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Abstract
1. Climate change can impact plant fitness and population persistence directly 

through changing abiotic conditions and indirectly through its effects on spe-
cies interactions. Pollination and seed predation are important biotic interac-
tions that can impact plant fitness, but their impact on population growth rates 
relative to the role of direct climatic effects is unknown.

2. We combined 13 years of experiments on pollen limitation of seed set and pre- 
dispersal seed predation in Ipomopsis aggregata, a subalpine wildflower, with a 
long- term demographic study that has documented declining population growth 
with earlier spring snowmelt date. We determined how pollen limitation and 
seed predation changed with snowmelt date over 21 years and incorporated 
those effects into an integral projection model to assess relative impacts of bi-
otic factors on population growth.

3. Both pollen limitation and the difference in stigma pollen load between pollen- 
supplemented and control plants declined over years. Neither pollen limitation 
nor seed predation changed detectably with snowmelt date, suggesting an ab-
sence of indirect effects of that specific abiotic factor on these indices of biotic 
interactions. The projected biotic impacts of pollen limitation and seed predation 
on population growth rate were small compared to factors associated with snow-
melt date. Providing full pollination would delay the projected date when earlier 
snowmelt will cause populations to fall below replacement by only 14 years.

4. Synthesis. Full pollination and elimination of seed predation would not compen-
sate for the strong detrimental effects of early snowmelt on population growth 
rate, which in I. aggregata appears driven largely by abiotic environmental fac-
tors. The reduction over two decades in pollen limitation also suggests that nat-
ural selection on floral traits may weaken with continued climate change. These 
results highlight the value of studying both abiotic factors and biotic interactions 
to understand how climate change will influence plant populations.
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biotic interaction, integral projection model, Ipomopsis, plant– climate interactions, pollen 
limitation, population growth, precipitation, seed predation
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1  |  INTRODUC TION

Changing environmental conditions, including those due to anthro-
pogenic climate change (IPCC, 2014), can endanger populations 
through direct effects of abiotic conditions on vital rates such as 
survival and reproduction (Doak & Morris, 2010). Because individual 
species are embedded in communities of interacting species, vital 
rates may also respond to biotic interactions that are altered by cli-
mate change (Maron et al., 2014). Little is known about the relative 
strengths of direct abiotic effects and indirect effects of climate 
change mediated through species interactions. In situations where 
both occur, it is also unclear whether climate change will alter spe-
cies interactions in ways that reinforce or compensate for abiotic 
effects on population growth rates. Thus, it is unclear whether ig-
noring the impacts of biotic interactions in models for population 
growth will fundamentally alter conclusions about the impacts of 
climate change.

Consider two examples of biotic interactions that can influence 
the population growth of plants. The first is pollination by animals, 
a critical ecosystem service (Kremen et al., 2007) on which over 
85% of all flowering plant species depend (Ollerton et al., 2011). 
Hundreds of studies have documented increased seed produc-
tion with experimental supplementation of pollination level, pro-
viding evidence for pollen limitation of seed production (reviewed 
in Bennett et al., 2018; Knight et al., 2005). The second interac-
tion is pre- dispersal seed predation, which, like pollen limitation, 
can severely reduce seed production (e.g. Gomez, 2008; Irwin & 
Brody, 2011). Seed predation and pollen limitation can also occur 
together (Cariveau et al., 2004). In only a few of those cases of polli-
nation or seed consumption do we understand whether and how the 
changes in seed production impact population growth (e.g. Baer & 
Maron, 2018; Ehrlén et al., 2006; Price et al., 2008).

The study of population responses to both abiotic and biotic con-
ditions is not new (Nicholson & Bailey, 1935). But the impacts of spe-
cies interactions and climate are rarely measured in a way that allows 
direct comparison of their effects on population growth. A recent 
meta- analysis involving 208 plant species provided a valuable step 
forward, suggesting comparable impacts of abiotic and biotic drivers 
on population growth rate (λ; Morris et al., 2020). However, most of 
the studies included in Morris et al. (2020) examined only a single 
type of driver, either abiotic or biotic. A complementary approach is 
to compare multiple factors within the same plant species, and to do 
so over a term long enough to capture a range of climatic conditions 
similar to that either experienced or forecast over the short term.

A few studies have compared the impacts of a climate variable 
and a biotic interaction on projected population growth in the same 
system. In one example, population growth of a Hawaiian shrub re-
sponded more strongly to variation in wet season precipitation than 
to mollusc herbivory (Bialic- Murphy & Gaoue, 2018), but how her-
bivory itself responded to variable precipitation was not explored. 
In a second example, the population dynamics of a butterfly species 
was influenced by how its nectar source responded to the climatic 
variable of snowmelt timing (Boggs & Inouye, 2012), but the direct 

effect of climate on butterfly vital rates was not incorporated into 
the model. A third study applied population models to long- term 
data on grassland plants to simulate removal of climate effects on 
competing species, and found stronger direct than indirect effects 
of competition in four of five communities (Chu et al., 2015). We still 
lack, however, experimental manipulation of interactions that pro-
vides information for a single plant species and locale on whether 
and how climate change affects demographic parameters both in 
total, and indirectly as mediated through species interactions.

Here we assemble such information for the subalpine wildflower 
Ipomopsis aggregata in the Rocky Mountains of North America. In 
this system, climate change is causing earlier snowmelt in the spring 
(Wadgymar et al., 2018), which leads to lower population growth for 
I. aggregata. Populations are expected to drop below replacement 
within four decades, primarily due to lower seedling establishment and 
lower seed production with earlier snowmelt, although survival is also 
affected (Campbell, 2019). Earlier spring snowmelt is one of the clear-
est signals of climate change in mountainous areas of North America 
(Clow, 2010; Pederson et al., 2011). For some plant species, it can lead 
to longer periods of drought stress (Sloat et al., 2015), increase vulner-
ability to post- snowmelt frost (Inouye, 2008), or cause earlier blooming 
(CaraDonna et al., 2014). At sites where I. aggregata grows, early snow-
melt usually reduces soil moisture during the early part of the summer 
and lengthens the period of time between input of snowmelt water 
and onset of summer monsoon rains (Sloat et al., 2015). Experimental 
manipulations of snowmelt and summer precipitation have shown 
that the associated drought lowers carbon gain through photosynthe-
sis and also some aspects of reproduction in I. aggregata (Campbell & 
Wendlandt, 2013; Powers et al., 2022). As I. aggregata generally forms 
buds after spring frost and does not start blooming until weeks after 
snowmelt, frost events have little impact on its reproduction. Impacts 
on phenology are generally smaller for summer blooming species like I. 
aggregata than for earlier blooming ones (CaraDonna et al., 2014) and 
were not observed for I. aggregata in one study using experimental 
warming (Price & Waser, 1998). We consider it likely that effects of 
snowmelt timing are mediated mostly through drought stress.

The association of population growth rate with snowmelt timing 
might, however, involve not only direct impacts of abiotic conditions 
but also potential changes in biotic interactions that influence seed 
production. Both pollination and seed predation do impact popula-
tion growth in I. aggregata (Irwin & Brody, 2011; Price et al., 2008). 
To separate out the impacts of these biotic interactions on popula-
tion responses to climate, we combined studies of pollen limitation 
and pre- dispersal seed predation over an exceptionally long time 
period (13 flowering seasons spread over 21 years) with a long- term 
demographic study (Campbell, 2019).

We address the following questions:

Question 1: Do biotic interactions vary with a climate variable? 
Specifically, how much do pollen limitation and seed predation 
vary across years in their effects on seed production, and to 
what extent is variation in those biotic interactions explained by 
the timing of spring snowmelt?
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Question 2: How much do biotic interactions contribute to 
the overall impact of a climate variable on population growth? 
Specifically, how do the impacts of pollination level and seed 
predation on population growth rate compare with the overall 
impact of snowmelt timing, as assessed by an integral projec-
tion model? Our general approach was to simulate the absence 
of pollen limitation and seed predation and assess whether the 
increased fecundity rescued populations from the negative pop-
ulation growth projected with climate change. A large effect 
of eliminating those biotic sources of seed loss would suggest 
a relatively large indirect impact of those biotic interactions on 
how population growth responds to a climate variable, whereas 
a small effect would suggest that direct abiotic effects are more 
important.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Ipomopsis aggregata subsp. aggregata (Polemoniaceae) is a sub-
alpine herb that is distributed widely throughout the Rocky 
Mountains (Grant & Wilken, 1986). We studied populations within 
or near (<1 km) the Rocky Mountain Biological Laboratory (RMBL) 
in Gunnison County, CO (38°57′27″N 106°59′19″W), with the ex-
ception of one site, Lower Loop, 8 km distant. Permission to use 
the Lower Loop site was granted by the Crested Butte Land Trust. 
For all other sites, permission was granted by RMBL, with use at 
Copper Creek governed by an agreement between RMBL and the 
US Forest Service. Between 1935 and 2021, in areas near RMBL, 
spring snowmelt has occurred 1.4 ± 0.5 days per decade earlier on 
average (data = 411.21– 0.1361 × Year; R2 = 0.08, p = 0.007, Powers 
et al., 2022), with considerable variation around the trend line as 
well (Campbell, 2019). Seeds germinate in the late spring, and the 
plant spends 2 to 10 years or more as a vegetative rosette before 
flowering (Campbell, 1997). It then blooms, producing on average 
about 80 hermaphroditic flowers across the summer season, sets 
seed and dies after that single flowering episode in >96% of cases 
(Campbell, 1997). There is virtually no seed bank, with nearly all 
plants that germinate doing so the first year (Campbell, 1997). Plants 
are highly self- sterile due to prezygotic ovule degeneration, a form of 
late- acting incompatibility (Sage et al., 2006; Waser & Price, 1991), 
and the main pollinators are Broad- tailed and Rufous Hummingbirds 
(Selasphorus platycercus and Selasphorus rufus), which account for an 
estimated 94% of flower visits by pollinators near our study sites 
(Price et al., 2005). Fruits are often attacked by a pre- dispersal seed 
predator, the Anthomyiid fly Delia sp. (formerly Hylemya sp.). Female 
flies usually lay a single egg on the inside of the sepals of an elon-
gated flower bud or young flower, and the hatched larva typically 
consumes all of the seeds in the developing fruit (Brody, 1992). 
These flies have been reported to attack and eat seeds in between 
10% and 30% of fruits near our sites (Brody & Irwin, 2012; Brody 
et al., 2008; Price et al., 2021). Much more rarely, an unidentified 

caterpillar (Noctuidae) destroys a fruit by chewing it (Juenger & 
Bergelson, 1998). Population growth is strongly influenced by seed 
production, as shown by experiments manipulating input of seeds 
into populations (Price et al., 2008).

2.2  |  Field experiments

We used supplemental hand- pollinations in the field to assess the 
degree to which seed production was pollen limited in the years of 
1995 through 2003, 2005 and 2007. We combined those 11 years 
of new data with previously published data from two other years, 
1987 (Campbell, 1991) and 1990 (Campbell & Halama, 1993). In 
most years, treatments were replicated across multiple sites as well 
as multiple plants per site (Table S1). In total, we compared seed pro-
duction from 329 supplementally hand- pollinated plants and 345 
unmanipulated plants from 32 site– year combinations over 13 years. 
We refer to supplementally hand- pollinated plants hereafter as 
‘hand- pollinated’ for simplicity.

In 1987 and 1990, pollen was added from two donor plants 
3– 10 m away from each hand- pollinated plant to all its receptive 
flowers three to four times per week (Campbell, 1991; Campbell 
& Halama, 1993). In other years, pollen was added three times per 
week except in 1996 and 2003, when pollen was added twice per 
week. A single pollen donor was used for each recipient flower in 
1995– 2002. In 2003, 2005 and 2007, anthers from three to five 
plants were mixed together in an Eppendorf tube, but a single anther 
was then removed to add pollen to a stigma. As each flower lasts two 
or more days, most or all flowers should have received supplemental 
pollen, but the slight differences in frequency of hand- pollinations 
may have meant that hand- pollinated plants were most fully polli-
nated in 1987, 1990, 2005 and 2007. Moreover, the use of multiple 
pollen donors may have done a better job at ensuring pollinations 
between compatible mates in some years. Hand- pollinations were 
performed either using a wooden toothpick or by brushing anthers 
across the stigma. We always attempted to saturate the stigmatic 
surface with pollen.

Each flower produced by a plant usually experiences one of 
three fates: aborted (i.e. no fruit capsule formed because the ovary 
does not expand), expanded fruit with mature seeds, or expanded 
fruit attacked by the fly Delia or the rare caterpillar. It is possible 
that Delia oviposits under the sepals of some flowers that subse-
quently abort, but in that case there are no seeds to be destroyed. 
Like aborts, expanded fruits attacked by the fly or caterpillar typ-
ically release zero seeds, as the seeds are eaten first. Fruits were 
collected every few days just prior to dehiscence of the capsule. In 
cases where expanded fruits dehisced and released seeds before 
we were able to collect them, we substituted the average number 
of seeds made by an unattacked expanded fruit on that plant. For 
each plant, we determined the following measures of reproductive 
success: actual seeds per flower, percent fruits destroyed by a seed 
predator and an estimate of seeds per flower whether eaten or not 
(hereafter ‘seeds initiated per flower’). Seeds initiated per flower 
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is the average seeds per flower that a plant would have produced 
in the absence of seed predators (Abdala- Roberts et al., 2014; 
Campbell, 1991; Campbell et al., 2022; Price et al., 2021). Actual 
seeds per flower was calculated by dividing total seeds produced 
by a plant by total flower number. Seeds initiated per flower was 
estimated by dividing actual seeds per flower by the proportion of 
fruits that were not destroyed by seed predators. This calculation 
may slightly underestimate seed losses to predators because it 
makes the unrealistic, but necessary, assumption that oviposition 
is uncoupled to probability of abortion (Brody & Morita, 2000; 
Price et al., 2021). Per- plant measures were then averaged across 
all plants in a given treatment, site and year. For analyses employ-
ing a year as the unit of replication, those site- specific values were 
then averaged across sites to obtain estimates for control plants 
and supplementally hand- pollinated plants in each year of the 
study.

We analysed effects of supplemental hand- pollination on seeds 
per flower but did not do so separately for its components of fruits 
per flower (i.e. proportion not aborted) and seeds per fruit, because 
previous studies show that the two latter indices respond to the 
same extent to pollination level (Campbell & Halama, 1993). Thus, 
separating them would not aid in distinguishing impacts of pollen 
limitation from other causes of low seed production.

In 6 of the 13 years, we also estimated pollen loads on stigmas 
of control and hand- pollinated plants (Table S1), using previously 
published data from a total of 1,608 stigmas during 1995 to 1998 
(Price et al., 2005) combined with two new years of data (2003 and 
2005). In 2003 and 2005 we collected approximately 20% of stig-
mas on each plant. In all years, stigmas were collected from flowers 
whose corollas had withered and thus were finished blooming. We 
stained the stigmas in basic fuchsin dye (Kearns & Inouye, 1993) and 
examined them under a light microscope to count I. aggregata pol-
len grains. For each treatment group, values were averaged across 
plants and sites to obtain yearly mean pollen loads. We did not emas-
culate plants by removing anthers because doing so interferes with 
the mechanics of pollen deposition (Price & Waser, 1982) and ar-
tificially decreases geitonogamy, thus influencing pollen quality (de 
Jong et al., 1992). As a result, we could not distinguish between self- 
pollen, which would not lead to seed formation in this self- sterile 
species, and outcross pollen, but visitation rate by pollinators is pos-
itively related to total pollen receipt when comparing plants within a 
year (Price et al., 2005).

To explore causes of variation in pollen limitation and seed pre-
dation, we also examined rates of pollinator visitation and oviposi-
tion by Delia sp. flies. Pollinator visitation rates to I. aggregata were 
previously estimated at these same sites in seven summers, from 
1996 to 2002, as described in (Price et al., 2005). Visitation rate 
was expressed as the number of probes by flower visitors per open 
flower per hour of observation at a plot or plant, using sums of val-
ues across the entire season. Values were then averaged across sites 
in a given year to yield a yearly estimate of visitation. For 6 years, 
we obtained estimates of egg oviposition by Delia sp. on calyces of 
unmanipulated plants, by carefully lifting sepals with fine forceps, at 

sites within 1 km of RMBL (Table S1). Data from 2000 were previ-
ously published (Brody & Morita, 2000). For each year, we summed 
the number of flowers checked for an egg over the season and the 
number of eggs found. Oviposition rate was calculated as sum of 
eggs divided by sum of flowers. In total we examined over 30,000 
flowers for eggs under the sepals.

2.3  |  Analysis

2.3.1  |  Question 1: Do biotic interactions vary with 
a climate variable?

To answer this question, we analysed temporal patterns of pol-
len limitation and seed predation impact in several steps. First, we 
tested for variation across years in these biotic interactions using 
sites as replicates. Second, we tested for a systematic trend, linear 
or nonlinear, with year. Third, we tested for correlations with the 
particular climate variable of snowmelt timing. Fourth, we explored 
mechanisms behind these patterns by examining correlations of pol-
len limitation with pollinator visit rate and pollen load on stigmas, 
as well as the correlation of seed predation impact with oviposition 
rate.

For each of the 32 site– year combinations we estimated pol-
len limitation as the proportional increase in seed set due to 
hand- pollination: hereafter the pollen limitation index HP−C

C
, where 

HP = mean actual seeds per flower of hand- pollinated plants and 
C = mean actual seeds per flower of control plants. We based our 
analyses on measures of proportional increase in seed set, rather 
than effect sizes used in meta- analysis, because proportional in-
creases could easily be incorporated into integral projection models 
(IPMs). To test for average pollen limitation across the 13 years of 
study, these values were then compared with the null hypothesis of 
zero effect using a one- sample t- test. We then tested if the estimate 
of pollen limitation varied across years using one- way ANOVA with 
sites as replicates in each year.

For each of the site– year combinations, we estimated the im-
pact of seed predation as the proportional increase in seed set in 
the absence of seed predation using data from control plants only 
(hereafter the seed predation index) as: Ci −C

C
, where Ci = mean seeds 

initiated per flower by control plants. Since seeds initiated cannot by 
definition be less than actual seeds, the effect was always positive 
and thus differed from zero. As for pollen limitation, we tested if 
the seed predation index varied across years using one- way ANOVA 
with sites as replicates in each year.

To determine if there were systematic temporal patterns, which 
could result from any environmental variable related to climate 
change, we treated each year as the unit of replication. For these 
analyses, we used four indices for how species interactions influence 
seed production. The first index was the pollen limitation index as 
defined above: HP−C

C
. Second, we determined the extent of pollen 

limitation in the absence of pre- dispersal seed predators in similar 
fashion, except using values for seeds expanded whether eaten or 
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not: HPi −Ci

Ci

, where HPi = means seeds initiated per flower by hand- 
pollinated plants and Ci = mean seeds initiated per flower by con-
trol plants. The third index was the seed predation index as defined 
above: Ci −C

C
. Finally, we examined the combined influence of pollen 

limitation and seed predators as: HPi −C

C
, that is, as (mean seeds initi-

ated per flower by hand- pollinated plants— mean actual seeds per 
flower of control plants)/mean actual seeds per flower of control 
plants. Regression analysis was used to examine how these indi-
ces changed with year. The linear regression coefficient expressing 
slope of an index on year was estimated from simple regression, with 
the effect of the quadratic coefficient determined from a regression 
model with both linear and quadratic terms. Yearly trends could be 
due to a variety of factors, including a systematic change in the key 
climate variable of snowmelt date, change in other climate variables 
such as summer precipitation, or change in abundances of interact-
ing organisms.

Pollen limitation, but not the seed predation index, changed sys-
tematically with year (see Section 3). So to determine if degree of 
pollen limitation was related to the key climate variable of snowmelt 
date, we performed linear and quadratic regression on the Julian 
date the snow melted in the spring (the first date with zero snow 
on the ground at RMBL; www.gothi cwx.org.) Date of snowmelt was 
highly correlated with total winter water content of the snow in cm 
(r = 0.93, N = 13 years, p < 0.0001; data from www.gothi cwx.org), 
so we did not consider it possible to separate the effects of those 
two aspects of snowpack. At this site, the date of snowmelt has ad-
vanced 1.4 days per decade over the years of 1935– 2021 (Powers 
et al., 2022). We examined the correlation coefficients between the 
pollen limitation index, pollinator visitation rate and an index of the 
proportional increase in pollen on stigmas of hand- pollinated plants 
compared to control plants. We used a one- tailed test for the as-
sociation of the pollen limitation index with the increase in pollen 
added to the stigmas. Lastly we examined the correlation coefficient 
between the seed predation index and the oviposition rate for seed 
predators.

2.3.2  |  Question 2: How much do biotic interactions 
contribute to the overall impact of a climate variable 
on population growth?

To examine the effects of pollen limitation and seed predation on 
demography of I. aggregata populations, we employed IPMs (Ellner 
et al., 2016). In a size- structured IPM, vital rates are influenced by a 
continuous measure of individual size, in our case the ln- transformed 
length of the longest leaf. The previous model (Campbell, 2019), 
based on 16 years of data, included probability of seedling establish-
ment from seed, size- dependent survival, growth, size- dependent 
probability of flowering and size- dependent seed production (see 
Appendix S1). The Campbell (2019) model followed that for a mono-
carpic plant with a time delay; size for reproductive individuals was 
measured one time step before reproduction (Kuss et al., 2008). In 
this case, the kernel describing all possible transitions from size z to 

size z′ is composed of two parts describing (1) the transitions in size 
due to growth and survival, and (2) the production of size z′ offspring 
by size z parents in the preceding year (Appendix S1). Seedling es-
tablishment, growth and seed production all depended on the day 
of snowmelt in spring, whereas survival and probability a plant flow-
ered depended on the day of snowmelt in the previous year (see vital 
rate functions used in Table S2). Our general approach here was to 
modify the model (which was constructed for a different I. aggre-
gata population) by altering total seed production by the proportion 
change estimated due to pollen limitation alone (i.e. increasing it by 
the average pollen limitation index), by seed predators alone, and by 
the combined effects of pollen limitation and seed predation.

In the original demographic model, total seed production was 
reduced in years when the snow melted earlier (Campbell, 2019), as 
were seedling establishment, vegetative growth and probabilities of 
surviving or flowering in the next year. These patterns led to a re-
duced finite rate of increase (λ) for the population. Here, finding no 
correlation between the extent of pollen limitation and snowmelt 
date (see Section 3), we examined how λ for each snowmelt date 
would change if seed production were increased by a proportion 
defined by our pollen limitation index: HP−C

C
. To examine the impact 

of seed predators alone we repeated the modelling using the seed 
predation index: Ci −C

C
. Lastly, to examine the impacts of both pollen 

limitation and seed predation, we used the percentage increase in 
seeds initiated per flower in hand- pollinated plants compared with 
actual seeds per flower in control plants: HPi −C

C
. We then examined 

the relationship of λ to snowmelt date using analysis of covariance 
with the factor of scenario (control, pollen limitation eliminated, 
seed predation eliminated, both eliminated), linear coefficient for 
snowmelt, quadratic coefficient for snowmelt and interactions be-
tween scenario and the linear and quadratic coefficients.

3  |  RESULTS

3.1  |  Question 1: Do biotic interactions vary with a 
climate variable?

Averaged over the 32 site– year combinations, supplemental hand- 
pollination increased mean seeds per flower by 24%, a value signifi-
cantly different from zero (one- sample t31 = 2.25, p = 0.0314). Using 
those site– years as replicates, the pollen limitation index ranged 
from −0.29 to +2.81 (Table S1) and varied significantly across years 
(one- way ANOVA, F12,19 = 13.37, p < 0.0001). Averaged over the 
site– year combinations, eliminating the impact of seed predation 
increased mean seeds per flower by 46% (range = 10% to 177%). 
Unlike pollen limitation, the seed predation index did not change de-
tectably across years (F12,19 = 1.57, p = 0.18).

The yearly magnitude of pollen limitation has declined over years 
since 1987 (F1,11 = 8.43, p = 0.0143 for linear coefficient) in a decel-
erating fashion (quadratic coefficient F1,10 = 10.92, p = 0.0080 in 
regression with both linear and quadratic terms; Figure 1a). When 
we used a yearly mean as the unit of replication (Table 1), the pollen 

http://www.gothicwx.org
http://www.gothicwx.org
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limitation index averaged 0.28 across the 13 years, a value that dif-
fers slightly from the average of 0.24 given above because of varia-
tion in number of sites measured per year. Similar trends were seen 
when we removed the effect of seed predators on seed set from 
the estimates of pollen limitation. Specifically, the effect of supple-
mental hand- pollination on seeds initiated per flower (whether eaten 
or not) also declined over years (F1,11 = 7.42, p = 0.0198 for linear 
coefficient) in a decelerating way (quadratic coefficient F1,10 = 5.56, 
p = 0.0401; Figure 1b). Eliminating the impact of seed predation 

increased seeds per flower by 44% on average in these yearly anal-
yses, but, unlike for hand- pollination, the index of seed predation 
did not change detectably with year (F1,11 = 2.79, p = 0.1233 for the 
negative linear coefficient and F1,10 = 2.68, p = 0.1325 for quadratic 
coefficient; Figure 1c). Simulating the removal of both pollen limita-
tion and seed predation increased seed set by 80% on average, and 
that impact declined with year (r = −0.64, p = 0.0192), in decelerat-
ing fashion (quadratic coefficient F1,10 = 8.36, p = 0.0161; Figure 1d), 
just as had the effect of hand- pollination alone.

F I G U R E  1  Relationship between 
indices of biotic interactions and year of 
measurement. (a) Pollen limitation index. 
(b) Pollen limitation index assuming seed 
predators are absent. (c) Seed predation 
index. (d) Combined index expressing 
proportion increase in seed production 
due to supplemental pollination and 
removal of seed predators. Curves 
indicate quadratic regression fits and 
95% confidence intervals. Dashed line 
indicates zero effect

TA B L E  1  Yearly estimates of pollen limitation index (PL index), seed predation index (Pred index) and potentially explanatory variables. 
Pollen load on HP: Mean stigmatic pollen load on supplementally hand- pollinated plants. Pollen load on C: Mean stigmatic pollen load on 
control plants. Visitation rate by all pollinators: Mean visits/flower/h. oviposition rate: Fly eggs/flower

Year Snowmelt day PL index
Pred 
index

Pollen load 
on HP

Pollen load 
on C

Pollen load 
index

Visitation 
rate

Oviposition 
rate

1987 132 2.16 1.04 — — — — — 

1990 138 0.44 0.22 — — — — — 

1995 170 0.066 0.52 135.28 124.05 0.090 — — 

1996 141 0.093 0.23 158.33 146.45 0.081 0.0250 — 

1997 152 −0.094 0.58 180.49 166.58 0.083 0.0158 0.397

1998 140 −0.075 0.39 167.97 148.89 0.128 0.0164 — 

1999 145 0.473 0.39 — — — 0.0171 0.459

2000 131 0.109 0.39 — — — 0.0541 0.429

2001 134 −0.027 0.46 — — — 0.0224 0.435

2002 115 0.179 0.34 — — — 0.0590 0.454

2003 143 0.301 0.37 167.44 107.14 0.563 — 0.256

2005 146 −0.002 0.43 137.46 142.87 −0.038 — — 

2007 121 −0.007 0.38 — — — — — 
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Neither index of pollen limitation changed detectably with the 
climate variable of snowmelt date (linear coefficient for pollen limita-
tion index F1,11 = 0.29, p = 0.5999, quadratic coefficient F1,10 = 0.19, 
p = 0.6736). The year with the latest snowmelt in our dataset was 
1995 and the earliest was 2002, and those 2 years had reasonably 
similar values for the pollen limitation index (0.066 and 0.179 re-
spectively). Nor did the seed predation index change with snowmelt 
date (linear coefficient F1,11 = 0.29, p = 0.7733, quadratic coefficient 
F1,10 = 0.01, p = 0.9063). Thus we saw no evidence for an indirect 
effect of snowmelt date on the extent of pollen limitation or impact 
of seed predation on seed production in I. aggregata.

Although the pollen limitation index was unrelated to the date of 
snowmelt, it did correlate positively with the amount by which hand- 
pollination increased pollen deposition on stigmas of the same plants 
(Pearson correlation r = 0.81, N = 6 years, one- tailed p = 0.0255; 
Table 1). Perhaps surprisingly, the effect of supplemental hand- 
pollination on seeds per flower was not higher in years of lower pol-
linator visitation (r = 0.18, N = 7 years, p = 0.71). The seed predation 
index also did not correlate with oviposition rate (r = 0.03, p = 0.94), 
but the sample size of 6 years was small for this test, especially given 
that the two indices were estimated from different sets of sites.

3.2  |  Question 2: How much do biotic interactions 
contribute to the overall impact of a climate variable 
on population growth?

We investigated the effects of average pollen limitation and seed 
predation by altering seed production in IPM models by the 28% 
increase in seeds per flower with hand- pollination (i.e. the absence 
of pollen limitation), 44% increase in seeds per flower in the ab-
sence of seed predation, and 80% increase in the absence of both 
pollen limitation and seed predation. These figures are not additive 
because they each represent a proportional increase and because 
the effect of seed predation was calculated from control plants 
alone and not hand- pollinated plants. Differences in the finite rate 
of increase (λ) among those scenarios and the control scenario 
(seed production as in the original IPM model (Campbell, 2019) 
varied with snowmelt date (p < 0.0001 for interactions of linear 
and quadratic coefficients). If all vital rates are allowed to vary 
to the extent observed with snowmelt date (Campbell, 2019), the 
control curve intersects the stable population with zero popula-
tion growth (λ = 1) at day 130 (10 May; Figure 2a). That date is 
the expected snowmelt date forecasting 45 years into the future, 
although several past years have already had earlier snowmelts 
that are predicted to lead to negative population growth. Full 
pollination would only change the expected day when λ = 1 to 
day 128 (yielding a difference of 1.9 days), staving off consistent 
population decline only for an additional 14 years. Even eliminat-
ing both pollen limitation and seed predation would only change 
the expected day when λ = 1 to day 126 (Figure 2a), a difference 
of 4.2 days in snowmelt from the natural situation. We also con-
sidered the case for which seed production is assumed to be the 

only vital rate changed by snowmelt date (Figure 2b). In that case 
the effect of supplemental pollination was equivalent to a 4.7 day 
later snowmelt rather than 1.9 day later, but that is because the 
general effect of snowmelt date on λ is greatly underestimated in 
that case. All effects of eliminating pollen limitation or seed preda-
tion were larger for later snowmelt dates, when seed production 
was higher and impacts of snowmelt on vital rates were amplified 
(Figure 2). Thus, the population level impact of those biotic inter-
actions is expected to shrink as snowmelt gets earlier and earlier 
with climate change (Figure 2a).

4  |  DISCUSSION

Ecologists increasingly recognize the critical need to incorporate 
biotic interactions into an understanding of how climate change 

F I G U R E  2  Relationships between finite rate of increase (λ) and 
snowmelt date in integral projection models for four scenarios: 
Control, pollen limitation removed, seed predation removed and 
both removed. Quadratic regression fits are shown. Small black 
triangles indicate predicted days of snowmelt at 20 year intervals 
from 1987 to 2067 based on data from (Powers et al., 2022). Note 
that time is proceeding from right to left along the X- axis. (a) all vital 
rates allowed to vary with snowmelt date to the extent observed. 
(b) Only seed production allowed to vary with snowmelt date
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will alter population dynamics (e.g. Alexander et al., 2015; Gilman 
et al., 2010). In theory, climate- driven responses of organisms at a 
higher trophic level can have strong impacts on dynamics at a lower 
trophic level (Gilman et al., 2010), suggesting that plants might often 
be influenced by indirect impacts mediated through interactions 
with consumers. Although biotic and abiotic impacts on population 
growth are similar on average for plants (Morris et al., 2020), there 
are relatively few empirical studies comparing direct and indirect im-
pacts of climate variables in the same plant species (Chu et al., 2015). 
Here, eliminating certain indirect effects of biotic interactions 
through supplemental full pollination and removal of seed predation 
could not compensate for the strong overall effects of early snow-
melt on population growth in I. aggregata. Averaged over a 21- year 
period (1987– 2007), both pollen limitation and seed predation had 
large effects on seed production, but impacts on population growth 
rate were nevertheless small in the context of how all vital rates 
change with snowmelt timing. Furthermore, neither pollen limitation 
nor seed predation correlated detectably with snowmelt timing, as 
would be expected if plant– animal interactions mediated indirect ef-
fects on that climate variable on population growth.

Although we did not detect a correlation of pollen limitation 
with snowmelt timing, based on an exceptionally long time series of 
supplemental hand- pollinations, we found a declining trend in pol-
len limitation of seed production over a 21- year period. One caveat 
is that trend is driven particularly by the exceptionally high pollen 
limitation observed in the earliest year of study (1987). Although 
that result was consistent across two sites, there could have been 
something else unusual about 1987, so it would be valuable to have 
data from even more years. We know of only one other study of 
pollen limitation that lasted more than 10 years, involving the lily 
Erythronium grandiflorum in populations near the RMBL. Even 
though this species exhibited no trend in pollen limitation between 
1993 and 2018 (Thomson, 2019), like I. aggregata it showed consid-
erable variation in pollen limitation over years. In our study system, 
we saw no evidence for a systematic change over years in visitation 
by pollinators (correlation with year r = 0.63, p = 0.12, N = 7 years). 
Pollinator visitation actually appeared higher in years of early snow-
melt (correlation of visitation rate with snowmelt, r = −0.86, N = 7, 
p = 0.0123). That may be because flower number in I. aggregata is 
not sensitive to snowmelt date in the current year (Campbell, 2019), 
while flower number of other important resources for hummingbirds 
in the area, including Delphinium nutallianum and Delphinium barbeyi, 
does decline with early snowmelt (Miller- Rushing & Inouye, 2009). 
In years of early snowmelt hummingbirds may be attracted to I. 
aggregata as one of the few remaining resources, or alter visitation 
behaviour in response to lower nectar and pollen production in I. 
aggregata (Waser & Price, 2016).

A plausible explanation for the decline in pollen limitation over 
years is a trend towards greater water limitation on seed set as the 
intensity of drought increases. Seeds initiated per flower in hand- 
pollinated plants trended lower with earlier snowmelt date in our 
study, but not significantly so (p = 0.32). Although the intensity of 
pollen limitation has declined over years, we would have expected 

it to also decline with date of snowmelt in the spring if drought ef-
fects were most important during early summer prior to the start of 
summer monsoon rains. Regardless of the mechanism, the general 
decline in pollen limitation with year suggests that natural selection 
through female function on floral traits will weaken in this species 
(see also Campbell & Powers, 2015).

Effects of seed predators (flies and the occasional caterpillar) on 
seed set were roughly comparable or greater than those of pollen 
limitation in this system. Unlike for pollen limitation, we detected no 
systematic temporal change in those effects. And neither the index of 
seed predation nor the rate of oviposition by flies (r = −0.39, p = 0.46, 
N = 6 years) depended on snowmelt date in the spring. The lack of 
effect contrasts with the responses of some other insect herbivores 
to snowmelt date or winter snowpack. For example, aphid abundance 
on the host plant Ligusticum porteri was higher when snow was added 
to delay melting in subalpine meadows (Mooney et al., 2020). And, 
abundance of beetles, some of which were herbivores, was higher in 
years with greater snowpack in northern hardwood forests (Harris 
et al., 2019). Overall, we saw no evidence that the impact of either 
biotic interaction (pollination or seed predation) with I. aggregata re-
sponded systematically to earlier snowmelt. This independence sug-
gests that abiotic and biotic impacts of climate change on population 
growth could in some cases be studied separately.

Integral projection models revealed strong effects of snowmelt 
timing that were not due to the studied biotic interactions. Our cal-
culations suggest that with full pollination, population growth would 
drop below replacement for snowmelt on day 128 of the year rather 
than on day 130, a gain of only 1.9 days. That 2- day difference is 
projected to represent only 14 years of further climate change in 
this area. There is, however, high uncertainty in that estimate, not 
only because of uncertainty around the estimates of pollen limita-
tion (see Figure 1a), and responses of vital rates to snowmelt that 
influence λ (Campbell, 2019), but also because of high uncertainty 
in the change in snowmelt (1.36 ± 0.5 days per decade). As climate 
change causes earlier and earlier snowmelt, the impacts of both 
pollen limitation and seed predation are likely to become less and 
less important in comparison. Removing pollen limitation and seed 
predation together could not ameliorate the strong effects of early 
snowmelt on seed production, suggesting that abiotic factors (or 
unstudied biotic interactions) have a stronger influence on pollina-
tion and seed predation. For a year in which snow melts out on 
day 130, which is projected to yield stable population growth under 
unmanipulated conditions, providing full pollination and removing 
seed predators would only increase λ from 1.00 to 1.19.

The primary effects of snowmelt date on population growth 
must be due either to direct abiotic effects or to indirect effects 
of biotic interactions that act at other stages of the life cycle 
besides seed production. IPMs showed that changes in λ with 
snowmelt date reflected the effect of snowmelt on seed ger-
mination most strongly, the effect on seed production second, 
and the effect on vegetative survival third (Campbell, 2019). In 
principle, seed germination could be influenced by interactions 
with soil microbes, upon which snowmelt timing has unknown 
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effects. Survival of vegetative rosettes to the next year is influ-
enced by browsing of the apical meristem on vegetative rosettes, 
likely by pocket gophers or ground squirrels (Brody et al., 2007). 
Populations of these small mammals could in principle be chang-
ing with snowmelt date, but since I. aggregata survival responds 
only to snowmelt date the previous season, and not the current 
season (Campbell, 2019), they would have to impact population 
growth through effects on resource status which persist over win-
ter. In populations at our study sites, 15% of vegetative rosettes 
are browsed, and they survive to flowering at a rate 70% as high 
as unbrowsed plants (Brody et al., 2007), such that survival aver-
ages 0.955 times (=0.85 + [0.15 × 0.70]) as high in the presence of 
this biotic interaction. For a year in which snow melts on day 130, 
changing survival that much in our IPM only alters λ from 1.001 to 
0.997, a negligible effect. Whereas we did not manipulate all biotic 
interactions in this study, these observations suggest that direct 
abiotic effects on survival are more likely to explain the influence 
of snowmelt timing on population growth. An experimental field 
study testing the impact of manipulating both snowmelt date and 
summer precipitation is in progress.

Most studies of pollen limitation and seed predation do not con-
sider fitness during other parts of a plant's life cycle. For example, 
the most commonly used metric for assessing pollen limitation is 
fruit set (Knight et al., 2006), and it is rare to know to what extent 
those changes in fruit (or seed) set influence population growth rate 
(Price et al., 2008; Waser et al., 2010; see meta- analysis by Clark 
et al., 2007). Note that if we had only considered how changes in seed 
production influence λ, then the relative impacts of biotic interactions 
would have appeared much larger. This is likely for two reasons. First, 
in this system λ is generally higher if the impacts of early snowmelt 
during other parts of the life cycle are not accounted for (compare 
Figure 2a,b), and plant populations show more potential for strong 
impacts of herbivory at high population growth rates (Katz, 2016). 
Second, in I. aggregata, λ shows higher elasticity (proportional change 
with proportional change in a vital rate) to changes in survival and 
growth than to changes in reproduction (Campbell, 2019), as is com-
mon in perennial plants (Silvertown et al., 1993), lessening the impor-
tance of animals that interact at the reproductive stage in comparison 
with abiotic or other impacts on survival. Relatively few studies of 
population growth in plants consider both abiotic and biotic factors 
in the same system, but changes in soil potassium had stronger ef-
fects than seed predation for a perennial forest herb (Dahlgren & 
Ehrlén, 2009). Our results suggest that the relative impact of biotic 
interactions compared to abiotic factors can be overestimated if the 
entire life cycle is not accounted for as we did here. We urge other 
investigators of pollen limitation and seed predation to attempt to 
consider impacts in the context of a plant's entire life cycle.

5  |  CONCLUSIONS

We found that pollen limitation and seed predation both contributed 
to seed production of Ipomopsis aggregata over a 21- year period. 

Although the severity of pollen limitation declined over time, neither 
biotic interaction was related significantly to the date of snowmelt in 
the spring, an important climate variable in these subalpine ecosys-
tems (CaraDonna et al., 2014). Overall, the strength of these biotic 
interactions as encapsulated in the impact of providing full pollina-
tion and eliminating seed predation could not compensate for the 
strong detrimental effects of early snowmelt on population growth 
rate in this subalpine plant, which may be driven directly through 
abiotic factors such as low soil moisture. We urge other investigators 
of population dynamics to explore how both abiotic factors and spe-
cies interactions respond to climate change to provide more realistic 
predictions for changes in population growth rate than can be sup-
plied with the more common focus on abiotic factors alone (Record 
et al., 2017).
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