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Climate change is shifting phenology globally, altering when and how species
respond to environmental cues such as temperature and the timing of snow-
melt. These shifts may result in phenological mismatches among interacting
species, creating cascading effects on community and ecosystem dynamics.
Using passive warming structures and snow removal, we examined how exper-
imentally increased temperatures, earlier spring snowmelt, and the poorly
understood interaction between warming and earlier spring snowmelt affected
flower onset, flowering duration, and maximum floral display of the
spring-flowering montane species, arrowleaf balsamroot (Balsamorhiza
sagittata), over a 7-year period. Additionally, potential cumulative effects of
treatments were evaluated over the study duration. The combination of
heating with snow removal led to earlier flower onset, extended flowering
duration, and increased maximum floral display. While there was year-to-year
variation in floral phenology, the effect of heating with snow removal on ear-
lier onset and maximum floral display strengthened over time. This suggests
that short-term studies likely underestimate the potential for climate change
to influence phenological plant traits. Overall, this research indicates that
B. sagittata’s flowering onset responded more strongly to snow removal than
to heating, but the combination of heating with snow removal allowed plants
to bloom earlier, longer, and more profusely, providing more pollinator
resources in spring. If warming and early snowmelt cause similar responses in
other plant species, these patterns could mitigate phenological mismatches
with pollinators by providing a wider window of time for interaction and resil-
iency in the face of change. This example demonstrates that a detailed under-
standing of how spring-flowering plants respond to specific aspects of
predicted climatic scenarios will improve our understanding of the effects of
climate change on native plant-pollinator interactions in montane ecosystems.
Studies like this help elucidate the long-term physiological effects of
climate-induced stressors on plant phenology in long-lived forbs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Ecosphere published by Wiley Periodicals LLC on behalf of The Ecological Society of America.

Ecosphere. 2022;13:e4198. https://onlinelibrary.wiley.com/r/ecs2 | 1of14

https://doi.org/10.1002/ecs2.4198

85U801 SUOWWID aAIEa1D 8|qedtidde ay) Aq pausenob afe sejole YO ‘8sn JO s8N 10y AIq1 8UIUO /8|1 UO (SUOIPUD-PUE-SWBI 00" AB 1M AReIq 1 U1 UO//STIY) SUOTPUOD PUe SWLB | 81 88S *[2202/2T/90] Uo Areiqi auliuo A8im ‘Ariqi AisieAlun sieis eueluo N Aq 86T 2S99/200T 0T/I0p/W00" A8 | M Akeud 1 |Bul Juo's feuIno fese//:sdny woly pepeojumod ‘g ‘ZZ0Z ‘SZ680STZ


https://orcid.org/0000-0002-8353-7908
https://orcid.org/0000-0002-7144-4640
https://orcid.org/0000-0002-8413-1627
mailto:simone.durney@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/r/ecs2
https://doi.org/10.1002/ecs2.4198
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fecs2.4198&domain=pdf&date_stamp=2022-08-18

2 of 14 DURNEY ET AL.
KEYWORDS
arrowleaf balsamroot, climate change, flower duration, flower onset, Greater Yellowstone
Ecosystem, maximum floral display, montane meadows, phenology, snowpack
manipulation, temperature manipulation

INTRODUCTION A few studies have observationally or experimentally

Climate change is a growing issue, leading to species
declines and influencing species interactions globally
(Valiente-Banuet et al., 2015). Environmental cues, such
as temperature and the timing of spring snowmelt, initi-
ate species behaviors and physiology patterns. Alteration
in the timing of environmental cues associated with cli-
mate change can induce deviations in a species’ typical
life cycle pattern (i.e., shift in phenology) and affect onset
and duration of biological events for both flora and
fauna (Parmesan & Yohe, 2003; Walther et al., 2002).
Phenological shifts may have detrimental effects on plant
communities and those species with which they interact.
Even minute shifts in the timing, magnitude, and spatial
extent of these environmental cues can have cascading
effects on community dynamics via species abundance
and distribution shifts (Parmesan & Yohe, 2003) and
have the potential to lead to phenological mismatch
between species (Visser & Both, 2005). Phenological
shifts and mismatches can impact species fitness, abun-
dance, and persistence in a community, creating lasting
effects on overall ecosystem structure and function
(Burkle & Alarcon, 2011).

Previous studies have examined the separate effects of
warming and snowmelt on flowering phenology and
flower production in montane systems. Earlier flowering
has been documented under warmer temperatures (Arft
et al.,, 1999; Fitter & Fitter, 2002; Jabis et al., 2020;
Kehrberger & Holzschuh, 2019) and advanced spring
snowmelt, with spring-flowering plants being particularly
sensitive to the timing of snowmelt (Gezon et al., 2016;
Steltzer et al., 2009; Wadgymar et al., 2018; Wipf, 2010).
Increased flower production has been observed with
experimental warming in tundra ecosystems spanning
the Arctic (Arft et al., 1999) and with experimentally
advanced snowmelt in Colorado subalpine meadows
(Gezon et al., 2016). Conversely, a study conducted on
the Tibetan Plateau reported decreased flower production
with simulated warming (Liu et al., 2012). A yearlong
glasshouse warming experiment resulted in shortened
flowering duration due to earlier plant senescence follow-
ing typical flowering onset (Nagahama et al., 2018).
These studies highlight that montane and alpine plant
species experience altered phenology in response to
warming and/or early snowmelt.

examined the separate and combined effects of warming
and advanced snowmelt on plant individuals in montane
environments over a period of time longer than 4 years.
These studies in the Rocky Mountains of Colorado found
earlier flowering onset with warming and advanced
snowmelt (Dunne et al., 2003; Jabis et al., 2020; Wadgymar
et al., 2018), increased floral displays with earlier snowmelt
(Inouye, 2008), and extended flowering duration in
response to earlier melt (Dunne et al., 2003; Jabis et al.,
2020; Price & Waser, 1998), indicating that the phenologies
of plant species in this montane ecosystem are tracking cli-
mate change. By contrast, Inouye (2008) found reduced flo-
ral abundance for three early-spring-flowering perennials
(ie., Delphinium barbeyi, Erigeron speciosus, and
Helianthella quinquenervis) associated with earlier snow-
melt in a 32-year observational study. The reduction in flo-
ral abundance was due to convective frost events (i.e., cold
air masses) with trending lower air temperatures after
snowmelt, which damaged flower buds (Inouye, 2008). In
the same montane ecosystem, extended flowering duration,
especially for spring-flowering species, was observed over a
4-year period in response to a naturally occurring and
experimentally manipulated earlier snowmelt and warmer
spring soil temperatures (Dunne et al, 2003). Thus,
phenological responses to temperature-related climate
change were detected within a 4-year study period, which
could lead to longer term asynchronies in interspecific
interactions. For the early-spring-flowering perennial,
Delphinium nuttallianum, experimental warming reduced
floral abundance (i.e., the number of quadrats in which
D. nuttallianum was present) and the number of flowers
per plant over a 6-year period, suggesting that global
warming could affect the fecundity of montane-flowering
species and floral resources available for pollinators
(Saavedra et al., 2003). Jabis et al. (2020) detected earlier
flower onset of forbs in response to experimental heating
and heating-induced earlier snowmelt, with the timing
of snowmelt date driving the pattern, especially for
early-season species. This 4-year study uncovered that forbs
respond more strongly to changes in temperature that are
beneficial for reproduction and local plant-pollinator
communities.

Arrowleaf balsamroot (Balsamorhiza sagittata) is a
vital early-spring floral resource for pollinators in mon-
tane regions just after snowmelt. In addition to its role as
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a nectar source for generalist pollinators, B. sagittata is a
valuable source of nectar for the butterfly Parnassius
clodius (Sherwood et al., 2017), a spring butterfly species
known to interact with B. sagittata. Additionally, it serves
as a critical nectar source for some specialized bee species
in the genus Osmia, which forage exclusively on
Balsamorhiza and Wyethia species (Cane, 2011). Therefore,
B. sagittata’s demography, phenology, and flower produc-
tion are important for the stability of pollinator community
dynamics in montane regions in parts of the western
United States in early spring. We experimentally investi-
gated the effects of warming, advanced snowmelt, and their
less-examined interactive effects in a factorial design on
phenology and floral production of the perennial plant
B. sagittata in a montane meadow in Wyoming, USA, over
7 years. Specifically, we investigated treatment effects on
flower onset, flowering duration, and maximum floral dis-
play, the cumulative treatment effects over time, and the
correlations among plant responses to treatments to under-
stand how flower onset, flowering duration, and maximum
floral display are associated. The following expectations
and predictions are based on previous research. We
expected earlier flowering onset with all non-control treat-
ments with the earliest onset occurring in the heating and
snow removal treatment in response to earlier light access
and warmer spring temperatures (Arft et al., 1999; Fitter &
Fitter, 2002; Gezon et al., 2016; Jabis et al., 2020;
Kehrberger & Holzschuh, 2019; Steltzer et al., 2009;
Wadgymar et al., 2018). We predicted extended flowering
durations with snow removal in response to earlier onset
and access to light (Dunne et al., 2003; Price & Waser,
1998), but no change with heating and snow removal, as
the two treatments could counteract each other
(Nagahama et al., 2018). We expected increased maximum
floral display with snow removal in response to earlier

TABLE 1

onset and extended flowering duration, which allows
plants to flower longer and potentially produce more
flowers (Gezon et al.,, 2016). However, we predicted a
decrease in maximum floral display in response to the
combination of heating and snow removal due to tempera-
ture and soil moisture stress (Saavedra et al., 2003).
Further, we expected that the effects of each treatment on
B. sagittata flowering onset, flowering duration, and maxi-
mum floral display would strengthen over the course of the
study. All the above hypotheses are listed in Table 1. This
study contributes unique insights to the potential for
advanced snowmelt to interact with warming to influence
flowering phenology and the degree to which these treat-
ment effects strengthen over time.

MATERIALS AND METHODS
Study site
This study was conducted from 2013 to 2019 in a flat mon-

tane meadow near Pilgrim Creek at an elevation of 2100 m
in Grand Teton National Park, Wyoming, USA (43.914977°;

—110.578072°). Meadow vegetation composition consists of

various sagebrush species (Artemisia spp.) and herbaceous
flowering plants and grasses but is dominated by bare
ground (about 50% cover). The soil surface is highly perme-
able, consisting of gravel glacial outwash deposited by the
Pinedale glaciers (Martin, 2008). The regional climate is
characterized by mean annual precipitation of 60 cm with
most of that falling as snow (Western Regional Climate
Center, Moran, WY, USA). The mean snow depth

(i.e., all-season snow accumulation) is 6.4 m, with snow

cover beginning in October and ending in May (NRCS
SNOTEL: Base Camp). Mean monthly temperatures ranged

Hypotheses about how Balsamorhiza sagittata flower onset, flowering duration, and maximum floral display may respond to

decreased spring snowmelt via removal, warming via passive heating, and warming with decreased spring snowpack.

Predictions Flower onset

Decreased spring snowpack
via snow removal (SR)

Earlier in response to earlier
access to light

Warming via passive heating Earlier in response to gradually
(H) increasing winter and spring
temperatures

Warming with snow removal  Earlier due to the interactive

(H + SR) effect of increasing
temperatures and access to
light

SR X year, The effect of treatment will
H x year, and strengthen over the 7-year
H + SR x year study

Flowering duration Maximum floral display

Increase due to earlier
flowering onset and
extended flowering duration

Extended in response to earlier
flower onset with earlier
light access

Shortened due to asymmetrical
shift in flowering onset and

Decrease in response to higher
temperatures and decreased

senescence soil moisture causing stress

Similar to control in response to
interactive effect of warming
and snow removal canceling
each other out

Decrease in response to higher
temperatures and decreased
soil moisture causing stress

The effect of treatment will The effect of treatment will
strengthen over the 7-year strengthen over the 7-year
study study

85U801 SUOWWID aAIEa1D 8|qedtidde ay) Aq pausenob afe sejole YO ‘8sn JO s8N 10y AIq1 8UIUO /8|1 UO (SUOIPUD-PUE-SWBI 00" AB 1M AReIq 1 U1 UO//STIY) SUOTPUOD PUe SWLB | 81 88S *[2202/2T/90] Uo Areiqi auliuo A8im ‘Ariqi AisieAlun sieis eueluo N Aq 86T 2S99/200T 0T/I0p/W00" A8 | M Akeud 1 |Bul Juo's feuIno fese//:sdny woly pepeojumod ‘g ‘ZZ0Z ‘SZ680STZ



40f 14 |

DURNEY ET AL.

from —32 to 21°C from 1988 to 2019; December and
January are the coldest months, and July and August are
the warmest (NRCS SNOTEL: Base Camp). The growing
season typically begins in mid-May with snowmelt and
extends to the end of August or early September (Debinski
et al., 2000).

Experimental methods and design

Twelve 2.4-m” (8 ft x 8 ft) plots were established on
existing native plant communities in this meadow in
2010 and monitored annually. Across the 12 plots, the
number of B. sagittata plants in a plot ranged from 6 to
26 plants across the study duration. Heat and snow
removal were manipulated in a factorial design to create
four treatments (N = 3 replicates/treatment): decreased
spring snowpack via snow removal (SR: not heated, snow
removal), warming via passive heating (H: heated, no
removal), heating and snow removal (H + SR: heated,
snow removal), and control (C: not heated, no removal)
(Sherwood et al., 2017). Within each of the three blocks
(east, central, and west), treatments were randomly
assigned to plots, with one treatment replicate per block
(Appendix S1: Figure S1). Treatments assigned to plots
remained the same for the duration of the study. Plots
were regularly spaced at 4.9 m (16 ft) apart from one
another. Decreased spring snowpack, simulating early
snowmelt, was achieved by manually removing snow
from designated plots in late April or early May prior to
the growing season leaving about 2 cm of snow to pre-
vent vegetation damage. Snow removal was accom-
plished in all except for 2 years (2015 and 2016) when
snowpack was too low to allow for removal. Snow depths
removed ranged from 55 to 80 cm for the years when
snow was removed. Heating was accomplished by
constructing a 2.4-m? (8 ft x 8 ft) passive warming struc-
ture. The top of the structure was 59 cm from the ground
as to not impede plant growth. During 2010-2015, these
structures were made of wood and plexiglass (Sherwood
et al., 2017). From 2016 to 2018, the structures were made
of wood with a glasshouse plastic roof with perforations
to allow precipitation to fall through. In 2019, these struc-
tures were made of polyvinyl chloride pipe with a glass-
house plastic roof with small perforations. All warming
structures enhanced the downward reflectance of infra-
red radiation on the ground and increased the daily mini-
mum temperatures of plant and soil surfaces by 2°C
(Sherwood et al., 2017). Mean surface temperatures in
western North America are projected to increase by
1-7°C by 2100 (IPCC, 2014). The passive warming struc-
tures used here increase surface temperature on the low
end of regional climate projections; therefore, resulting

responses to warming are a conservative response.
Passive warming structures were installed on designated
plots at the time of snow removal (i.e., late April and
early May) prior to the growing season and remained in
place until late September or October after the growing
season was completed (Sherwood et al., 2017). Soil and
surface temperatures for each plot were recorded every
hour throughout the growing season using a soil temper-
ature probe buried 25 cm below the surface and HOBO
loggers placed on the soil surface in the center of the plot.
The ambient air temperature was recorded for the set of
plots every hour throughout the growing season using an
air sensor placed 1 m above the soil surface.

All individual B. sagittata plants 10 cm or taller grow-
ing within each of the 12 plots were measured every
3days from emergence (mid-May) to senescence
(mid-July). A B. sagittata individual takes 3-5 years to
flower and remains reproductively active for up to
40 years (Gucker & Shaw, 2018; Tilley et al., 2012).
Individual plants were numbered and monitored across
years using plot maps and metal identification tags
(Appendix S1: Figure S2). Measurements, which occurred
ca. every 3 days during the growing season, included
whether the individual was dead or alive and, if alive,
flower phenology (i.e., buds, fully flowering, senescing,
and senesced). Flowering heads were considered fully
open once at least one disk flower opened, senescing
once ray flowers withered but open disk flowers
remained, and senesced once disk flowers withered and
seed maturity was observed. We distinguished among
these stages because fully open and senescing flowers are
the only stages that provide nectar resources for pollina-
tors (Potts et al., 2003) that feed on B. sagittata in mon-
tane meadows, and we wanted to quantify this window
of time for each treatment. Within an individual
B. sagittata plant, buds and flowers often co-occur with
blooming occurring sequentially, where the bloom and
senescence of an individual flower is followed by another,
across primarily solitary floral heads (Tilley et al., 2012,
personal observations).

Statistical analysis

Statistical analyses were performed to determine whether
flowering onset (i.e., date of first flower), flowering dura-
tion, or maximum floral display of individual plants dif-
fered among treatments across the 7-year study and
whether the effect of treatment grew stronger over time. A
four-level categorical variable that incorporates the main
effects of heating and snow removal along with their inter-
action was created using the interaction function in R. The
four levels are described in the Experimental methods and
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design. This variable was included as a predictor variable
in all models and statistical tests. Individual plants that
failed to produce flowers because they had not yet reached
flowering or reproductive maturity were excluded from
these analyses. Those individuals were removed in order
to avoid the potential for plant age to skew maximum flo-
ral display estimates unrelated to treatment effect. A total
of 88 individual plants that were alive between 2013 and
2019 and flowered at least once were included in these
analyses. All analyses were evaluated at a significance
level of 0.05, where p < 0.05 indicates significance,
0.05 < p < 0.1 indicates marginal significance, and p > 0.1
indicates no significance. Missing values were removed
prior to model construction. For example, plants that pro-
duced a flower one year but did not produce in subsequent
years were removed from the analyses, while plants that
produced a flower one year but skipped a year of flowering
and continued to flower in a subsequent year remained in
the analyses. Skipped years were represented with a “0”
value. Mixed-effects models were used to test the effects of
treatment on response variables and included individual
plant identity nested within plot as random effects to
account for multiple measurements of each individual
across plots over the 7-year duration of this study. When
testing the effect of treatment, year was included as a
crossed additive random effect in each mixed-effects model
to control for random year-to-year variation around the
patterns of the treatments. This allowed us to assess how
treatment affected each variable while accounting for
year-to-year differences in weather and other conditions.
Linear mixed-effects models with a Tukey’s contrast were
used to test for multiple comparisons.

To test whether treatment effects on flower onset,
flowering duration, and maximum floral display took
time to develop (cumulative effects of treatment) or grew
stronger over time, year was included as an interaction
with treatment in each mixed-effects model. Initial evi-
dence of an interaction between treatment and year was
supported by an F test prior to further analysis and inter-
pretation. Pairwise comparisons of treatment-year com-
binations are not shown because absolute values of
treatment effects depended on year.

Flowering onset (i.e., date of first flower) was defined
as the date on which an individual plant was observed to
have at least one fully opened flower. Two linear
mixed-effects models (described above) were used to
identify whether the effects of treatment on flower onset
varied across the 7-year study and whether the effects of
treatment on flower onset grew stronger over the 7-year
period.

Duration of flowering was defined as the number of
days between observation of an individual’s first fully
open flower and its last senescing flower in a given

growing season. In some instances, an individual was
observed to be flowering on only one date in a particular
year, prohibiting the estimation of a flowering duration
for that individual in that year. Such individuals were
excluded from these analyses. Linear mixed-effects
models were fit to identify whether the effects of treat-
ment on the flowering duration varied across the 7-year
study and whether the effects of treatment on the
flowering duration grew stronger over the 7-year period.
Maximum floral display (i.e., the maximum number
of concurrent flowers) was calculated by totaling the
number of fully flowering, senescing, and senesced
flowers of an individual at each visit to identify the maxi-
mum number of flowers present concurrently on an indi-
vidual in a given year. Buds were not included in these
counts because the number of flowers produced was
intended as a proxy for the quantity of available nectar,
and buds that failed to flower provided no nectar. A sum
of all flowers produced by an individual over the growing
season would not be reliable due to the potential for the
same flower to be counted multiple times on successive
visits. Using the maximum number of concurrent flowers
eliminates the possibility of recounting the same flowers,
providing a conservative estimate for the number of
flowers produced by an individual over each growing sea-
son. Additionally, disintegrated and fallen senesced
flowers were excluded when using the maximum number
of concurrent flower metrics. Generalized linear
mixed-effects models with a negative binomial distribu-
tion to account for overdispersion were fit using these
estimates to determine whether the effects of treatment
on maximum floral display varied across the 7-year study
duration and whether the effects of treatment on maxi-
mum floral display grew stronger over the 7-year period.
The raw data over the 7-year study were visually
examined to investigate the associations between flower
onset, flowering duration, and maximum floral display of
B. sagittata within each treatment to explore potential
relationships between these response variables. Models
prove difficult to use in this instance due to the multicol-
linearity of using response variables as predictor variables
for other response variables in the same study. Here, we
chose to present graphed relationships using raw data
collected in this study and their associated correlation
values to draw attention to possible relationships. The
correlation coefficient was calculated using the cor.test
function to evaluate the association between these vari-
ables for each treatment. All raw observations in each
treatment across the 7-year study were pooled.
Mixed-effects models were constructed using the lmer
and glmer.nb functions in the Ime4 package (Bates
et al,, 2015) with the ImerTest package (Kuznetsova
et al., 2017) to obtain p values in R and the glmmadmb
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function in the glmmADMB package (Fournier et al.,
2012; Skaug et al., 2016). Estimated marginal mean
pairwise comparisons were completed using the emmeans
function in the emmeans package (Lenth, 2020) in R to
create figures with letters identifying significance between
treatments. Multiple comparisons of means using a
Tukey’s contrast for each mixed-effects model were
conducted using the glht function in the multcomp
package (Hothorn et al., 2008) in R to determine
relative effects of treatment. Figures were created using
the ggplot2 package (Wickham, 2016) in R (R Core
Team, 2020).

RESULTS
Flower onset

Heating mediated the influence of snow removal on
flowering onset (interactive effect between heating and
snow removal; Table 2). There were also main effects of
snow removal and heating (Table 2). Snow removal
(SR) and heating with snow removal (H + SR) advanced
flowering onset by 4.0 and 3.8 days, respectively, while
heating alone (H) advanced onset by 1.9 days compared
with the control (C) treatment, though the difference in
heated effects was not significant (Figure 1). Multiple com-
parisons of means with a Tukey’s contrast showed a signif-
icant interaction between heating and snow removal on

TABLE 2 Multiple comparisons of means with Tukey’s
contrasts to identify whether treatment affected individual plant
flowering onset, flowering duration, or maximum floral display.

Source % P

Flowering onset

Heated —2.94 0.0171
Snow removal —6.28 <0.0001
Heated x snow removal —5.61 <0.0001

Flowering duration

Heated 3.43 0.0035
Snow removal 3.73 0.0011
Heated x snow removal 4.94 <0.0001

Maximum floral display

Heated 1.89 0.2302
Snow removal 1.64 0.3570
Heated x snow removal 2.78 0.0273

Note: Each model included heated and snow removal treatments as main
effects and their interaction with individual nested within plot as a random
effect, and year as an additive random effect. Values in boldface indicate
significant effects at a < 0.05.

flower onset (Table 2), but snow removal appears to have
the strongest effect on flower onset (Figure 1). The treat-
ment effects of heating and heating with snow removal
strengthened over the 7-year study duration significantly
(Table 3). For instance, B. sagittata flowering onset
occurred earlier over time with snow removal (SR) and
heating with snow removal (H + SR) and occurred later
over time in the heating (H) and in the control
(C) treatments (Table 3, Figure 2).

Flower duration

Both heating and snow removal individually extended
flowering duration, and heating with snow removal
(H + SR) had a significant effect, extending flowering
duration by 5.0days compared with the control
(C) treatment. The flowering duration was 3.6 days longer
in the snow removal treatment (SR) and 3.4 days longer in
the heated (H) treatment compared with plants in the con-
trol (C) treatment (Figure 1). These increases in the
B. sagittata flowering duration were captured in multiple
comparisons of means with a Tukey’s contrast across all
treatments (Table 2). For one of the treatments (heating,
H), there was a discrepancy in the effects of heating on the
flowering duration between the two statistical tests that
we used: While heating did not affect the flowering dura-
tion according to estimated marginal means (Figure 1),
heating did significantly extend the flowering duration
according to the linear mixed-effects model with the
Tukey test (Table 2). The latter test is more powerful
because it tests for multiple comparisons (Meier, 2021),
and we summarize our results based on Table 2. There
was no evidence that the magnitude of treatment effects
on the B. sagittata flowering duration changed over time
(Table 3, Figure 2). The slopes of the relationships between
the flowering duration and year for all treatments
(i.e., control [C], heating [H], snow removal [SR], and
heating with snow removal [H + SR]) are nearly zero,
indicating that the strength of cumulative treatment effects
was relatively consistent across the 7-year study (Figure 2).

Maximum floral display (i.e., the
maximum number of concurrent flowers)

Heating mediated the influence of snow removal on
B. sagittata’s maximum floral display (interactive effect
between heating and snow removal; Table 2). Maximum
floral display was higher in the heating with snow
removal treatment by 1.2 flowers compared with the con-
trol treatment (Figure 1). The treatment effect of heating
with snow removal (H 4 SR) strengthened over the
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FIGURE 1 Effect of treatment on the least squares mean
flower onset date, flowering duration, and maximum floral display.

H+SR

Treatments included the following: decreased spring snowpack via
snow removal (SR: not heated, snow removal), warming via passive
heating (H: heated, no removal), decreased spring snowpack and
warming (H + SR: heated, snow removal), and control (C: not
heated, no removal). Estimated marginal mean pairwise
comparison is indicated by letters where the same letter indicates
overlap and different letters indicate variation. The error bars
represent the upper and lower 95% confidence levels.

7-year study significantly, with a slight increase in
B. sagittata maximum floral display (Table 3, Figure 2).
Treatment effects on maximum floral display were con-
sistent across all years: Plants in the heating with snow
removal (H + SR) treatment had the most flowers, while
those in the control (C) treatment had the fewest, regard-
less of year (Figure 2).

Relationships between flower onset,
flowering duration, and maximum floral
display

Flower onset and duration were negatively associated with
each other across all treatments, indicating that B. sagittata
plants that began flowering earlier also bloomed for a
longer period of time. Within treatments, heat with snow
removal (correlation = —0.55, t = —5.66, df = 75,
p <0.0001) and snow removal (correlation = —0.53,
t = —5.92, df = 88, p < 0.0001) exhibited the strongest
negative correlation, while the control (correlation =
—0.38, t = —3.76, df = 82, p = 0.0003) and heated
(correlation = —0.33, t = —3.40, df = 96, p = 0.0010)
treatments had the weakest negative correlation
(Figure 3).

Flowering duration and maximum floral display
were positively associated across all treatments, with
plants that bloomed for a longer duration also having a
larger maximum floral display. Within treatments,
snow removal (correlation = 0.52, t = 5.67, df = 88,
p <0.0001) and the control (correlation = 0.32,
t = 3.06, df = 82, p = 0.0030) indicated the strongest
positive correlation, while heated (correlation = 0.18,
t = 1.82, df = 96, p = 0.0718) and heat with snow

TABLE 3 Mixed-effects models to identify whether treatment x year interactions affected individual plant flowering onset, flowering

duration, or maximum floral display over time.

Flowering onset

Flowering duration Maximum floral display

Parameter t p

Heated 4.991 <0.0001
Snow removal —0.714 0.4756
Heated x snow removal —2.315 0.0213
Year —0.600 0.5492
Heated x year —4.999 <0.0001
Snow removal X year 0.717 0.4737
Heated x snow removal x year 2.317 0.0212

t p z p
—1.300 0.195 0.34 0.7338
—0.095 0.925 —1.72 0.0852

1.151 0.250 —2.76 0.0058
—1.698 0.090 —3.76 0.0002
1.304 0.193 —0.33 0.739
0.093 0.926 1.72 0.0853
—1.151 0.251 2.76 0.0057

Note: The treatment x year interactions were tested to evaluate whether treatment effects grew stronger over time. Each model included the interaction
of year and heated and snow removal treatments with individual nested within plot as a random effect. Bolded p values indicate significant effects

at a < 0.05.
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removal (correlation = 0.17, t = 149, df = 75,
p = 0.1404) had the weakest positive correlations with
no significant support (Figure 3).

There was a negative relationship between flower
onset and maximum floral display across all treat-
ments, with B. sagittata plants that began flowering
later also having a smaller maximum floral display.
Within treatments, the control (correlation = —0.27,
t = —2.54, df = 82, p = 0.0128) and heated
(correlation = —0.24, t = —2.40, df = 96, p = 0.0183)
treatments exhibited the strongest positive correlation,

=e= not heated, no removal

== heated, no removal

while snow removal (correlation = —0.21, t = —2.00,
df = 88, p = 0.0512) and heated with snow removal
(correlation = —0.09, t = —0.79, df = 75, p = 0.4329)
had the weakest negative correlations with no signifi-
cant support (Figure 3).

DISCUSSION

Climate change is affecting the phenology and flower
production of flowering plants globally. Warmer

== not heated, snow removal =o— heated, snow removal
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FIGURE 2 Treatment effects over time on flower onset, flowering duration, and maximum floral display. Treatments included the following:
decreased spring snowpack via snow removal (SR: not heated, snow removal), warming via passive heating (H: heated, no removal), decreased

spring snowpack and warming (H + SR: heated, snow removal), and control (C: not heated, no removal). The figure displays results of treatment
interactions with year. Asterisks indicate a significant treatment x year interaction (indicated by treatment color) compared with the control on the
response variable (i.e., flowering onset, flowering duration, and maximum floral display). The normal confidence intervals (indicated by the

gray-shaded areas along each line) were constructed using generalized linear smoothing to observe a linear change in each treatment over time.

Flowering onset did not occur in snow removal plots in 2019; therefore, there are no data available for that treatment and year.
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study. Treatments included the following: decreased spring snowpack via snow removal (not heated, snow removal), warming via passive

heating (heated, no removal), decreased spring snowpack and warming (heated, snow removal), and control (not heated, no removal). A
best-fit line was added to display the relationship between the variables, with bolded lines indicating a significant correlation.
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temperatures and earlier snowmelt individually lead to
advanced flowering onset (Arft et al., 1999; Fitter &
Fitter, 2002; Gezon et al., 2016; Jabis et al.,, 2020;
Kehrberger & Holzschuh, 2019; Steltzer et al., 2009;
Wadgymar et al., 2018; Wipf, 2010), extended flowering
durations (Dunne et al., 2003; Jabis et al., 2020; Price &
Waser, 1998), and greater maximum floral displays (Arft
et al., 1999; Gezon et al., 2016), but the combined effects
of warming and earlier snowmelt on flowering phenol-
ogy are poorly understood, especially over many consec-
utive years. Consistent with our predictions, B. sagittata
phenology and floral production varied in response to
warming via passive heating with experimentally accel-
erated spring snowmelt across the 7-year study,
suggesting that components of climate change interact
to affect montane floral populations and community
interactions through altered phenology. Heating with
snow removal drove the patterns of earlier flower onset,
extended flowering duration, and increased maximum
floral display—beyond the individual effects of heating
and snow removal. These results suggest that earlier
springs in montane regions will likely lead to earlier
and longer flowering periods with more flowers pro-
duced, thereby reducing possible phenological mis-
matches with interacting species. Our prediction
concerning the ability of heating with snow removal
treatments to counteract each other with respect to
flowering duration was not supported. The effects of
heating with snow removal on earlier onset and
increased maximum floral displays strengthened over
time, indicating that species such as B. sagittata may
benefit from conditions of climate change and
short-term experiments likely underestimate the poten-
tial impacts of warming temperatures and earlier snow-
melt on flowering phenology.

Heating with snow removal leads to earlier
flowering onset

Flowering onset occurred earlier under conditions of snow
removal and heating with snow removal, suggesting that
snow removal drives this trend. This result indicates that
earlier access to light enables photosynthesis and fosters
earlier growth and the onset of flowering of B. sagittata,
rather than changes in temperature. While earlier
flowering can result from higher plant productivity due to
increased soil moisture in snow removal plots in some sys-
tems (Gezon et al., 2016; Lambert et al., 2010), soil mois-
ture in these snow removal plots was significantly reduced
(Sherwood et al., 2017). Therefore, earlier light availability
is more likely to drive the observed responses to snow
removal than changes in soil moisture.

The effect of heating and heating with snow removal
on earlier flower onset strengthened over the 7-year study
period, signifying that the influence of temperature on
flower onset became more important with time and may
eventually outweigh the effects of snow removal in the
long term. Together, these results indicate that while
early-spring snowmelt has a strong, consistent effect on
B. sagittata flowering onset, the effects of warming on
flowering onset have the potential to play a stronger role
in directing flowering phenology over decades of climate
change, especially as climate warming intensifies.

Heating with snow removal extended
flowering durations

Flowering duration was prolonged under conditions of
snow removal and heating with snow removal, with
longer durations related to earlier flower onset. Our
results are consistent with previous work linking longer
forb flowering durations to earlier snowmelt (Price &
Waser, 1998) and to increased soil heat (Dunne et al., 2003;
Jabis et al., 2020). However, other studies have attributed
shortened flower durations to warming (Kudo, 2020)
resulting from earlier senescence (Nagahama et al., 2018),
likely due to increasing drought stress with declining soil
moisture as the growing season progresses. This study sys-
tem exhibited declining soil moisture following day of year
(DOY) 170 (Sherwood et al., 2017), although from 2013 to
2019, B. sagittata individuals completed flowering by DOY
170 regardless of treatment. Notably, we found no change
in the timing of flowering senescence across all treatments,
similar to another early-season forb, glacier lily
(Erythronium  grandiflorum) (Lambert et al., 2010).
Research presented here combined the effects of heating
with snow removal to uncover the interactive ability of
these treatments to advance onset, maintain senescence
date, and thereby extend flowering duration—allowing lon-
ger periods of flowering that facilitate interactions with
other organisms in montane communities. It should be
noted that B. sagittata would likely extend flowering dura-
tions in warmer years with earlier snowmelt due to its
sequential flowering behavior. Research by Jabis et al.
(2020) also found an interactive effect between snowmelt
date and temperature, with earlier snowmelt and higher
temperatures further lengthening the flowering durations
of forb species. Congruent with our results, durations are
dependent on snowmelt date (Dunne et al, 2003;
Kudo, 2020; Price & Waser, 1998). Additionally, our
research showed that the effects of all treatments on
flowering duration were consistent over time, suggesting
that flowering durations remain stable in their responses to
advanced spring snowmelt and warming.
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Maximum floral display increased under
heating with snow removal

Maximum floral display (i.e., the maximum number of
concurrent flowers) marginally increased under condi-
tions of heating with snow removal, indicating that the
combination of these climatic variables influences mon-
tane plant investment in floral displays and potentially
impacts their fitness. Our findings were consistent with
previous research that observed increased flower num-
bers with earlier snowmelt (Gezon et al.,, 2016) and
warming (Arft et al., 1999). By contrast, other studies
have found decreased flower numbers with earlier snow-
melt (Inouye, 2008) and warming (Liu et al., 2012;
Saavedra et al., 2003), suggesting that the effects of
warming and advanced spring snowmelt on maximum
floral display are context-dependent on the species and
location. Therefore, additional research is needed to eval-
uate the physiological responses to warming and early
snowmelt in relation to maximum floral displays of
flowering species. Soil moisture affects maximum floral
displays, with declining moisture leading to lower invest-
ments in reproduction, reflected in reduced flower pro-
duction (Phillips et al., 2018). B. sagittata in our study
system complete flowering prior to observed declines in
soil moisture (Sherwood et al., 2017); therefore, soil mois-
ture may be unlikely to affect B. sagittata floral produc-
tion in a given growing season. Few other studies have
investigated the potential for snow removal to interact
with heating to affect maximum floral display. Our
results indicate that heating with snow removal increases
maximum floral display for B. sagittata and that this
effect strengthens over time. These findings highlight the
positive effect that warmer conditions and reduced snow-
pack could have on early-spring floral displays in mon-
tane meadows in the context of climate change.

Earlier flower onset associated with longer
flowering durations and greater maximum
floral displays

Our findings uncovered that flower onset was negatively
correlated with flowering duration across all treatments,
with the heated and snow removal treatment experienc-
ing the strongest negative response. The consistency of
this pattern across treatments, including the control, sug-
gests that regardless of local resource availability
(i.e., light and soil moisture), individuals of B. sagittata
that flower early also flower for a long duration in this
system. This pattern could also be indicative of overall
cooler temperatures earlier in the spring allowing indi-
vidual flower longevity to increase, therefore extending

flowering durations (Yasaka et al.,, 1998). In addition,
flowering duration was positively correlated with maxi-
mum floral display, with an especially strong relationship
in the snow removal treatment. This strong correlation
suggests that B. sagittata plants allocate resources toward
increasing flower production when flowering for longer
periods in response to earlier light access. This pattern
between flowering duration and floral display has been
found more generally in plants as a way to evade herbiv-
ory and increase fitness (Ehrlén et al., 2015). For the
heated and heated with snow removal treatments, the
lack of correlation suggests that there may not be a
trade-off between flowering longer and producing more
flowers based on resources available. For instance,
healthy and/or larger plants may bloom longer and pro-
duce more flowers, while unhealthy and/or smaller
plants may bloom for shorter periods of time and produce
fewer flowers. Additionally, due to B. sagittata’s sequen-
tial flowering behavior, extended flowering durations
may occur among individuals with greater floral displays.
Finally, flowering onset was negatively correlated with
maximum floral display across treatments, with the con-
trol eliciting the strongest negative response. This pattern
implies that the timing of flowering onset may dictate the
size of B. sagittata maximum floral display, with individ-
uals that flower earlier allocating resources prior to com-
petitors and enabling the production of more flowers to
attract pollinators and maximize fitness. Earlier flowering
leading to increased seed production (i.e., increased
fitness) has been supported by previous research on
the early-spring-flowering species, Mertensia fusiformis
(Forrest & Thomson, 2010). This relationship between
earlier flowering and resource allocation to produce more
flowers may indicate B. sagittata’s resiliency to short-term
summer dry periods and a lack of pollinator interactions
due to asynchrony (Forrest & Thomson, 2010). Further, it
may indicate that climate change may have weaker nega-
tive effects on B. sagittata plant fitness, the pollinators
with which B. sagittata interacts, and overall B. sagittata
community dynamics than expected.

Potential implications for plant-pollinator
interactions

Advancement in flowering onset in response to earlier
spring snowmelt and long-term warming may result in a
phenological mismatch where floral resources emerge prior
to pollinators (Kudo & Ida, 2013; Parmesan & Yohe, 2003;
Walther et al., 2002). Such mismatches could have cascad-
ing effects on plant reproduction, impacting populations
of both plants (Kudo & Ida, 2013) and their pollinators,
especially specialists (Memmott et al., 2007), in the long
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term (Kehrberger & Holzschuh, 2019). Patterns of earlier
flower onset and extended flowering duration could miti-
gate phenological mismatches with interacting pollinators
because these conditions provide a wider window of time
for possible interaction with floral resources. However, it
would be essential to determine the degree of a temporal
shift in emergence and duration for both the plants and
associated pollinators to effectively establish the severity of
a potential mismatch (Rafferty et al., 2015). Increased
maximum floral display in response to heating and/or
snow removal may have more complex impacts on
interacting pollinators that warrant additional investiga-
tion. For example, in the same system as our study under
heating conditions, B. sagittata produced more flowers,
but these flowers had decreased nectar volume and
increased sugar concentration (McCombs et al., 2022). A
review of the physiological effects of warming on
plant-pollinator interactions (Scaven & Rafferty, 2013)
highlights that altered nectar production and composition
can have immediate effects on pollinator visitation as
reflected in pollinator energetics (Kudo & Harder, 2005).
Long-term consequences for pollinator fitness have been
observed with greater nectar sugar concentration associ-
ated with increased larval solitary bee growth (Burkle &
Irwin, 2009) and some butterflies and wasps relying on
nectar for nutrients such as amino acids and sugars
(Kevan & Baker, 1983). The patterns we observed in our
experiment imply that real changes in temperature and
the timing of snowmelt could have long-lasting impacts on
plant-pollinator interactions, community structure and
function, and ecosystem dynamics.

CONCLUSIONS

This research identified that the flowering phenology of
B. sagittata responded most strongly to the combination
of heating with snow removal rather than snow removal
or heating only. Responses included advancing flower
onset, extending flowering duration, and increasing
maximum floral display. As one of the first studies to
monitor the combined effects of snow removal and
heating on montane-flowering plants over a 7-year
period, we observed that advanced spring snowmelt
drives spring-flowering plant phenology in montane
ecosystems. Further, our results show that long-term
studies are needed to quantify the effects of climate
change because the influences of heating with snow
removal that advanced flower onset and increased
maximum floral display also strengthened over time.

This study provides important insights into understand-
ing how climatic trends may affect the phenology and floral

production of a long-lived, spring-flowering perennial plant
species in montane regions. Our results indicate that the
effects of climate change on floral phenology in this system
could result in earlier flowering, extended flowering
periods, and more flower production, which would contrib-
ute to our understanding of plant—pollinator interactions in
montane ecosystems following snowmelt. This and similar
montane systems are particularly susceptible to environ-
mental cues and shifts in the timing of those cues (Cleland
et al., 2007). Future research may consider using similar
methodologies to determine whether the patterns observed
in this study hold for other long-lived, spring-flowering, and
mid-summer flowering montane perennials. Future conser-
vation efforts to preserve native plants and their essential
interactions with pollinators will benefit from the knowl-
edge of how these species respond to changes in climate.
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