://doi.org/10.1111/gcb.13051
https://doi.org/10.1016/S1161-0301(00)00058-7
https://doi.org/10.1016/S1161-0301(00)00058-7
https://doi.org/10.1017/S0266467400009317
https://doi.org/10.1098/rspb.2009.1525


2021 Lehmberg et al.: Phenology shifts in Ontario angiosperms 373

14–19. https://doi.org/10.1890/110064
Burrell, A.L., J.P. Evans, and M.G. De Kauwe. 2020. An-

thropogenic climate change has driven over 5 million 
km2 of drylands towards desertification. Nature Commu-
nications 11: 1–11. https://doi.org/10.1038/s41467-020-
17710-7

Bussière, E.M.S., L.G. Underhill, and R. Altwegg. 2015. 
Patterns of bird migration phenology in South Africa 
suggest northern hemisphere climate as the most consis-
tent driver of change. Global Change Biology 21: 2179–
2190. https://doi.org/10.1111/gcb.12857

CaraDonna, P.J., A.M. Iler, and D.W. Inouye. 2014. Shifts 
in flowering phenology reshape a subalpine plant com-
munity. Proceedings of the National Academy of Sci-
ences of the United States of America 111: 4916– 4921. 
https://doi.org/10.1073/pnas.1323073111

Cleland, E.E., I. Chuine, A. Menzel, H.A. Mooney, and 
M.D. Schwartz. 2007. Shifting plant phenology in re-
sponse to global change. Trends in Ecology & Evolution 
22: 357–365. https://doi.org/10.1016/j.tree.2007.04.003

Cook, B.I., E.M. Wolkovich, and C. Parmesan. 2012. Di-
vergent responses to spring and winter warming drive 
community level flowering trends. Proceedings of the 
National Academy of Sciences of the United States 
of America 109: 9000–9005. https://doi.org/10.1073/
pnas.1118364109

Daru, B.H., D.S. Park, R.B. Primack, C.G. Willis, D.S. 
Barrington, T.J.S. Whitfeld, T.G. Seidler, P.W. Swee-
ney, D.R. Foster, A.M. Ellison, and C.C. Davis. 2018. 
Widespread sampling biases in herbaria revealed from 
large-scale digitization. New Phytologist 217: 939–955. 
https://doi.org/10.1111/nph.14855

Dürr, C., J.B. Dickie, X.-Y. Yang, and H.W. Pritchard. 
2015. Ranges of critical temperature and water potential 
values for the germination of species worldwide: contri-
bution to a seed trait database. Agricultural and Forest 
Meteorology 200: 222–232. https://doi.org/10.1016/j.agr 
formet.2014.09.024

Ellwood, E.R., S.A. Temple, R.B. Primack, N.L. Brad-
ley, and C.C. Davis. 2013. Record-breaking early flow-
ering in the eastern United States. PLoS ONE 8: e53788. 
https://doi.org/10.1371/journal.pone.0053788

Eriksson, O., and J. Ehrlén. 1991. Phenological variation in 
fruit characteristics in vertebrate-dispersed plants. Oeco-
logia 86: 463–470. https://doi.org/10.1007/bf00318311

Everill, P.H., R.B. Primack, E.R. Ellwood, and E.K. Me-
laas. 2014. Determining past leaf-out times of New Eng-
land’s deciduous forests from herbarium specimens. 
American Journal of Botany 101: 1293–1300. https://
doi.org/10.3732/ajb.1400045

Fischer, E.M., and R. Knutti. 2015. Anthropogenic contri-
bution to global occurrence of heavy-precipitation and 
high-temperature extremes. Nature Climate Change 5: 
560–564. https://doi.org/10.1038/nclimate2617

Fitter, A.H., R.S.R. Fitter, I.T.B. Harris, and M.H. Wil-
liamson. 1995. Relationships between first flowering 
date and temperature in the flora of a locality in cen-
tral England. Functional Ecology 9: 55–60. https://doi.
org/10.2307/2390090

Gallinat, A.S., R.B. Primack, and D.L. Wagner. 2015. Au-
tumn, the neglected season in climate change research. 

Trends in Ecology & Evolution 30: 169–176. https://doi.
org/10.1016/j.tree.2015.01.004

Gezon, Z.J., D.W. Inouye, and R.E. Irwin. 2016. Pheno-
logical change in a spring ephemeral: implications for 
pollination and plant reproduction. Global Change Bi-
ology 22: 1779–1793. https://doi.org/10.1111/gcb.13209

Gordo, O., and J.J. Sanz. 2005. Phenology and climate 
change: a long-term study in a Mediterranean locality. 
Oecologia 146: 484–495. https://doi.org/10.1007/s00442- 
005-0240-z

Goulson, D., E. Nicholls, C. Botías, and E.L. Rotheray. 
2015. Bee declines driven by combined stress from para-
sites, pesticides, and lack of flowers. Science 347: 1436–
1445. https://doi.org/10.1126/science.1255957

Government of Canada. 2019. Environment Canada His-
torical Database, Environment Canada and Climate 
Change. Accessed March 2019. https://climate.weather.
gc.ca/.

Green, D.M. 2017. Amphibian breeding phenology trends 
under climate change: predicting the past to forecast the 
future. Global Change Biology 23: 646–656. https://doi.
org/10.1111/gcb.13390

Guzzo, M.M., P.J. Blanchfield, and M.D. Rennie. 2017. 
Behavioral responses to annual temperature variation 
alter the dominant energy pathway, growth, and con-
dition of a cold-water predator. Proceedings of the Na-
tional Academy of Sciences of the United States of 
America 114: 9912–9917. https://doi.org/10.1073/pnas. 
1702584114

Haggerty, B.P., and S.J. Mazer. 2008. The phenology hand-
book: a guide to phenologial monitoring for students, 
teachers, families, and nature enthusiasts. UCSB Phenol-
ogy Stewardship Program. University of Santa Barbara, 
California, USA. Accessed 30 December 2021. https://
www.usanpn.org/files/shared/files/Haggerty&Mazer_
ThePhenologyHandbook_v3Aug2009.pdf.

Hart, R., J. Salick, S. Ranjitkar, and J. Xu. 2014. Herbar-
ium specimens show contrasting phenological responses 
to Himalayan climate. Proceedings of the National Acad-
emy of Sciences of the United States of America 111: 
10615–10619. https://doi.org/10.1073/pnas.1403376111

Hoegh-Guldberg, O., and J.F. Bruno. 2010. The impact of 
climate change on the world’s marine ecosystems. Sci-
ence 328: 1523–1528. https://doi.org/10.1126/science.11 
89930

Houle, G. 2007. Spring-flowering herbaceous plant species 
of the deciduous forests of eastern Canada and 20th cen-
tury climate warming. Canadian Journal of Forest Re-
search 37: 505– 512. https://doi.org/10.1139/X06-239

Hufft, R.A., M.E. Deprenger, L. Richard, and M.B. Is-
lam. 2018. Using herbarium specimens to select 
indicator species for climate change monitoring. Bio-
diversity and Conservation 27: 1487–1501. https://doi.
org/10.1007/s10531-018-1505-2

IPCC (Intergovernmental Panel on Climate Change). 
2018: global warming of 1.5°C. An IPCC Special Re-
port on the impacts of global warming of 1.5°C above 
pre-industrial levels and related global greenhouse gas 
emission pathways, in the context of strengthening the 
global response to the threat of climate change, sustain-
able development, and efforts to eradicate poverty. Ed-

https://doi.org/10.1890/110064
https://doi.org/10.1038/s41467-020-17710-7
https://doi.org/10.1038/s41467-020-17710-7
https://doi.org/10.1111/gcb.12857
https://doi.org/10.1073/pnas.1323073111
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1073/pnas.1118364109
https://doi.org/10.1073/pnas.1118364109
https://doi.org/10.1111/nph.14855
https://doi.org/10.1016/j.agrformet.2014.09.024
https://doi.org/10.1016/j.agrformet.2014.09.024
https://doi.org/10.1371/journal.pone.0053788
https://doi.org/10.1007/bf00318311
https://doi.org/10.3732/ajb.1400045
https://doi.org/10.3732/ajb.1400045
https://doi.org/10.1038/nclimate2617
https://doi.org/10.2307/2390090
https://doi.org/10.2307/2390090
https://doi.org/10.1016/j.tree.2015.01.004
https://doi.org/10.1016/j.tree.2015.01.004
https://doi.org/10.1111/gcb.13209
https://doi.org/10.1007/s00442-005-0240-z
https://doi.org/10.1007/s00442-005-0240-z
https://doi.org/10.1126/science.1255957
https://climate.weather.gc.ca/
https://climate.weather.gc.ca/
https://doi.org/10.1111/gcb.13390
https://doi.org/10.1111/gcb.13390
https://doi.org/10.1073/pnas.1702584114
https://doi.org/10.1073/pnas.1702584114
https://www.usanpn.org/files/shared/files/Haggerty&Mazer_ThePhenologyHandbook_v3Aug2009.pdf
https://www.usanpn.org/files/shared/files/Haggerty&Mazer_ThePhenologyHandbook_v3Aug2009.pdf
https://www.usanpn.org/files/shared/files/Haggerty&Mazer_ThePhenologyHandbook_v3Aug2009.pdf
https://doi.org/10.1073/pnas.1403376111
https://doi.org/10.1126/science.1189930
https://doi.org/10.1126/science.1189930
https://doi.org/10.1139/X06-239
https://doi.org/10.1007/s10531-018-1505-2
https://doi.org/10.1007/s10531-018-1505-2


374 The Canadian Field-Naturalist Vol. 135

ited by V. Masson-Delmotte, P. Zhai, H.O. Pörtner, D. 
Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-
Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, 
Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, 
M. Tignor, and T. Waterfield. World Meteorological 
Organization, Geneva, Switzerland. Accessed 30 De-
cember 2021. https://www.ipcc.ch/site/assets/uploads/
sites/2/2019/06/SR15_Full_Report_Low_Res.pdf.

Jia, F., W. Cai, L. Wu, B. Gan, G. Wang, F. Kucharski, 
P. Chang, and N. Keenlyside. 2019. Weakening Atlan-
tic Niño–Pacific connection under greenhouse warming. 
Science Advances 5: eaax4111. https://doi.org/10.1126/
sciadv.aax4111

Kharouba, H.M., S.R. Paquette, J.T. Kerr, and M. Vel-
lend. 2014. Predicting the sensitivity of butterfly phenol-
ogy to temperature over the past century. Global Change 
Biology 20: 504–514. https://doi.org/10.1111/gcb.12429

Lambert, A.M., A.J. Miller-Rushing, and D.W. Inouye. 
2010. Changes in snowmelt date and summer precipi-
tation affect the flowering phenology of Erythronium 
grandiflorum (glacier lily; Liliaceae). American Jour-
nal of Botany 97: 1431–1437. https://doi.org/10.3732/
ajb.1000095

Last, P.R., W.T. White, D.C. Gledhill, A.J. Hobday, R. 
Brown, G.J. Edgar, and G. Pecl. 2011. Long-term 
shifts in abundance and distribution of a temperate fish 
fauna: a response to climate change and fishing practices. 
Global Ecology and Biogeography 20: 58–72. https:// 
doi.org/10.1111/j.1466-8238.2010.00575.x

Lavoie, C., and D. Lachance. 2006. A new herbarium-
based method for reconstructing the phenology of plant 
species across large areas. American Journal of Botany 
93: 512–516. https://doi.org/10.3732/ajb.93.4.512

Lester, N.P., B.J. Shuter, P. Venturelli, and D. Nadeau. 
2014. Life-history plasticity and sustainable exploita-
tion: a theory of growth compensation applied to walleye 
management. Ecological Applications 24: 38–54. https://
doi.org/10.1890/12-2020.1

Marques, M.C.M., J.J. Roper, and A.P. Baggio Salva-
laggio. 2004. Phenological patterns among plant life-
forms in a subtropical forest in southern Brazil. Plant 
Ecology 173: 203–213. https://doi.org/10.1023/b:vege. 
0000029325.85031.90

Miller-Rushing, A.J., and R.B. Primack. 2008. Global 
warming and flowering times in Thoreau’s Concord: a 
community perspective. Ecology 89: 332–341. https://
doi.org/10.1890/07-0068.1

Miller-Rushing, A.J., R.B. Primack, and R. Bonney. 
2012. The history of public participation in ecological 
research. Frontiers in Ecology and the Environment 10: 
285–290. https://doi.org/10.1890/110278

Morisette, J.T., A.D. Richardson, A.K. Knapp, J.I. 
Fisher, E.A. Graham, J. Abatzoglou, B.E. Wilson, 
D.D. Breshears, G.M. Henebry, J.M. Hanes, and L. 
Liang. 2009. Tracking the rhythm of the seasons in the 
face of global change: phenological research in the 21st 
century. Frontiers in Ecology and the Environment 7: 
253–260. https://doi.org/10.1890/070217

Mulder, C.P.H., D.T. Iles, and R.F. Rockwell. 2017. In-
creased variance in temperature and lag effects alter 
phenological responses to rapid warming in a subarctic 

plant community. Global Change Biology 23: 801–814. 
https://doi.org/10.1111/gcb.13386

Myers-Smith, I.H., M.M. Grabowski, H.J.D. Thomas, 
S. Angers-Blondin, G.N. Daskalova, A.D. Bjorkman, 
A.M. Cunliffe, J.J. Assmann, J. Boyle, E. McLeod, S. 
McLeod, R. Joe, P. Lennie, D. Arey, R. Gordon, and 
C. Eckert. 2019. Eighteen years of ecological monitor-
ing reveals multiple lines of evidence for tundra vegeta-
tion change. Ecological Monographs 89: e01351. https://
doi.org/10.1002/ecm.1351

Nagelmüller, S., E. Hiltbrunner, and C. Körner. 2017. 
Low temperature limits for root growth in alpine species 
are set by cell differentiation. Annals of Botany PLANTS 
9: plx054. https://doi.org/10.1093/aobpla/plx054

Neuheimer, A.B., and C.T. Taggart. 2007. The growing 
degree-day and fish size-at-age: the overlooked metric. 
Canadian Journal of Fisheries and Aquatic Sciences 64: 
375–385. https://doi.org/10.1139/f07-003

Nicotra, A.B., O.K. Atkin, S.P. Bonser, A.M. Davidson, 
E.J. Finnegan, U. Mathesius, P. Poot, M.D. Purug-
ganan, C.L. Richards, F. Valladares, and M. van 
Kleunen. 2010. Plant phenotypic plasticity in a chang-
ing climate. Trends in Plant Science 15: 684–692. https://
doi.org/10.1016/j.tplants.2010.09.008

Olsson, K., and J. Ågren. 2002. Latitudinal population 
differentiation in phenology, life history and flower 
morphology in the perennial herb Lythrum salicaria. 
Journal of Evolutionary Biology 15: 983–996. https://
doi.org/10.1046/j.1420-9101.2002.00457.x

Panchen, Z.A., J. Doubt, H.M. Kharouba, and M.O. 
Johnston. 2019. Patterns and biases in an Arctic herbar-
ium specimen collection: implications for phenological 
research. Applications in Plant Sciences 7: 1–12. https://
doi.org/10.1002/aps3.1229

Panchen, Z.A., and R. Gorelick. 2017. Prediction of Arc-
tic plant phenological sensitivity to climate change from 
historical records. Ecology and Evolution 7: 1325–1338. 
https://doi.org/10.1002/ece3.2702

Panchen, Z.A., R.B. Primack, T. Aniśko, and R.E. Lyons. 
2012. Herbarium specimens, photographs, and field ob-
servations show Philadelphia area plants are responding 
to climate change. American Journal of Botany 99: 751–
756. https://doi.org/10.3732/ajb.1100198

Panchen, Z.A., R.B. Primack, B. Nordt, E.R. Ellwood, 
A.D. Stevens, S.S. Renner, C.G. Willis, R. Fahey, A. 
Whittemore, Y. Du, and C.C. Davis. 2014. Leaf out 
times of temperate woody plants are related to phy-
logeny, deciduousness, growth habit and wood anat-
omy. New Phytologist 203: 1208–1219. https://doi.org/ 
10.1111/nph.12892

Park, D.S., I. Breckheimer, A.C. Williams, E. Law, A.M. 
Ellison, and C.C. Davis. 2019. Herbarium specimens 
reveal substantial and unexpected variation in pheno-
logical sensitivity across the eastern United States. Phil-
osophical Transactions of the Royal Society B 374: 
20170394. https://doi.org/10.1098/rstb.2017.0394

Park, I.W., and M.D. Schwartz. 2015. Long-term herbar-
ium records reveal temperature-dependent changes in 
flowering phenology in the southeastern USA. Interna-
tional Journal of Biometeorology 59: 347–355. https://
doi.org/10.1007/s00484-014-0846-0

https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_Low_Res.pdf.
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_Low_Res.pdf.
https://doi.org/10.1111/gcb.12429
https://doi.org/10.3732/ajb.1000095
https://doi.org/10.3732/ajb.1000095
https://doi.org/10.1111/j.1466-8238.2010.00575.x
https://doi.org/10.1111/j.1466-8238.2010.00575.x
https://doi.org/10.3732/ajb.93.4.512
https://doi.org/10.1890/12-2020.1
https://doi.org/10.1890/12-2020.1
https://doi.org/10.1023/b:vege.0000029325.85031.90
https://doi.org/10.1023/b:vege.0000029325.85031.90
https://doi.org/10.1890/07-0068.1
https://doi.org/10.1890/07-0068.1
https://doi.org/10.1890/110278
https://doi.org/10.1890/070217
https://doi.org/10.1111/gcb.13386
https://doi.org/10.1002/ecm.1351
https://doi.org/10.1002/ecm.1351
https://doi.org/10.1093/aobpla/plx054
https://doi.org/10.1139/f07-003
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1046/j.1420-9101.2002.00457.x
https://doi.org/10.1046/j.1420-9101.2002.00457.x
https://doi.org/10.1002/aps3.1229
https://doi.org/10.1002/aps3.1229
https://doi.org/10.1002/ece3.2702
https://doi.org/10.3732/ajb.1100198
https://doi.org/10.1111/nph.12892
https://doi.org/10.1111/nph.12892
https://doi.org/10.1098/rstb.2017.0394
https://doi.org/10.1007/s00484-014-0846-0
https://doi.org/10.1007/s00484-014-0846-0


2021 Lehmberg et al.: Phenology shifts in Ontario angiosperms 375

Parmesan, C., and M.E. Hanley. 2015. Plants and climate 
change: complexities and surprises. Annals of Botany 
116: 849–864. https://doi.org/10.1093/aob/mcv169

Pecl, G.T., M.B. Araújo, J.D. Bell, J. Blanchard, T.C. 
Bonebrake, I.-C. Chen, T.D. Clark, R.K. Colwell, 
F. Danielsen, B. Evengård, L. Falconi, S. Ferrier, 
S. Frusher, R.A. Garcia, R.B. Griffis, A.J. Hobday, 
C. Janion-Scheepers, M.A. Jarzyna, S. Jennings, J. 
Lenoir, H.I. Linnetved, V.Y. Martin, P.C. McCor-
mack, J. McDonald, N.J. Mitchell, T. Mustonen, 
J.M. Pandolfi, N. Pettorelli, E. Popova, S.A. Rob-
inson, B.R. Scheffers, J.D. Shaw, C.J.B. Sorte, J.M. 
Strugnell, J.M. Sunday, M.-N. Tuanmu, A. Vergés, C. 
Villanueva, T. Wernberg, E. Wapstra, and S.E. Wil-
liams. 2017. Biodiversity redistribution under climate 
change: impacts on ecosystems and human well-being. 
Science 355: eaai9214. https://doi.org/10.1126/science.
aai9214

Phillimore, A.B., S. Stålhandske, R.J. Smithers, and R. 
Bernard. 2012. Dissecting the contributions of plastic-
ity and local adaptation to the phenology of a butterfly 
and its host plants. American Naturalist 180: 655–670. 
https://doi.org/10.1086/667893

Prevéy, J., M. Vellend, N. Rüger, R.D. Hollister, A.D. 
Bjorkman, I.H. Myers-Smith, S.C. Elmendorf, K. 
Clark, E.J. Cooper, B. Elberling, A.M. Fosaa, G.H.R. 
Henry, T.T. Høye, I.S. Jónsdóttir, K. Klanderud, E. 
Lévesque, M. Mauritz, U. Molau, S.M. Natali, S.F. 
Oberbauer, Z.A. Panchen, E. Post, S.B. Rumpf, N.M. 
Schmidt, E.A.G. Schuur, P.R. Semenchuk, T. Troxler, 
J.M. Welker, and C. Rixen. 2017. Greater temperature 
sensitivity of plant phenology at colder sites: implica-
tions for convergence across northern latitudes. Global 
Change Biology 23: 2660–2671. https://doi.org/10.1111/
gcb.13619

R Core Team. 2019. R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria.

Rawal, D.S., S. Kasel, M.R. Keatley, and C.R. Nitschke. 
2015. Herbarium records identify sensitivity of flower-
ing phenology of eucalypts to climate: implications for 
species response to climate change. Austral Ecology 40: 
117–125. https://doi.org/10.1111/aec.12183

Reed, P.B., L.E. Pfeifer-Meister, B.A. Roy, B.R. Johnson, 
G.T. Bailes, A.A. Nelson, M.C. Boulay, S.T. Ham-
man, and S.D. Bridgham. 2019. Prairie plant phenol-
ogy driven more by temperature than moisture in climate 
manipulations across a latitudinal gradient in the Pacific 
Northwest, USA. Ecology and Evolution 9: 3637–3650. 
https://doi.org/10.1002/ece3.4995

Riera, R., C. Sangil, and M. Sansón. 2015. Long-term 
herbarium data reveal the decline of a temperate-wa-
ter algae at its southern range. Estuarine, Coastal and 
Shelf Science 165: 159–165. https://doi.org/10.1016/j.
ecss.2015.05.008

Rodenhouse, N.L., L.M. Christenson, D. Parry, and L.E. 
Green. 2009. Climate change effects on native fauna 
of northeastern forests. Canadian Journal of Forest Re-
search 39: 249–263. https://doi.org/10.1139/X08-160

Ross, A.J., R.C. Grow, L.D. Hayhurst, H.A. MacLeod, 
G.I. McKee, K.W. Stratton, M.E. Wegher, and M.D. 

Rennie. 2021. Broadscale assessment of groundhog 
(Marmota monax) predictions of spring onset no bet-
ter than chance. Weather, Climate, and Society 13: 503–
510. https://doi.org/10.1175/WCAS-D-20-0171.1

Schemske, D.W. 1978. Sexual reproduction in an Illi-
nois population of Sanguinaria canadensis L. Amer-
ican Midland Naturalist 100: 261–268. https://doi.
org/10.2307/2424825

Schmidt, N.M., D.K. Kristensen, A. Michelsen, and C. 
Bay. 2012. High Arctic plant community responses to a 
decade of ambient warming. Biodiversity 13: 191–199. 
https://doi.org/10.1080/14888386.2012.712093

Sherry, R.A., X. Zhou, S. Gu, J.A. Arnone, D.S. Schimel, 
P.S. Verburg, L.L. Wallace, and Y. Luo. 2007. Diver-
gence of reproductive phenology under climate warm-
ing. Proceedings of the National Academy of Sciences of 
the United States of America 104: 198–202. https://doi.
org/10.1073/pnas.0605642104

Spellman, K.V., and C.P.H. Mulder. 2016. Validating her-
barium-based phenology models using citizen-science 
data. BioScience 66: 897–906. https://doi.org/10.1093/
biosci/biw116

Stott, P. 2016. How climate change affects extreme weather 
events. Science 352: 1517–1518. https://doi.org/10.1126/ 
science.aaf7271

Swink, F.A. 1952. A phenological study of the flora of the 
Chicago region. American Midland Naturalist 48: 758–
768. https://doi.org/10.2307/2422209

Tansey, C.J., J.D. Hadfield, and A.B. Phillimore. 2017. 
Estimating the ability of plants to plastically track tem-
perature-mediated shifts in the spring phenological op-
timum. Global Change Biology 23: 3321–3334. https://
doi.org/10.1111/gcb.13624

Tao, J., D. He, M.J. Kennard, C. Ding, S.E. Bunn, C. Liu, 
Y. Jia, R. Che, and Y. Chen. 2018. Strong evidence 
for changing fish reproductive phenology under climate 
warming on the Tibetan Plateau. Global Change Biology 
24: 2093–2104. https://doi.org/10.1111/gcb.14050

TBFN (Thunder Bay Field Naturalists). 2015. Vascular 
Plant Checklist. Thunder Bay, Ontario, Canada. 

Teng, H., G. Branstator, G.A. Meehl, and W.M. Washing-
ton. 2016. Projected intensification of subseasonal tem-
perature variability and heat waves in the Great Plains. 
Geophysical Research Letters 43: 2165–2173. https://
doi.org/10.1002/2015GL067574

Trenberth, K.E., P.D. Jones, P. Ambenje, R. Bojariu, D. 
Easterling, A. Klein Tank, D. Parker, F. Rahimsadeh, 
J.A. Renwick, M. Rusticucci, B. Soden, and P. Zhai. 
2007 Observations: surface and atmospheric climate 
change. Chapter 3. Pages 236–336 in Climate Change 
2007: the Physical Science Basis. Contribution of Work-
ing Group I to the Fourth Assessment Report of the In-
tergovernmental Panel on Climate Change. Edited by S. 
Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, 
K.B. Averyt, M. Tignor, and H.L. Miller. Cambridge 
University Press, Cambridge, United Kingdom and New 
York, New York, USA. Accessed 30 December 2021. 
https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-
wg1-chapter3-1.pdf.

van Dijk, H., P. Boudry, H. McCombre, and P. Vernet. 
1997. Flowering time in wild beet (Beta vulgaris ssp. 

https://doi.org/10.1093/aob/mcv169
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1086/667893
https://doi.org/10.1111/gcb.13619
https://doi.org/10.1111/gcb.13619
https://doi.org/10.1111/aec.12183
https://doi.org/10.1002/ece3.4995
https://doi.org/10.1016/j.ecss.2015.05.008
https://doi.org/10.1016/j.ecss.2015.05.008
https://doi.org/10.1139/X08-160
https://doi.org/10.1175/WCAS-D-20-0171.1
https://doi.org/10.2307/2424825
https://doi.org/10.2307/2424825
https://doi.org/10.1080/14888386.2012.712093
https://doi.org/10.1073/pnas.0605642104
https://doi.org/10.1073/pnas.0605642104
https://doi.org/10.1093/biosci/biw116
https://doi.org/10.1093/biosci/biw116
https://doi.org/10.1126/science.aaf7271
https://doi.org/10.1126/science.aaf7271
https://doi.org/10.2307/2422209
https://doi.org/10.1111/gcb.13624
https://doi.org/10.1111/gcb.13624
https://doi.org/10.1111/gcb.14050
https://doi.org/10.1002/2015GL067574
https://doi.org/10.1002/2015GL067574
https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-chapter3-1.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-chapter3-1.pdf


376 The Canadian Field-Naturalist Vol. 135

maritima) along a latitudinal cline. Acta Oecologica 18: 
47–60. https://doi.org/10.1016/s1146-609x(97)80080-x

Vezina, P.E., and M.M. Grandtner. 1965. Phenological ob-
servations of spring geophytes in Quebec. Ecology 46: 
869–872. https://doi.org/10.2307/1934022

Vitasse, Y., S. Delzon, E. Dufrêne, J.-Y. Pontailler, J.-M. 
Louvet, A. Kremer, and R. Michalet. 2009. Leaf phe-
nology sensitivity to temperature in European trees: do 
within-species populations exhibit similar responses? 
Agricultural and Forest Meteorology 149: 735–744. 
https://doi.org/10.1016/j.agrformet.2008.10.019

Weber, E., and B. Schmid. 1998. Latitudinal population 
differentiation in two species of Solidago (Asteraceae) 
introduced into Europe. American Journal of Botany 85: 
1110–1121. https://doi.org/10.2307/2446344

Wickham, H. 2011. The split-apply-combine strategy for 
data analysis. Journal of Statistical Software 40: 1–29.
Accessed 30 December 2021. https://www.jstatsoft.org/
article/view/v040i01.

Wiens, J.J. 2016. Climate-related local extinctions are al-
ready widespread among plant and animal species. PLoS 
Biology 14: e2001104. https://doi.org/10.1371/journal.
pbio.2001104

Williams, C.M., H.A.L. Henry, and B.J. Sinclair. 2015. 
Cold truths: how winter drives responses of terrestrial or-
ganisms to climate change. Biological Reviews 90: 214–
235. https://doi.org/10.1111/brv.12105

Williams, C.T., J.E. Lane, M.M. Humphries, A.G. Mc-
Adam, and S. Boutin. 2014. Reproductive phenology of 
a food-hoarding mast-seed consumer: resource- and den-
sity-dependent benefits of early breeding in red squir-
rels. Oecologia 174: 777–788. https://doi.org/10.1007/
s00442-013-2826-1

Willis, C.G., E.R. Ellwood, R.B. Primack, C.C. Davis,  

K.D. Pearson, A.S. Gallinat, J.M. Yost, G. Nelson, 
S.J. Mazer, N.L. Rossington, T.H. Sparks, and P.S. 
Soltis. 2017. Old plants, new tricks: phenological re-
search using herbarium specimens. Trends in Ecology 
& Evolution 32: 531–546. https://doi.org/10.1016/j.tree. 
2017.03.015

Willis, C.G., B.R. Ruhfel, R.B. Primack, A.J. Miller-
Rushing, J.B. Losos, and C.C. Davis. 2010. Favorable 
climate change response explains non-native species’ 
success in Thoreau’s Woods. PLoS ONE 5: e8878. 
https://doi.org/10.1371/journal.pone.0008878

Winder, M., and D.E. Schindler. 2004. Climate change un -
couples trophic interactions in an aquatic ecosystem. Ecol-
ogy 85: 2100–2106. https://doi.org/10.1890/04-0151

Woodward, G., D.M. Perkins, and L.E. Brown. 2010. Cli-
mate change and freshwater ecosystems: impacts across 
multiple levels of organization. Philosophical Transac-
tions of the Royal Society B: Biological Sciences 365: 
2093–2106. https://doi.org/10.1098/rstb.2010.0055

Zhang, J., Q. Yi, F. Xing, C. Tang, L. Wang, W. Ye, I.I. 
Ng, T.I. Chan, H. Chen, and D. Liu. 2018. Rapid shifts 
of peak flowering phenology in 12 species under the ef-
fects of extreme climate events in Macao. Scientific 
Reports 8: 13950. https://doi.org/10.1038/s41598-018-
32209-4

Ziello, C., A. Böck, N. Estrella, D. Ankerst, and A. Men-
zel. 2012. First flowering of wind-pollinated species 
with the greatest phenological advances in Europe. Eco-
graphy 35: 1017–1023. https://doi.org/10.1111/j.1600- 
0587.2012.07607.x

Received 11 June 2020
Accepted 30 December 2021
Associate Editor: J.M. Saarela

Supplemental Materials:
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