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Spatio-temporal patterns of snowmelt and flowering times affect fruiting success in Erythronium
grandiflorum Pursh (Liliaceae) in subalpine western Colorado, USA. From 1990 to 1995, I
measured the consistency across years of snowmelt patterns and flowering times along a permanent
transect. In most years since 1993, I have monitored fruit set in temporal cohorts (early- to late-
flowering groups of plants) at one site. To assess ‘pollination limitation’, I have also conducted
supplemental hand-pollination experiments at various times through the blooming season. The
onset of blooming is determined by snowmelt, with the earliest years starting a month before the
latest years owing to variation in winter snowpack accumulation. Fruit set is diminished or pre-
vented entirely by killing frosts in some years, most frequently but not exclusively for the earlier
cohorts. When frosts do not limit fruit set, pollination limitation is frequent, especially in the earlier
cohorts. Pollination limitation is strongest for middle cohorts: it tends to be negated by frost in early
cohorts and ameliorated by continuing emergence of bumble-bee queens in later cohorts. This lily
appears to be poorly synchronized with its pollinators. Across the years of the study, pollination
limitation appears to be increasing, perhaps because the synchronization is getting worse.
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1. SNOW, PHENOLOGY, POLLINATION AND
FRUITING SUCCESS
Studies of flowering phenology often focus on vari-
ation across years, but the reproductive success of
plants can vary within populations depending on
when they bloom (e.g. Augspurger 1981; Schmitt
1983; Dieringer 1991; Ehrlen & Munzbergova
2009). This variation is particularly striking in alpine
and subalpine habitats, where the weather is harsh,
the growing season short and where heterogeneous
melting of the winter snowpack determines the onset
of early growth (Billings & Mooney 1968; Inouye &
McGuire 1991). Patchiness in snowmelt produces a
spatio-temporal mosaic in blooming phenology
(Kudo 1993; Stanton et al. 1994; Kudo & Hirao
2006) such that different patches of spring flowers
are exposed to different pollinator availabilities and
different abiotic stresses, particularly late storms and
frosts. This variation, therefore, may exert selection
on plant characteristics (Widén 1991) and influence
plant responses and adjustments to changing environ-
ments. For example, climate change has been
suggested to increase plants’ susceptibility to late
frosts (Inouye 2000, 2008) and pollination deficits
(Saavedra et al. 2003; deficits are postulated to arise
from phenological mismatches between plants and
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pollinators; cf. Kudo et al. 2004; Memmott et al.
2007; Williams & Jackson 2007). These consequences,
however, depend on whether the same phenological
patterns are observed consistently across years
(among other things; see Ollerton & Lack 1992).
This makes multiyear studies essential, but few such
studies exist. Here, I present a set of long-running
observations and experiments focused intensively on
the vagaries of fruit set and pollination limitation in a
small subpopulation of an abundant subalpine lily.
Although the original intention was to study within-
year variation, the data suggest a noteworthy increase
in pollination deficits from 1993 to 2009. Such
deterioration of pollination service is relevant to con-
cerns about declining pollinators (Ghazoul 2005;
National Research Council 2006), and these results
appear to be unique. A review by Knight et al.
(2005) found only one study (Primack & Stacy
1998) that assessed pollination limitation in 10 or
more years (T. Knight 2009, personal communi-
cation), and that study was designed to assess costs
of reproduction in repeatedly stressed plants, not natu-
ral variation.
2. MATERIAL AND METHODS
(a) Study site

I conducted observations and experiments on and
immediately adjacent to private property (Block 28,
Lots 7–14) in the town site of Irwin, Colorado
This journal is q 2010 The Royal Society
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(elevation 3170 m), in a roughly triangular area (coor-
dinates 38852.5660 N 107806.0500 W, 38852.5530 N
107805.9888 W, 38852.6250 N 107805.9970 W) of
about 3 ha. The site is 11.7 km southwest of the
Rocky Mountain Biological Laboratory, a centre for
much pollination research and reference weather data
(www.rmbl.org). The area receives locally heavy snow-
fall; snow cover frequently persists into early June on
open ground and into July in forested areas. Irwin
received some intermittent cattle grazing in the late
twentieth century, but there has been none since at
least 1987. The study site is nearly level, with a slightly
southern exposure. Because other parts of the sur-
rounding habitat have steeper southern exposures,
flowering is well advanced in those areas before it
begins in the study site proper. My characterization
of plants as ‘early’ or ‘late’ applies only within my
study area; none of these plants are truly early within
the larger meadow system.

The usual progression of spring at the site includes
unpredictable wintry weather through May and into
early June, with hard frosts and snowstorms interspersed
with brief breaks of sun. This unsettled pattern then
yields to ‘the June drought’, which usually brings several
weeks of long sunny days before yielding in turn to a
monsoonal pattern of afternoon thunderstorms in
early July.

From field notes, I have extracted two phenological
indicators relating to the earliness of different springs
since 1990. The first is the day on which the last
winter snow disappears from the property referenced
above; the second is the date of winter ice breakup on
Lake Irwin, approximately 100 m from the study area.
(b) Study plant

The glacier lily Erythronium grandiflorum Pursh
(Liliaceae) is a long-lived, spring-ephemeral geophyte,
abundant in the meadows at Irwin. Seedlings comprise
a single, grass-like cotyledonary leaf in their first grow-
ing season; older plants produce broader bladed
leaves. A non-flowering plant makes a single leaf and
a flowering plant makes a pair. (Occasionally, a two-
leafed plant does not produce a flowering scape, but
this seems to represent a developmental aberration:
remnants of the aborted scape persist between the
leaf bases.) Shoot emergence coincides with the reces-
sion of snowpack, and flowers bloom within a few
days. The blooming period is about four weeks, typi-
cally spanning the end of the bad ‘May’ weather and
extending into the ‘June drought’.

The principal pollinators are bumble-bee queens of
the early-emerging species Bombus bifarius and Bombus
occidentalis (Hymenoptera: Apidae); the latter species
is larger and, therefore, more likely to contact the
stigma and deposit pollen (Thomson 1986). Queens
seek nectar. Although they become dusted with
pollen, they typically groom it off their bodies rather
than packing it into corbicular pellets. Salix is the pre-
ferred pollen source, and is abundant at the site. I
have observed active pollen collection from E. grandi-
florum only once, in the unusually late spring of 1995.
In open meadow habitats, flowering is finished before
Bombus workers emerge. Workers may visit very
Phil. Trans. R. Soc. B (2010)
late-flowering patches in the forests, but I have not
observed this. Broad-tailed hummingbirds (Selasphorus
platycercus) take nectar by visiting the pendent flowers
from the side, and smaller solitary bees harvest pollen
by alighting on the large anthers, but neither transfers
much pollen to stigmas. By midsummer, leaves and
the scapes of unfertilized flowers wither and the plant
withdraws into a discrete underground corm. If flowers
are pollinated, the scape elongates to ca 25 cm and
bears capsules that dehisce terminally, spreading seeds
by a salt-shaker mechanism in late July–August.
Plants grown from seed on site take at least 6 years to
reach flowering size. Mature plants make one to three
flowers, rarely more, depending on corm size; success-
ful fruit production diminishes corm size, so flower
production is partially regulated by the cost of fruiting
(J. Thomson 1990–2009, unpublished data, available
at http://rmbl.info/jthomson). Unlike some congeners,
E. grandiflorum does not form clonal patches through
the lateral spread of rhizomes, but some vegetative
reproduction occurs by the splitting of corms, especially
larger ones. Seeds lack elaiosomes. Flowering plants
tend to be more abundant in areas of shallow soil on
rock outcrops, a pattern hypothetically driven by preda-
tion by pocket gophers (Thomomys talpoides; Thomson
et al. 1996).
(c) Patterns of snowmelt and flowering:

permanent transect

I established a permanently marked 2 � 200 m belt
transect that ran from the open meadow, past several
trees and into a matrix of forest and forest gaps. I
placed the transect subjectively to include very early-
flowering areas and very late-flowering areas. The
transect was divided into 40 quadrats of 2 � 5 m
each, with the edges marked by a nylon cord. The pos-
itions of trees or clumps of trees (all Picea engelmannii
or Abies lasiocarpa) near the transect were also noted.
In 1990–1995, I counted open flowers in each quadrat
at 2 day intervals. To determine whether flowering pat-
terns along the transect were consistent across years,
within each year’s dataset, I ranked the 40 quadrats
according to their median date of flower production,
and then correlated the ranks across years.

In 1992–1995, I also made sketch maps (by eye) of
the course of snowmelt along the transect by recording
the edges of bare ground. It was evident from compar-
ing these sketch maps visually that snowmelt patterns
were highly consistent from year to year, even though
this sample included an early year (1992, first open
ground 28 May) and a very late one (1995, first
open ground 4 July). To quantify this consistency
more objectively, I began with the sketch map for
1994, which was an intermediate year (first open
ground 4 June). There were nine snow-mapping
dates in 1994. On the map, I arbitrarily chose one
spatial point for which the first open ground appeared
on each of the nine census dates. I then transferred
these nine locations to the maps for the other years
and determined the dates on which snow disappeared
at those locations in the other years. If sections along
the transect melt in the same relative sequence in
different years, despite large differences in absolute

http://www.rmbl.org
http://rmbl.info/jthomson
http://rmbl.info/jthomson


Lily reproductive success J. D. Thomson 3189
dates of melting, the dates of the first open ground at
the nine reference locations will be correlated across
years.

On 22 June of the extremely heavy snow year 1995,
I also measured snow depth directly at 2 m intervals
along the midline of the transect. At that date, the
first open ground in the transect had just appeared
and was limited to one 4 m patch.

As part of the transect studies, I also counted fruits
of E. grandiflorum in the quadrats along the transect.
Those data, not presented here, suggested interesting
temporal patterns in fruiting success, possibly attribu-
table to lack of early pollination. However, flowering
time was strongly confounded with spatial position in
those data sets. Because the spatial patterns of snow-
melt and flowering times along the transect were
virtually identical across years (see §3), I discontinued
monitoring the transect after 1995 and concentrated
instead on more spatially distributed observations of
fruiting success. As explained below, the protocols
for these experiments evolved slightly over the years.
(d) Observational study of fruit set patterns:

phenological cohorts

Beginning in 1993, I marked successive flowering
cohorts of approximately 100 single-flowering plants
each at intervals through the flowering period. In the
first year, I used 5 day intervals; in later years, I
increased the sampling frequency to 4 day intervals,
and later to 3 or 4 day intervals, depending on
weather. A 3 day interval approximates the length of
anthesis of individual flowers in the dry weather that
is characteristic for June at this site. In cooler or
rainy weather, flowers last longer, so a 4 day interval
is more appropriate for separating non-overlapping
cohorts. Because flowering lasts approximately a
month, the total number of cohorts in a year typically
ranges from eight to 10, depending on whether that
year’s blooming period was extended or compressed.
Plants were marked with surveyor’s pin flags during
flowering, and capsules were collected when fully
developed but not yet dehisced. I selected plants hap-
hazardly, subject to the constraints that (i) they were
fully open, with all six anthers dehisced and (ii) they
were neither especially small nor large. (In this popu-
lation, the smallest flowers frequently have poorly
developed ovaries, are unlikely to set fruit even if pol-
linated and seem to be acting effectively as males.) I
have repeated this procedure in most years since
1993. Plants for the earliest cohort are always in the
same locations, on two south-facing slopes, and the
latest cohort is always in another particular site that
accumulates drifting snow and is partly shaded by con-
ifers. The middle cohorts are less tightly associated
with particular, extreme microsites. Therefore, they
are larger in extent and more variable in location
from year to year. I have not mapped the positions of
the cohorts; nevertheless, there has been considerable
consistency across years in the spatial locations of the
cohorts.

For the first years of the study, I marked cohorts
using red pin flags. Flags for different cohorts were dis-
tinguishable by spots of different colours of paint
Phil. Trans. R. Soc. B (2010)
applied inconspicuously to the steel shafts. In 2003,
complaints about the gaudiness of the red flags
impelled me to switch to brown, still with colour-
marked shafts. I do not think that pollinators reacted
to the colour spots, which were ca 30 cm above the
associated flowers, but I randomized the order of
shaft colours across years as a precaution against con-
founding. Sample sizes approximate 100 plants per
cohort, but vary somewhat. I used bundles that nom-
inally contained 100 flags but often included a few
extras; also, I did not always find and recover all of
the flags set out each spring.
(e) Experimental study of fruit set patterns:

supplemental pollinations

In these experiments, I selected adjacent pairs of
single-flowered plants, using the same criteria as in
the cohort study but also matching the members of
the pair for stature. These plants were marked with
green flags, alternating between two shaft colours.
Plants with one colour of flag were supplementally pol-
linated by hand, while those with the other colour were
left as unmanipulated controls. I prepared pollen mix-
tures by harvesting anthers from at least 12 different
donor plants into a polystyrene vial. Erythronium
anthers are ca 15 mm long and dehisce when mature
by everting along a longitudinal suture (‘unzipping’)
from the distal to the proximal end. I collected half-
dehisced anthers as a way of standardizing pollen
freshness (Thomson et al. 1994). I let dehiscence go
to completion in the vial, and mixed the pollens by
shaking the vial. As the mixture became depleted
during the pollination process, I occasionally added
fresh anthers. Until 2001, I applied pollen with appli-
cators made of nylon fishing line; after that, I switched
to MFH10 microbrush applicators (Microbrush Inter-
national). I applied pollen over all three stigma lobes
until a dense coating was visible by eye. Both tools
applied equivalent coatings, but the microbrush was
faster to load with pollen. The sample size for the sup-
plementation experiment was about 150 single-
flowered plants for each of the treatments, supplemen-
tation and control. Although plants were selected as
pairs, I did not analyse the experiment as a paired
design. It would have been logistically burdensome
to keep paired fruits associated through harvest, and
many pairs would be broken up by frost or herbivory.

In 1993–1995, I did a single supplementation exper-
iment at approximately the middle of the flowering
period. In 1997, I added a second (smaller, N ¼ 50)
experiment late in flowering. In all later years, I
expanded to three experiments corresponding to the
early, middle and late portions of flowering. The earliest
and latest cohort dates always fell outside the period
during which supplementations were done. The sup-
plements can be viewed as representing the first third,
middle third and last third of the flowering period.

For both the cohort and supplementation studies,
I missed some years, as shown in subsequent tables.
(f) Harvesting and scoring fruit and seed set

I harvested capsules when they were dry and
straw-coloured but not yet dehisced. In all years,
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Figure 1. Phenological indicators at the study site during the
period studied. Data are missing for some years. (a) The date
on which the last winter snowpack disappeared in the pro-
perty that formed the core of the study area. The property

is mostly an open meadow with scattered trees. Snow
remained beyond this date in nearby forests. (b) The day
on which ice broke up on Lake Irwin, adjacent to the study
area. Lines are simple linear regressions; neither indicator

shows a significant trend over the years of the study. The
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I classified scapes into three categories: fruiting,
failed or grazed. Failed scapes were thread-like, une-
longated and retained remnants of the flowers.
Failure was usually caused by lack of pollination or
by frost; the causes were not distinguishable by the
condition of the scape. The condition of grazed
scapes depended on the stage at which herbivores
attacked. Those that were attacked while flowering
were thread-like and unelongated but retained no
trace of flower tissue, having instead a cleanly
snipped apex. This damage was typically caused by
flower-eating chipmunks, which tended to attack
only the earliest blooming cohorts. Later, grazing
of developing fruits by deer left stiff, straight
scapes with roughly torn ends. Neither form of graz-
ing took more than a few per cent of flowers, and
numerous harvests lost no flowers to grazers. Very
rarely, developing fruits were attacked internally by
caterpillars that destroyed some or all of the ovules.
These were counted as successful fruits in tabula-
tions for fruit set, but were eliminated from
tabulations of seed set (below).

In some years, I also scored seed set by dissecting
fruits that had been preserved in 70 per cent ethanol.
At the stage at which I harvested, Erythronium ovules
appear as small and white, medium and shrivelled
brown or large, turgid and green; these correspond
to unfertilized, fertilized but aborted and successfully
matured seeds, respectively (Rigney et al. 1993). I cal-
culated the fractional seed set as the number of
successful seeds divided by the total number of ovules.
slight negative trend for ice breakup disappears if the
abnormally snowy year of 1995 is ignored.
(g) Dependence on pollinators

Although ‘pollinator limitation’ of fruit and seed set is
widely assessed by conducting supplemental hand pol-
linations with outcross pollen (reviews by Burd 1994;
Knight et al. 2005), the procedure does not truly
mimic the improvement in pollination service that
could be achieved by an increase in visitation: animal
visitors will typically deposit a mixture of self- and out-
cross pollen that may be inferior to the pure outcross
pollen usually used in supplementation experiments
(Thomson 2001; Aizen & Harder 2007). To examine
the response of E. grandiflorum fruit and seed set to
direct manipulation of bumble-bee visitation, on 6
June 1991, I set up a small exclusion/enrichment
experiment as follows. Through a dense stand of
plants in bud, I laid out three contiguous, parallel
belt transects of 0.6 � 3.7 m, and tagged all flower
buds in each strip. Two of the transects were caged
with side walls of 20 cm lumber and tops of fibreglass
mosquito screen. One of them was kept closed to
exclude bees; to the other, I added one queen
bumble-bee (B. occidentalis, B. bifarius or Bombus
flavifrons) per day until all buds had opened. The
third strip was left uncaged as an open-pollinated con-
trol. All flowers had wilted by 20 June, when I removed
the cages and let fruits develop without further inter-
vention. When fruits were mature, I determined the
fates of the flowers (aborted or successfully fruited)
and counted the seeds produced by the successful
fruits. This study plot was in a late-melting area,
equivalent to the last or penultimate cohorts.
Phil. Trans. R. Soc. B (2010)
3. RESULTS
(a) Snowmelt and flowering

The study period included early and late years, with the
greatest contrast between 2006 and the very snowy
1995, in which local winter residents estimated over
3 m of new snow during the month of May. Indeed,
the last cohort of 2006 was marked on 21 June, whereas
the first cohort of 1995 was marked on 28 June. The
Erythronium bloom was offset by a full month in these
2 years, a noteworthy displacement in a habitat where
the entire growing season is considered to last only
about three months. Although local summer high temp-
eratures increased over the study period, this warming
did not translate to earlier springs at the Irwin site:
neither local indicator showed a trend (figure 1; cf.
Inouye et al. 2000.) In a longer time series of snowmelt
data from the RMBL, Forrest et al. (2010) do show a
significant trend towards earlier springs since 1973.
That trend may be unapparent at Irwin because of
the shorter time series; Irwin’s snows are also heavier
and may therefore show higher variance.

Despite large timing differences in the onset of
snowmelt, the spatial patterns of snowmelt across the
study area were strikingly consistent across years, as
shown in table 1 for the 4 years for which I compiled
maps of the snow’s recession. Beyond those 4 years,
qualitative observations confirmed this consistency. It
was obvious that trees and clumps of trees strongly
influenced the pattern (figure 2): bare ground



Table 1. Consistency of spatial pattern of snowmelt across 4
years ranging from early to late. (Nine points along the

transect were chosen, each corresponding to open ground
on each of the nine snow-mapping dates in the intermediate
year 1994 (first open ground 4 June). The date of open
ground at each of the nine points was determined for the
maps from each of the other years, and the sets of open-

ground dates correlated for all pairs of years. Values in the
table are Pearson correlation coefficients. All correlations
are highly significant, 7 d.f., p , 1025.)

1992 1993 1994

1993 0.977
1994 0.996 0.979
1995 0.969 0.964 0.980
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Figure 2. Patterns of snow depth along the permanent transect for 1995. The circles (not to scale) diagrammatically suggest the
approximate positions and relative sizes of large trees near the transect. The trees were all to the northwest of the transect, and
strongly influenced snowmelt patterns.

Table 2. Consistency across 6 years of flowering in 40
2 � 5 m quadrats along the permanent transect. (Values

in the table are Pearson correlation coefficients of the
ranks of quadrats by their date of median bloom. All
correlations are highly significant, 38 d.f., p , 10212.)

1990 1991 1992 1993 1994

1991 0.932
1992 0.913 0.956
1993 0.880 0.910 0.900
1994 0.887 0.954 0.942 0.959

1995 0.863 0.933 0.902 0.945 0.943

Table 3. Response of fruit and seed set to experimental

exclusion or enrichment of bumble-bee queens in caged
groups of plants, late 1991. (Fruit set did not differ
between the control and bees-added treatments (2 � 2
contingency x2 ¼ 0.36, p ¼ 0.55), although both differed

sharply from the bees-excluded treatment. Control and
bees-added produced equivalent numbers of seeds per fruit
(two-tailed t-test, p ¼ 0.34).)

control
bees
added

bees
excluded

flowers that successfully
fruited

31 30 0

flowers that aborted 23 28 27

seeds per successful fruit
(mean, s.d.)

23.7,
11.2

26.9,
13.8

undefined
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appeared first through sublimation driven by long-
wave radiation from these conifers (Marchand 1991),
especially on the south–southeast sides. For example,
the spot where snow last disappeared from the pro-
perty was always at the same place each year from
1991 to 2009, within a metre. This high-drifting spot
is just north of a 70 cm diameter spruce. Interestingly,
the melt hole to the south of the same tree is consist-
ently one of the earliest patches to melt. Although
only 7 m apart, these two patches have no temporal
overlap in flowering. In parts of the meadow farther
away from trees, the depths to which snow drifts are
important in determining the sequence of melting
out, and these drifting patterns are also consistent
from year to year.

Shoots of E. grandiflorum typically emerged through
the last few centimetres of snow at the receding edges,
and plants frequently opened their flowers within a
metre of the snow’s edge. This visually obvious tight
linkage between snowmelt and lily bloom, coupled
with the across-year consistency of snowmelt patterns
(table 1), yields across-years consistency in the
timing of flowering along the transect (table 2).
(b) Role of pollination in fruit and seed set

Flowers caged to exclude animals showed negligible
capacity for autogamous fruit production (table 3),
although E. grandiflorum is partially self-compatible
Phil. Trans. R. Soc. B (2010)
(Rigney et al. 1993). The 1991 cage experiment did
not include a hand-outcross treatment, which would
have been necessary to assess rigorously whether visita-
tion by bumble-bees could approach the success of pure
outcross pollination. A rough comparison can be made,
however, by comparing the fruit set and seed numbers
from the 1991 bee-addition experiment to comparable
late hand pollinations from other years of the sup-
plementation experiments (table 4). The mean seed
number (26.9) from the 1991 bee-addition experiment
is comparable to the late supplementation experiments
in 1997, 1999, 2003 and 2008 (13.6, 28.5, 23.7 and
20.5, respectively). The 1991 fruit set (0.52) is lower
than that for the late supplementation experiments in
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7 of 9 years, but is higher in 2003 and 2008. Although
comparing different years is unwise because of different
environmental conditions, we can tentatively conclude
that the pollination efficacy of bumble-bees can
approach that of pure outcross pollen, despite the fact
that bees deliver substantial fractions of self-pollen
(Thomson & Stratton 1985).
(c) Fruit set within and across year: cohorts

and supplementations

The ‘cohort’ data in figure 3 reveal sharp differences
among years in the temporal pattern of fruit set. Herbiv-
ory was usually low and restricted to chipmunks eating
early flowers, although deer grazing became more impor-
tant in 2005–2008, perhaps owing to fewer domestic dogs
near the study site. Fruiting failures reflect both frost
damage and pollination deficits, so it is best to consider
the among-year variation in conjunction with the sup-
plementation experiments (table 4 and figure 4), and
with observations on frost effects. Erythronium grandi-
florum flowers can withstand mild frosts, but harder
freezes kill flowers. Although frozen flowers appear super-
ficially normal the day after a killing frost, the style and
ovary lose turgor and become wrinkled. Such flowers
never recover to set fruits. Buds and developing fruits
are more resistant to frost than flowers in anthesis. There-
fore, frosts of intermediate severity can kill later-opening
flowers while sparing earlier ones that have started matur-
ing fruits. Extremely hard frosts kill a wider range of
developmental stages. For example, a hard frost and
snowstorm on 5 June 2007 killed virtually all flowers
in the study area, leading me to cancel the regular exper-
iments in that year. The destruction in 1993 was almost as
complete, although some flowers survived in two cohorts,
probably by being somewhat sheltered from longwave
radiative cooling to cold night skies (Leuning &
Cremer 1988; Inouye 2000). In contrast, plants in
1994, 2003 and 2008 escaped strong frosts and showed
roughly similar fruit set in all cohorts; in 1998, 1999
and 2005, earlier cohorts failed completely but later
ones succeeded. In 1995, 1999 and 2009, fruit set
increased more gradually over time. Pollinator availability
probably interacted with frost damage in these years. The
year 1995 was quite anomalous because of the greatly
delayed bloom; 2009 was anomalous because the June
drought pattern never materialized: after warm weather
in May; June 2009 was uncharacteristically cold and
stormy. Therefore, flowering started early, but the date
of snow disappearance was pushed back (figure 1b).

Considered only by themselves, patterns of early
failure and later success are consistent with either
frost damage or insufficient pollination. Unfortu-
nately, I have no direct measures of frost damage, so
I cannot formally deconfound these two sources of
failure. Their effects can be partially disentangled,
however, by considering the temporal patterns of the
pollen supplementation experiments, at least in the
later years in which I conducted early, middle and
late supplementations (figure 4). If supplemented
and control flowers both fail heavily, as in the early
experiments from 1999 and 2009, pollination deficits
can be ruled out. On the other hand, substantial differ-
ences between control and supplemented treatments
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suggest pollination deficits. Significant limitation of
fruit set by pollination is evident in most but not all
years and cohorts. In particular, cases in which polli-
nation limitation—the gap between control and
supplemented flowers—decreases from the middle to
the late experiment suggest that pollinators were emer-
ging too late to service the earlier flowers fully
(figure 4, 1999, 2003, 2006).

In aggregate, the data suggest a hierarchy of effects.
First, frost can reduce or prevent fruit set in any
cohort, but is more likely to affect earlier cohorts. By
killing flowers regardless of their pollination status,
severe frosts render pollination limitation moot. In
years when frost spares earlier cohorts, those flowers
may suffer pollination deficits. Like frost, pollination
deficits are more probable early in bloom. Therefore,
both abiotic and biotic factors conspire to produce
the pattern of greater fruiting success in later cohorts,
which is evident in figure 3.
(d) Ovule fates and limitation of seed set

Erythronium grandiflorum flowers typically mature only
about half of their ovules, even when supplementally
pollinated (table 4). In all 4 years for which ovule
fates were scored, however, supplemented flowers in
Phil. Trans. R. Soc. B (2010)
earlier experiments set significantly more seeds than
open-pollinated controls, i.e. there was significant pol-
lination limitation of seed set (always in addition to
limitation of fruit set). In all years, moreover, seed
set limitation declined in the late experiments; in 3
of the 4 years, it declined to statistical insignificance.
This pattern is consistent with the late emergence of
bumble-bee pollinators.

(e) Trends across years in pollination limitation

Given that pollination limitation is an important factor
for E. grandiflorum at this study site, one can ask
whether it is changing in importance with time. For
each set of experiments, the pollination limitation
index tends to increase over the period of the study
(figure 5), suggesting a deterioration of pollination ser-
vice. Following a suggestion from an anonymous
referee, I have examined the significance of these
trends by calculating the log-response ratio measure
of effect size (Knight et al. 2005), which has better
statistical properties than the bounded proportional
index I use in table 4 and the figures. I assessed
trends by calculating Pearson correlations between
log-response ratios (ln (supplemented proportional
fruit set/control proportional fruit set)) and the year
of sampling. Data from early and middle experiments
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in 1998 could not be included because frost damage
eliminates all fruit set in both treatments, rendering
the log–response ratio undefined. The single 1993
datum is also problematic, being based on very few
surviving fruits in either treatment. It is true to say
that there was no pollination limitation in those
years, but those data contribute little information
about pollination service.

The trends for early and late supplementation
experiments do not approach significance. The trend
Phil. Trans. R. Soc. B (2010)
for mid-bloom supplementations is significant
if the 1993 datum is included (r ¼ 0.714, n ¼ 10,
p ¼ 0.020), but not if it is discarded (r ¼ 0.633, n ¼ 9,
p ¼ 0.067). Doing a single test that combines early,
middle and late datasets requires correcting for the
tendency of pollination limitation to decline within a
season. Averaged across all years for which all three
measures are available, the log-response ratios for
early and late experiments differ from that of the
middle experiments by factors of 1.50 and 0.58,
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ation over the course of the study. (a) Indices of pollen
limitation for supplementation experiments done in the
early, middle or late portions of the flowering period are indi-
cated by squares, circles and triangles, respectively. Symbols
that overlapped have been offset horizontally. Simple linear

regression lines are presented to indicate trends within each
dataset (early, solid; middle, long dash; late, short dash).
These graphs include points from 1993 and 1998 exper-
iments with such heavy frost damage that few or no fruits

were produced in either treatment. These points are
excluded from the analyses of significance (see text and
table 4). (b) As above, but the data have been transformed
to log-response ratios, the problematic 1993 and 1998 data
removed and the early and late datasets rescaled by factors

representing the average differences among the three tem-
poral supplementation experiments within years. This
allows an overall test of the hypothesis that pollination
service has deteriorated over the study period (r ¼ 0.434,
n ¼ 23, p ¼ 0.039).
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respectively. Therefore, I rescaled all early and late
data by these factors to examine an overall temporal
trend. For the rescaled data including 1993, r ¼
0.526, n ¼ 24, p ¼ 0.008; eliminating the dubious
datum for 1993, r ¼ 0.434, n ¼ 23, p ¼ 0.039. There-
fore, the data strongly suggest a deterioration of
pollination service, although the next several years’
data will probably determine how robust it is. Why is
the trend more significant for middle cohorts than
for early or late cohorts? In part, there are more data
points for the middle cohorts, but the differences
may well reflect ecology, too: in early-flowering
cohorts, pollination limitation will more frequently
be negated by frost damage; in late cohorts, it may
be ameliorated by the continuing emergence of more
pollinators. The index of pollination limitation was
Phil. Trans. R. Soc. B (2010)
uncorrelated with the date of last snowmelt
(r ¼ 20.30, n ¼ 10, p ¼ 0.4).
4. DISCUSSION
(a) Timing of snowmelt and flowering

The E. grandiflorum plants in the study area do not
comprise an idealized panmictic population but
rather a snowpack-driven mosaic of different patches
that bloom at different times and face different stresses
(Yamagishi et al. 2005). Given the potential variability
in such factors as the timing and character of snow
storms, and the wind-driven drifting of snow, it
seems somewhat surprising that the spatial pattern of
spring snowmelt should be as repeatable as it is. How-
ever, similar repeatability has been reported from
alpine regions (e.g. Kudo 1993, p. 1304; Stanton
et al. 1994, p. 364, and references therein). It is also
commonplace that the timing of flowering is correlated
with the depth of snowpack (Billings & Mooney 1968;
Inouye & McGuire 1991). What distinguishes the sub-
alpine study population of E. grandiflorum from the
tundra habitats studied by Kudo and Stanton et al. is
the important role of large trees that are scattered
through the Irwin meadows. By influencing drift pat-
terns and creating early melt holes in spring, these
trees contribute much to the spatio-temporal mosaic
of lily bloom, with effects on both population-genetic
structure and the exposure of different patches to
different conditions of weather and pollinator avail-
ability. Early flowering plants growing in tree melt
holes may be able to mate with each other, as early
bees fly from one hole to another, but unable to
exchange gametes with much closer neighbours. In
treeless tundra, by contrast, the major structuring tem-
plate would be the microtopography of the terrain
itself. Of course, tree-based phenological structure
will shift when the trees die, but the large trees at
Irwin are old (e.g. one human-felled Engelmann
spruce stump of 85 cm diameter had 349 annual
rings), and they frequently grow with apparently self-
perpetuating clusters of daughter stems around their
original trunks. Recruitment of new trees is rare, and
seedlings grow slowly (e.g. one spruce at the centre
of the study area is at least 20 years old but is only
75 cm tall). Therefore, trees are a rather stable
structuring element in these subalpine meadows.

Under present conditions, early flowering cohorts
are less likely to set fruit in most years, which suggests
a non-equilibrial situation that might induce selection
against early flowering time if unopposed. To explain a
similar situation in Rhododendron aureum, Kudo
(1993) proposed that the pollination advantage of
late flowering was countered by the disadvantage of
maturing fruits in the face of autumn frosts and
snow. This seems inapplicable to E. grandiflorum,
which fruits in midsummer, with no obvious penalty
for flowering later. However, response to selection on
flowering time would be attenuated because any gen-
etic basis for flowering time would tend to be
swamped by non-genetic variation arising from snow-
pack effects. Where a seed lands is likely to affect the
resulting plant’s flowering time more than its genetic
heritage.
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(b) Pollination, frost and fruit failure

Reviews suggest that alpine tundra plants frequently
suffer from pollination limitation (Garcı́a-Camacho &
Totland 2009) and that their reproductive success
tends to increase as the season progresses (Molau
1993). The subalpine E. grandiflorum exemplifies both
tendencies. Pollinating bees are critical to seed repro-
duction in E. grandiflorum. The 1991 cage experiment
showed that autogamous fruit set is minimal, and that
bumble-bee queens by themselves can produce fruit
and seed set equivalent to open pollination late in flow-
ering (when pollination is characteristically more
sufficient). Pollination limitation of both fruit and seed
set prevailed in most but not all years of the study, high-
lighting again the importance of replicating limitation
studies, first stressed by Campbell (1987). Pollination
limitation is clearly a characteristic of an ecological situ-
ation rather than a constitutional attribute of a plant
species (Wilson et al. 1994). More precisely, E. grandi-
florum tends to receive poor pollination service early in
its blooming period, but pollination typically improves
through the blooming period. That improvement corre-
lates with increasing numbers of bumble-bees seen
while conducting experiments, and is probably mono-
tonic (although the latest lily flowers did poorly in the
unusual years of 1999 and 2009, possibly because
bees switched to other forage). Because early flowers
are more frequently killed by frost, however, pollination
limitation (as defined by the difference between control
and supplemented flowers) is not monotonic, tending
instead to be strongest in mid-bloom.

Has recent climate change affected this system?
Specifically, do we see earlier spring melts, more killing
frosts (as proposed by Inouye 2000) or more pollina-
tion deficits (as proposed by Price & Waser 1998;
Dunne et al. 2003; Saavedra et al. 2003; Memmott
et al. 2007)? No, no and yes. Considering only data
from the Irwin study site, neither abiotic (figure 1)
nor biotic (figure 2) events have advanced. It may be
that the effects of warming have been counteracted
by concomitant increases in snowpack depth, as
suggested by Inouye et al. (2000). On the other
hand, Miller-Rushing & Inouye (2009) have docu-
mented a longer term trend towards earlier snowmelt
in the broader area around the Irwin study area since
1973. This trend has not registered at Irwin over
the course of my study, however. Nor is it apparent
that killing frosts have increased, at least insofar as
these have affected the reproductive success of
E. grandiflorum. Admittedly, the recent years of 2007
and 2009 delivered killing frosts, but 2003, 2006 and
2008 were relatively benign.

On the other hand, pollination service has appar-
ently deteriorated, especially for plants that flower
during the middle of the bloom (figure 5). Because
such deterioration has been anticipated on the grounds
of pollinator declines (National Research Council
2006) or climate-driven phenological shifts (Memmott
et al. 2007), this first documentation of a progressive
decline may warrant further discussion despite its bor-
derline significance. The most likely possibilities are
that (i) pollinator populations have declined, (ii) lily
flowering and pollinator emergence have become less
synchronous, or (iii) pollinators have shifted their
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activity away from the lilies, presumably by visiting
other plant species. Rigorously evaluating these possi-
bilities would require direct estimates of pollinator
abundance, which are utterly lacking. Nevertheless, I
speculate that the third explanation is unimportant.
The only other significant native floral resources for
bumble-bees during the lily peak are Mertensia fusifor-
mis Greene and Salix spp., and neither of these appear
to have changed in density or timing. Turning to pol-
linator declines, the best pollinator of E.
grandiflorum, B. occidentalis, has declined over much
of its range (Williams & Osborne 2009), and some
RMBL researchers believe that it may have become
rarer in the study area. No estimates of absolute abun-
dance are available. However, replicated quantitative
surveys near the RMBL show no decline in the relative
abundance of B. occidentalis as a fraction of all bumble-
bees: Pyke (1982) found 3.8 per cent (502/13 136) in
1974; J. Thomson & E. Long (unpublished data)
found 6.9 per cent (42/611) in 1998; and
J. Thomson & B. Thomson (unpublished data)
found 5.2 per cent (30/579) in a late-season sample
from 2007. Because this species has not declined rela-
tive to other Bombus spp., the increasing pollination
deficits are more probably attributable to a phenologi-
cal mismatch or to a general decline in bumble-bee
species. Casual observations are inconsistent with an
overall decline in bumble-bees. Essentially, all flowers
of Corydalis caseana Gray in a large stand near the
Irwin study area show holes from nectar robbing,
almost certainly done by B. occidentalis workers, with
no decline in attack rates evident from 2007 to 2009
(J. Thomson, unpublished data). It appears that
healthy populations of effective pollinators remain in
the area.

Therefore, weak inference suggests a growing
phenological mismatch between the blooming of
E. grandiflorum and the emergence of its best pollina-
tors. Hegland et al. (2009, p. 184) argue that such
mismatches ought to be rare because the ‘onset of
flowering in plants and first appearance dates of polli-
nators in several cases appear to advance linearly in
response to recent temperature increases’, but there
could certainly be exceptions. Kudo et al. (2004)
reported that one particularly early spring in Hokkaido
depressed seed set in two bee-pollinated spring
ephemerals but not in two fly-pollinated ones. Even
if emergence times remain in step, however, both the
activity levels of queen bumble-bees and the longevity
of flowers may be very sensitive to air temperatures,
insolation, precipitation and wind. If these factors are
changing, subtle dislocations of bees and flowers
seem plausible. Further research is needed to see
whether the trend continues, and what might be
driving it.

This work was supported by grants to J.D.T. from the US
National Science Foundation and the Canadian Natural
Sciences and Engineering Research Council. I thank
B. Thomson for help from fieldwork to analysis, G. Ernst
and K. and R. Robbins for access to property,
T. Anderson, R. Huralt, S. Keller, A. Lowrance, E. Long,
M. Malzone, M. Somers, A Leslie and L. Arcila-
Hernandez for assistance and J. Forrest, T. Knight and
anonymous reviewers for comments.



3198 J. D. Thomson Lily reproductive success
REFERENCES
Aizen, M. A. & Harder, L. D. 2007 Expanding the limits

of the pollen-limitation concept: effects of pollen
quantity and quality. Ecology 88, 271–281. (doi:10.
1890/06-1017)

Augspurger, C. K. 1981 Reproductive synchrony of a tropi-
cal shrub: experimental studies on effects of pollinators

and seed predators on Hybanthus prunifolius (Violaceae).
Ecology 62, 775–788. (doi:10.2307/1937745)

Billings, W. D. & Mooney, H. A. 1968 The ecology of arctic
and alpine plants. Biol. Rev. 43, 481–529. (doi:10.1111/j.
1469-185X.1968.tb00968.x)

Burd, M. 1994 Bateman’s principle and plant reproduction:
the role of pollen limitation in fruit and seed set. Bot. Rev.
60, 83–139. (doi:10.1007/BF02856594)

Campbell, D. R. 1987 Interpopulational variation in fruit

production: the role of pollination-limitation in the
Olympic mountains. Am. J. Bot. 74, 269–273. (doi:10.
2307/2444029)

Dieringer, G. 1991 Variation in individual flowering time
and reproductive success of Agalinis strictifolia (Scrophu-

lariaceae). Am. J. Bot 78, 497–503. (doi:10.2307/
2445259)

Dunne, J. A., Harte, J. & Taylor, K. 2003 Subalpine meadow
flowering phenology responses to climate change: inte-
grating experimental and gradient methods. Ecol.
Monogr. 73, 69–86. (doi:10.1890/0012-9615(2003)
073[0069:SMFPRT]2.0.CO;2)

Ehrlen, J. & Munzbergova, Z. 2009 Timing of flowering:
opposed selection on different fitness components and
trait covariation. Am. Nat. 173, 819–830. (doi:10.1086/

598492)
Forrest, J., Inouye, D. W. & Thomson, J. D. 2010 Flowering

phenology in subalpine meadows: does climate variation
influence community co-flowering patterns? Ecology 91,

431–440. (doi:10.1890/09-0099.1)
Garcı́a-Camacho, R. & Totland, Ø. 2009 Pollen limitation in

the alpine: a meta-analysis. Arct. Antarct. Alp. Res. 41,
103–111. (doi:10.1657/1523-0430-41.1.103)

Ghazoul, J. 2005 Buzziness as usual? Questioning the global

pollination crisis. Trends Ecol. Evol. 20, 367–373.
Hegland, S. J., Nielsen, A., Lazaro, A., Bjerknes, A.-L. &

Totland, Ø. 2009 How does climate warming affect
plant–pollinator interactions? Ecol. Lett. 12, 184–195.
(doi:10.1111/j.1461-0248.2008.01269.x)

Inouye, D. W. 2000 The ecological and evolutionary signifi-
cance of frost in the context of climate change. Ecol. Lett.
3, 457–463. (doi:10.1046/j.1461-0248.2000.00165.x)

Inouye, D. W. 2008 Effects of climate change on phenology,
frost damage, and floral abundance of montane wild-

flowers. Ecology 89, 353–362. (doi:10.1890/06-2128.1)
Inouye, D. W. & McGuire, A. D. 1991 Effects of snowpack

on timing and abundance of flowering in Delphinium
nelsonii (Ranunculaceae): implications for climate

change. Am. J. Bot. 78, 97–1001.
Inouye, D. W., Barr, B., Armitage, K. B. & Inouye, B. D.

2000 Climate change is affecting altitudinal migrants
and hibernating species. Proc. Natl Acad. USA 97,
1630–1633. (doi:10.1073/pnas.97.4.1630)

Knight, T. M. et al. 2005 Pollen limitation of plant
reproduction: pattern and process. Annu. Rev. Ecol.
Evol. Syst. 36, 467–497. (doi:10.1146/annurev.ecolsys.
36.102403.115320)

Kudo, G. 1993 Relationship between flowering time and

fruit set of the entomophilous alpine shrub, Rhododendron
aureum (Ericaceae), inhabiting snow patches. Am. J. Bot.
80, 1300–1304. (doi:10.2307/2445714)

Kudo, G. & Hirao, A. S. 2006 Habitat-specific responses in
the flowering phenology and seed set of alpine plants to
Phil. Trans. R. Soc. B (2010)
climate variation: implications for global-change impacts.
Popul. Ecol. 48, 49–58. (doi:10.1007/s10144-005-0242-z)

Kudo, G., Nishikawa, Y., Kasagi, I. & Kosuge, S. 2004 Does

seed production of spring ephemerals decrease when
spring comes early? Ecol. Res. 19, 255–259. (doi:10.
1111/j.1440-1703.2003.00630.x)

Leuning, R. & Cremer, K. 1988 Leaf temperatures during
radiation frost. Part I. Observations. Agric. For. Meteorol.
42, 121–133. (doi:10.1016/0168-1923(88)90072-X)

Marchand, P. 1991 Life in the cold: an introduction to winter
ecology. Hanover, NH: University Press of New England.

Memmott, J., Craze, P. G., Waser, N. M. & Price, M. V.

2007 Global warming and the disruption of plant–polli-
nator interactions. Ecol. Lett. 10, 710–717. (doi:10.
1111/j.1461-0248.2007.01061.x)

Miller-Rushing, A. & Inouye, D. W. 2009 Variation in the
impact of climate change on flowering phenology and

abundance: an examination of two pairs of closely related
wildflower species. Am. J. Bot. 96, 1821–1829. (doi:10.
3732/ajb.0800411)

Molau, U. 1993 Relationships between flowering phenology
and life history strategies in tundra plants. Arctic Alpine
Res. 25, 391–402. (doi:10.2307/1551922)

National Research Council of the National Academies 2006
Status of pollinators in North America. Washington, DC:
National Academy Press.

Ollerton, J. & Lack, A. J. 1992 Flowering phenology: an

example of relaxation of natural selection? Trends Ecol.
Evol. 7, 274–276.

Price, M. V. & Waser, N. M. 1998 Effects of experimental
warming on plant reproductive phenology in a subalpine

meadow. Ecology 79, 1261–1271. (doi:10.1890/0012-
9658(1998)079[1261:EOEWOP]2.0.CO;2)

Primack, R. B. & Stacy, E. 1998 Cost of reproduction in the
pink lady’s slipper orchid (Cypripedium acaule, Orchida-
ceae): an eleven-year study of three populations.

Am. J. Bot. 85, 1672–1679. (doi:10.2307/2446500)
Pyke, G. H. 1982 Local geographic distributions of bumble-

bees near Crested Butte, Colorado: competition and
community structure. Ecology 63, 555–573. (doi:10.
2307/1938970)

Rigney, L. P., Thomson, J. D., Cruzan, M. B. & Brunet, J.
1993 Differential success of pollen donors in a self-com-
patible lily. Evolution 47, 915–924. (doi:10.2307/
2410194)

Saavedra, F., Inouye, D. W., Price, M. V. & Harte, J. 2003

Changes in flowering and abundance of Delphinium
nuttallianum (Ranunculaceae) in response to a subalpine
climate warming experiment. Global Change Biol. 9,
885–894. (doi:10.1046/j.1365-2486.2003.00635.x)

Schmitt, J. 1983 Individual flowering phenology, plant size,
and reproductive success in Linanthus androsaceus, a
California annual. Oecologia 59, 135–140. (doi:10.1007/
BF00388084)
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