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Temperature-driven changes of pollinator @
assemblage and activity of Megaleranthis
saniculifolia (Ranunculaceae) at high

altitudes on Mt. Sobaeksan, South Korea

Hakbong Lee and Hyesoon Kang'

Abstract

Background: Temperature-driven variation in pollinator assemblage and activity are important information, especially
at high altitudes, where rising temperature trends exceed global levels. Temporal patterns of pollinators in a flowering
season can be used as a proxy to predict the changes of high-altitude plants’ mutualistic relationships. We observed a
spring temperature change in one population of a high-altitude endemic species, Megaleranthis saniculifolia on Mt.
Sobaeksan, and related it to pollinator assemblage and activity changes.

Methods: This study was conducted at two sites, each facing different slopes (NE and NW), for two times in the spring
of 2013 (early-flowering, April 27-28, vs. mid-flowering, May 7-8, 2013). We confirmed that the two sites were comparable
in snowmelt regime, composition of flowering plants, and flower density, which could affect pollinator assemblage and
activity. Pollinator assemblage and activity were investigated at three quadrats (1 m? with 5-m distance) for each site,
covering a total of 840 min observation for each site. We analyzed correlations between the temperature and visitation
frequency.

Results: Twelve pollinator species belonging to four orders were observed for M. saniculifolia at both sites during early-
and mid-flowering times. Diptera (five species) and hymenopteran species (four species) were the most abundant
pollinators. Pollinator richness increased at both sites toward the mid-flowering time [early vs. mid = 7 (NE) and 3 (NW)
vs. 9 (NE) and 5 (NW)]. Compared to the early-flowering time, visitation frequency showed a fourfold increase in the
mid-flowering time. With the progression of spring, major pollinators changed from flies to bees. Upon using data
pooled over both sites and flowering times, hourly visitation frequency was strongly positively correlated with hourly
mean air temperature.

Conclusions: The spring temperature change over a relatively brief flowering period of M. saniculifolia at high altitudes
can alter pollinator assemblages through pollinator dominance and visitation frequency changes. Thus, this study
emphasizes information on intra- and inter-annual variations in the mutualistic relationship between pollinators and M.
saniculifolia to further assess the warming impacts on M. saniculifolia’s reproductive fitness.
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Background

Variation in pollinator assemblage and activity along
temperature gradients is important information, especially
at high altitudes, where annual mean temperatures
increase more rapidly than global levels as seen during the
last few decades (IPCC 2013). Such information helps infer
possible changes in future pollinator assemblages and
activity due to climate change (Hegland et al. 2009).
Recently, the global trend of rising temperatures has re-
sulted in reduced pollinator abundance, which can threaten
the survival of high-altitude plants that highly depend on
them (Lefebvre et al. 2018). Altitudinal scale investigation
can be a good proxy for inferring the impact of
temperature change on pollinator assemblage and activity
as temperature varies with elevation (Hegland et al. 2009).
Many researchers have reported that pollinator assem-
blages tend to change from bees at lower altitudes (Totland
1993; Hoiss et al. 2012; Zhao and Wang 2015) to flies at
higher altitudes (Arroyo et al. 1982; Totland 1993; Lazaro
et al. 2008; Inouye et al. 2015; Wagner et al. 2016) and that
their activity decreases with elevation (Arroyo et al. 1985;
Primack and Inouye 1993; Bingham and Orthner 1998;
Zhao and Wang 2015). However, relatively few studies
have focused on how temperature changes during a flower-
ing season affect high-altitude plant-pollinator assemblage
and activity (Primack 1978; Mizunaga and Kudo 2017).
Such research is critical to predict the future status of
high-altitude plants, especially those being dependent upon
activities of pollinators that are sensitive to temperature
changes in early spring (e.g., Totland 1994a; Hirao et al.
2006; Thomson 2010; Mizunaga and Kudo 2017).

Megaleranthis saniculifolia is a rare endemic perennial
plant, which is distributed only on Korea’s high mountains
and moist habitats (770-1440 masl; Jang et al. 2009). M.
saniculifolia is classified as “endangered” in the I[UCN Red
List of Threatened Species (Kim et al. 2016). Among the
existing populations in Korea, Mt. Sobaeksan (1300 m
a.s.l) hosts the largest population of M. saniculifolia (Yoo
et al. 1999) and thus entails high priority for its conserva-
tion. As pollen flow for this plant was assumed to be
mostly mediated by insect pollinators (i.e., Anthomyiid,
Bombyliid, and Tachinid flies; Choi 2002), variations in
pollinator assemblages and activities are likely to have sub-
stantial impacts on its fitness. To date, no pollinator survey
of M. saniculifolia in the Sobaeksan population has been
conducted at different spatio-temporal scales nor under
different temperature regimes (see Choi 2002). Indeed,
pollinator visitation patterns have never been explored for
any high altitude plants in Korea.

We investigated M. saniculifolia’s pollinator assemblage
and activity throughout the early- and mid-flowering times
with contrasting temperature regimes. Pollinator assem-
blage and activity are not only influenced by temperature
but also by many diverse site-specific conditions, such as
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snow regime (Kudo 1996), flowering plant compositions
(Ebeling et al. 2008), and flower density at the community
level (Hegland and Boeke 2006). Thus, we chose two sites
on different slopes (NE and NW) that were comparable in
temperature, snow regimes, flowering plant compositions,
and flower density and explored the impact of temperature
rise for a short time period in relation to changes in M.
saniculifolia’s pollinator assemblage and activity.

Methods

Study species

Megaleranthis saniculifolia (Ranunculaceae) has dish-like
actinomorphic flowers that bloom in March or April. The
flower consists of 5 to 6 white sepals and 8 to 12 yellowish
nectariferous petals with yellow (Yoo et al. 1999; Lee et al.
2017). The flower has apocarpous carpels (range = 3 to
11; Lee et al. 2017) in the center which are surrounded by
many stamens (range = 13 to 42; Son et al. 2011). The
Sobaeksan population blooms in April when the snow
starts to melt, and at this time, the cold weather extends
the individual flower longevity up to 11 to 15 days (Lee et
al. 2017). Seed production is mostly achieved by outcross
pollination, resulting in 6.4-fold higher in seed set than
selfing treatments (control vs. hand-selfing = 71.9% vs.
11.3%, Lee et al. 2017). Nonetheless, some inbreeding oc-
curs in the Sobaeksan population and other large popula-
tions in Korea (Jeong et al. 2010).

Study site
This study was conducted on the top of the Sobaeksan
National Park (1345-1361 m asl) in 2013 when the snow
started to melt in mid-April and ended the process in early
May. Taxus cuspidata, Cornus controversa, and Betula
ermanii were the dominant trees in the study area, and
some perennial forbs (e.g., M. saniculifolia, Anemone kor-
aiensis, and Meehania urticifolia) occupied the lower layer
of the forest (Yoo et al. 1999; Choi 2002; Lee et al. 2017).
To minimize any damage to the population and to in-
corporate spatial variation in pollinator assemblage and
activity, we selected two sites on different slopes (NE
site—36° 57’ 31.0" N, 128° 28’ 37.0" E, 1361 m asl; NW
site—36° 57’ 32.0" N, 128° 28" 32.0” E, 1345m asl).
The two sites have identical snow regimes (the same on-
set of snowmelt), and only M. saniculifolia was flowering
at both sites. We installed equal-sized quadrats (20 x 20
m) at the two sites then subdivided it into 25 16-m>
quadrats to measure flower density. As a result, mean
flower densities for the 1-m® quadrat in the center of
each of the subquadrats (16 m*) were not significantly
different between the two sites (NE vs. NW = 24.6 + 2.5
vs. 23.5+ 2.5, t=0.308, df = 48, P =0.759). After we con-
firmed morning temperatures three times a week in the
sites, we decided two survey times showing a pro-
nounced difference in mean air temperature for 7h



Lee and Kang Journal of Ecology and Environment (2018) 42:31

(1000 to 1600 h), which corresponded to M. saniculifolia’s
early- (April 27-28, 2013) and mid- (May 7-8) flowering
times (early vs. mid = 15.8+0.67 °C vs. 27.0+0.83°C, ¢t =
10.486, df = 54, P < 0.001; Fig. 1). Throughout this study, we
employed only daytime air temperature from 1000 to 1600
h. Using a data logger (Onset HOBO® Pendant UA-002-64),
we confirmed that the two sites did not differ in mean air
temperature for 7 h during the two flowering times (NE vs.
NW =21.2+1.37°C vs. 21.6 + 1.25°C, t=0.257, df =54, P
=0.798). Since the mean air temperature did not differ
between the sites, but differed between the flowering times,
temperature data at the two sites were pooled into each of
the flowering times (early and mid).

Pollinator assemblage and activity

Pollinator surveys were conducted at three quadrats (1
m? with 5-m distance) for each site (NE and NW). Prior
to the survey in the early-flowering time (April 27-28),
we selected quadrats in which the total number of
flowers blooming between the two sites did not differ
(NE vs. NW = 22, 30, and 25 vs. 19, 26, and 32). In the
mid-flowering time (May 7-8), we rearranged the three
quadrats to include the newly bloomed flowers. There
was no difference in the total number of flowers between
sites (NE vs. NW = 29, 31, and 40 vs. 24, 24, and 42).
However, the total number of flowers in the three quad-
rats of each site increased toward the mid-flowering
time (early vs. mid = 77 vs. 100). Before the survey, we
installed a temperature logger (Onset HOBO® Pendant
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Fig. 1 Daily mean air temperature (+ SE) of early-flowering (black
square) (April 27-28, 2013) and mid-flowering times (white square)
(May 7-8, 2013) of Megaleranthis saniculifolia on Mt. Sobaeksan.
Since the temperatures at the two sites (NE and NW) were almost
identical, temperature data for the two sites were pooled into each
of the flowering time (early and mid). Mean air temperatures in
early-flowering and mid-flowering times were 158+ 0.67 °C and
270+ 0.83 °C, respectively
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UA-002-64) at each 1-m* quadrat, parallel to the flower
height. The survey was carried out at an hourly interval
from 1000 to 1600 h, during which we spent 10 min ob-
serving pollinator visits for each quadrat, covering a total of
840 min observation per site. Only insect visitors that con-
tacted the reproductive organs (e.g., anther or stigma) or
foraged floral nectar (detected by neutral red) were counted
and regarded as effective pollinators. We counted the total
number of flowers that each insect visited within our 1 m?
quadrat for 10 min, summed the hourly visitation frequency
(ie., total number of flowers visited within the quadrat)
from the three quadrats, and compared visitation rates
(visits per flower per hour) between the two flowering
times. We also investigated the correlation between hourly
mean air temperature and hourly visitation frequency using
data pooled over sites and flowering times. For each of the
collected insect visitors, at least three specimens were
produced, but only one specimen was produced for less
frequent visitors. The insect specimens were identified at a
species level, while family level identification was done
when species identification was impossible.

Statistical analysis

The difference in mean flower density and mean air
temperature between sites and flowering times was exam-
ined using ¢ test. A simple linear regression analysis was
done to assess the relationship between hourly mean air
temperature and hourly visitation frequency. The hourly
visitation frequency was square-root transformed to meet
the normality assumption for the parametric test. All tests
were conducted at the 0.05 significance level using R ver.
3.4.3 (R Core Team 2017). All means are provided with
one SE throughout this paper.

Results

Pollinator assemblage of the Sobaeksan population
Twelve pollinator species (11 families in 4 orders) were
observed over the two flowering times (April 27-28 and
May 7-8, 2013) at the two sites (NE and NW) (Fig. 2). For
the Sobaeksan population of M. saniculifolia, 75% of the
visiting insects were dipteran (5 species) and hymenopteran
species (4 species), and the others (3 species) consisted of
one hemipteran (Cicadellidae) and 2 lepidopteran species
(Hemaris affinis and Luehdorfia puliloi). Insect visitors of
M. saniculifolia foraged for pollen or flower nectar, and
nectar was detected at the base of the nectariferous petal
(Fig. 2). Although the two sites did not differ in mean air
temperature, snowmelt regime, composition of flowering
plants, and flower density at the community level, they
differed in pollinator assemblages. Pollinator richness was
approximately twofold higher for the NE site than the NW
site [NE vs. NW = 11 species (Hemiptera, Hymenoptera,
Diptera, and Lepidoptera) vs. 6 species (Hymenoptera and
Diptera); Fig. 3]. While Anthomyiidae sp. 1, Bombylius
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Fig. 2 Insect visitors foraging for M. saniculifolia’s pollen or nectar in the study sites on Mt. Sobaeksan. a Anthomyiidae sp. 1. b Bombylius major. c
Melanostoma scalare. d Vulgichneumon suigensis. @ Andrena sp. 1 (male). f Andrena sp. 2 (female). g Apis mellifera. h Luehdorfia puziloi. Most visitors
suck nectar from the base part of the nectariferous petals stained in a neutral red color (i)

NE NW

Early Mid Early Mid

. . Cicadellidae sp. 1 (1, 0.8%)

Cicadellidae sp. 1 (6, 11.3%) B Anthomyiidae sp. 1 (7, 4.4%)

Anthomyiidae sp. 1 (28, 23.0%) W Melanostoma scalare (6, 3.8%)
Vulgichneumon suigensis (1, 0.6%)

. Tachinidae sp. 1 (1, 0.8%)

Anthomyiidae sp. 1 (23, 43.4%)

Bombylius major (17, 14.0%) Anthomyiidae sp. 1 (11, 78.6%)

Melanostoma scalare (2, 1.6%)

Vulgichneumon suigensis (1, 0.8%)
Tachinidae sp. 1 (8, 15.1%) Andrena sp. 1 (143, 89.9%)
Calliphoridae sp. 1, (4, 7.5%)

Andrena sp. 1 (70, 57.4%) Bombylius major (2, 14.3%) I
Bombylius major (9, 17.0%)
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"= Hemaris affinis (1, 0.8%)
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Fig. 3 Pollinator assemblage and activity changes at two sites (NE and NW) during early-flowering (April 27-28, 2013) and mid-flowering times
(May 7-8, 2013). In each bipartite graph, the widths of both rectangles and horizontal lines indicate pollinator species’ relative visitation frequencies.
The numbers after each species represent visitation frequencies and the following numbers within parentheses indicate the percentages of total
visitation frequencies. Total visitation frequencies are 53 (early) and 122 (mid) in NE and 14 (early) and 159 (mid) in NW, respectively. Colors indicate
insect orders (green = Hemiptera, blue = Diptera, yellow = Hymenoptera, red = Lepidoptera)




Lee and Kang Journal of Ecology and Environment (2018) 42:31

major, Melanostoma scalare (Diptera), Vulgichneumon sui-
gensis, and Andrena sp. 1 (Hymenoptera) were observed at
both sites, the other pollinators [Cicadellidae (Hemiptera),
Tachinidae sp. 1, Calliphoridae sp. 1 (Diptera), Andrena sp.
2, Apis mellifera (Hymenoptera), L. puliloi, and H. affinis
(Lepidoptera)] appeared only at one site (Fig. 3).

Temporal changes in pollinator assemblage and activity
As the temperature rose, the number of pollinators
increased at the two sites [early vs. mid = 7 (NE) and 3
(NW) vs. 9 (NE) and 5 (NW), Fig. 3]. Newly observed pol-
linators in the mid-flowering time with high temperature
(mean air temperature 27 °C) were M. scalare, V. suigensis,
Apis mellifera, Luehdorfia puliloi, and Hemaris affinis
(Fig. 3). However, Calliphoridae sp. 1 and Andrena sp. 2
were no longer observed in the mid-flowering time.

There was an approximately fourfold increase in the visit-
ation frequency toward mid-flowering times [early-flower-
ing (NE + NW) vs. mid-flowering (NE + NW) = 67 vs. 281;
Fig. 3], although the frequency was quite concordant be-
tween the two sites [NE (early + mid) vs. NW (early + mid)
= 175 vs. 173] (Fig. 3). Visitation rates were also higher in
mid-flowering times than in early-flowering times (early vs.
mid = 0.06 vs. 0.20, visits per flower per hour).

As spring progressed, the major pollinator of M. sanicu-
lifolia changed from flies to bees at both sites (Fig. 3). In
the early-flowering time, flies (NE: Anthomyiidae sp. 1,
Tachinidae sp. 1, Calliphoridae sp. 1, and B. major; NW:
Anthomyiidae sp. 1 and B. major) were dominant, ac-
counting for 83% and 92.9% of total visits for the NE and
NW sites, respectively, whereas the opposite pattern was
observed in the mid-flowering time, where bees became
dominant, accounting for 58.2% and 91.8% of total visits
for the NE and N'W sites, respectively. Anthomyiidae sp. 1
and Andrena sp. 1 were respectively the most dominant
pollinators in the low- (early) and high- (mid) temperature
environment (Fig. 3). The hourly visitation frequency was
strongly positively correlated to the hourly mean
temperature (+* = 0.606, P < 0.001, N = 56; Fig. 4).

Discussion

Pollinator assemblage in the Sobaeksan population

This is the first study to report M. saniculifolia’s pollinator
assemblage at high altitudes covering diverse spatial-tem-
poral scales and temperature regimes. We found that M.
saniculifolia has more diverse pollinator assemblage than
had been reported previously (see Choi 2002). Bee pollina-
tors that were found in the mid-flowering time with a rela-
tively high temperature was somewhat surprising. Bees are
known to be very rare in early spring at high altitudes, but
they are very important for the reproductive success of M.
saniculifolia (Lee et al. 2017). However, we acknowledge
that detailed information on the whole pollinator assem-
blage is still lacking because we only explored a small
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Fig. 4 The relationship between hourly mean air temperature and
hourly visitation frequency in the M. saniculifolia population (Y =—
1.787 +0.175 X, = 0606, N = 56, P < 0.001). SQRT, square

root transformation

proportion of the pollinator spectrums in a single year.
Long-term monitoring covering both varying spatial and
temporal scales will be valuable in further understanding
the pollinator assemblage diversity and functions at high
altitudes.

Temperature impacts on pollinator assemblage and
activity

Temperature is one of the major abiotic factors affecting
pollinator assemblage and activity at high altitudes (Pri-
mack and Inouye 1993; Totland 1994b; Thomson 2010;
Straka and Starzomski 2015). Major changes in M. sani-
culifolia pollinator visitation patterns over the two flow-
ering times showed a transition in dominant pollinators
(flies to bees) and an increased visitation frequency (67
to 281). Because factors that could affect pollinator visit-
ation patterns, such as snowmelt regime (Kudo 1996),
composition of flowering plants (Ebeling et al. 2008),
and flower density (Hegland and Boeke 2006), were
almost equal in both sites, other abiotic factors, such as
temperature, humidity, and wind speed, may have in-
duced such drastic changes. Although we did not meas-
ure humidity and wind speed, temperature explained
most visitation frequency variations (* =0.606). The
change in dominance of pollinators of M. saniculifolia
also reflects the significant impact of temperature as flies
and bees favor cold and warm environments, respect-
ively (Totland 1993; Hoiss et al. 2012; Inouye et al. 2015;
Zhao and Wang 2015; Wagner et al. 2016). Thus, we
conclude that a drastic temperature change between
early- to mid-flowering times, i.e., on average of 11.2°C,
affected M. saniculifolia pollinator assemblage and activ-
ity. Temperature-driven changes of pollinators also have
been reported for several high altitude species (Primack
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and Inouye 1993; Totland 1994b; Thomson 2010; Straka
and Starzomski 2015).

Any alterations in pollinator assemblage and activity
driven by seasonal progression can provide us important
insight into establishing a conservation plan for
high-altitude plants in light of a warming climate. Our
study suggests that different groups of pollinators may
dominate under different temperature regimes. Such con-
trasting patterns have not been observed in some
early-flowering plants (e.g., Gentiana staminea visited by
bumblebees, Duan et al. 2007; Euphorbia helioscopia visited
by beetles, Kim and Park 2014), and thus perhaps, pollina-
tors of both groups of plants may be less sensitive to
temperature changes. On the other hand, the impact of
temperature change is important for small-bodied fly- and
bee-pollinated alpine plants (seasonal gradient: Primack
1978 and Mizunaga and Kudo 2017; altitudinal gradient:
Zhao and Wang 2015). M. saniculifolia heavily depends on
insect pollinators for reproduction (Choi 2002; Lee et al.
2017) and is visited by both fly and bee pollinators that are
known to be sensitive to temperature changes (Primack
1978; Zhao and Wang 2015; Mizunaga and Kudo 2017)
and to differ in pollination effectiveness (Campbell and
Motten 1985). Therefore, temperature rise during a flower-
ing season may result in changes in the reproductive suc-
cess of this rare endemic plant, as suggested in other plants
(Hirao et al. 2006; Thomson et al. 2010). Since M. saniculi-
folia is a generalist herb with actinomorphic flowers and a
relatively long flowering period (Lee et al. 2017), which
might compensate for a low visitation rate in the early
spring, intra-seasonal pollinator increase may contribute to
mitigating pollination limitation, which has been shown in
many generalist plants (Ashman et al. 2004; Gémez et al.
2007). In this regard, the increase in pollinator richness in
high-temperature environment (see Fig. 3) may increase
the fitness of M. saniculifolia. The fact that M. saniculifolia
(Han et al. 2010) and flies (Kearns 1992; Lefebvre et al.
2018) are both vulnerable to high temperature and desicca-
tion should be considered in the conservation of this rare
endemic plant under warmer and less snowy climate.
However, we still know little about how significantly the
flies affect M. saniculifolia’s reproductive success.

Conclusions

For early spring flowering plants that are likely to con-
front severe problems such as harsh and unpredictable
weather conditions and limitation of pollinators, efficient
and sufficient numbers of pollinator visitations are es-
sential to successful reproduction. In this study, the
rapid temperature increase in an approximately 10-day
frame in early spring resulted in pollinator richness and
activity increases of 1.4 and 4.2 times, respectively, and
changes in dominant pollinators, from flies to bees.
Therefore, as a spring-flowering plant highly dependent

Page 6 of 7

on pollinators for reproduction, the reproductive success
of M. saniculifolia could be more sensitive to future
climate change than low-altitude plants or summer-
flowering plants. This study provides a brief illustration
of the two flowering times with contrasting temperature
differences and also emphasizes that information on
intra- and inter-annual variations in pollinator assem-
blage and activity is essential to further assess warming
impacts on the reproductive fitness of M. saniculifolia.
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NE: Northeast; NW: Northwest; SQRT: Square root
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