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Introduction

Plant-pollinator mutualisms are crucial for the persistence 
of most flowering plants and many insects. These mutu-
alisms can be disrupted by climate change-driven shifts 
in the timing of life history events, such as flowering and 
emergence, that result in phenological mismatches between 
plants and insect pollinators (Kudo and Ida 2013; Kudo 
and Cooper 2019). For example, climate change can alter 
the cues triggering spring flowering and insect emergence 
differently, and/or plants and insect pollinators can dif-
fer in their responses to changing climatic cues (Kudo and 
Cooper 2019; Stemkovski et al. 2020). Despite the fact that 
plant-pollinator interactions in alpine ecosystems may be 
particularly vulnerable to climate change (Inouye 2020), 
few studies of plant and pollinator phenological responses 
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Abstract
Climate change is altering interactions among plants and pollinators. In alpine ecosystems, where snowmelt timing is a key 
driver of phenology, earlier snowmelt may generate shifts in plant and pollinator phenology that vary across the landscape, 
potentially disrupting interactions. Here we ask how experimental advancement of snowmelt timing in a topographi-
cally heterogeneous alpine-subalpine landscape impacts flowering, insect pollinator visitation, and pathways connecting 
key predictors of plant-pollinator interaction. Snowmelt was advanced by an average of 13.5 days in three sites via the 
application of black sand over snow in manipulated plots, which were paired with control plots. For each forb species, 
we documented flowering onset and counted flowers throughout the season. We also performed pollinator observations 
to measure visitation rates. The majority (79.3%) of flower visits were made by dipteran insects. We found that plants 
flowered earlier in advanced snowmelt plots, with the largest advances in later-flowering species, but flowering duration 
and visitation rate did not differ between advanced snowmelt and control plots. Using piecewise structural equation mod-
els, we assessed the interactive effects of topography on snowmelt timing, flowering phenology, floral abundance, and 
pollinator visitation. We found that these factors interacted to predict visitation rate in control plots. However, in plots 
with experimentally advanced snowmelt, none of these predictors explained a significant amount of variation in visitation 
rate, indicating that different predictors are needed to understand the processes that directly influence pollinator visita-
tion to flowers under future climate conditions. Our findings demonstrate that climate change-induced early snowmelt 
may fundamentally disrupt the predictive relationships among abiotic and biotic drivers of plant-pollinator interactions in 
subalpine-alpine environments.
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to climate change have been conducted in these systems. 
In the alpine, air temperature and the timing of snowmelt 
are critical cues shaping flowering onset and bee emergence 
(Totland and Alatalo 2002; Stemkovski et al. 2020). In addi-
tion to decreased winter snowpack and increased spring 
temperatures associated with climate change, earlier snow-
melt is driven by the deposition of anthropogenic dust on 
the surface of snow, which decreases albedo (Deems et al. 
2013). Earlier snowmelt timing can cause alpine plant spe-
cies to emerge from winter dormancy and to flower earlier, 
influencing pollinator visitation rates (Totland 1993).

Advanced snowmelt is likely to have direct impacts 
on both plants and insect pollinators at the same time it 
increases the risk of phenological mismatch. In some mon-
tane systems, earlier-flowering species have longer flow-
ering durations, which can increase reproductive output 
(Pardee et al. 2019). However, advanced flowering may 
have direct, negative impacts on plant reproduction by 
reducing flowering durations for some functional groups, 
such as succulents and cushion plants (Prevéy et al. 2019; 
Jabis et al. 2020). Early flowering can also expose plants to 
late spring and early summer frost events, causing buds and 
flowers to be damaged by frost and reducing reproductive 
success (Inouye 2008; Pardee et al. 2019). Similarly, harsh, 
early spring alpine conditions can affect foraging success of 
insect pollinators. Although some bumble bees and moths 
have adaptations that permit flying and foraging under low 
air temperatures and strong winds, such conditions may 
preclude other species from visiting flowers early in the 
season (Pyke et al. 2011). Additionally, advanced-flowering 
plants may experience altered soil moisture patterns, which 
could affect floral cues and pollinator attraction (Gezon et 
al. 2016). For example, advanced snowmelt and drought 
have been shown to decrease flower size and nectar produc-
tion (Powers et al. 2022). Thus, even if plants and insects 
overlap spatially and temporally under advanced snowmelt 
conditions, changes in floral traits and insect behavior may 
lead to a decoupling of plant-pollinator interactions.

The impacts of snowmelt shifting earlier as a result of 
anthropogenic change in the alpine will play out across a 
backdrop of complex topography. Topographic heterogene-
ity is likely to influence smaller-scale patterns of snowmelt 
timing across alpine landscapes, contributing to variation in 
plant and pollinator phenological responses (Bueno de Mes-
quita et al. 2018; Inouye 2020). Topography modulates soil 
moisture (Litaor et al. 2008), and topography-driven varia-
tion in soil moisture can, in turn, affect plant phenology and 
floral traits (Suárez et al. 2011). In the context of plant-pol-
linator interactions, microhabitats that become snow-free 
at different times confer phenological heterogeneity across 
the alpine landscape, which could decrease the risk of phe-
nological mismatch between plants and pollinators at the 

community level (Graae et al. 2018). Topographic complex-
ity, in combination with differential sensitivity to snowmelt 
timing among plant species, could lead to co-flowering of 
novel assemblages of plants, altering competition and pol-
lination success (Sargent and Ackerly 2008; CaraDonna et 
al. 2014). Topography is therefore critical to assessing how 
climate change will affect plant-pollinator interactions in 
alpine ecosystems.

In this study, we used a large-scale experimental manip-
ulation of snowmelt timing in a topographically complex 
alpine environment to investigate how advanced snow-
melt affected plant-pollinator interactions. In particular, we 
asked how experimental advancement of snowmelt timing 
affected (1) flowering onset and duration, (2) floral abun-
dance, and (3) pollinator visitation rate. We also asked 
how these responses varied with topographic variation that 
contributes to natural variation in snowmelt timing, using 
structural equation modeling to examine interacting factors 
shaping snowmelt timing, flowering phenology, and polli-
nator visitation rate. We predicted that topography would 
influence snowmelt timing, which subsequently would 
influence flowering phenology and floral abundance, and 
floral abundance would influence pollinator visitation rate. 
We further predicted that the strength of the relationships 
among these interacting factors would differ for plots with 
advanced snowmelt and control plots.

Methods

Study system

This work was performed in 2020 at Niwot Ridge (40.05411, 
-105.5891), located in the Colorado Rocky Mountains, 
USA. Four sites (named Audubon, Lefty, East Knoll, 
Trough) were used within this study to represent subalpine 
and alpine environments ranging from 3380 to 3500 m in 
elevation, dominated by low-growing forbs. Each of our 
four sites was within an array of five sites that were part 
of an “early spring” experiment done as part of the Niwot 
Ridge Long-Term Ecological Research Program, wherein 
40 m × 10 m control plots were paired with advanced plots 
of the same size. In advanced plots, a thin layer of inert black 
sand was spread on the surface of the snow in late spring, 
prior to snowmelt at a rate of 227 kg of sand per 40 m x 
10 m plot. Sand was spread in control plots following snow-
melt to control for any effects of the sand on the structure 
or temperature of the soil surface. Previous work has dem-
onstrated that this sand has little effect on soil microbes. 
Black sand has also been used to effectively advance snow-
melt timing in a high-elevation forest (Blankinship et al. 
2018), and, similarly, locally-sourced dust has been used to 
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advance snowmelt in the alpine tundra (Steltzer et al. 2009). 
This procedure was initiated in 2018, and repeated in the 
summers of 2019 and 2020 such that 2020 data collection 
occurred during the third year of black sand application.

We established five subplots in each of the two plots 
(control and advanced) at each of three sites (Audubon, East 
Knoll, Trough) and six subplots in each of the two plots at 
one site (Lefty), for a total of 21 control subplots and 21 
advanced subplots (Fig. S1). These subplots (2 m × 1 m) 
were paired between control and advanced plots such that 
each pair had a similar elevation (mean difference ± SD in 
elevation between pairs = 0.20 ± 0.61 m), and were arranged 
to capture topographic heterogeneity within each plot. The 
principal measure of topography used was topographic 
position index (TPI). TPI compares the elevation of a cen-
tral point to points around it within a given radius or neigh-
borhood; positive TPI values indicate a peak or ridge occurs 
at that point in the landscape at a given scale, while negative 
values indicate that a valley occurs around that point in the 
landscape at a given scale (Oldfather et al. 2016). The TPI 
of the subplots at a 15-m radius ranged from − 1.11 to 0.68. 
To minimize the impacts of any runoff snowmelt into our 
plots from adjacent areas, which could have impacted soil 
moisture, we established subplots at least 1 m away from the 
perimeter of plots.

Data collection

To assess whether the black-sand treatment influenced flow-
ering phenology of forbs, we counted the total number of 
flowers in subplots twice per week beginning with flow-
ering onset and ending when flowering ceased. A total of 
50 forb and 1 woody species were present across all sites 
(Table S1). Many of the forbs in this system produce flowers 
that senesce within 3–4 d, and those that have longer flo-
ral longevity (e.g., Geum rossii (Rosaceae)) occur at simi-
lar densities in subplots across treatments. From our flower 
count data, we created a metric of floral abundance by tak-
ing the cumulative sum of flowers across all flowering spe-
cies at all time points per subplot.

To assess pollinator visitation to flowers, we performed 
15-min observations of the entire flowering community 
twice per week in subplots where flowers were present, 
which represented approximately ten weeks of the summer 
in each site. We conducted observations only when cloud 
cover was less than 50% and winds were under 24 km per 
h. We recorded the identities of insects and plants upon 
observing contact of insects with anthers or stigmas and col-
lected the first two insect visitors of each morphospecies per 
observation period for identification (Table S1, Table S2). 
To ensure equal sampling effort, the total amount of obser-
vation time per treatment was approximately the same at 

3,615 min in control plots and 3,690 min in advanced plots 
across all sites. Within each site, we counted flowers in sub-
plots of each treatment the same number of times across the 
season and therefore used the total cumulative visits to flow-
ers across the entire flowering season at the subplot level as 
our metric of pollinator visitation rate.

To assess the topography of each subplot, we used a digi-
tal elevation model (DEM) for Niwot Ridge from OpenTo-
pography (Anderson et al. 2013). Using the R (R Core Team 
2022) package raster and function terrain (Hijmans 2023), 
we calculated elevation, aspect, and slope. We also calcu-
lated TPI at a 1.5-m and 15-m radius to represent topogra-
phy (Oldfather et al. 2016).

Data analysis

To explore the overall impacts of the black-sand treatment 
on the timing of snowmelt, we fit a linear mixed-effects 
model (LMM) for each site using snowmelt timing as the 
response variable, treatment as the predictor, and subplot 
identity (with subplots paired by elevation) as a random 
effect.

To explore how snowmelt timing influenced flowering 
onset, we fit a LMM with flowering onset of individual plant 
species in advanced snowmelt subplots as our response vari-
able, flowering onset of individual plant species in control 
subplots as our predictor variable, and plant species iden-
tity as a random effect. We tested the normality of residuals 
using the R package “DHARMa” (Hartig 2022) and found 
that they were normally distributed. We then determined 
whether this linear fit differed from a null expectation of no 
difference in flowering onset between treatments (i.e., devi-
ated from a 1:1 line) using the package “emmeans” (Lenth 
2023). Finally, we calculated the difference in flowering 
onset for plants in advanced vs. control subplots, then fitted 
a LMM with the difference as the response variable, flower-
ing onset in control subplots as the predictor variable, and 
plant species as a random effect. We used the R package 
“lme4” (Bates et al. 2015) for all LMMs.

To examine the influence of treatment on floral abun-
dance, flowering duration, and pollinator visitation rate, we 
fit separate LMMs with each response variable, treatment 
as the predictor variable, and paired subplots nested in sites 
as a random effect. Flowering duration was calculated as 
the difference in days between the first and last day that 
a subplot had flowers of any summer-flowering species. 
We tested the normality of residuals using the R package 
“DHARMa” (Hartig 2022) and found that they were nor-
mally distributed.

Finally, to examine the relationships among topography, 
snowmelt timing, flowering phenology, floral abundance, 
and pollinator visitation rate, we constructed piecewise 
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The base pSEM model (Fig.  1) predicted that, at the 
subplot level, TPI at a 15-m radius impacted the timing of 
snowmelt, that snowmelt timing influenced flowering onset, 
that flowering onset influenced flowering duration and the 
day of peak pollinator visitation rate to flowers, and that 
floral abundance influenced pollinator visitation rate. Site 
was used as a random effect in each individual linear model. 
To compare model structure between treatments, we cre-
ated two separate models using the same base pSEM model: 
one with data from control subplots, and one with data 
from advanced snowmelt subplots. In both models, we used 
gamma distributions with a log link function for models 
that had temporal measurements as the response variable, 
which included models predicting snowmelt timing, flower-
ing onset, and day of peak pollinator visitation rate (Bolker 
2008). We found that residuals of three of twelve total 
models were marginally significantly non-normal. In the 
control subplot pSEM, models with non-normal residuals 
were those explaining flowering onset and flowering dura-
tion (p = 0.03 and p = 0.02, respectively). In the advanced 
subplot pSEM, the only model with non-normal residuals 
was the model explaining flowering onset (p = 0.01). We re-
fitted these models with subsets of the data to achieve nor-
mality and found that the qualitative results did not change. 
We report the results from the models with the complete 
datasets.

Results

Black-sand treatment advanced snowmelt in plots in three 
sites (Audubon, Lefty, and Trough) by 11.8, 13.0, and 
16.8 days, respectively, but there was no significant effect 
of treatment in site East Knoll (Table 1, Fig. S2). Because 
snowmelt timing was not affected by the addition of black 
sand in this site, and because forbs began flowering in this 
site before we started to monitor subplots for flowering, 
we excluded this site in all subsequent data analysis. Thus, 
analyses of flowering onset, floral abundance, flowering 
duration, and pollinator visitation rate, as well as all pSEMs, 
use data from three sites (Audubon, Lefty, Trough) compris-
ing 16 paired subplots in six plots.

Observations of flower visitation were conducted 
twice per week for approximately ten weeks for a total 
of 7,305 min across all sites, during which we observed a 
total of 2,589 insect-flower interactions and collected 347 
flower-visiting insects representing 103 morphospecies, 36 
families, and 6 orders (Table S2). Across all sites, Diptera 
represented 79.3% of visitors, Hymenoptera represented 
15.5% of visitors, Hemiptera represented 3.2% of visitors, 
Lepidoptera represented 1.7% of visitors, Coleoptera repre-
sented 0.3% of visitors, and Orthoptera represented 0.1% of 

structural equation models (pSEMs) with the R packages 
vegan and piecewiseSEM (Lefcheck 2016; Oksanen et al. 
2022). The base pSEM model was created using infer-
ences derived from the literature, exploratory analyses, and 
variation inflation factor (VIF) analyses. Predictor variables 
were selected based on covariance, which was determined 
using Pearson correlation with R package Hmisc, and then 
assessed using VIF analyses (Harrell 2023; Zuur et al. 2009). 
We excluded predictors that led to a VIF > 2.0 to reduce the 
effect of collinearity (Berglund et al. 2013) and performed 
model selection by choosing models with the lowest Akaike 
Information Criterion using the R package “AIC” (Shipley 
2013). Variables that did not lead to VIF scores over 2.0 
were added based on tests of directed separation (Lefcheck 
2016). We tested the normality of residuals of all linear 
models using the R package “DHARMa” (Hartig 2022).

Fig. 1  The base piecewise structural equation model (pSEM) used to 
construct pSEMs for both control and advanced snowmelt plots. The 
model predicts that topographic position index (TPI) at a radius of 15 
m impacts snowmelt timing, that snowmelt timing influences flower-
ing onset, that flowering onset influences flowering duration and the 
day of peak pollinator visitation rate, that flowering duration influ-
ences floral abundance, and that floral abundance influences the pol-
linator visitation rate across the entire flowering duration
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significantly from 1 (the null expectation; LMM [esti-
mate ± SE]: 0.73 ± 0.05, t111 = 13.54, p < 0.001; Fig.  2a). 
Further, the difference in flowering onset for plants in 
advanced vs. control subplots was positively correlated with 
flowering onset (LMM: 0.27 ± 0.05, t111 = 4.89, p < 0.001; 
Fig. 2b).

Black-sand treatment had a significant, positive effect on 
floral abundance, but did not significantly influence flower-
ing duration or pollinator visitation rate (Table 1).

We obtained good fits for pSEMs for both the control 
(Fisher’s C 34.19, AIC = -121.05, p = 0.08, df = 24; Fig. 3a, 
Table S3) and advanced subplots (Fisher’s C 29.05, AIC 
= -91.09, p = 0.41, df = 28; Fig.  3b, Table S3). In both 
pSEMs, TPI at 15  m was significantly negatively corre-
lated with snowmelt timing, snowmelt timing was signifi-
cantly positively correlated with flowering onset, and TPI 
at 15 m was significantly positively correlated with floral 
abundance, indicating that snow melted later in depressions 
and that floral abundance was lower on ridges. However, 
these three paths are the only significant interactions shared 
by both models. The pSEM for control subplots showed a 
high degree of agreement with our base model: flowering 
onset had a significant negative effect on flowering duration, 
flowering duration had a significant positive effect on floral 
abundance, and floral abundance had a significant positive 
effect on pollinator visitation rate. Further, flowering onset 
and duration had significant positive effects on the day of 
peak pollinator visitation rate, and the day of peak pollinator 
visitation rate had a significant positive effect on pollinator 
visitation rate (Figs.  1 and 3a, Table S3). In contrast, the 
pSEM for advanced subplots showed few significant paths, 
and there were no significant predictors of flowering dura-
tion, day of peak pollinator visitation rate, or pollinator visi-
tation rate (Fig. 3b, Table S3).

visitors. In the sites used in the construction of pSEMs (all 
those except East Knoll), Diptera represented 82.9% of visi-
tors, Hymenoptera represented 11.8% of visitors, Hemip-
tera represented 3.5% of visitors, Lepidoptera represented 
1.8% of visitors, and Coleoptera represented 0.1% of visi-
tors. Across sites, pollinators visited a total of 37 different 
plant species in 16 families (Table S1). Sites and the sub-
plots within them supported different species of flowering 
plants, driven largely by the topographic heterogeneity of 
the landscape and its effects on snowmelt and soil moisture 
(Litaor 2008). Among the 4 sites, East Knoll melted out and 
flowered first (melting out on May 12 and flowering on May 
23 in the control treatment in 2020) and represents a dry 
meadow community. Audubon and Lefty melted out and 
flowered later (melting out June 1 and June 3, and flowering 
on June 17 and 24, respectively, in the control treatment in 
2020) and primarily represent dry and moist meadow com-
munities. Trough melted out and flowered latest (melting 
out on June 29 and flowering on July 8 in the control treat-
ment in 2020) and primarily contains snowbed and moist 
meadow communities. At all sites, subplots lower in eleva-
tion melted out and flowered 7 to 33 days later than those 
higher in elevation and thus tend to represent snowbed and 
moist meadow communities. At East Knoll, the most vis-
ited plant was Geum rossii (31.4% of visits), and the second 
most visited plant was Arenaria fendleri (Caryophyllaceae, 
16.6% of visits). At Audubon, the most visited plant was 
also G. rossii (72.0% of visits), and the second most visited 
plant was Potentilla diversifolia (Rosaceae, 6.5% of visits). 
At Lefty, the most visited plant was again G. rossii (32.1% 
of visits), and the second most visited plant was Solidago 
simplex (Asteraceae, 25.5% of visits). At Trough, the most 
visited plant was Ligusticum tenuifolium (Apiaceae, 41.2% 
of visits), and the second most visited plant was G. rossii 
(33.7% of visits).

Flowering onset of plants in control subplots was a 
significant predictor of flowering onset in advanced sub-
plots (Fig.  2a), with an estimated coefficient that differed 

Table 1  Model results for influences of treatment on various responses. Asterisks indicate significance level (*p < 0.05, **p < 0.01, ***p < 0.001)
Response Predictor Site(s) Random

effects
Estimate SE F/t* p df

Snowmelt timing Treatment Audubon (A) Paired subplot 11.80 4.19 7.94 0.048* 1, 4
Lefty
(L)

13.00 3.08 17.85 0.0083** 1, 5

East Knoll (EK) -1.20 0.58 4.24 0.109 1, 4
Trough
(T)

16.80 1.99 71.64 0.0011** 1, 4

Floral abundance A, L, T Paired subplots nested in sites -183.00 76.04 -2.41 0.03* 15
Flowering duration A, L, T -2.06 4.10 -0.50 0.62 15
Pollinator visitation rate A, L, T -6.31 8.83 -0.72 0.49 15
*F statistic reported for models with timing of snowmelt as the response; t value reported for models with floral abundance, flowering duration, 
and pollinator visitation rate as responses.
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Fig. 3  The final piecewise structural equation models for (A) control 
and (B) advanced snowmelt subplots. Both models had an accept-
able fit (p > 0.05) and each individual regression used site as a ran-
dom effect. Green arrows indicate a significant, positive effect; yellow 
arrows indicate a significant, negative effect; and gray arrows indicate 

a non-significant interaction. Values adjacent to arrows represent the 
estimated strength of the relationship, and R2 values indicate the pro-
portion of variance explained by the model for the associated response 
variable

 

Fig. 2  Flowering onset in control plots predicts flowering onset in 
response to advanced snowmelt. (A) Regression shown in red, and 
null expectation of no difference in flowering onset between treatments 

(1:1 line) shown in black. (B) Difference in flowering onset for plants 
in advanced vs. control subplots, with a regression line shown in black
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that snowmelt timing in subalpine meadows altered the 
flowering times and synchrony of historically co-flowering 
species that share pollinators. Under future climates, the 
flowering phenologies of species that flower in early- and 
mid-season may be more synchronous in our study sites, 
altering competitive and facilitative interactions (Sargent 
and Ackerly 2008). Indeed, because co-flowering synchrony 
can affect plant-pollinator interactions (Kraft and Ackerly 
2014), shifts in the relative timing of flowering at the com-
munity level will likely affect plant reproduction. Further, 
plots with advanced snowmelt had significantly higher 
floral abundance than control plots. In contrast, in a sub-
alpine, montane habitat, Delphinium nuttallianum (Ranun-
culaceae) produced fewer total flowers in years with low 
snow accumulation, likely because flowers were exposed to 
colder temperatures (Inouye and McGuire 1991). It appears 
that advanced snowmelt did not incur damage to flowers in 
our study system, and the positive effect of experimentally 
advanced snowmelt on floral abundance may have been 
driven by longer flowering duration, though the effect of 
treatment on flowering duration was not statistically sig-
nificant. Additionally, because many alpine plants exhibit 
developmental preformation, or the initiation of organs 
at least one growing season before maturation (Diggle 
1997; Meloche and Diggle 2001), the two previous years 
of black sand application, advanced snowmelt, and artifi-
cially-lengthened growing season may have cumulatively 
increased floral abundance (Prather et al. 2023). Indeed, 
inflorescences of Geum rossii, which received 46.0% of all 
pollinator visits, require 3 years from initiation to maturity 
(Meloche and Diggle 2001). If advanced snowmelt differ-
entially increases floral abundances among species, thereby 
changing relative floral abundances, competition among 
plants for pollination services may change.

Although our treatment did not generate differences in 
flowering duration or pollinator visitation rate, advanced 
snowmelt altered the interrelationships between flowering 
onset, duration, and abundance and pollinator visitation and 
phenology (Fig. 3). In control plots, later flowering onset was 
associated with shorter flowering duration. This relationship 
between flowering onset and flowering duration was absent 
in plots with experimentally advanced snowmelt, and stud-
ies in other alpine and subalpine ecosystems have similarly 
found that flowering duration was not affected by treatments 
combining advanced snowmelt and warming (Semenchuk 
et al. 2016; Jabis et al. 2020). Similarly, in control plots 
only, flowering duration was significantly positively cor-
related with floral abundance in subplots, and later flower-
ing onset was associated with later dates of peak visitation. 
Finally, the strongest predictor of pollinator visitation rate to 
control subplots was floral abundance. In contrast, pollina-
tor visitation rate was unpredictable in advanced snowmelt 

Discussion

Our large-scale manipulation of snowmelt timing in an 
alpine ecosystem demonstrated that advanced snowmelt is 
associated with higher floral abundance and earlier flower-
ing onset, particularly for species that flower later in the 
season, and that novel predictors are needed to understand 
the processes that directly influence pollinator visitation to 
flowers under climate change. Thus, despite the fact that 
flowering duration and pollinator visitation rate did not 
differ between advanced snowmelt and control plots, the 
relationships between abiotic and biotic drivers of visita-
tion were altered with earlier snowmelt, reducing our ability 
to identify the mechanisms by which climate change will 
affect plant and pollinator communities.

As expected, flowering onset was earlier in plots with 
advanced snowmelt (Fig. 2). Indeed, our pSEMs for both 
control and advanced snowmelt plots showed that flower-
ing onset was positively correlated with snowmelt timing 
(Fig. 3). However, when snowmelt was advanced, earlier-
flowering species showed a smaller advance in flowering 
onset than did later-flowering species (Fig. 2a). Thus, the 
magnitude of advance in flowering onset in advanced snow-
melt plots was positively related to flowering onset in con-
trol plots (Fig. 2b).

Experiments in both alpine and subalpine ecosystems 
have tended to show the opposite, with early-flowering spe-
cies experiencing the greatest phenological advancement 
in response to experimentally advanced snowmelt (Dunne 
et al. 2003; Petraglia et al. 2014). However, a meta-analy-
sis revealed that the phenologies of late-flowering species 
in the coldest tundra sites were most strongly impacted 
by warming (Prevéy et al. 2019). The ability to grow and 
flower rapidly in response to snowmelt may be an important 
adaptation in late-melting habitats because of the abbrevi-
ated growing season (Totland and Alatalo 2002). Therefore, 
snowmelt – and associated cues such as light availability and 
soil moisture – may cue the initiation of plant growth and 
thus drive flowering onset in mid- and late-season flowering 
species. Early-flowering species in both alpine and montane 
systems, on the other hand, may face harsher conditions if 
they flower early in response to advanced snowmelt, result-
ing in negative fitness consequences (Inouye 2008; Prevéy 
et al. 2019). Thus, late-flowering species may respond to 
cues such as the amount of solar energy, growing degree 
days, and number of frost days more strongly than early-
flowering species (Bienau et al. 2015).

Given our finding that plants that flower later in the sea-
son showed greater advances in flowering onset, the assem-
blage of flowering species available to pollinators at a given 
time may change under climatic conditions that result in 
earlier snowmelt. For example, Forrest et al. (2010) showed 
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earliest snowmelt experienced no effect of black-sand treat-
ment on snowmelt timing, possibly due to its low total snow 
accumulation, suggesting that points on the landscape with 
less snow may respond differently to warming.

This study is the first to demonstrate that experimental 
advancement of snowmelt can fundamentally change the 
relationships among the biotic factors that influence plant-
pollinator interactions. We provide evidence that under 
novel climate conditions, models fail to explain the rate of 
pollinator visitation, indicating that different variables, such 
as pollinator behavior and phenology, may be needed to 
predict plant-pollinator interaction rates in future climates. 
Further, our manipulation of snowmelt timing is, to our 
knowledge, the largest in extent that has been executed in 
an alpine system (Livensperger et al. 2006; Steltzer et al. 
2009; Wipf et al. 2009; Cornelius et al. 2013; Petraglia et 
al. 2014; Sherwood et al. 2017; Frei and Henry 2021). By 
experimentally advancing snowmelt across this landscape, 
we gained novel insight into how climate change will dif-
ferentially affect flowering phenology and alter mechanisms 
driving plant-pollinator interactions.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s00035-
024-00315-x.
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plots. Given a wealth of evidence that floral abundance can 
influence pollinator visitation (e.g., Eckhart et al. 2006; Shi-
bata and Kudo 2020), the lack of relationship between floral 
abundance and pollinator visitation rate in advanced snow-
melt plots suggests that factors other than those examined 
here could play a role in driving plant-pollinator interac-
tions under future climates. For example, harsh weather in 
the early spring may prevent certain pollinator taxa from 
visiting flowers but favor other taxa (Pyke et al. 2011). 
Further, advanced snowmelt may alter floral signals and 
rewards by changing soil moisture, thereby changing insect 
pollinator behavior (Gezon et al. 2016; Powers et al. 2022). 
Alternatively, advanced snowmelt may result in decreased 
phenological synchrony between plants and pollinators 
(Kudo and Ida 2013; Kudo and Cooper 2019). However, 
in some systems, the phenological advancement of bees 
and plants in response to global temperature increases has 
occurred at a similar pace, indicating that certain taxa may 
be less likely to become phenologically mismatched (Bar-
tomeus et al. 2011).

The spatial extent of our study enabled us to ask whether 
topography interacted with the black-sand treatment to influ-
ence snowmelt timing. Topographic position index (TPI) at 
15 m was positively correlated with later snowmelt in both 
control and advanced snowmelt plots (Fig. 3), corroborating 
research showing that topography influences snow depth 
and melt timing (Bueno de Mesquita et al. 2018; Östman 
2018). Valleys likely accumulate more snow and may thus 
have higher soil moisture, influencing flowering phenology 
(Bueno de Mesquita et al. 2018). Our findings add further 
evidence that topographic heterogeneity influences the 
hydrology of alpine ecosystems (Grünewald et al. 2013). 
Improving our understanding of how topography influences 
snow accumulation and plant phenology is critical to pre-
dicting how climate change will impact alpine communities.

In isolating the effects of advanced snowmelt across a 
large area, our study did not attempt to incorporate mul-
tiple aspects of climate change. In particular, we note that 
our study did not address increases in temperature that are 
predicted to occur with climate change (Diaz et al. 2003). 
Warming impacts vegetative and reproductive phenology 
differently (Collins et al. 2021) and shortens flowering 
duration in tundra systems (Prevéy et al. 2019), and direct 
warming would likely have further accelerated snowmelt 
and altered our findings. In addition, we focused here on 
community-level visitation rates, rather than examining 
whether the composition of insect visitors differed between 
control and advanced snowmelt plots. Given that shifts in 
flowering phenology are known to alter the relative fre-
quencies of interaction with different pollinators, affecting 
reproductive output (Rafferty and Ives 2012), such analy-
ses would be valuable. Finally, we found that the site with 
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