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Abstract Predicting demographic consequences of climate change for plant communities requires understanding
which factors influence seed set, and how climate change
may alter those factors. To determine the effects of pollen
availability, temperature, and pollinators on seed production in the alpine, we combined pollen-manipulation experiments with measurements of variation in temperature, and
abundance and diversity of potential pollinators along a
400-m elevation gradient. We did this for seven dominant
species of flowering plants in the Coast Range Mountains,
British Columbia, Canada. The number of viable seeds set
by plants was influenced by pollen limitation (quantity of
pollen received), mate limitation (quality of pollen), temperature, abundance of potential pollinators, seed predation, and combinations of these factors. Early flowering
species (n = 3) had higher seed set at high elevation and
late-flowering species (n = 4) had higher seed set at low
elevation. Degree-days >15 °C were good predictors of
seed set, particularly in bee-pollinated species, but had
inconsistent effects among species. Seed production in one
species, Arnica latifolia, was negatively affected by seedpredators (Tephritidae) at mid elevation, where there were
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fewer frost-hours during the flowering season. Anemone
occidentalis, a fly-pollinated, self-compatible species had
high seed set at all elevations, likely due to abundant potential pollinators. Simultaneously measuring multiple factors
affecting reproductive success of flowering plants helped
identify which factors were most important, providing
focus for future studies. Our work suggests that responses
of plant communities to climate change may be mediated
by flowering time, pollination syndrome, and susceptibility
to seed predators.
Keywords Phenology · Reproduction · Pollination ·
Pollen limitation · Climate change

Introduction
Predicting demographic consequences of climate change
for flowering plants is one of the most difficult and important questions faced by pollination ecologists (Hegland
et al. 2009; Forrest 2011; Willmer 2012; Straka and Starzomski 2014). Accurately predicting seed set under varying conditions involves simultaneously studying multiple
processes affecting plant physiology, pollination, and pollen limitation. Many factors influence seed set (e.g. Lee and
Bazzaz 1982; Ehrlén 1992; Totland 1997), and the ways in
which climate change might affect them can be complex
(Fig. 1). Meta-analyses have shown that sexual reproduction of most flowering plants is pollen limited (Larson and
Barrett 2000; Knight et al. 2005), which runs contrary to
the prediction that the number of ovules plants produce
should be optimized to match availability of pollination and
abiotic resources (Haig and Westoby 1988).
Despite a predominance of pollen limitation, plants are
not always pollen limited because factors driving pollen
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Fig. 1 Diagram depicting hypothesized direct and indirect effects of
factors hypothesized to limit seed set in alpine plants

limitation vary in space and time (Ehrlén 1992; Totland
2001; García-Camacho and Totland 2009) and are confounded with other limitations on reproduction (Knight
et al. 2005). Self-pollinating species, for example, tend not
to be pollen limited (Knight et al. 2005), but often benefit
from outcrossing (Darwin 1862). The number and quality of seeds that plants produce may be limited by lack of
resources (e.g. water, nutrients, light), unpredictability of
resource availability (Lee and Bazzaz 1982; Ehrlén 1992;
Totland 1997), failure to attract pollinators (Burd 1994),
and spatial or temporal variation in pollinator preferences
(e.g. Forrest and Thomson 2009), abundance (Totland
2001), or effectiveness (Rafferty and Ives 2012). After fertilization occurs, seeds can still be lost to seed predators
(e.g. Lee and Bazzaz 1982), or fail to mature during short
seasons (Thórhallsdóttir 1998; Cooper et al. 2011).
Climate can drive seed set in the alpine in a number of
ways (Fig. 1). Snow cover and atmospheric or soil degreedays (DD) affect seed set by influencing pollinator activity and abundance (Schemske 1977; McCall and Primack
1992; Totland 1994) or by inducing plant–pollinator mismatch through altered phenology (e.g. Inouye et al. 2000,
2002; Kudo et al. 2004; Hegland et al. 2009). Temperature
interacts with plant physiology to reduce reproductive output when temperatures are too low or seasons too short for
seeds to mature (Galen and Stanton 1993; Burd 1994), with
frost leading to aborted ovules before or after fertilization
(Inouye et al. 2000; Kudo and Hirao 2006; Inouye 2008).
Pollen-manipulation experiments can show how pollen
limitation interacts with climate to influence patterns of
seed set (Thórhallsdóttir 1998; Fabbro and Körner 2004).
Pollen manipulation has been used to study breeding systems and pollen limitation for decades (e.g. Kearns and
Inouye 1993; Dafni et al. 2005), but most knowledge about
factors driving pollen limitation comes from meta-analyses
of data collected in various years and locations (Ashman
et al. 2004; Knight et al. 2005), or from studies focusing
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on single species (e.g. Schemske 1977; Totland 1997; Kudo
and Hirao 2006). Many studies make assumptions about
spatial variation in abundance of potential pollinators without measuring it directly (e.g. Fabbro and Körner 2004;
though see Brosi and Briggs 2013), or use temperature data
from few weather stations to predict local phenology, which
can poorly represent conditions within field sites (Forrest
2011). Few studies have simultaneously manipulated availability of pollen for multiple species making up a flowering
plant community (e.g. Motten 1986) in an alpine environment, across a measured gradient in abundance of potential
pollinators and temperature conditions. Combining experiments with measured gradients at a field site could provide
insight into which abiotic and biotic variables affect seed
set in an alpine plant community.
We performed community-level pollen limitation experiments in a series of alpine meadows (Marriott Basin) in
the Coast Range Mountains of British Columbia, Canada.
‘Pollen limitation’ refers to reduction of seed set when
ovules fail to receive sufficient quantities of pollen for fertilization. Pollen limitation can be estimated by comparing
pollen-supplemented plants to ‘open’ (or control) plants
experiencing natural levels of pollination: higher seed set
of pollen-supplemented plants relative to controls suggests
that plants are pollen limited (Kearns and Inouye 1993;
Dafni et al. 2005).
The objectives of our experiments were to: (1) verify the
breeding systems of the most abundant flowering plants at
Marriott Basin, and (2) determine the major drivers of variation in reproductive output (seed set). If access to potential
pollinators limits reproduction of plants, we predicted that
pollen-supplemented plants would have the highest seed
set, open plants with natural pollination would have lower
seed set, and plants with pollinators excluded would have
the lowest seed set. To determine the drivers of reproductive output in alpine plants, we evaluated evidence for six
non-mutually exclusive hypotheses to explain reproductive
output: pollen limitation (pollen quantity), abiotic limitation, biotic limitation, combined abiotic and biotic limitation, mate limitation (pollen quality) and limitation by seed
predation. To test this set of hypotheses, we combined pollen manipulation with measurements of natural variation in
abiotic and biotic factors that could limit seed set, across an
elevation gradient.

Materials and methods
Location and study species
Our experiments and observations took place over the 2011
growing season (Online Resource 1) at Marriott Basin, in
the Coast Range Mountains of British Columbia, Canada
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(50.429 N, −122.459 W). The site includes a series of
alpine meadows ranging in elevation from 1,700 to 2,140 m
a.s.l. We estimated relative abundance of species at our
study site using a point-intercept method (from Barnett and
Stohlgren 2003) in twenty-four, 1 × 1-m plots, distributed
across our field site at Marriott Basin (K. Baldwin-Corriveau, unpublished data). The most abundant flowering
plants (hereafter referred to by genus) were Erythronium
grandiflorum (Liliaceae), Anemone occidentalis (Ranunculaceae), Claytonia lanceolata (Portulacaceae), Caltha leptosepala (Liliaceae), Valeriana sitchensis (Valerianaceae),
Arnica latifolia (Asteraceae), Lupinus arcticus (Fabaceae),
Sorbus sitchensis (Rosaceae), and Vaccinium membranaceum (Ericaceae). These species are perennials that vary
markedly in flowering time, sexual compatibility, and floral display (Online Resource 2; Pojar 1974). All nine species were included in pollen-manipulation experiments, but
Valeriana and Sorbus failed to produce seeds in 2011, preventing analysis. We report on the seven remaining species,
though Anemone and Caltha were only available in sufficient numbers from high and low elevation.
All of the insects we refer to as ‘potential pollinators’
were observed visiting our study species of flowers at least
once during the field season, and were visibly carrying pollen when observed at flowers, or caught in pan traps. We
observed floral visitors as part of another (unpublished)
study, in which we watched flowers for 10-min periods,
with 80 h of observation in total. The most abundant floral
visitors in 2011 were several species of Brachycera (including Muscidae and Anthomyiidae) that we could not reliably
distinguish on the wing and lumped as one ‘black fly’ morphospecies, Bombus spp., a diverse assemblage of Syrphidae, and sawflies (Tenthredinidae).
Estimating pollen limitation
We established nine sites over a total area of 1.2 km2,
stratified into three low-elevation (~1,706–1,772 m),
three mid elevation (~1,841–1,870 m), and three highelevation (~2,010–2,090 m) sites. At each site, we located
and marked 36 flowers or inflorescences, each from separate plants, of each of the seven species before flowers or
inflorescences opened (see Online Resource 1 for floral
display descriptions). We randomly assigned one-third of
the plants at each site to one of two treatments: pollen-supplemented (12 plants per site) and bagged (12 plants per
site); or a control—open (12 plants per site). Plants designated as pollen supplemented or bagged were covered with
10 × 12-cm transparent organza cloth bags, which have little or no effect on floral development (Kearns and Inouye
1993). We returned every 2 days to watch for the onset of
flowering. Extreme weather (hail, heavy rainfall), or grazing animals (marmots and grouse) destroyed approximately

10 % of marked plants. We replaced destroyed plants by
assigning the nearest plant to the appropriate treatment.
Replacement plants flowered at about the same time as the
original plants because we replaced them with plants at the
same stage, and each treatment had similar proportions of
plants destroyed.
As flowers opened, we applied pollen-supplementation
treatments, brushing stigmas using cotton swabs with pollen brushed directly from anthers of at least three separate
‘donor’ individuals (≥10 m from treated plants). We then
allowed plants to set seed, re-visiting every 2–4 days to
ensure bags remained in place and plants were intact. Once
seeds were sufficiently developed to count (but before dispersal), we collected seed heads from all marked plants,
and counted viable and non-viable seeds per seed head or
fruit. We assessed viability based on size, shape, and colour. For plants with one flower (Anemone, Erythronium) or
inflorescence (Arnica), we recorded seed set as the number
of viable seeds per plant. For plants with more than one
flower within a bag (Vaccinium, Lupinus, Claytonia, Caltha), we treated flowers or seed heads as sub-replicates,
averaging the number of viable seeds for flowers within the
same bag, and expressed this as the mean number of viable
seeds per flower for a plant.
Measuring temperature
We recorded hourly air temperature using four Thermochron iButton temperature loggers (Maxim Integrated
Products, USA) per site, taped 10 cm above ground on
wooden stakes. Summarized measures included likelihood ratio tests (LRT), average temperatures, minimum
and maximum temperatures, and total hours below freezing. We mounted time-lapse cameras to the wooden stakes
to take photos every 3 h during daylight. The photos were
used to assess weather and estimate the phenological stage
of plants at our sites on each day.
Trapping potential pollinators
We trapped potential pollinators to determine whether relative abundance of potential pollinators and seed predators
varied across the 400-m elevation gradient. We set pan
traps >20 m from the study sites to minimize interference
with our pollination experiment. We set a line of 45 traps
perpendicular to the slope, spaced at 3-m intervals, at each
of the three elevations. The 45 traps included 15 traps of
each of three colours: yellow, blue, and white. The colours
used were standard for the Canadian Pollination Initiative
and United States Department of Agriculture, selected to
broadly sample pollinator abundance and diversity (Droege
et al. 2010). Traps were set before the slope received
full sunlight (~8 a.m., before most activity of potential
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pollinators), and collected around dusk (~8 p.m.), well after
the daily peak in activity. Colours were pooled per collection day for analysis. To include variation among sampling
dates due to weather and emergence phenology of insects,
we trapped on 3 days: 18, 23, and 27 August 2011. We used
keys to identify each individual to family or genus (unpublished keys to bees by C. Sheffield and J. Gibbs; Syrphidae
by S. Marshall; Triplehorn et al. 2005; Marshall 2006), and
used distinct morphological characteristics to separate them
into morphospecies (Online Resource 3).
Statistical analyses: pollen limitations and breeding system
Because of the large number of zero values (fruit with no
viable seeds), data could not be transformed or analysed
with statistics assuming a normal distribution. We therefore used Kruskal–Wallis and Mann–Whitney U-tests
with Dunn’s multiple comparisons in GraphPad Prism
version 5.01 (GraphPad Software, USA, 2007) to determine whether the number of viable seeds on bagged,
pollen-supplemented, and open plants were significantly
different among elevations. We calculated effect sizes as
log response ratios of seed set to bagging [ln(XB)–ln(XO)]
and pollen-supplementation [ln(XPS)–ln(XO)], following
Hedges et al. (1999), pooling samples across the elevation
gradient to focus on the effect of our treatments.
Statistical analyses: factors limiting seed set
We performed multiple regressions in R, version 2.15.0 (R
Development Core Team 2012), using the zeroinfl() function in the pscl package (Zeileis et al. 2008). We assessed
the significance of models by comparing models that
included predictors of seed set to a null model (a model
including only the intercept) to test whether adding predictors improved the model’s ability to describe our observed
patterns in seed set. We assessed models using LRT implemented by the lrtest() function in the package lmtest
(Hothorn et al. 2012).
Temperature
We tested for differences in temperature between high and
low elevations (the two extremes, for which there was a
complete temperature record) using repeated-measures
ANOVA in GraphPad Prism, with each hourly temperature
as a repeated measure. There was an interaction between
temperature and elevation over time, so summarizing temperature differences among the three elevations was not as
straightforward as calculating mean values. For multiple
regressions we therefore used several predictors of seed
set based on temperature (Online Resource 4). The predictors were average temperature, maximum temperature,
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minimum temperature, frost-hours (total hours below
0 °C), maximum number of continuous frost-hours, and
DD. We converted temperatures to DD by counting each
hour during the recording period for which the temperature exceeded a given threshold. The thresholds were DD
>0 °C, DD >5 °C, DD >10 °C, DD >15 °C (DD15), and
DD >20 °C.
DD thresholds for development are often higher for
insects than plants, but vary among species (e.g. Hülber
et al. 2010; Forrest and Thomson 2011). To estimate which
temperature variables were the best predictors of seed set
to include in regression models, we constructed a series of
models that varied only in the temperature variable used as
a predictor of seed set. We compared these models using
log-likelihoods and Akaike’s information criteria (AIC).
We used the temperature variable that was included in the
best-supported model as a predictor of seed set in the final
regression model.
Diversity and abundance of potential pollinators
To test whether there were differences in the number of
potential pollinators per trap at each elevation, we used
repeated-measures ANOVA with elevation as a factor having three levels and each of the three sampling days treated
as a repeated measure. Treating date as a repeated measure
made our results conservative by controlling for the effect
of re-sampling the same locations. We characterized differences in diversity, abundance, and community composition
of potential pollinators among the three elevations and three
sampling dates using Bray–Curtis dissimilarity (Bray and
Curtis 1957). To test for differences in the composition of
communities of potential pollinators at low, mid, and high
elevation we used analysis of similarity and similarity percentages (SIMPER) in PRIMER-E, version 6.1.13 (PrimerE, UK; Clarke 1993). SIMPER revealed that similarity
among elevations was driven by the ‘black fly’ morphospecies (by far the most abundant flower visitor we observed),
which included a mixture of Muscidae, and Anthomyiidae.
Relative abundance of bees, Syrphidae, Tenthredinidae, and
Lepidoptera across the elevation gradient showed the same
pattern as relative abundance of black flies. We therefore
used the total number of potential pollinators trapped as a
predictor of seed set in multiple regression models. For a
very conservative measurement of abundance of potential
pollinators, we repeated the analyses using Syrphidae, Tenthredinidae, bees (Andrena, Bombus, and Lasiglossum),
and adult Lepidoptera. Using the full set of potential pollinators including black flies did not change the results of the
model selection, so we present the results using all potential pollinators (i.e. flower visitors). We used the log-likelihood-based procedure described above for temperature
variables to assess the quality of predictors of seed set that
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were based on abundance of potential pollinators captured
in traps, which included total number of potential pollinators collected at each site, and average number of potential
pollinators collected per trap at each site.
Seed predators
After collecting seeds, we inspected seed pods or inflorescences for signs of seed predation, recording the number
of seed predators per flower when they were present. Seed
predation was rare for most species, in both bagged and
unbagged flowers. In Erythronium and Caltha, seed predators removed the entire flower head, so these species were
not analysed. In Lupinus, seed predation was relatively
rare. In Arnica, 199 plants were bagged serendipitously
after eggs of Tephritidae (fruit flies) were already present.
Bagging could increase predation rates if predators of seed
predators were excluded from the bags. However, we found
no difference in rates of seed predation between bagged
and unbagged flowers (t = 0.54, df = 181, p = 0.2900).
Larvae developed on the inflorescences throughout the season and had pupated when we collected the seeds. When
the seeds were collected, we placed the inflorescences in
cloth bags, and adult flies emerged in the bags. We counted
emerged adult flies per inflorescence and inspected inflorescences for pupal cases to confirm the number of flies
per inflorescence. We tested the effect of seed predators on
the number of viable seeds using Mann–Whitney U-tests,
comparing bagged flowers with seed predators to bagged
flowers without. We tested for differences in abundance of
seed predators among the three elevations using Kruskal–
Wallis tests with Dunn’s multiple comparisons. For Arnica,
we used the number of seed predators as a predictor of seed
set in the multiple regression with number of viable seeds
per inflorescence as the response, and number of larvae per
flower as a single predictor.
Predicting limitations to seed set
To evaluate temperature and abundance of potential pollinators as predictors of seed set, we used multiple regression
with the number of viable seeds per flower as a response
variable, and a combination of predictors based on temperature and abundance of potential pollinators. Having
examined effects of pollen supplementation separately, we
only used data from control plants for the multiple regressions. We ran models separately for each species because
grouping species for analysis would cause variation in life
history traits among the small number of species to inflate
type II error, obscuring any important signals of factors
influencing seed set.
Before performing regressions, we centred and scaled
all variables. For each model, we chose one temperature

variable as a predictor of seed set and one measurement of
abundance of potential pollinators as a second predictor of
seed set. We chose temperature variables based on developmental thresholds found to be important for alpine plants
and bees at Rocky Mountain Biological Laboratory, Colorado (Forrest and Thomson 2011). For Arnica (the only
species with abundant seed predators), we incorporated
number of seed predators per flower as a third predictor.
We performed a sensitivity analysis by creating a series
of models using each of the predictors of seed set in turn,
which we compared using log likelihoods and AIC.
To account for non-normality, overdispersion, and a
large number of zeros in the response variable (seed set),
we used zero-inflated count models based on a negative
binomial distribution (Zeileis et al. 2008). We verified the
validity of this approach using Vuong tests (Vuong 1989),
comparing zero-inflated models to generalized linear models following negative binomial or Poisson distributions.
We began by using ‘saturated’ models with both temperature and abundance of potential pollinators as predictors of
seed set, then simplified models using a backward-forward
model selection implemented by stepAIC in R. We verified
results of the model selection by directly comparing AIC
scores, dropping predictors to simplify the model when
removing them did not reduce the AIC score by more than
2. Only the best-supported models are reported.

Results
Pollen limitation and breeding system
Rates of self-fertilization were low for most species,
regardless of elevation (compare pollen-supplemented to
bagged and open treatments in Fig. 2). Pollen supplementation increased seed set over bagged plants in five of seven
species, by an average of 60 % (Fig. 3a). Plants left open to
natural pollination (control plants) set an average of 54 %
more seeds than pollen-supplemented plants in four of
seven species (Fig. 3b).
Effects of elevation on seed set
Seed set generally did not differ among plants from three
elevations (Fig. 2). This was due to small effect sizes and
large variance (lack of biologically significant differences),
rather than inability to detect differences with small sample
sizes. Early flowering species generally produced more seed
at high elevation, while late-flowering species produced
more seed at low elevation (Fig. 2). Among pollen-supplemented individuals, plants at high elevation set more seed
than those at low elevation for early flowering Erythronium
(H = 9.46, df = 2, p < 0.0088) and Claytonia (H = 5.96,
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Fig. 2 Effects of pollen-manipulation treatments at three elevations
on seed set of seven species of alpine plants at Marriott Basin, BC.
a–d Early flowering species, e–g late-flowering species. Different letters indicate statistically significant differences as calculated using
Kruskal–Wallis and Mann–Whitney U-tests (p < 0.05). Statistical

tests were done as planned comparisons between seed set at different
elevations, indicated by letters of the same case (e.g. a vs. a, A vs. A,
or a′ vs. b′). Bars are means + SE; n = number of replicate plants/
treatment per elevation

df = 2, p < 0.05) (Fig. 2c, d). Open (control) plants at high
elevation also set more seed than those at low elevation for
Claytonia (H = 7.19, df = 2, p < 0.0274) and early flowering Caltha (U = 27.00, df = 1, p = 0.0302) (Fig. 2b, c).

Vaccinium, a late-flowering species, had greater seed
set at low elevation than at high elevation for pollensupplemented (H = 8.12, df = 2, p < 0.0172) and open
plants (H = 8.58, df = 2, p < 0.0137; Fig. 2g). For
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Fig. 3a–c Comparisons of seed set in response to different experimental pollination treatments. Lines represent a 1:1 relationship on
log-linear axes; deviations from the line represent effect sizes. Statistically significant departures from the 1:1 line are marked with an asterisk. ANEM Anemone occidentalis, ARNI Arnica latifolia, CALT Caltha
leptosepala, CLAY Claytonia lanceolata, ERYT Erythronium grandiflorum, LUPI Lupinus arcticus, VACC Vaccinium membranaceum

Arnica, a late-flowering species, mid-elevation plants
had lower seed set than low-elevation and high-elevation
plants for both pollen-supplemented (H = 19.05, df = 2,

We identified 170 morphospecies from 5,902 specimens
trapped at Marriott Basin. We considered 3,729 to be
potential pollinators (Online Resource 3). Communities
of potential pollinators differed among the three elevations (R = 0.173, p = 0.016, though note low R-value),
as did average abundance of potential pollinators
(F = 4.06, dfn = 2, dfd = 316, p = 0.0182). Community
composition of potential pollinators differed between low
and mid elevation (R = 0.261, p = 0.007), and between
mid and high elevation (R = 0.204, p = 0.028), but not
between low and high elevation (R = 0.062, p = 0.141).
Differences among sites were primarily driven by abundance of the black fly morphospecies (Online Resource
6). Bees, Syrphidae, Tenthredinidae, and Lepidoptera
contributed less than 2 % of dissimilarity between sites
(Online Resource 6). Important functional differences
among communities at the three elevations were therefore better captured by considering abundance of the
black fly morphospecies.
There was an interaction between trapping date and
elevation with regard to abundance of potential pollinators (F = 4.42, dfn = 4, dfd = 42, p = 0.0045). Abundance peaked at low elevations on 23 August 2011, when
the number of potential pollinators was 50 % lower at mid
and high elevations. Images from time-lapse cameras and
recorded temperatures indicated weather on this date was
cloudy at high elevation with more variable temperatures
across the gradient (6.891 °C ± 3.84 SD for 18 August,
7.99 °C ± 8.24 for 23 August, and 12.75 °C ± 7.79 for 27
August).
Effect of seed predators
Arnica was affected by larval Tephritidae most frequently
at mid elevations (H = 49.81, df = 2, p < 0.001). The number of seed predators was a significant predictor of seed
set (zero-inflated negative binomial regression, df = 5,
p < 0.0001). There were 3 % fewer viable seeds in flowers
with seed predators than in flowers without seed predators
(U = 5030, df = 1, p < 0.0001).
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Combinations of factors limiting seed set
A combination of temperature and abundance of potential
pollinators predicted seed set for the bee-pollinated species Erythronium (LRT, p = 0.0003) and Vaccinium (LRT,
p < 0.0001). For Erythronium, DD15 were positively associated with instances of zero seed set, and total number
of potential pollinators captured was positively associated with the number of seeds. For Vaccinium, DD15 were
negatively associated with instances of zero seed set and
number of seeds, and total number of potential pollinators
captured had a positive relationship with number of seeds.
For Caltha, which was pollinated by bees, flies, and butterflies, DD15 were a significant predictor of seed set (LRT,
p < 0.0001), having a negative relationship with the number
of seeds. For bee-pollinated Lupinus, DD15 were a weakly
significant predictor of seed set, but the overall model was
not significant (LRT, p = 0.0636).
Maximum temperature was a weakly significant predictor of seed set for Claytonia, which is pollinated by
both bees and flies, but the overall model was not significant (LRT, p = 0.148). There was little variation in seed
set of the fly-pollinated, self-compatible species Anemone
between high and low elevations, and neither temperature
nor abundance of potential pollinators were significant
predictors of seed set (LRT, p = 0.1414). Seed set of flypollinated Arnica was best predicted by abundance of seed
predators and frost-hours (LRT, p < 0.0001). For Arnica,
total frost-hours had a positive relationship with seed set,
while number of seed predators had a negative relationship
with seed set.

particularly when visitation rates are high, and pollinators
have constancy (Motten 1986; Dafni et al. 2005). Further
studies on pollinator foraging behaviour and stigma receptivity (see Dafni et al. 2005) could determine whether lack
of pollen quality or quantity contributed to reduced seed set
in hand-pollinated plants.
Elevation, flowering time and seed set
Early flowering and late-flowering species responded differently to manipulations of pollen availability across the
400-m elevation gradient. The early flowering species
Erythronium, Caltha, and Claytonia all set about 54 %
more seed at high elevation than at low elevation in open
and pollen-supplemented plants, though the differences
were not always statistically significant due to high variance. The early flowering, fly-pollinated species Anemone
did not follow this pattern; it had no variation in seed production across the elevation gradient, and showed little
evidence of reproductive limitation. Anemone has high
selfing rates (Pojar 1974), confirmed by seed set in bagged
plants. Uniformly high seed set across elevation may also
have resulted from Anemone attracting many pollinators,
and receiving ample pollen regardless of location. Anemone flowers were frequently covered with black flies (also
noted by Pojar 1974). Black flies were the most abundant
morphospecies in our pan traps, and the most frequent
floral visitor observed at our field site. Although bees are
often more effective pollinators per visit, flies can compensate for pollination deficits and cause high seed set through
sheer abundance (Kearns and Inouye 1994).
Effects of temperature and elevation on seed set

Discussion
Several processes limit reproduction of flowering plants at
Marriott Basin. These include biotic factors (limited availability or quality of pollen in most species, and seed predation in one species) and climatic factors (DD, maximum
temperatures, and frost). Quantity and quality of pollen
are important: most species had higher seed set in control (open) plants than in bagged or pollen-supplemented
plants. Pollen supplementation significantly increased
seed set over bagged plants by an average of 60 % across
all species, except Anemone and Erythronium, which are
self-compatible (see Online Resource 2). In Anemone and
Erythronium, pollen supplementation increased seed set
by 14 % on average but the effect was not statistically significant. In general, outcrossing increases seed production
over selfing. Advantages of outcrossing (number of pollen
donors, quality of pollen, repeated visitation, and mechanically appropriate dispersal of pollen across stigmas) can be
greater in insect-pollinated than in hand-pollinated plants,
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Seed set of early flowering Erythronium, Claytonia, and
Caltha was related to temperature, but inconsistently,
and temperature differences among elevations were small
(Online Resource 4). Counterintuitively, we found that
high-elevation sites were warmer on average, which was
likely the result of cold air sinking into the valley at night,
causing a temperature inversion. Morning shading of lower
elevations by nearby peaks also played a role. Maximum
temperatures (8 % higher at high elevation) were positively
associated with seed production in Claytonia and Caltha,
which could be explained by the influence of maximum
temperatures on snowmelt, or by increased pollinator activity on hot, sunny days in the alpine (McCall and Primack
1992; Totland 1994). The link between seed set of Erythronium and temperature is difficult to explain. Cumulative DD15 during flowering and seed development were
positively correlated with instances of zero seed set. This
pattern may correspond with an unmeasured variable, or
indicate something particular to Erythronium but not other
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early flowering species. Perhaps DD15 were associated
with growth of tall, late-blooming plants (e.g. Chamerion,
Thalictrum, and Veratrum), which shaded shorter Erythronium to a degree that prevented fruit set (Schemske 1977).
If shading affected seed set, we would expect DD15 to be
linked to seed set for other low-lying, early blooming species, but this was not the case for Claytonia or Caltha.
Vaccinium and Lupinus, both late-flowering species,
showed opposite patterns from early flowering species, with
higher seed set at lower elevations for open and pollen-supplemented plants, though the differences were not statistically
significant for Lupinus. Temperature was important for Vaccinium, which had lower seed set in both pollen-supplemented
and open plants at high elevation. In Vaccinium, cumulative
DD15 were negatively associated with instances of zero seed
set. Abundance of potential pollinators was positively associated with seed set. Low temperatures toward the end of the
flowering season may restrict the period for fertilization and
seed development of late-flowering plants (Thórhallsdóttir
1998), but this likely did not affect our results because temperatures had not begun to drop by the end of our study. Further experiments would be necessary to separate effects of
pollination from physiological limitations to seed set (Totland
1997; Dafni et al. 2005). Monitoring visitation rate or number
of pollen donors could indicate how much pollen is needed to
set seed. Manipulating pollen availability and climatic conditions (warming, shading, watering), or stripping leaves could
help separate the effects of climate and within-season resource
availability for plants (e.g. Totland 1997).
The patterns in seed set across elevation in both open and
pollen-supplemented plants suggest an interaction between
pollen receipt and plant physiology, which varied with flowering time. This is reasonable given that flowering time of
late-flowering species is driven primarily by cumulative DD
rather than snowmelt (e.g. Dunne et al. 2003). Seed set can
also depend on the physiological state of plants, which is
affected by conditions up to 2 years prior (Krebs et al. 2009).
Despite Vaccinium and Erythronium showing opposite trends
in seed set with respect to elevation, the best predictors of
seed set for both were DD15 and abundance of potential
pollinators. Both Vaccinium and Erythronium are pollinated
almost exclusively by Bombus (Vander Kloet 1988; Thomson 2010). The relationship between temperature and seed
set for these species may reflect the influence of temperature
on phenology of shared pollinators. The same temperature
threshold (DD15) is a predictor of seed set for bee-pollinated
Lupinus, but the relationship between seed set and elevation
is weak for Lupinus due to variable seed set.
Seed predation
Arnica was the only species strongly affected by seed predators. Unlike other late-blooming species, it had highest

seed set at low and high elevation, probably because of
seed predation at mid elevation. Arnica hosts several species of specialist seed-eating Tephritidae (Scheidel et al.
2003). Populations of Tephritidae can vary over small
elevation gradients, but the cause of variation is uncertain
(Scheidel et al. 2003; Hodkinson 2005). For Arnica, there
was a positive relationship between number of frost-hours
and seed set, which might have reflected a negative relationship between frost-hours and abundance of seed predators [some Tephritidae are known to be limited by frost
(Gutierrez et al. 2008)]. There were 42–50 % fewer hours
below freezing and fewer hours of continuous frost at
middle elevations, where seed predators were most abundant (Online Resource 4). Lower seed set of Arnica at mid
elevation could also be explained by lower abundance of
potential pollinators at mid elevation. This unexpected pattern challenges the assumption that abundance of potential
pollinators (and thus pollination) should decline as elevation increases (Fabbro and Körner 2004).
Resilience of alpine plants to climate change
We found complex responses to variable climate conditions
across an elevation gradient in our alpine plant community.
There was little direct evidence of pollen limitation in early
or late-flowering species, mainly because effects of pollen
supplementation were obscured by high rates of outcrossing in open (control) plants. However, there was evidence
that seed set (and thus, reproduction) could be limited by
seed predators (in Arnica), and that DD during the flowering season could be a useful predictor of seed set (in Erythronium, Lupinus, and Vaccinium). For Arnica, frost-hours
were a positive predictor of seed set, perhaps because of a
link to development or survival of seed predators, which
typically require higher temperatures to break dormancy
and develop, and can be killed by late-season frost (Hodkinson 2005; Gutierrez et al. 2008). Climate warming
could decrease frost-hours during the flowering season,
increasing abundance of seed predators at all elevations.
However, predicting future patterns of abundance of alpine
herbivores is difficult given that variation across elevation
gradients seems to be best explained by factors such as
local topography and aspect, and interactions with hosts,
predators, and competitors (Hodkinson 2005).
Warmer temperatures might interact with plant physiology to increase seed set in some cases. We found indirect evidence of physiological limitations to seed set
in Vaccinium, Claytonia, and Erythronium, where seed
set varied with elevation despite plants receiving similar amounts of pollen through hand-pollination. Warmer
temperatures might ensure faster floral development and
extension of the season for ripening seeds (Thórhallsdóttir 1998). Earlier snowmelt might create more snow-free
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days (Price and Waser 1998), but make early flowering species vulnerable to frost (e.g. Inouye et al. 2002;
Inouye 2008), or extreme weather events such as hail
storms (Fig. 2). Increased late-spring snow accumulation
could delay flowering times and truncate flowering seasons (Inouye et al. 2002; Kudo and Hirao 2006), which
can negatively affect seed set (Cooper et al. 2011). Ultimately, the demographic consequences of climate change
for alpine flowering plants may depend on longevity
of individual plants, and recruitment from seed banks.
Over many seasons, reproductive success of perennials in
‘good’ years might compensate for failure in ‘bad’ years.
Further work examining the impacts of increased variance
in climate parameters would be valuable.
Conclusions and future directions
There was little evidence for pollen limitation of seed set,
with only two of seven species having lower seed set in
open plants than in hand-pollinated plants. Five of seven
species produced more viable seed when exposed to natural levels of pollination. We found that biotic and abiotic factors both limit seed set in the alpine, and the most
important factors for predicting seed set vary among species. While this makes it difficult to predict communitywide demographic responses to climate change, several
patterns emerge:
1. Early flowering species appear to respond differently
to pollen manipulation over elevation gradients than
late-flowering species. The reason is unclear, but seed
production may be affected by different developmental
thresholds for early versus late-flowering species, and
conditions for development can vary with elevation.
2. Different factors may limit reproduction in bee versus
fly-pollinated plants, suggesting plants with different
pollinators may respond divergently to climate change.
Bee-pollinated plants risk pollen limitation when flowering time is poorly synchronized with emerging queen
bees in early spring, or workers later in the season. Flypollinated plants can sometimes set seed regardless of
flowering time, particularly when they are also selfcompatible, like Anemone.
3. Several temperature variables are linked with seed
production. DD15 were predictors of seed production for several bee-pollinated species, suggesting a
link between this threshold and phenology of Bombus. Frost-hours were a predictor of seed set in Arnica,
which was negative impacted by seed predators (frostsensitive Tephritidae) at mid elevation.
4. Seed predators had a strong, negative effect on seed
set of Arnica, which swamped weaker effects of pollination and interactions between physiology and cli-
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mate. While phenological cues for plants are fairly well
known, little work has been done to determine how the
same cues affect pollinators and seed predators (Forrest 2011; Rafferty et al. 2013).
This study highlights the challenges, but also the importance, of measuring multiple factors contributing to reproductive success of flowering plants in the alpine. Further
studies combining observations with experiments over natural gradients may help demonstrate which factors are most
important, and how changes to biotic and abiotic conditions
might interact to predict the demographic consequences of
climate change for flowering plants.
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