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Message From NIE President
A lot of species have gone extinct or likely to be extinct due to climate change and habitat loss since the Industrial revolution. Different activities for human prosperity such as urbanization, deforestation, and genetic modification have caused drastic and unprecedented changes in the ecosystem which is integral for human survival.
Nowadays, human beings are threatened by COVID-19 pandemic and abnormal climate changes all over the world.
To respond to such risks and challenges, National Institute of Ecology, which was established in 2013 as the largest institute of ecology in Asia, has led ecological researches nationwide and abroad expanding values of ecology.
Since its establishment, NIE has been preparing to publish an academic journal that can comprehensively contain research results in the world's ecological field. With that result, we are very pleased to publish the first issue
of PNIE (Proceedings of National Institute of Ecology) on November 1, 2020. PNIE is an official and international
English journal searching for a new paradigm of ecology by sharing results of researches. It covers a variety of
subjects including the ecology of the earth, microbial ecology, the latest technology for conservation and restoration of ecology, and forecast of future ecology. The articles in the proceedings are presented in English and are
published quarterly. We will continue to publish the results of international multidisciplinary scientific researches
in various spheres of ecological studies. This proceedings thus provides both overviews of the basic ecological
study issues and resources for specific uses and applied studies obtained by further research.
This proceeding is easy to access online and available for free of charge to all readers in Korea and abroad. Simultaneously, it is open to all authors who may wish to initiate, share, and expand their research and insights with
peers and readers by submitting valuable manuscripts online. We will be glad to have many authors joining us
from different countries who have various ideas and scholarly perspective. Contribution from many scholars and researchers is very significant to the development of new ideas and the promotion of research into advanced studies.
In the coming year, it is our vision to promote and improve the proceedings as a publication representing overall ecological research in Asia-Pacific regions with contributions from distinguished scholars. We eventually hope
this proceedings will be known as a publication that widely expands theoretical background and practical ideas of
slowing down climate change and resource depletion by expanding ecological values.
We thank all of the authors and readers who will contribute to the future development of this proceedings as
we strive to make our journal a more authoritative and reliable one on ecological research and studies. It will enable us to assume responsibility and a leading role in conducting ecology studies for a sustainable future and interdependent welfare of humans and nature.

Yong Mok Park
President, National Institute of Ecology
Republic of Korea

i

Editorial

Editorial
It is my privilege to be appointed as the Editor-in-Chief (EIC) of the Proceedings of National Institute of Ecology of the Republic of korea (PNIE). National Institute of Ecology of the Republic of Korea (NIE) which was established in 2013, has been serving a key role in Korean ecology as the governmental research institute under the
Ministry of Environment, Republic of Korea.
Publication of an academic journal would be one of the main activities of any research institute, promoting its
own research activities as well as inviting research interests of similar disciplines. Therefore, it would be appropriate to say that it is about time to launch PNIE for showing NIE’s research outputs to the world.
PNIE serves as the official journal of NIE, by supporting the platform for ecological research discussions through
research article publication. It follows Open Access (OA) policy and is published as Online Journal in English. Its
main aim is to promote outcomes of basic ecological researches carried out in Korea and abroad. The scope of
the journal focuses on not only basic ecological research on terrestrial and aquatic populations, communities,
ecosystems and landscapes but also applied issues such as data science and climate change based on ecological
research.
Being appointed as EIC, it is important for me to say the journal development strategy. PNIE, being a brand
new journal, bears difficulty in promoting the readership and submission of the research articles. Contributions of
the editors of PNIE in next couple of years are critical for its survival. Maximizing the research network within NIE
and among international research institutes which have signed MOU wth NIE are also very important. For next 5
years, I will focus on the Asia-Pacific network of Ecological Research.
Reflecting the current interest in data science, PNIE also invites data papers related to ecological research. Together with ECOBANK platform being developed by NIE as the data platform for both domestic and international
ecological networks, PNIE will serve as a window to ecological data management science.
Launching a new journal is always difficult, and maintaining its publication is a harsh job to do. However, it is
both my honor and duty to work as the EIC of PNIE, so that I have a chance to contribute to the development of
Korean ecology. I hope that PNIE be the face of NIE in near future to be acknowledged.

Ohseok Kwon (Ph.D.)
Editor-in-Chief
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Individual Human Recognition of Wild Animals:
A Review and a Case Study in the Arctic Environment
Won Young Lee1* , Jae Chun Choe2*
1
2

Division of Polar Life Science, Korea Polar Research Institute, Incheon, Korea
Division of EcoScience, Ewha Womans University, Seoul, Korea

ABSTRACT
Recent studies revealed that many animals identify individual humans. In this account, we review previous literatures
on individual human recognition by wild or domestic animals and discuss the three hypotheses: “high cognitive
abilities” hypothesis, “close human contact” and “pre-exposure to stimuli” hypothesis. The three hypotheses are not
mutually exclusive. Close human contact hypothesis is an ultimate explanation for adaptive benefits whereas high
cognitive abilities and pre-exposure to stimuli hypothesis are proximate explanations for mechanisms to perform
such discriminatory behaviour. We report a case study of two bird species in a human-free habitat. Long-tailed skuas,
which are known for having high cognitive abilities, exhibited the human discriminatory abilities whereas ruddy
turnstones did not display such abilities toward approaching humans. This suggests that highly intelligent species may
have this type of discriminatory ability so that they could learn to identify individual humans quickly by pre-exposure
to stimuli, even in a human-free habitat. Here, we discuss that human recognition is more common in species with
rapid learning ability and it could develop for a short period of time between an intelligent species and human.
Keywords: Close human contact hypothesis, High cognitive abilities hypothesis, Individual human recognition, Longtailed skua, Pre-exposure to stimuli hypothesis, Ruddy turnstone

Individual Human Recognition by Animals
Many animal species have been reported to discriminate individual humans. In domestic animals, it was
known that animals distinguished the specific humans
who handled or feed them, based on experiences. It has
Received October 15, 2020; Accepted October 20, 2020
*Co-corresponding authors:
Won Young Lee
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https://orcid.org/0000-0002-5658-6341
Jae Chun Choe
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been reported in dogs (Canis familiaris ), sheep (Ovis aries ), cows (Bos taurus ), pigs (Sus scrofa domesticus ) and
horses (Equus ferus caballus ) (Adachi et al ., 2007; Huber
et al ., 2013; Knolle et al ., 2017; Koba & Tanida, 2001;
Munksgaard et al ., 1999; Peirce et al ., 2001; Rybarczyk et
al ., 2001; Sankey et al ., 2011; Stone 2010; Tanida et al .,
1995). Main cues were visual or vocal signals by feeders.
The discriminatory ability has mainly been observed
in domestic mammals but recent studies have revealed
that wild mammals are also able to distinguish humans
at the individual level (Bates et al ., 2007; Leroux et al .,
2018; McComb et al ., 2014; Sliwa et al ., 2011; Taylor et
al ., 1998). In African elephant (Loxodonta africana ) studies, free-living wild elephants recognized vocal sounds of
Maasai men who can be threats (McComb et al ., 2014).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Copyright © National Institute of Ecology. All rights reserved.
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This implies that the discriminatory abilities are highly
adaptive to increase survival against human predators. It
may have additional costs to have sophisticated mechanisms to defend one species, but it may have greater
benefits from distinguishing high risks of dangerous human individuals. Care in captivity provides opportunities
to test the animals if they distinguish care givers and it
was shown that the captive cheetahs (Acinonyx jubatus ),
monkeys (Macaca mulatta ) and seals (Phoca vitulina and
Halichoerus grypus ) recognize the familiar human faces
or voices (Leroux et al ., 2018; Sliwa et al ., 2011; Taylor et
al ., 1998). The previous studies were listed in Table 1.
In birds, it has been widely tested on wild populations (Table 2). Many reports have been collected mainly
in corvids (crows, magpies, and jackdaws) (Bogale et al .,
2011; Cornell et al ., 2012; Davidson et al ., 2015; Lee et
al ., 2011; Marzluff et al ., 2010; Wascher et al ., 2012).
Corvids are among the highly intelligent taxa in birds. In
old Western stories, crows were suggested to have high
levels of cognitive abilities including a famous story of
the Aesop fable, ‘The Crow and the Pitcher’ (reviewed in
Taylor, 2014). In a Korean proverb, it says that ‘When a
magpie calls, a welcome visitor comes’. Magpies have been
regarded as a good sign for bringing us luck. This story is
in accordance with the recent findings on human recognition of mapgies (Pica pica ) (Lee et al ., 2010). If magpies
selectively scolded an unfamiliar human in their territories, it could imply that the visitors came to the town unless it would not necessarily mean a welcome visitor.
Corvids (Corvidae) and parrots (Psittacinae) were reported to have larger forebrain than most other taxa in birds

and it was assumed to be responsible for the high cognitive behaviours (Emery, 2006). Brain imaging revealed
that crows had activated brain regions to allow them to
distinguish and recognize human visual stimuli and it is
associated with brain activity for fear and escape behaviour (Marzluff et al ., 2012). It appears that crows depend
on visual systems to recognize humans and it is combined
with emotional processes. The neural basis information
allows us to understand how the bird brains work to recognize individual humans.
Human recognition by wild animals was first discovered
in the Northern mockingbirds (Levey et al ., 2009). House
sparrows (Passer domesticus ), pigeons (Columba livia ),
and robins (Petroica longipes ) also recognize humans who
threaten them by capturing or feeding them (Barnett et
al ., 2013; Stephan et al ., 2012; Vincze et al ., 2015). Recently, it was discovered that Antarctic skuas (Stercorarius
antarcticus lonnbergi ) also exhibited such discriminatory
behaviour after a short period of exposure to nest intruders (Lee et al ., 2016). While other studies focused on the
animals near human habitat, this study reported the test
result from a bird in human-free habitat. It demonstrated
that the Antarctic birds could recognize humans despite a
very short history of human settlement. The authors suggested that the high cognitive abilities of skuas enabled
them to learn how to distinguish humans under the limited exposure condition. On the other hand, sheathbills
(Chionis albus ) and Antarctic terns (Sterna vittata ) did not
show such abilities even if they were also similarly exposed to humans (Lee et al ., 2016). Discriminatory abilities do not appear to be acquired in all species under the

Table 1. Previous studies on human recognition in mammals
Species

Cue

Stimulus

Wild or domestic

Reference

African elephants

Odour and garment colour

Spearing

Wild

Bates et al ., 2007

African elephant

Voice

Potential threat

Wild

McComb et al ., 2014

Cheetah

Voice

Familiar person

Wild (in captivity)

Leroux et al ., 2018

Rhesus monkey

Voice and face

Care

Wild (in captivity)

Sliwa et al ., 2011

Harbor and gray seals

Face or body posture?

Familiar person (feeder)

Wild (in captivity)

Taylor et al ., 1998

Dog

Voice

Owner/stranger

Domestic

Adachi et al ., 2007

Dog

Face

Food reward

Domestic

Huber et al ., 2013

Sheep

Face

Food reward

Domestic

Peirce et al ., 2001

Sheep

Face (image)

Food reward

Domestic

Knolle et al ., 2017

Holstein cow

Height and face

Food reward

Domestic

Rybarczyk et al ., 2001

Pig

Face or body posture?

Handling

Domestic

Tanida et al ., 1995

Miniature pig

Face and body size

Food reward

Domestic

Koba & Tanida, 2001

Dairy cow

Cloth colour

Handling

Domestic

Munksgaard et al ., 1999

Horse

Voice

Food reward

Domestic

Sankey et al ., 2011

Horse

Face

Food reward

Domestic

Stone, 2009
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Table 2. Previous studies on human recognition in birds
Species

Cue

Stimulus

Wild or domestic

Reference

Northern mockingbird

Face or body posture?

Nest intruder

Wild

Levey et al ., 2009

American crow

Facial mask

Trapping

Wild

Marzluff et al ., 2010

Black-billed magpie

Face or body posture?

Nest intruder

Wild

Lee et al ., 2011

North Island Robin

Face or body posture?

Familiar person

Wild

Barnett et al ., 2013

Jackdaw

Facial mask

Threaten

Wild

Davidson et al ., 2015

House sparrow

Facial mask

Capturing

Wild

Vincze et al ., 2015

Antarctic skua

Face or body posture?

Nest intruder

Wild

Lee et al ., 2016

American crow

Facial mask

Trapping

Wild (in captivity)

Cornell et al ., 2012

Jungle crow

Face

Food reward

Wild (in captivity)

Bogale et al ., 2011

Carrion crow

Voice

Familiar person

Wild (in captivity)

Wascher et al ., 2012

Pigeon

Face

Feed/capture

Wild (in captivity)

Stephan et al ., 2012

Table 3. Previous studies on human recognition in insects, molluscs and fish
Species

Cue

Stimulus

Wild or domestic

Reference

Honeybee

Face (image)

Feed

Wild (in captivity)

Dyer et al ., 2005

Giant Pacific octopus

Visual (not specified)

Feed/irritate

Wild (in captivity)

Anderson et al ., 2010

Archerfish

Face (image)

Feed

Wild (in captivity)

Newport et al ., 2016

similar levels of human exposures.
Then, how animals use discriminatory cues? Using visual signals on human faces (Davidson et al ., 2015; Dyer et
al ., 2005; Marzluff et al ., 2010) or auditory sounds (McComb et al ., 2014; Wascher et al ., 2012) or odours (Bates
et al ., 2007), animals selectively respond to the specific
humans. In many studies, visual signals appeared to be
a major factor for discrimination. African elephants and
jungle crows were sensitive to colours (Bates et al ., 2007;
Bogale et al ., 2011). In some experiments, researchers also
used facial masks and posed threats (Cornell et al ., 2012;
Davidson et al ., 2015; Marzluff et al ., 2010; Vincze et
al ., 2015) and found that the animals use the masks as a
signal to distinguish individuals. Voices are also important
for recognition. Cheetahs (Leroux et al ., 2018) and rhesus
monkeys (Sliwa et al ., 2011) were reported to use vocal
signals for discrimination. While it is not expected to be
common in birds due to their small olfactory bulbs, wild
mammals such as elephants were discovered to use odours
(Bates et al ., 2007).
The human recognition abilities are not dominated by
mammals and birds. It has also been reported in insects,
molluscs and fish (Table 3). Bees (Apis mellifera ) and fish
(Toxotes chatareus ) also showed the abilities to distinguish
human face images (Dyer et al ., 2005; Newport et al .,
2016). Octopuses (Enteroctopus dofleini ) showed selective
responses to humans who conducted feeding or irritating
behaviour (Anderson et al ., 2010). The findings suggest

https://doi.org/10.22920/PNIE.2020.1.1.1

that it is not necessary for animals to have complex brain
system in order to distinguish individual humans. With no
evolutionary backgrounds for adaptive functions, animals
may exhibit the abilities using signals from human faces.
If the animals can perform sophisticated visual discrimination, it may be possible to conduct accurate facial discrimination tasks by processing the visual interpretations.

Three Hypotheses to Explain the Human
Discriminatory Abilities
Three hypotheses ("close human contact", “high cognitive abilities”, and “pre-exposure to stimuli” hypothesis)
have been suggested to explain the discriminatory ability
of individual humans in wild animals. The three hypotheses are not mutually exclusive. The close human contact
hypothesis is an ultimate explanation for evolutionary
adaption whereas the high cognitive abilities and preexposure to stimuli hypothesis are proximate explanations
for mechanisms to perform such discriminatory behaviour.
Close human contact hypothesis
It has been hypothesized that urban animals may benefit from recognizing individual humans who can harm
them (Sol et al ., 2013). According to this hypothesis, some
animal species could adapt better to human habitats with
the discriminatory ability acquired throughout their evolutionary history. In this context, such a discriminatory
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ability is an adaptive strategy to avoid dangerous humans
and/or choose beneficial humans. Urban species exhibited
the abilities to distinguish and remember human individuals (mockingbirds on campus in Levey et al ., 2009, American crows on campus in Marzluff et al ., 2010, magpies on
campus in Lee et al ., 2011, captive pigeons in Stephan et
al ., 2012). Previous studies on individual human recognition of wild animals have mostly been conducted on species that evolved near human habitats, such as crows and
magpies (Lee et al ., 2011; Marzluff et al ., 2010). Under
the urban environments, animals quickly learn to recognize individual predators (Marzluff 2017).
High cognitive abilities hypothesis
The close human contact hypothesis does not explain
the behaviour of species that live in habitats with no or
very little human presence. A recent study in the Antarctica showed that brown skuas distinguished individual
humans who had visited their nest sites (Lee et al ., 2016).
The authors hypothesized that the high cognitive abilities of Antarctic skuas enabled them to perform such
behaviour even in a human-free habitat with little human
contact (Lee et al ., 2011, 2016). Skuas often steal food
from other birds and mammals (Booth & Reynolds, 1984;
Furness, 1978; Spear et al ., 1999). Such “kleptoparasitism”
(Barnard 1984; Brockmann & Barnard 1979) reflects high
cognitive abilities with a relatively large residual brain size
(Morand-Ferron et al ., 2007). The high cognitive level of
skuas is likely related to the ability to discriminate individual humans within a short period of interaction.
Pre-exposure to stimuli hypothesis
If the same humans are pre-exposed to animals, the
animals may acquire abilities to distinguish the repeated
human stimuli (Davis, 2002; Lee et al ., 2011). It does not
necessarily require high cognitive abilities to discriminate
individual humans. This hypothesis predicts that various
animals are able to show the abilities if the stimuli are
given repeatedly. The highly cognitive animals are expected to have accelerated learning skills aided by the preexposure.

A Case Study in a Human-Free Habitat
As a case study, we examined the discriminatory abilities of individual humans by two Arctic bird species in
North Greenland: the long-tailed skua (Stercorarius longicaudus ) and ruddy turnstone (Arenaria interpres ). One
human researcher walked to the nest and posed a threat
to the bird parents and hatchlings for four consecutive
days and another human approached the nest in a similar
manner on the fifth day. We assumed that if the birds
were able to distinguish individual humans, then the flush
distances would increase in response to repeated ap-
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proaches by the same human for four consecutive days
but decrease in response to the approach on the fifth day
by a new human and their response should be similar to
that to the previous human on the first day. Based on the
close human contact hypothesis, we expected that none
of the two species have such discriminatory abilities in the
human-free habitat. In accordance with the high cognitive abilities hypothesis, however, we predicted that longtailed skuas would exhibit a higher level of discriminatory
behaviour as another skua species (e.g. brown skuas)
did in the Antarctica and that turnstones would not distinguish humans if their cognitive levels were not high
enough to allow them to have such a ability. According to
the pre-exposure hypothesis, we predicted that both species would acquire the abilities with the repeated stimuli.
Study site and behavioural responses to nest intruders
From 25 July to 13 August in 2016 and from 30 June
to 21 July in 2017, we visited the east shore of the J. P.
Koch Fjord in North Greenland, a northern Arctic area
(latitude 82°47.6´N, longitude 42°13.7´W; see Lee 2018).
The study site was located in a human-free habitat
where no human residents had been recorded to dates.
We determined the breeding status of the bird species by
surveying daily within a study area of approximately 5
km2 (Lee, 2018). We observed 8 pairs of territorial longtailed skuas in 2016 (no breeding attempts were observed
in 2017). Our study periods were late for checking the
breeding season of ruddy turnstones in 2016. So we
monitored 7 ruddy turnstone nests incubating eggs in
2017.
To examine the behavioural responses of birds to individual humans, we followed similar procedures as those
described in Levey et al . (2009). Over four consecutive
days, one researcher visited the same site while parents
were present and checked the breeding status of the
birds. The survey lasted for 5-10 min per visit. When approached by humans, parental birds flushed and often
exhibited aggressive defensive behaviours with flushing
(Fig. 1; examples of responses of long-tailed skuas to approaching humans). In long-tailed skuas, both parents
were sitting on the same ground during the tests. Ruddy
turnstones were being incubated by females and males
came soon to the nest sites when females started to respond to approaching humans.
To record when the birds responded to approaching
humans, we measured the flush distances of the parents.
When the researcher first visited a site, small stones were
placed to roughly measure the distances every 5 m (from
0 to 40 m). The researcher used the same pathway when
the bird parents started to flush, holding a red tent pack
with 20 cm in length and placing the pack when the birds
responded. In the approaching trials, two humans (WYL
and MJ) acted as nest intruders and seven (WYL, MJ, AN,
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Fig. 1. Flush responses of long-tailed skuas (in black circles) to approaching humans.
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Fig. 2. Flush distances (m) of the two bird species to humans approaching their nest sites: (A) long-tailed skuas; (B) ruddy turnstones.
TYP, JW, JHK, and JV) participated as control humans on
the fifth day. The human participants did not wear the
same clothes during the approaches, and they were of
varying age, hair style and colour.
We evaluated the responses of birds against nest intruders for five consecutive days. For each species, we
analysed the flush distances to approaching humans by
using linear mixed models with lme function in nmle
package with maximum likelihood (ML) coefficient estimation. Statistical analyses were conducted in R version
3.3.2. The residuals of the flush distance data for the
long-tailed skuas did not follow the null distribution in
the Shapiro-Wilkinson test for normality. Thus, we used
the square-root of the data to satisfy the assumption of
the null distribution and used the transformed data in
the linear mixed model. For ruddy turnstones, the residuals met the assumption of the null distribution. The flush
distance was included as a response variable, and the bird
individual identity was treated as a random variable.
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Behavioural responses: Long-tailed skuas vs. Ruddy
turnstones
Long-tailed skuas significantly increased their flush distances as the same intruder repeated the nest visits (t =3.8
at day 2, 5.6 at day 3, and 6.8 at day 4, respectively; all
P <0.01); however, with a new intruder at day 5, the flush
distance decreased to a level similar to that of the previous intruder at day 1 (t28 =1.1; P =0.28) (Fig. 2A).
Turnstones increased their flush distances to the same
approaching human from the second day onwards (t =2.5
at day 2, t =3.1 at day 3 and 5.5 at day 4, respectively;
all P <0.01) and maintained the increased distance with a
new intruder at day 5 (t24 =5.1; P <0. 01) (Fig. 2B).
Discussion on the case study
Our case study in the Arctic showed that two species
increased their flush distances very rapidly with repeated
human visits. The increased responses were regarded as
a result of learning from repeated stimuli (human visit).
Only the long-tailed skua distinguished individual humans, whereas the turnstone and sanderling did not
exhibit such behaviour. Long-tailed skuas increased their
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aggression towards the same human that acted as a nest
intruder over repeated visits and decreased their aggression towards the control human with no prior visit. This
result indicates that skuas are able to discriminate humans and show selective responses toward approaching
humans.
How do long-tailed skuas recognize humans? In Arctic
environments with strong winds, where it may snow in
July and August, we do not think that olfactory or auditory signals played an important role. As revealed for
crows (see Marzluff et al ., 2010) and magpies (Lee et al .,
2011), visual signals, such as human faces and body postures, might provide clues to the birds. Our study area was
a wide open habitat, but the breeding density (1.6 pairs
per km2) was similar with the one at Zackenberg in East
Greenland, which turned out to be among the highest
(1.4-1.6 pairs per km2) in recent surveys (Meltofe & Høye,
2007). Although we did not record other neighbouring
skuas during the human approach trials, breeding birds
could be very sensitive to neighbours at close distances.
Thus, we do not exclude the possibility of skuas learning
from the reactions of neighbouring birds (Cornell et al .,
2012). It was quite surprising that long-tailed skuas increased their flush distances more quickly compared with
urban mockingbirds, which responded from the third visit
onwards (Levey et al ., 2009). Antarctic brown skuas responded from the fourth visit (Lee et al ., 2016). We think
that the neighbouring skuas’ reactions could accelerate
their learning to distinguish humans.
Our results in a case study are in accordance with the
predictions of the high cognitive abilities hypothesis
that long-tailed skuas, which have high cognitive abilities, would selectively respond to individual humans who
could harm them among others whereas the other two
bird species would not show selective responses. Comparative studies revealed that avian intelligence varies among
taxa (Emery, 2006; Emery and Clayton, 2004). In this
study, we did not measure the cognitive levels of the two
bird species. Considering that long-tailed skuas engage in
kleptoparasitism (Paterson, 1986), however, a behaviour
that is correlated with high cognition (Morand-Ferron et
al ., 2007), we expected that they would have higher cognitive levels than turnstones and sanderlings. Similar to
the result of a previous study on brown skuas in the Antarctica (Lee et al ., 2016), Arctic skuas also had the ability
to distinguish individual humans. When Lee et al ., (2016)
found that brown skuas recognized individual humans in
the Antarctica, the authors suspected if other Antarctic
birds also had discriminatory abilities in the same study
area. The results of this case study generally support the
high cognitive abilities hypothesis.
It is surprising, though, that wild birds subject to rare
human visits throughout a long evolutionary history
have discriminatory abilities like other urban birds. Since
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breeding birds at our study site are unlikely to have close
relationships with humans, the close human contact hypothesis does not explain our results. However, we do
not exclude the possibility that the birds could have been
exposed to humans at wintering places. Tracking studies
have revealed that long-tailed skuas in North-East Greenland migrate to and stay along the coasts of South Africa
(Gilg et al ., 2013). Although the skuas may not encounter
humans frequently, we can not entirely dismiss the possibility of close human contact.
We report in this case study that long-tailed skuas in a
human-free habitat are able to distinguish individual humans while turnstones and sanderlings did not. This is the
first study to simultaneously test the discriminatory abilities of different bird species in the same breeding area.
We hypothesize that the high cognitive abilities of longtailed skuas enabled them to recognize individual humans
within a short period.

General Discussion and Suggestions
for Future Studies
Here we reviewed previous literatures on individual human recognition by wild or domestic animals. Domestic
animals have shared evolutionary histories with humans
and developed appropriate social skills in the inter-specific interaction (Adachi et al ., 2007; Huber et al ., 2013). Familiar human faces or voices were accurately distinguished
in the tests. Wild animals were also reported to recognize
humans. There were mostly anecdotes and rarely developed to scientific researches. Since Levey et al . (2009),
however, a number of studies have been reported on wild
animal populations in urban and remote polar regions.
To explain the individual human recognition behaviour
by animals, three hypotheses were discussed: high cognitive abilities, close human contact and pre-exposure to
stimuli hypothesis. The high cognitive abilities hypothesis
predicts that species with high intelligence have acquired
discriminatory abilities. Animals that have evolved in human-free habitats are also able to discriminate individual
humans, as long as they have high enough intelligence.
The close human contact hypothesis predicts that animals
having evolved near humans follow beneficial humans or
avoid dangerous humans. Selective responses to beneficial
or dangerous humans could incur greater survival advantage. When a predatory species has highly varied behaviours among individuals, prey animals can benefit from
identifying the degrees of possible danger.
Since the three hypotheses are complementary and mutually non-exclusive, researchers need to conduct comparative studies with multiple species or populations of the
same species. For instance, it requires a comparison between urban and rural areas to examine the human influences on animals’ discriminatory abilities (Davidson et al .,
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2016; Vincze et al ., 2015). Vincze et al ., (2015) conducted
experiments in multiple populations along the varied human population densities and compared the responses
of house sparrows (Passer domesticus ). This approach
enabled them to examine the effects of urbanization on
recognition behaviour and test the close human contact
hypothesis. Our case study provided an example of testing
the high cognitive abilities hypothesis with comparisons
among multiple species (different levels of cognition) in
the same habitat.
In the future, various taxa should be tested to compare
the cognitive abilities. It will also be worth testing the
discriminatory mechanisms in various environments. We
still do not know much about mechanisms how animals
discriminate individual conspecifics. Although it should
be dependent on the senses in each species, multiple
cues, such as visual and olfactory signals, can be used.
In an African elephant study, the animals distinguished
the smells of clothes of dangerous humans as well as the
colours in separate tests (Bates et al ., 2007). It appeared
that colours and odours worked independently for elephants, but it is still unclear how animals integrate multiple signals into a cue. Birds seem to distinguish humans
based on the appearance, i.e., visual signals (mockingbirds
in Levey et al ., 2009 and magpies in Lee et al ., 2011).
Carefully designed experimental approaches would be
needed in the further studies.
We expect that the human recognition behaviour could
be a specific example of the general discrimination for
hetero-specific individuals. It may be more widespread
and common behaviours among many animals that
have high cognitive abilities. As it was suggested in the
American crow studies (Cornell et al ., 2012; Marzluff et
al ., 2010), it will be interesting to test how the learned
knowledge lasts and the information spreads to others in
social animals.
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ABSTRACT
Ecological communities adapt the concept of informatics in the late 20 century and develop rapidly in the early 21
century to form Ecoinformatics as the new approach of ecological research. The new approach takes into account the
data-intensive nature of ecology, the precious information content of ecological data, and the growing capacity of
computational technology to leverage complex data as well as the critical need for informing sustainable management
of complex ecosystems. It comprehends techniques for data management, data analysis, synthesis, and forecasting on
ecological research. The present paper attempts to review the development history, studies and application cases of
ecoinformatics in ecological research especially on Long Term Ecological Research (LTER). From the applications show
that the ecoinformatics approach and management system have formed a new paradigm in ecological research
Keywords: Ecology, EML, Informatics, Information management system, LTER, Metadata

Introduction
Informatics is a distinct scientific discipline, characterized by its own concepts, methods, body of knowledge,
and open issues. It covers the foundations of computational structures, processes, artifacts and systems; and
their software designs, their applications, and their impact on society (CECE, 2017). Although Informatics was
emerged in computer science, it has influenced many
disciplines. Ecological communities adapt the concept of
informatics in the late 20 century and develop rapidly in
the early 21 century. The book “Ecological Informatics”
(short as Ecoinformatics) was published in 2003 raised
the concept of “understanding ecology by biologicallyinspired computation”(Recknagel, 2003). The concept
Received October 15, 2020; Accepted October 20, 2020
*Corresponding author: Chau Chin Lin
e-mail linchauchin@gmail.com
https://orcid.org/0000-0001-6891-1984

takes into account the data-intensive nature of ecology,
the precious information content of ecological data, and
the growing capacity of computational technology to
leverage complex data as well as the critical need for informing sustainable management of complex ecosystems.
It comprehends techniques for data management, data
analysis, synthesis, and forecasting on ecological research
(Recknagel, 2008). The development of ecoinformatics
has therefore built a new paradigm on ecological research
(Porter & Lin, 2017). Bird banding studies are an early
example of ecoinformatics: the combination of ecological research with informatics. Consider the history of the
theory of bird migration. It was only in the early 1900s,
after the advent of systematic bird-banding that a more
accurate picture of migration emerged (Berthold et al .,
2001). In bird banding studies, coded tags or bands are
placed on the legs of captured birds, allowing individual
birds to be identified wherever else they might be found
in the world. By maintaining a database that links a specific band code with the initial capture location and subsequent observations, a picture of the migration pattern
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of individual birds can be assembled.
The purpose of the present paper attempts to review
the development history, studies and application cases of
ecoinformatics in ecological research especially on Long
Term Ecological Research (LTER).

The History of Ecoinformatics
In the 2011 edition of Journal of Vegetation Science
used “Ecoinformatics” as its special feature. The editorial
cited Kareiva (2001) and Brunt et al . (2002) to mention
“Ecoinformatics as a term and subﬁeld of ecology ﬁrst
emerged from the biodiversity informatics initiatives of
the U.S. Long-term Ecological Research Network (LTER)
and the U.S. National Center for Ecological Analysis and
Synthesis (NCEAS) in the late 1990s and early 2000s”
(Dengler et al ., 2011) . However, biodiversity informatics
and ecoinformatics are largely overlapping ﬁelds, the ﬁrst
giving somewhat more emphasis to the taxonomic position of the analyzed species, the second more to interactions among taxa and between taxa and with their abiotic
environment (Lin et al ., 2008a).
Each discipline now has its own journal: Biodiversity
Informatics started in 2004 and Ecological Informatics in
2006 (Dengler, 2011). Ecoinformatics not only overlaps
with biodiversity informatics. It also related to bioinformatics. The need for a new bioinformatics has been
suggested by Jone et al . (2006). The reason a new bioinformatics needed Jone et al . (2006) thought is “with the
rapid growth of human populations and their impacts, it
becomes critically important to better describe and understand natural processes. The increasing demands within
ecology for greater access to more types of data emphasize the need for integrated data-management solutions
that span biological sub disciplines from the gene to the
biosphere. “
In the beginning of ecoinformtics introduced, it has
emphasized primarily leveraging complex ecological data
by computing. From the book of “Ecological Informatics” (Recknagel, 2003), the author mentioned “Ecosystems
analysis, synthesis and forecasting in the past ten years
were very much influenced by inventions in computational technology such as high performance computing and
biologically-inspired computation. This computational approach allows discovering knowledge in complex”. However, Jones et al . (2006) and Michener and Jones (2012)
suggest archiving, sharing, and integrating ecological data
as the key focus of ecoinformatics. Moreover, Hampton
et al . (2017) raised the issue of the gap knowledge and
skills of ecoinformatics among ecological researches and
the next generation scientists is urging to initiate training
programs. They suggest five key skills: (1) data management and processing, (2) analysis, (3) software skills for
science, (4) visualization, and (5) communication methods
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for collaboration and dissemination are needed.
When the third version of “Ecological Informatics”
published in 2018, the scope of ecoinformatics focused
on acquisition, archival, analysis, synthesis, and forecasting of ecological data by novel computational techniques
(Recknagel and Michener, 2018). From the first chapter of
the book, the authors mentioned the core as: at its core,
ecological informatics combines developments in information technology and ecological theory with applications that facilitate ecological research and the dissemination of results to scientists and the public. Its conceptual
framework links ecological entities (genomes, organisms,
populations, communities, ecosystems, landscapes) with
data management, analysis and synthesis, and communicating and informing decisions by following the course of
a loop.
Today, ecology has joined a world of big data (Farley et
al ., 2018; Hampton et al ., 2013). Ecological data can be
organized into data systems. A data system usually comprises many data types. Different research communities
work with different data systems, and each community
has different levels of expertise and historical investments
in ecoinformatics.

The Critical Role of Ecological Data
Data plays two critical roles in the process of scientific
research (Porter & Lin, 2017). First, most scientific questions or theories have their basis in observations of some
kind. The story of Charles Darwin during his travels on
H.M.S. Beagle (1831-1836) observed the diverse flora and
fauna of South America, the Galapagos Islands, New Zealand and Australia reveals that he observed in the plants
and animals of these distant areas helped him reach the
conclusions that were ultimately embodied in his theory
of evolution through natural selection. Without those observations, Darwin would have had little reason to question the ruling paradigms of his day. This same relationship, with data and observations driving researchers to
formulate new questions, occurs every day in science.
The second critical role played by data is in the testing
of hypotheses. It is only repeatedly comparing what our
data tells us with what our hypotheses predict will allow
us to distinguish between hypotheses that are true from
those that are false. A key feature of the data collected in
most cases was that the data could have shown patterns
that refuted the hypothesis proposed by the researcher
conducting the study. Although data may be used to reject a hypothesis, it does not mean that all aspects of a
hypothesis that are not rejected are true (Popper, 1959).
A classic example is the hypothesis that "all swans are
white." Data collected in most parts of the world would
fail to reject this hypothesis. However, if data from Australia were included this hypothesis would be quickly
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rejected because populations of black swans (Cygnus
atratus ) are found there. One of the challenges of testing
ecological hypotheses is that ecological processes take
place over a variety of time scales, from less than a second for a fish eating a minnow to hundreds of years for
the growth of a forest (Porter & Lin, 2017).
As a general rule, ecological data become more valuable over time as the length of time series grow longer
(Michener and Jones, 2012). Many examples show that
the processes of research that take decades to millennia
to operate. For example, the Eurasian collared doves took
70 years to spread across Europe, and that the spread
of maples and hemlocks across North America following
glacial retreat took thousands of years. Short time scales
are relatively easy to observe. However, longer time scales,
especially those that exceed a single human lifespan are
more difficult to study. Even processes that operate at
intermediate scales can be difficult to observe - it's easy
to observe the changes in a second-hand of a watch, but
changes in the minute-hand are hard to see, and changes
in the hour hand are almost impossible to see, even
though all the hands are in constant motion.
From ecoinformatics point of view most data becomes
gradually more valuable over time, because it becomes
increasingly difficult to reproduce or assemble data from
the past. Some data may decline in value over time because we may learn that the methods or instrumentation
used were ineffective (Michener et al ., 1997). Therefore,
data management system is essential for ecological research.

Ecological Data Management
As mentioned in “the history of ecoinformatics” section
previously, the scope of ecoinformatics focused on acquisition, archival, analysis, synthesis, and forecasting of ecological data by novel computational techniques. It means
a process that starts at the conceptualization of the
project and concludes after the data have been archived
and the results have informed future research as well as
resource management, conservation, and other types of
decision-making. The process has been called ecological
data management (Porter & Lin, 2017). It is conceptualized in terms of a data life cycle whereby: (1) projects are
conceived and data collection and analyses are planned;
(2) data are collected and organized, usually into data tables (e.g., spreadsheets) or databases; (3) data are quality
assured using accepted quality assurance/quality control
(QA/QC) techniques; (4) data are documented through
the creation of metadata that describe all aspects of the
data and research; (5) data are preserved in a data repository or archive so that they may be reused and shared; (6)
data are discovered or made discoverable so that they may
be used in synthesis efforts or to reproduce results of a
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study; (7) data are integrated with other data in order to
answer specific questions such as examining the influence
of climate extremes on pollination ecology; and (8) data
are explored, analyzed and visualized, leading to new
understanding that can then be communicated to other
scientists and the public (Michener, 2018).

Ecoinformatics Approach of
Ecological Data Management
Ecoinformatics approaches are required for ecological
data management. Over time, according to the principle
of entropy, systems tend to become increasingly disordered, unless external energy is applied. For ecological
data it is called data entropy (Michener et al ., 1997). This
principle applies strongly to ecological data, which, in the
absence of active efforts to preserve them, can be lost in
a surprisingly short period of time. Often in the field, data
are captured on a paper form, and then transcribed in to
a computer-readable form (e.g., a spreadsheet) for analysis. However, neither the paper form nor a spreadsheet
file stored on a computer has characteristics that support
long-term archival storage or facilitate the sharing of
data.
Data recorded on paper have the potential to last for
long periods of time (Porter & Lin, 2017). For example,
ancient scrolls from the Chinese Xia Dynasty, which were
created in 2100 BCE, have survived for over 4,000 years.
However, in practice, that potential is seldom realized.
First, paper copies are easily misplaced or lost. Even if
stored in file cabinets, those data may be lost when the
files are discarded when a researcher retires. Second, paper is susceptible to both external and internal damage.
Fires and water damage can both destroy paper and many
types of modern paper have poor archival quality. Due
to acid in the paper itself, the pages become increasingly
brittle and yellowed over time. Additionally, because paper
is unwieldy to duplicate and requires lots of storage space
there are usually only a few copies of data forms made.
This limits our ability to share data among a wide array of
researchers and makes the data more susceptible to loss.
In many ways, electronic data are even worse than
paper when it comes to having good archival qualities.
The media of electronic data storage are also susceptible
to damage from fire and water. Moreover, most storage
media have a limited lifetime. Magnetic storage of data
used hard drives and tapes tend to fade over time, so that
data become unreliable after periods of time as short as
a decade. Optical storage, such as compact disks (CDs)
have a longer potential lifespan (up to 100 years), but
rapid changes in technology make it unlikely that you
will be able to find a reader for these disks in 20 years
time. Rapid changes in the electronic formats associated
with software also pose problems. Despite their poor ar-
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chival qualities, digital data have strong advantages for
data sharing, and if managed using the best practices of
ecoinformatics, can overcome some of the archival limitations (Porter, 2000). Often this involves storing copies of
the data in generic formats, such as text files, that can be
read by many different kinds of software. However, some
form of continued management is usually required to
maintain access to digital data over the long term.
In addition to using ecoinformatics approaches for data
management, some types of data require use of informatics tools from the beginning. Data collected by digital
sensors are often produced at a rate that would defeat
manual approaches (Porter et al ., 2005). For example, carbon flux towers are used to measure productivity in the
surrounding landscape. To do this, they measure both the
wind speed and direction (so they know the source of air
coming to the tower) and the amount of carbon dioxide
in the air. The challenge, from the information management perspective, is that they take these measurements
10 times per second! That means 36,000 carbon dioxide
measurements per hour, 864,000 measurements in a day
and 314,712,000 measurements in a year. Automated
computational tools are absolutely required to manage
this flow of data (Lin & Hsia, 2010).
Ecoinformatics approaches also help facilitate the sharing of data (Vanderbilt et al ., 2015). In the past ecological data is usually handled by individual researchers who
do not use ecoinformatics approaches. Data is collected
and analyzed, and publications prepared, but the raw
data itself is often lost in the years following its use in a
publication. When data is lost or discarded, this is often
not intentionally. Researchers may store data after they
have completed an analysis on a computer disk, or store
a paper copy in a file cabinet or laboratory notebook.
However, when the disk is replaced, or fails, the data may
be lost. Similarly, when a researcher retires, their files and
notebooks are typically packed away in boxes and these
are eventually discarded. Even if the data itself is preserved, without metadata or documentation, over time
even the researcher who originally collected the data may
be unable to recall all the details needed to use the data
(Michener et al ., 1997) . In contrast if data is archived and
shared, it lends itself to new analyses. This allows the data
to be re-used for additional analyses, and perhaps more
importantly, combined with other data to allow regional,
national and global analyses and long-term studies.

The Key of Ecological Data Management
Ecological sciences are studies that attempt to understand complex questions of ecosystems, to engage
in interdisciplinary collaboration, and to collect data in
larger spatial and temporal scales. Ecological data collecting usually uses a variety of protocols on the field. The
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resulting heterogeneous datasets are produced and stored
in very different ways, which may not be familiar to all
scientists (Jones et al ., 2006). These datasets are also dispersed only within small research communities. Practically,
an ecological dataset might reside in files that are poorly
documented. This leads to the consequence that the files
often become unusable upon a scientist’s departure or
retirement. There is growing recognition that ecological data, especially long-term ecological data, should be
networked and persevered for future studies in replicating and validating scientific conclusions, and in enlarging
spatial and temporal scales (Porter, 2000).
The goals of ensuring ecological data availability and
usability usually are achieved by the use of digital media
to capture, store, and process increasingly larger volumes
of data, but this has in turn created new challenges for
indexing, navigating, and documenting this sudden
wealth of information (Lin et al ., 2008b). Metadata is the
critical tool for dealing with this challenge (Michener,
2006). The term “meta” derives from the Greek word
meaning “after, beside, between, or with”. On the other
hand, the term “data” derives from the Latin plural of
datum meaning “something given, a fact, a proposition”.
So metadata can be define as “structured data which describes, explains, locates the characteristics of a source”
(McCartney & Jones, 2002). There are three features a
metadata generally include, which are content, context,
and structure. Content relates to what the information contains. Context indicates all the background of
information source concerning who, what, why, where,
and how. Structure relates to the formal set of associations among information objects. Since metadata is a
kind of standard of describing information sources, there
are always a variety of metadata standards. Some have
been developed to describe and provide access to a particular type of information resource, such as geospatial
resources (the US Federal Geographic Data Committee,
FGDC). There are others like the Dublin Core developed in
1995, which combined the Online Computer Library Center (OCLC) and the National Center for Supercomputing
Application (NCSA). The Dublin Core has received widespread acceptance among many communities for resource
discovery.
Ianella (1999) pointed out that “there is an obvious
need for a unified information model that reflects the
needs of many metadata communities”. Since 1999, this
need has been analyzed and conceptualized (Bearman
et al ., 1999). The conceptualized model consists of four
components.
Resource—The resource that is being described.
Metadata—A number of metadata instances that describe the Resource, usually created by an Agent.
Agent—An entity (human, organization, etc) that is re-

Proceedings of NIE 2020;1(1):9-21

Ecoinformatics: A Review in Ecological Research
sponsible for creating the metadata (and sometimes the
Resource) and performs actions on the Resource.
Event—An action that occurred (or will occur) pertaining to the Resource.
As illustrated above, metadata consists of complex con
structs to create and maintain. It can be expensive to proceed through the whole system. How then can one justify
the costs and efforts involved? Fortunately, this challenge
has enabled the creation of new projects related to developing tools and management of metadata from open
source groups. Based on this information flow, Ecological
Metadata Language (EML) and related tools are one of
the significant examples of the integration and synthesis
of ecological data at a global level. To provide the ecological community with an extensible, flexible metadata
standard for use in data analysis and archiving that will
allow automated machine processing, searching and retrieval, members of the ecological research community in
the United States have worked on compiling metadata as
part of the data archiving process for over a decade (Jones,
2003). In 1997, researchers at the National Center for
Ecological Analysis and Synthesis (NCEAS) at the University of California, Santa Barbara began implementing the
first version of EML, which was later revised several times
and culminated in EML version 1.4 (McCartney and Jones,
2002). Currently, EML has been released into EML version
2.x which was an effort to revise by the Knowledge Network for Biocomplexity Project (KNB). To promote EML
using, NCEAS started to develop the modular Metacat
framework (short for “Metadata Catalog”). The system
incorporated RDF-like (Resource Description Framework)
methods for packaging data sets to allow researchers to
customize and revise their metadata (Jones et al ., 2001).
Simultaneously, in summer 1999, the LTER information
management committee of the United States evaluated
the status of metadata within the LTER network in light
of a series of long-term goals for the future of informatics in ecology (McCartney and Jones, 2002). The US LTER
found that use of EML needed to standardize in both
content and presentation format and a machine-readable
form. Therefore, revision of EML was independently funded to begin the process.
Although EML revising work is still proceeding, the
consensus on using EML as the standard within ecology
community has formed. According to EML survey response summary report of US LTER (Servilla, 2005), 19 of
the 26 LTER Network research sites responded to the use
of EML. Several actions such as tools and standardization
were proposed to take an action plan. Outside the United
States, several LTER Network like Brazil, Costa Rica,
Taiwan,Japan, Korea, Australia, and Malaysia reported
that they had used EML to help managing ecological data
(Kim et al ., 2018; Vanderbilt et al ., 2010; 2015).There are
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several guiding principles that have been followed in the
development of EML. First, EML needs to allow scientists
to provide standardized descriptions of data from the
various disciplines in an openly accessible text format.
Second, EML should be encoded in a machine-readable
format, such as eXtensible Markup Language (XML),
which has strong industry support and is independent
of particular platforms or softwares. Third, EML should
be compatible with existing metadata standards. Finally,
EML standard should serve to integrate, rather than dictate metadata only. Based on these principles, EML was
designed to be (Jones, 2003):
1. Open to allow human readability and facilitate longterm data archiving
2. Modular to promote re-use of metadata sections and
structures
3. Extensible to allow additional metadata that is not
part of EML to be included
4. Structured to allow machine processing for analytical
applications and other software applications
5. Easy to implement by minimizing required metadata
In order to be machine-parseable, EML chooses XML
for its encoding format. XML is a text format language
for marking up data and documents. It is similar to
HyperText Markup Language (HTML). However, unlike
HTML, which is just for displaying style, XML is designed
for tagging the content of a document with a meaning
for validating that content against a formal schema (McCartney & Jones, 2002). By adopting XML format, EML is
implemented as a series of XML document types that can
be used in a modular and extensible manner to document
ecological data. The architecture of EML was designed
based on previous work in other metadata standards.
EML adopted the strengths of them, but also focused on
improving the automated processing and integration of
dataset resources. Currently, EML has updated to version
2.2.0. With 10 major features as following (Jones et al .,
2019);
• Semantic Annotations
• Structured Funding Info
• Structured license info
• Fields for data papers
• Markdown support in text blocks
• Bibtex citation support
• New fields for literature cited, and reference publications, and usage citations
• Added identifiers for taxonClassifications
• EML namespace changed to use https
• New validation rules and reference implementation

EML Based Information Management Systems
EML documents vary in their levels of content. To
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evaluate the implementation of EML, five levels are used
to determine completeness (Chapman, 2004; Cook et al .,
2001). Each level adds more elements from the EML schema to provide a more-comprehensive description of the
data resources documented by the metadata, and thereby
supports higher functionality. Level 1 contains of only
minimum content for identifying a dataset. Level 2 adds
temporal, geographic, and taxonomic coverage for dataset
discovery. Level 3 adds dataset details that enable end-user evaluation of the methodology and data entities. Level
4 describes data access to allow automated data retrieval.
Level 5 includes complete attribute and quality control
descriptions of the raw data to support computer-assisted
data integration and re-sampling.
To help aid in managing ecological data for use by future researchers, a number of information systems have
been established. These systems have as their goal of long
term managing data and assuring their usability over a
20 to 100-year timeframe. Some of the archives are associated with specific research projects, and others focus
on specific research topics and types of data. Researchers
can contribute their data and metadata to these systems,
and the archives curate the data, assuring that adequate
backup copies are maintained, and that data formats are
updated as needed, so that the data continues to be usable in new versions of software. They also provide search
mechanisms or data catalogs, so that other researchers
can discover data in the archive. Additionally some systems serve as clearinghouses. These do not curate data
themselves, but instead provide search capabilities for
locating data from many different archives, or even data
made available by researchers themselves on their individual web sites.
Data Observation Network for Earth (DataONE) is the
first EML based information management system derived
from The Knowledge Network for Biocomplexity (KNB)
project. It is a platform for environmental and ecological science, to provide access to Earth observational data
(Allard, 2012; Michener et al ., 2011; 2012). DataONE
is supported by funding from the US National Science
Foundation as one of the initial DataNet programs in
2009. Funding was renewed in 2014 through April 2015.
DataONE helps preserve, access, use, and reuse of multidiscipline scientific data through the construction of primary cyberinfrastructure and an education and outreach
program. DataONE provides scientific data archiving for
ecological and environmental data produced by scientists. DataONE's goal is to preserve and provide access to
multi-scale, multi-discipline, and multi-national data. Users include scientists, ecosystem managers, policy makers,
students, educators, librarians, and the public.
DataONE links together existing cyberinfrastructure to
provide a distributed framework, management, and technologies that enable long-term preservation of multi-
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scale, multi-discipline, and multi-national observational
data. The distributed framework is composed of Coordinating Nodes located at the Oak Ridge Campus at Tennessee, University of California Santa Barbara, and University of New Mexico, and member nodes. DataONE also
provides resources including tools for accessing and using
it.
LTER Europe, US LTER and Taiwan Forestry Research
Institute (TFRI) , home of TERN, have become member
nodes. Data can be contributed directly to one of the
DataONE Member Nodes by ILTER data providers, and
then the data will be discoverable through the DataONE
web portal. DataONE will maintain a persistent archive
of the data, so that ILTER networks need not have this
responsibility (Vanderbilt et al ., 2015). This strategy obviates the need for countries to operate their own Metacat,
which has been a barrier for some to publicly providing
their data.
The Environmental Data Initiative (EDI) is another
EML based information management system (Gries et
al ., 2019). It began in the summer of 2016 as collaboration between two US National Science Foundation (NSF)
grants, one awarded to the University of Wisconsin (UW)
named NIMO and the other to the University of New
Mexico (UNM) for PASTA+ (together, they are known as
EDI). Both groups originate from the Long Term Ecological Research (LTER) Network and consist of highly motivated and experienced data practitioners, software developers, and research scientists. In addition to the LTER
Network, EDI now supports a broad community of environmental and ecological scientists funded through the
Long Term Research in Environmental Biology (LTREB),
the Organization of Biological Field Stations (OBFS), and
the Macrosystem Biology (MSB) programs at NSF. The
goal of the LTER focused NIMO (National Information
Management Office) project was to expand and enhance
the support of informatics in the LTER program, while the
goal of PASTA+ (Provenance Aware Synthesis Tracking
Architecture – Plus) was to provide an open access data
repository that was built using the PASTA software stack
for communities other than LTER. To be more inclusive of
all served communities, both goals are now part of EDI’s
vision. As such, EDI is a combination of informatics expertise and a production-level data repository for use by
all four communities (and others). EDI also works closely
with the LTER National Communications Office (NCO)
and DataONE to promote data management best practices and stewardship, and supports two separate DataONE
member nodes, one for LTER and the other for all nonLTER data (the EDI Member Node).
No matter DataONE or EDI are developed in the western ecological communities. In the eastern ecological
communities, especially Eastern Asian ecological communities also worked together to develop a regional EML
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based information management system (Kim et al ., 2018;
Lin et al ., 2006; Lin et al ., 2008a). The work started in
2004 under the support of Eastern Asian and Pacific International Long Term Ecological Network (EAP-ILTER)
(Kim et al ., 2018). The system is divided into three tiers.
The first tier deals with datasets and related information.
Data produced by automated sensors communicating
through wired or wireless networks, or collected manually by scientists, are managed by this tier. In addition,
all information related to a dataset is also edited in this
tier. The second tier relates to information management.
Once datasets and other related information have been
described, they are stored in a schema-independent database. The third tier consists of the full web-based interfaces that allow easy access to the second tier. This tier
also manages definitions of multiple user categories with
different user rights.
The first step is to adopt the systems developed by the
National Center for Ecological Analysis and Synthesis
(NCEAS) at the University of California, Santa Barbara
which include Morpho, Metacat (short for “metadata
catalog”), and the EML2R from the Processing Techniques for Automated Harmonization (PTAH) project at
the University of Virginia. Jointly these provide the tools
for creating, editing, storing, retrieving, and using EML
documents (Higgins et al ., 2002; Lin et al ., 2008b). Then
Morpho and Metacat were modified to resolve language
coding issues in Asian countries including China, Japan,
Korea, Malaysia, Mongolia, the Philippines, Taiwan, and
Thailand. Finally, the system has been tested through
workshops held domestically and internationally since
2005.
The system includes an EML document database module, a data analysis function module, and a collection of
EML documents. A Metacat server has been set up for
the Taiwan contains the modules of the EML document
database. The EML document database module is a Java
servlet that acts as the interface to any SQL-compliant
relational database (Jones et al ., 2001). It handles storage,
replication, query, validation, transformation, and authentication of EML documents and user management for researchers from Taiwan. Furthermore, by pointing directly
to the referent locations in the database, the raw data can
be stored with the EML documents.
The data analysis function module consists of
“stylesheets” that translate EML documents into statistical programs. Building on the PTAH project, a web-based
interface for creating "R" programs (“R” is a language and
environment for statistical computing and graphics) was
developed (Lin et al ., 2008b). The interface altered the
original UNIX-based PTAH engine so that it would work
on a PC-based system. It not only extends the capabilities
of the transformation but also has become a prototype
of a server-side system that allows researchers to access
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EML, upload data, and then run "R" code on the server.
Since “R” provides a wide variety of statistical and graphical techniques and is highly extensible, researchers can
use it for data manipulation, calculation, and graphical
display online without the need to have their own copy of
"R" locally.
Recently, the National Institute of Ecology (NIE) in
Korea is developing a new EML based information management system called Ecological Information Bank (EcoBank) (Sung et al ., 2018). EcoBank aims to develop into
an online hub providing ecological information across the
global that Enables such information to be accessible,
usable, and publishable, by anyone in a free manner. EcoBank is also dedicated to involving into an international
source that helps reward leading opportunities to global
collaborative research within the ecological information
communities. Currently, EcoBank is forming a new paradigm of the ecological information system which is different from the exiting systems in EAP. The system has a full
version in Korean language and moving to an international version of the system. Testing has been among Korea, Taiwan, Thailand, Vietnam and Australia. It plans to
fully set up in the near future and expanding to a global
usage.

Ecological Data Sharing
As ecological research becomes increasingly multidisciplinary way, it means that the research is a data-intensive,
and multifaceted approach. Therefore, the need of sharing data is manifest since no individual scientist, or even
small group of scientists, can collect all the data that are
needed to address the major ecological research questions
(Porter, 2010). Sharing data that support publications facilities the scientific ideals of replication, building on previous work and syntheses is an obvious benefit (Parr and
Cummings, 2005). Why is data sharing not yet common
practice? Many reasons found. One of them has been
recognized that the logistical barriers to data sharing exit
(Parr & Cummings, 2005). Fortunately, not only national
investment but also technology developed is benefited to
the movement of data sharing. For example, Linked Data
approach (Berners-Lee, 2006) which is a style of publishing and interlinking structured data on the web provides
a new way to dissemination of scientific data for sharing
and reuse (Bizer et al ., 2009).
An example from Taiwan to report and discuss the use
of Linked Data approach on the exiting relational databases on forest fire, plant specimen, insect collection, forest dynamics plot census, and Taiwanese species checklist
(Mai et al ., 2011). The application adopts Linked Data approach to connect together data intrinsically related from
distributed divisions. The approach develops a workflow
through 4 steps to integrate and publish human and ma-
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chine readable ecological data as the Linked Open Data
on the web. The example concludes that Linked Data approach is a new way to improve and advance ecological
data sharing.
For science in general, data sharing is a new concept in
today (Reichhardt, 1999). It is a good thing. Data sharing
has been promoted in several fields, particularly genomics, that have had a great success under the development
of bioinforamtics. The genomics field has founded that
growth on access to shared data. Genbank and other genome databases has lead the genomic scientist to to conduct cutting-edge research, and most of their time would
be spent duplicating data already collected by others
(Benson et al ., 2005). Some advantages of sharing data
are:
• Elimination of duplication of effort. Researchers can
reuse existing data, rather than collecting new, but duplicative, data.
• Improvement in data quality. When data is analyzed
by multiple researchers, problems or inconsistencies within
the data are more likely to be detected and fixed.
• New science. Combining data in new and interesting
ways allows researchers to answer scientific questions at
larger spatial and temporal scales.
Why data sharing is so important? It is because the new
types of scientific inquiry made possible have to Integrating data from a large number of sites allows researchers
to reach more general conclusions and observe largerscale patterns (Borregaard & Hart, 2016). Meanwhile,
combining data from past studies with ongoing studies
contributes a historical perspective that may explain aspects of the new data that would otherwise be hidden.
However, the issue of "data ethics" is concerned on
data shaing (Porter & Lin, 2017). Without ethical principles for sharing data, few researchers would be willing
to share data. The unethical approach of "if you give
me your data, I will publish it" has all the ethical appeal
of "if you give me your money, I will spend it." Instead,
when using data generated by others, we need to adhere
to ethical principles that are similar to those used when
dealing with published material. All students know that it
is plagiarism to copy, without proper acknowledgement,
text and ideas from published materials. Similarly, it is unethical to take someone else's data and present it as your
own. Most journals now have mechanisms for directly
citing data stored in repositories, and if not, data sources
can still be acknowledged in the text of an article or in
an acknowledgements section.
To help data collectors, users and repository operators
adhere to ethical principles, most data repositories or archives have data access policies. These policies typically
address three groups: data users, data providers and the
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data repository itself (Michener, 2015). For data users,
policies almost universally require the proper acknowledgement of the data collector in publications that use
the data. Additionally, policies may dictate additional
conditions for the use of the data, perhaps limiting sale
of the data, requiring the data user to identify themselves,
or requiring that the author of the data be contacted
regarding possible co-authorship. For data providers, policies often dictate the form and content of the metadata
required.
Ethical use of data collected by others is a requirement
for an ecological researcher to maintain their standing in
the scientific community. Researchers who fail to abide
by data policies and licenses are subject to legal actions,
sanctions by funding sources and, more importantly, loss
of their reputation in the scientific community. Fortunately, most researchers are more than happy to properly
acknowledge data collectors and to abide by other elements in data policies and licenses. A survey of LTER sites
found that problems regarding violations of data policies
occurred in less than 0.1% data downloads (Porter, 2010).
Moreover, a researcher who publishes data in a repository
or archive can clearly document that they were the original data source, so that conflicting claims of priority can
be easily resolved.
Despite major significant obstacles, ILTER information
managers have formed grassroots partnerships and collaborated to provide information management training,
adopt a common metadata standard, develop information
management tools useful throughout the network, and
organize scientist/information manager workshops that
encourage scientists to share and integrate data (Vanderbilt et al ., 2015). Throughout this effort, ILTER has shared
lessons learned from the successes of these grassroots international partnerships to inform others who wish to collaborate internationally on projects that depend on data
sharing entailing similar management challenges.

Application of Ecoinformatics
Carbon flux data management
There is no universally accepted method of carbon flux
data management system which uses a metadata approach has yet been established for data archiving, curation, discovery, retrieval, and calculation. Instead, each
flux research group has formed their own regional network such as CarboEurope, AmeriFlux, and AsiaFlux and
each has developed software to address data management
issues. Since 2004, Taiwan Ecological Research Network
(TERN) has attempted to collect exiting EML-based tools
to assemble them as a data management system that
could be used universally in carbon flux research (Lin et
al ., 2009a; Lin and Hsia, 2010).
Using this EML-based data management system, a
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Fig. 1. Using EML-based tools for carbon flux data management (Lin & Hsia, 2010).

conceptual framework has been developed for flux data
management that can be divided into three tiers (Fig. 1).
The first tier deals with datasets and related information.
Data produced by eddy covariance sensors communicating automatically through wired or wireless networks
are managed by this tier. In this first tier, all information
related to a flux dataset is documented in EML using the
Morpho EML editor. The second tier relates to information management. Once metadata and data quality have
been described and checked, they are stored in a schemaindependent database called Metacat and Storage Resource Broker (SRB) released by San Diego Supercomputer
Center (SDSC). The third tier consists of web service based
scientific workflows that allow easy access to the second
tier. The Kepler workflow system was adapted for use in
this layer.
This data management model has been applied in Chilan, a TERN site where two flux towers have been set up
since 2000. The two towers equipped with vertical and
horizontal wind vectors and CO2 mixing ratio at 10-20
Hz are measured with a sonic anemometer mounted 5 m
above the forest canopy, beside an intake port from which
air is pumped to a closed-path infrared gas analyzer. A
desktop computer collects these data. Every 30 minutes,
the computer stores the raw data which is downloaded
weekly and loaded to a SRB server to be retrieved to calculate from the lab. Metadata of these raw data are created and stored in the Metacat. Then, using the Kepler
system, five workflows are run that search data from the
Metacat, download data from the SRB, rotate data coordinates, QA/QC the data, and Web-Pearman-Leuning
(WPL) are created to standardize the flux data calculation
process based on each 30 minutes data collected.
Output of the final calculation of all flux data are dis-
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played in a text file which reports all the variables and
a graphical file which shows the flux trend of a specific
period. These secondary data can be saved locally or remotely.
The adaptation of the existing tools based on EML
from flux data management experiment has achieved the
goal that analyses of sequential ecological data be accompanied by formal process metadata.
Automated analysis of senor data
The development of senor networks allows sensors to
gather data in the field and deliver them to the laboratory
automatically. Already a variety of ecological important
data such as generic meteorological measurements, soil
and water temperatures and acoustical records are being
collected by senor networks (Porter and Lin, 2013). Examples like high-frequency observations of aquatic systems,
intensive and extensive sampling of watershed ecosystems,
and unobtrusive observation of animal behavior have
showed advantages of using senor networks, especially
using wireless senor networks (Porter et al ., 2005; 2012).
However, the shift toward this data collection paradigm
in turn creates new challenges for data management including documentation, quality assurance, discovery, and
analysis. In order to be useful, data must provide relevant
and reliable information for scientific queries, which usually means that it is documented and has undergone
quality assurance checks. Data of unknown quality are essentially useless, and because inaccurate, low quality data
can potentially bias results and lead to erroneous conclusions.
Based on the Processing Techniques for Automated
Harmonization (PTAH) project of University of Virginia,
a web-based interface for checking EML defined datasets has been developed and used since 2006 (Lin et al .,
2008b). It not only has the capabilities for transforming
EML documents into working statistical programs, but
also is a prototype of a server-side system that allows
researchers to access EML, upload data, and then check
data types and ranges based on the specifications defined
in EML metadata (Lin et al ., 2007). The interface provides
functions to let users correct the errors online and save
the corrected data. Researchers also can continue to run
the "R" statistical program code on the server. Since “R”
provides a wide variety of statistical and graphical techniques and is highly extensible, researchers can use it for
data quality control, data manipulation, calculation, and
graphical display online without the need to have their
own copy of "R" locally. The framework of automating
analysis system provides a researcher access to tools that
aid in the documentation and analysis of ecological data
(Fig. 2).
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Forest dynamic plot data management
Several forest dynamics plot research projects in the
East-Asia Pacific (EAP) region of the International LongTerm Ecological Research (ILTER) network actively collect long-term data, and some of these large plots are
members of the Center for Tropical Forest Science (CTFS)
network. The CTFS is a network of forest plots that monitors trees 25-50-ha plots (Ashton et al ., 1999). CTFS plots
involve hundreds of scientists from more than 40 institutions worldwide and share a common methodology as to
measurements taken, periodicity of surveys, and identification of tree species (Condit, 1995). There are also many
other large forest research plots in the EAP-ILTER region
that have comparable data.
In order to facilitate the management of these data,
a Forest Dynamics Plot Database and Application Workshop which adapted ecoinformatics approach was held in
Taiwan 2009. The results of the workshop produced and
tested an integrated information management framework
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Fig. 3. EML based conceptual
model for forest dynamics plot
data management (Lin et al .,
2011).
(Lin et al ., 2011; Vanderbilt et al ., 2015). The goal for the
framework was to demonstrate how fully documented
data archives can be effectively used for data discovery,
access, retrieval, analysis, and integration. Results from
the work included setting up a database based on the
Center for Tropical Forest Science structure on a local
relational database (MySQL) server, an authentication interface, a metadata query web page, and 3 workflows to
test the framework (Fig. 3).
The case concluded that the framework prototyped
based on ecoinformatics approach should be useful to
the forest dynamics research community through the establishment of mutualitic relationships between scientists
and information managers (Lin et al ., 2015). Although
the functions of this framework have not immediately resolved all metadata and data sharing problems, it provides
a collaborative way to link CTFS databases.
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Forest healthy data management
Forest healthy management at national and regional
scales is important component of providing what society wants and needs from the forest ecosystem. From
ecological point of view, a healthy forest nourishes its
unique species and processes, while maintaining its basic
structures, compositions and functions. From sociological point of view, on the contrary, a healthy forest has
an ability to accommodate current and future society
needs for values, products and services. Regardless of
how different concepts people view these complex forests systems, maintaining the balance between forest
sustainability and production of goods and services is the
challenge for the forest administrative agency. However,
fundamental questions do arise, such as: what is a truly
healthy forest and compares to what, by what criteria
can we specify a healthy forest, and how do we manage
a healthy forest? To answer these questions we need to
have multidiscipline scientific data. Without these data,
it is difficult for decision makers and forest managers
to formulate technically sound policies and address forest health management issues. In Taiwan, relevant data
related to forest health are often collected by different
scientific groups and consists of a variety of formats and
in many geographic locations. To obtain integrated and
high quality information to help decision making is often hindered by the lack of standard methodologies for
data collection, data management practices, and detailed
metadata documentation across groups.
Therefore, building a health forest information management research was initiated in 2004 (Lin et al ., 2008b;
2009b; Mai et al ., 2011). The initial goals were: (1) to
aggregate the existing dispersed databases including biodiversity, insect and disease, fire, and invasive species, (2)
to develop a web-based portal that would streamline the
discovery and exploration of forest health information,
and (3) to provide data analysis application. Through
choosing ecoinformatics approach, a web portal using

Conclusions
Ecoinformatics development becomes a discipline to
foster and change the research on ecology into a data
intensive field. Ecological data from data collection to
permanent archived through a data life cycle takes into
account the ecoinformatics nature of information technology. The valuable content of a ecological repository
based on the approach of ecoinformatics techniques has
benefited ecological communities. It has formed as a new
paradigm of ecology. At the core of ecoinformatics, the
information system that combine developments in information technology and ecological theory with applications has shown not only facilitate ecological research but
also links ecological entities from organisms to ecosystems
with data integration, analysis and synthesis.
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ABSTRACT
Many areas of vegetation in the British uplands have reduced species diversity as a result of sheep overgrazing. It has
been suggested that abandonment or re-wilding strategies might be used to reverse this. A likely first step would
be the removal or reduction of grazing livestock from upland areas, with a presumption that this would lead to a
recovery in species richness. However, we do not know if this would work, or the timescales involved. One of the
important areas where more knowledge is needed is information on the size and composition of soil seedbanks as
regeneration from zseed is a likely pathway of recovery. Here, we compared seedbanks in both grazed and ungrazed
plots in five experiments at Moor House NNR in the northern Pennines; these sheep grazing exclusion experiments
were started 52 and 63/64 years ago. Soil samples (n=10) were collected from both grazed and ungrazed plots in
each experiment, and seed emergence counted in glasshouse trials. We detected only seeds of common species and
very few dicotyledonous species. This suggests that the soil seedbank is unlikely to be a reliable source of the less
common species for ecological restoration in these upland communities, suggesting an extinction debt. Therefore,
seed addition and the creation of suitable safe-sites for germination may be needed in conjunction with grazing
controls to allow the establishment of plants that will increase the species richness of the vegetation. However, this
interventionist restoration approach remains to be tested.
Keywords: Blanket bog, Grassland, Restoration, Seedbank, Sheep grazing, Species diversity
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The rationale for this work is based on the “wet desert”
hypothesis put forward by Frank Fraser Darling back in
the 1950s, which basically stated that high sheep grazing
had reduced species diversity in upland plant communities (Darling, 1955). This has been highlighted recently by
George Monbiot, who has described upland vegetation as
“sheep-wrecked” (Monbiot, 2013). If the wet desert hy-
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Sheep Grazing Effect on the Soil Seedbanks
pothesis is correct, we would expect that if sheep grazing
is reduced then species diversity should increase again.
This expectation is at the basis of recent suggestions that
the agricultural use of the uplands should be reduced
or re-wilded. The simplest approach to start this process
would be the reduction or cessation of livestock grazing
(Crumley, 2000; Marrs et al ., 2018; 2020; Sandom et al .,
2013; Stewart et al ., 2005).
However, recent analysis of vegetation in long-term
exclosure experiments at Moor House NNR in the northern Pennines has provided conflicting support for this
hypothesis. On the one hand, a review of the properties
of species that thrive once grazing is removed are the
most nutritious, but they take a relatively long time to
re-establish themselves, especially in grasslands (Marrs et
al ., 2020). Moreover, a recent analysis of the vegetation
change in the continuously-grazed plots showed a general decline in many species groups over the timescale of
the experiments (started between 1954 and 1972), but
where sheep were removed there were both increases in
some species (herbs, mosses, sedges) but faster reductions
in grasses and liverworts (Milligan et al ., 2016). These
authors suggested that restoration to pre-treatment levels would probably require some form of intervention to
create safe-sites (sensu Harper, 1977) for seed/spore germination (Milligan et al ., 2016). However, a fundamental
question before such work is undertaken is a requirement
to know if there are either enough, or indeed any, seed/
spores of the target species in the soil seed/diaspore bank.
Here, we revisit five of the high-level experiments at
Moor House, three grassland and two blanket bog sites.
Detailed descriptions of vegetation change within these
experiments have been published elsewhere (Marrs et al .,
1988; Milligan et al ., 2016; Rawes, 1981; 1983). Each site
has a grazed plot and an ungrazed comparator (see Marrs
et al ., 1986 for detailed experimental methods). However, due to policy changes and grazing rights ownership
over the long time-course of these experiments the sheep
grazing intensity has been reduced. In the 1960s the
overall grazing pressure was ca. 4.4 sheep ha-1 across all
vegetation types, but in 1972, grazing density was more
than halved to ca. 2.0 sheep ha-1, and it was halved again
to ca. 1.0 sheep ha-1 in the early 2000s (Marrs et al .,

2018; 2020; Milligan et al ., 2016; 2018). In addition, the
sheep distribution within the sites varies across the different plant communities with 11.6-23.2% greater densities
on the most-grazed grassland communities compared to
the least grazed blanket bog ones (Rawes & Welch, 1969).
Thus, here our comparison is an ungrazed treatment versus a grazed treatment as the control, which was subject
to the “business-as-usual” grazing pressure for that area.
Our aims were to test whether (a) the seedbank in these
long-term experiments could assist restoration efforts to
improve plant species diversity, and (b) assuming so, did
sheep removal affect seedbank quality. Hence, this study
compared the plant species composition of the vegetation and seedbanks in the five high-altitude, sheepgrazing experiments on the Moor House National Nature
Reserve (Table 1, Fig. 1). Each experiment had two plots,
an ungrazed plot where sheep were fenced out and a plot
subject to “business-as-usual” sheep grazing pressures
(Milligan et al ., 2016). The experiments can be viewed
in two groups, grassland and high-level bog. The grassland group contained three experiments set up on Hard
Hill, Little Dun Fell and Knock Fell, and the high-level
bog group contained two experiments at Silverband and
Troutbeck Head (Marrs et al ., 1986; Milligan et al ., 2016).
The three grassland experiments were set up between

Fig. 1. Locations of all long-term vegetation experiments
on Moor House NNR in northern England.

Table 1. Locations and summary of experimental history of the five sites at Moor House NNR
Group
High-level
grassland

High-level bog

Site name
(Code)

British National
Grid reference

fence
Elevation (m) Year
erected

Year of vegetation recording
(no. of years ungrazed)

Hard Hill (HH)

NY 72576 33034

690

1954

2015 (61)

Little Dun Fell (LDF)

NY 70475 33104

830

1954

2016 (62)

Knock Fell (KF)

NY 71794 31267

750

1955

2014 (59)

Silverband (SB)

NY 71059 30975

690

1966

2015 (49)

Troutbeck Head (TB)

NY 72236 31760

690

1966

2014 (48)
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1954 and 1955 and the high-level bogs in 1966 (Marrs et
al ., 1986), thus there is consistency between experiments
within each group.
In the 1960s Eddy et al . (1968) classified the communities on both Hard Hill and Little Dun Fell as a Festucetum , an Agrosto -Festucetum on Knock Fell, and an
Eriophoretum on both Silverband and Troutbeck Head.
Milligan et al . (2016) reclassified the Festucetum as H19a
(Vaccinium myrtillus-Cladonia arbuscula heath: Festuca
ovina-Galium saxatile sub-community, Rodwell, 1991),
the Agrosto -Festucetum as CG10 (Festuca ovina-Agrostis
capillaris-Thymus praecox grassland community, Rodwell,
1992) and the Eriophoretum as M20b (Eriophorum vaginatum blanket and raised mire: Calluna vulgaris-Cladonia
spp. sub-community, Rodwell, 1991) under the UK National Vegetation Classification. Soil types also differed
ranging from acidic deep peats on the high-level bog to
brown-earth soils at Knock Fell (Eddy et al ., 1968; Heal &
Smith, 1978; Rawes & Welch, 1969).

Materials and Methods
Seedbank assessment
In April 2018, ten random positions were located in
both the grazed and ungrazed plots at each of the five
experiments. Sampling was done after a severe winter and
hence it would be expected that any seeds in the seedbank would have experience substantive natural chilling.
At each position, the surface vegetation was removed,
and three soil cores sampled using an auger (5 cm diameter, 7 cm depth) and pooled. At the time of the sampling
the intervention had been in place for 63/64 years for the
grasslands and 52 years for the high-level bogs.
We used the general seedling emergence method described by Ghorbani et al . (2006) and Lee et al . (2013).
The individual soil samples (n=100) were spread individually over a 1 cm deep layer of horticultural sand in
a seed tray (21.5×16 cm); these trays were positioned
randomly on benches fitted with permanently-saturated
capillary matting in an unheated glasshouse (Ghorbani
et al ., 2006; Lee et al ., 2013). Emerging seedlings were
identified, counted and removed over four months. Where
identification was uncertain at the time of counting, the
seedling was transplanted into a separate pot and grown
on for twelve months so that an accurate identification
could be made. Seedling densities per quadrat were corrected to numbers m-2. Control trays containing horticultural sand were included to identify seed contamination
in the substrate and species which may have gained access to the glasshouse. No other pre-treatment (gibberellin
or smoke treatment) was given, following (Thompson &
Grime, 1997). The few individuals that were detected in
these control trays were non-moorland species and were
discounted in subsequent analyses. Nomenclature follows
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Stace (2019).
Vegetation assessment
At each site the abundance of plant species has been
monitored at approximately 10-year intervals using point
quadrats (Marrs et al ., 1986) and all data are available
in Rose et al . (2020). The vegetation data for both the
grazed and ungrazed plot from the five experiments were
extracted from this database for the latest sampling date
to be as comparable as possible with the seedbank sampling. At the time of vegetation sampling the intervention
had been in place for between for between 59 and 61
years (grasslands) and 48/49 years (high-level bog).
Statistical assessment
Seedbanks are very difficult to assess in these upland
habitats because often very few seeds germinate in tests
(Lee et al ., 2013) as a result of a combination of poor
seed production because of low temperatures and wet
conditions coupled with poor incorporation into the
surface soils as a result of litter accumulation (Ghorbani
et al ., 2006). Accordingly, here we only analyse the total number of germinable seed detected in each sample.
To do this we used a generalised linear model (function
‘glm, R Core Team, 2019) with a poisson error distribution (Crawley, 2013). Model reduction was tested but the
full interaction model was selected as the Minimum Adequate Model (MAM). Thereafter, data on seed densities
were viewed in two ways. Where species were present in
the seedbank of both grazed and ungrazed treatments we
compared the densities in each treatment using the nonparametric Wilcoxon rank-sum test (‘wilcox.test’ function,
Crawley, 2013; R Core Team, 2019). Otherwise, we present
qualitative information on the presence/absence of species in both vegetation and seedbanks in the two grazing
treatments at each site.

Results
The total number of seeds detected was low (Fig. 2) but
were in the same order of magnitude as those detected
in similar studies from slightly lower elevations at Moor
House, but an order of magnitude lower than those in
blanket bogs at the southern end of the Pennines (Lee et
al ., 2013). For the analysis of the total number of germinable seeds the additive model was selected as the MAM
for the grassland sites, and the interaction model for the
high-level bogs (Table 2). For grasslands, the greatest seed
densities were at Hard Hill and Knock Fell (no significant
difference between them) and Little Dun Fell had the
least (Fig. 2C); there was a marginally greater seed density (P <0.06) in the ungrazed treatment (Fig. 2F). In the
high-level bogs, there was no significant site differences
between the grazed treatment at the two sites, but com-
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Grazing treatment
E
G
Hard Hill

A

150

Little Dun Fell

B

NS

100

Total number of germinated seeds

Knock Fell

C
*

NS

50
0
High-level grassland
Troutbeck Head

Silverband

D

150
100

Total

E
*

NS

F
**

50
0
High-level bog

Fig. 2. Total number of seeds of
all species in both grazed and
ungrazed plots in long-term
experiments in three grasslands
and two bogs at Moor House
NNR. E, enclosure; G, grazed;
NS, not significant. Significance:
*P <0.05; **P <0.01.

Table 2. Results for the minimum adequate model derived from mixed-effects modelling of total seed density in grazed
and ungrazed plots
Group

Variable
Hard Hill (Int)

Estimate±SE

Z-value

P -value

2.140±0.109

19.73

<0.001***

ΔDev=1.2%

Knock Fell

−0.511±0.177

2.88

0.004**

ΔAIC=5.6

Little Dun Fell

−1.735±0.280

−6.19

<0.001***

Silverband

−0.365±0.170

2.16

0.031*

Troutbeck Head

−2.140±0.334

−6.40

<0.001***

1.095±0.125

8.74

<0.001***

−0.822±0.224

3.67

<0.001***

Ungrazed
Knock Fell×Ungrazed
Little Dun Fell×Ungrazed
Silverband×Ungrazed
Troutbeck Head×Ungrazed

0.356±0.313

1.14

NS

−3.786±0.532

−7.12

<0.001***

2.374±0.345

6.89

0.205

SE, standard error; Dev, deviance; AIC, akaike information criterion; NS, not significant.
The change in deviance (%) and AIC relative to the null model are presented and significance denoted as: *P <0.10; **P <0.01;
***P <0.001.
The intercept is denoted as (Int).

pletely opposing responses in the ungrazed treatment, Silverband having a much lower seed density and Troutbeck
Head a much greater one than their grazed counterparts
(Fig. 2E).
In the grasslands, 17 species were present in both vegetation and seedbank (Table 3), seven of these were only
found at Knock Fell, and of these four were graminoids
and three dicotyledons (Potentilla erecta , Rumex acetosa ,
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and Sagina procumbens ), note S . procumbens was also
found in the seedbank at the Hard Hill ungrazed plot.
Of this group Anthoxanthum odoratum , Luzula campestris /multiflora , Poa humilis and S . procumbens were not
detected in the seedbank of the ungrazed plots and R .
acetosa was only detected in the seedbank of the grazed
plot, where it was not found in the vegetation. Ten common species were detected in the vegetation of at least
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Table 3. Species that were detected (+) in both the vegetation and the soil seedbank in the three grassland sites
Vegetation
No of
sites

TC

Species

Hard
Hill
G

1

Little Dun
Fell

UG

G

UG

Soil seedbank
Knock
Fell

3

G

Little Dun
Fell

UG

G

UG

Knock
Fell

G

UG

Gr Anthoxanthum odoratum

+

+

+

G

Gr Deschampsia cespitosa

+

+

+

Gr Luzula campestris/multiflora

+

+

+

Gr Poa humilis

+

+

+

D Potentilla erecta

+

+

+

D Rumex acetosa

+

+

D Sagina procumbens
2

Hard
Hill

+
+

Gr Agrostis canina/vinealis

+

+

+

+

+

+

Gr Nardus stricta

+

+

Gr Avenella flexuosa

+

+

+

+

+

+

Gr Carex bigelowii

+

+

+

+

+

+

+

Gr Festuca ovina

+

+

+

+

+

+

Gr Juncus squarrosus

+

+

+

+

+

+

+

+

D Cerastium fontanun

+

+

+
+

+

Gr Agrostis capillaris

UG

+

+
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+
+
+

+

+

+

+

D Galium saxatile

+

+

+

+

+

+

D Vaccinium myrtillus

+

+

+

+

+

+

+

+

+

+
+

TC, taxonomic class; G, grazed; UG, ungrazed; Gr, graminoid, D, dicotyledon.
The species are ranked by the number of sites in which they were detected in the vegetation. Species are ranked by TC.

two sites and they were all detected in the seedbank of
at least one treatment at each site (Table 3); six were
graminoids and four dicoytledons. Of particular interest
were those species that were present in the vegetation
but not in the seedbank; three species at Hard Hill (Empetrum nigrum , Eriophiorum vaginatum , and Vaccinium
vitis-idaea ), two species at Little Dun Fell (Chamaenerium
angustifolium and Festuca vivipara ) but twenty one species at Knock Fell, the site with the greatest species diversity (Milligan et al ., 2016). Of these species missing
from the Knock Fell seedbank eighteen were dicotyledons,
two were graminoids and one was a clubmoss (Seliginella
selaginoides [lesser clubmoss]) (Table 4). Only Juncus
bulbosus and J . effusus were detected in the seedbank
of grassland sites but were not present in the vegetation
(Table 4).
In the high-level bogs six graminoids plus Calluna vulgaris were found in both vegetation and soil seedbank,
but C . vulgaris was absent from the Silverband seedbank
(Table 5). Seven species, one fern, two graminoids and
four dicotyledons were detected in the vegetation but not
in the soil seedbank and seven species, six graminoids and
one dicotyledon (Galium saxatile ) were detected in the
soil seedbank, but not in the vegetation (Table 5).
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Discussion
There is no doubt that the plant species diversity has
declined over the last century or so as a result of a combination of factors including high levels of sheep-grazing
plus the impacts of atmospheric pollution including SO2
and N on the vegetation (Monteith et al ., 2016; Rose et
al ., 2016), although there is some evidence that pollutant
damage is reducing (Mitchell et al ., 2017). In the experiments reported here, there has been a reduction in many
species-groups within the grazed plots over time, but
herbs, mosses, and sedges have expanded when sheepgrazing was stopped (Milligan et al ., 2016). Indeed, Marrs
et al . (2020) have recently shown that a few species have
increased in the ungrazed plots, but it has taken between
10-20 years in blanket bog for this to occur, and up to 60
years in the grasslands. Given, these results, it has been
suggested that any rapid increase in biodiversity will come
from either exogenous or endogenous processes, or indeed both (White, 1979; Marrs, 1988). Due to the size of
the areas of vegetation involved exogenous processes require that the propagules (seeds/spores) can disperse from
sites some distance from the study area, and endogenous
processes rely on seed production within the existing
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Table 4. Species that were detected (+) either (1) in the vegetation, or (2) the soil seedbank in the three grassland sites
Fraction

Hard Hill
(HH)

Site

TC

Treatment

HH

Gr

Eriophorum vaginatum

D

Empetrum nigrum

+

+

D

Vaccinium vitis-idaea

+

+

Gr

Festuca vivipara

D

Chamaenerion angustifolium

G
Vegetation only

LDF
KF

Seedbank only

All

UG

Little Dun Fell
(LDF)
G

UG

Knock Fell
(KF)
G

UG

+

+
+

LC

Selaginella selaginoides

+

Gr

Carex caryophyllea

+

Gr

Festuca rubra

+

+

+

+

D

Achillea millefolium

D

Alchemilla glabra

+

D

Anemone nemorosa

+

D

Cardamine pratensis

D

Cirsium paulstre

+

D

Crepis capillaris

+

+

D

Euphrasia spp.

+

D

Galium sterneri

+

D

Geum rivale

+

+

D

Minuartia verna

+

+

D

Oxalis acetosella

+

+

D

Saxifraga hypnoides

+

+

+

D

Scorzoneroides autumnalis

D

Taraxacum officinale agg.

D

Thymus druceii

+
+

D

Trifolium repens

+

D

Viola lutea

+

D

Viola riviniana

+

Gr

Juncus bulbosus

Gr

Juncus effusus

+

+

+
+

+

+

TC, taxonomic class; G, grazed; UG, ungrazed; Gr, graminoid, D, dicotyledon.
Species are ranked by TC.

vegetation. Irrespective of which of these processes occur,
once the seed arrives within the vegetation they have to
travel through the existing vegetation and litter to reach
the soil surface for immediate germination if safe-sites
are available (sensu Harper, 1977) or incorporation into
the soil propagule bank for future germination (Ghorbani
et al ., 2006; Thomson et al ., 1997). The obvious way to
assess the regeneration potential of the vegetation is to
measure the size and composition of the soil seedbank
(González-Alday et al ., 2009; Putwain & Gillham, 1990,
Wagner et al ., 2018).
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Here, we compared the seedbank in both grazed and
ungrazed plots in five experiments at Moor House and
the results were disappointing in that the seedbanks were
relatively small, but in the same order of magnitude as
other studies at this site (Lee et al ., 2013), and for the
most part contained common species that were present in
the vegetation, or were abundant nearby (e.g. the Carex
and Juncus species ). There were very few dicotyledonous
species in the seedbank, especially at Knock Fell, the site
with the greatest vascular plant diversity. These results
show that seedbanks cannot necessarily be relied upon
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Table 5. Species that were detected (+) in (1) both vegetation and soil seedbank, (2) only in the vegetation, or (3) only in
the soil seedbank in the two high-level bog experiments
Fraction
Distribution

TC

Site
Treatment

Vegetation & Soil seedbank

Vegetation only

Soil seedbank only

Vegetation
Silverband

Soil seedbank

Troutbeck
Head

Silverband

G

UG

G

UG

G
+

UG

Troutbeck
Head
G

Gr

Avenella flexuosa

+

+

+

+

Gr

Eriophorum vaginatum

+

+

+

+

Gr

Festuca ovina

+

+

+

+

Gr

Juncus squarrosus

Gr

Nardus stricta

+

+

+

Gr

Trichophorum cespitosum

+

+

+

+

+

D

Calluna vulgaris

+

+

+

+

F

Dryopteris dilatata

Gr

Carex nigra

+

+

+

Gr

Eriophorum angustifolium

+

+

+

D

Empetrum nigrum

+

D

Rubus chamaemorus

D

Vaccinium myrtillus

+

UG

+
+

+

+

+

+
+

+

+
+

+

+

+

+

+

+

+

+

+

+

+

+

D

Vaccinium vitis-idaea

Gr

Agrostis vinealis

+

Gr

Carex bigelowii

+

Gr

Carex curta

+

Gr

Carex echinata

+

Gr

Juncus bulbosus

+

Gr

Juncus effusus

+

D

Galium saxatile

Gr

Trichophorum cespitosum

Gr

Trichophorum germanicum

+

+

TC, taxonomic class; G, Grazed; UG, Ungrazed; Gr, Graminoid, D, Dicotyledon.
Species are ranked by taxonomic class TC.

to provide the diversity of seed germination to provide
new species to increase plant species biodiversity. It also
suggests that some plant species within the existing
vegetation may not be providing sufficient viable seed
on a regular basis for them to be incorporated into the
soil seedbank. This is certainly possible in these relatively
harsh conditions (Heal, 1978). Pigott (1968), for example,
showed that low temperatures prevented viable fruit set in
Cirsium acaule in upland communities. It is also possible
that any seed that is produced is prevented from entering the seedbank by the vegetation/litter depth (Ghorbani
et al ., 2006). These results are in line with previous work
on similar habitats in Belgium (Bossuyt & Hermy, 2003)
which gives some indication of how different species may
perform in grasslands, and Thompson and Grime (1997),
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Morin and Payette et al . (1988) and Vander-Kloet (1988)
give information on the longevity of some species in the
seedbank. Taken together, it appears these communities
suffer may from an extinction debt (Gonzalez, 2013) as
the species that persist do not have the means to regenerate without help. Recent research shows that extinction
debts may last for centuries (Isbell et al ., 2019).
Thus, it is unlikely that the diversity of these upland
communities will be increased quickly in the future unless
there are positive interventions to (a) increase the seed input into the communities and (b) create suitable germinations sites. Such safe-sites can be created through a combination of methods to create bare patches, for example
through the use of herbicides, fire or mechanical damage
by cutting, rotavating, screefing screefing or introduction
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of species such as Wild Boar (Sus scrofa L.) that forage by
creating soil disturbance (Bueno et al ., 2010, Critchley et
al ., 2013, Humphrey & Coombs, 1997; Lee et al ., 2013;
Miles, 1974; Milligan et al ., 2004). However, these suggestions need further experimental testing to assess their
feasibility.
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ABSTRACT
The rapid development of technologies in unmanned aerial vehicles (UAVs) has led to their use in various areas. UAVs
are mainly used for commercial purposes, but their utilization is increasingly important in other areas because their
operation cost is less than satellites and aerial imaging. The utilization of UAVs in the environment/ecology area is
relatively new. Therefore, identifying the trends of UAV-related spatial information is significant in basic research
for UAV utilization. This study quantitatively identified domestic and international research trends related to UAV
utilization and analyzed research areas. An attempt was also made to identify upcoming UAV-related topics in the
environment/ecology research field using text mining to analyze the bibliographic information of global research
literature. Domestic UAV-related studies were classified into seven clusters where basic research on “UAV technology/
industry trends” was abundant, and studies on data collection and analysis through UAV remote sensing technology
have increased since 2015. Eight clusters were identified for international studies where the most active research area
international was “remote sensing technology/data analysis”. In addition, Canopy, Classification, Forest, Leaf Area
Index, Normalized Difference Vegetation Index, Temperature, Tree, and Atmosphere appeared as the main keywords
related to environment and ecology. The appearance frequencies and association strengths were high because the
advancement in UAV optical sensor technology and the rapid development of image processing technology enabled
the acquisition of data that could not be obtained from existing spatial information. They are recognized as future
research topics as related domestic studies have begun corresponding to international research.
Keywords: Data mining, Literature analysis, Remote sensing, Research trends, Unmanned aerial vehicle

Introduction
As technologies in unmanned aerial vehicles (UAVs)
have attracted attention as the growth engine of the
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idly developed and social interest is increasing. With the
recent expansion of UAV applications, research papers on
each topic have been published through various international journals. It is not easy, however, to identify UAV
application research trends in specific areas.
In recent years, the applicability of informetric analysis
methods to research the knowledge and attributes recorded in media, such as papers, by applying mathematical
and statistical methods to the bibliographic information
of literature has increased. The analysis of the research
contents and topics of such academic papers is useful in
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network data, such as co-word and proximity matrices,
and perform data clustering using its own clustering
algorithm (Choi et al ., 2011). It also includes an algorithm that identifies only the noun phrases from a text
document after classifying and tagging the phrases in
each sentence into verbs, adjectives, and nouns, thereby
enabling analysis using the relevance score specified by
the researcher. These functions extract words related to
a specific research topic from the collected paper data
and classify them into similar topics, and then analyze
research trends by identifying the appearance frequency
and association strength of each word.
The analysis principle of VOSviewer is to create an intuitive network map using nodes, appearance frequency,
and association strength based on the number of edges,
which can be explained in a conceptual analysis diagram
(Fig. 1). For example, when A1 to A4 are assumed as authors or words and D1 to D3 as documents, A1 and A3
have a connection strength of 2 because both of them
were used in two documents (D1 and D2).
This relationship analysis is mainly conducted in three
steps. In the first step, a co-occurrence matrix is created
for words that constitute the literature, and similarities
between categories are calculated based on the matrix. The similarities are calculated using the association
strength method in equation 1, one of the similarity calculation methods.

revealing the interdisciplinarity of academic areas (Lee &
Kwak 2011). It is also significant as basic research that
can objectively identify the performance of each detailed
research area and present the future research direction.
As such, an attempt was made to objectively evaluate
the status of domestic research by identifying active research topics in the ecological environment research area
through the analysis of domestic and international UAV
research trends. This study was conducted for two purposes.
First, UAV-related research areas were subdivided, and
the research status of the environment/ecology area was
quantitatively identified among them. Second, research
topics that have recently attracted attention were presented by analyzing UAV research trends for 20 years. Third,
UAV technologies that are applicable to the environment/
ecology research area in the future were identified.

Materials and Methods
Theoretical considerations
Among big data analysis methods, the text mining
technique derives formalized information from a large
amount of non-formalized text data and constructs it in
the form of new information, such as visualization and
digitization. It can effectively extract and utilize meaningful information desired by the research when applied
to text-based data, such as research literature. Therefore,
this study attempted to quantitatively identify research
trends using text mining and co-word analysis as research
literature analysis methods. Visualization of Similarities
(VOSviewer; Centre for Science and Technology Studies,
Leiden University, Leiden, The Netherlands) is an analysis
tool frequently used by many researchers for the analysis
of bibliometric data, such as recent collaborative relationships between publications, journals, or researchers, and
citation relationships between scientific terms (Heersmink
et al ., 2011; van Eck & Waltman, 2010; Waltman et al .,
2010).
VOSviewer can create a two-dimensional (2D) map from

Association strength =

mCij
KiKj

(1)

where Cij is the number of simultaneous occurrences between items (words or papers) i and j. Kj and Ki are the
total number of occurrences of i and j, respectively, and m
is the population parameter. In the second step, a 2D map
is created based on the similarities calculated in the first
step. Items with high similarities are close, but those with
low similarities are distant. In the third step, each parameter is clustered. Depending on the occurrence frequency,
the graph is enlarged if the density of the parameters is

A1
D1

A3

A2
2

1

D2
A3

A1
D3

A4

32

A4

A2
1

1

Fig. 1. Authorship links between four authors and three
documents (left), co-authorship
network constructed using full
counting (right) (Source: van
Eck, N.J., and Waltman, L., 2018).
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high and reduced if it is low. In this study, keywords for
each main research area were extracted to examine their
association strengths and changes from the past to the
present were investigated for the analysis of UAV-related
research trends.
Data collection
In this study, the Web of Science Database (DB) by
Thomson Reuters was utilized to identify domestic and
international UAV-related research trends. DBs for collecting paper information are also available for Scopus and
ScienceDirect. The Web of Science not only has a separate
DB to search for journals registered in South Korea but it
also makes it possible to collect a large amount of data
on quality papers, such as the Science Citation Index Expanded (SCIE) and Social Sciences Citation Index (SSCI).
In addition, data processing is easy because domestic and
international data can be provided in the same format
during the collection of bibliographic information.
Papers from 1997 to 2017 that used “UAV” in the title
or as a keyword were targeted. Citation indices were
limited to SCI, SCIE, SSCI, and KCI, excluding articles,
reports, and theses. The collected papers were classified
by title, year, abstract, and journal name. Data that could
cause errors in analysis, such as papers without an English
abstract or unrelated to the topic, were removed. Consequently, 745 domestic papers published since 2002 and
3,858 international papers published since 1997 were collected.

Data
preprocessing

Data
collection

Keyword extraction
The process of extracting keywords and phrases through
VOSviewer was performed using the following criteria.
First, words with similar meanings were excluded or replaced with identical words for analysis (e.g., UAV, UAS,
Smart UAV, and Unmanned aerial vehicle). Second, words
or phrases that appeared in at least three papers were
selected. Third, for general words and postpositions that
cannot be determined as keywords among the words with
high appearance frequency, only the words that corresponded to the top 60% of the keyword relevance scores
were extracted using the basic values (van Eck & Waltman, 2014) of the function provided by VOSviewer (Fig. 2).

Results and Discussion
Preprocessing results
To identify UAV-related research topics, the co-occurrence frequencies of the words and phrases used in abstracts were analyzed. There were 13,359 occurrences extracted for domestic papers and 73,628 for international
papers. Among them, words with similar meanings (e.g.,
unmanned, unmanned aircraft, aviation, and UAV) were
excluded. Considering the size of the collected literature,
the words that appeared in at least 10 domestic papers or
20 international papers were extracted in the first step.
In the second step, a network map was created by setting Resolution to 1.5 and Min Cluster size to 5 in the
clustering option for the visualization of the words that

Data
analysis

Time series keyword

Network map
Visualization of key
research areas and time
series data

Keyword frequency

Trend analysis

Keyword cluster
Data DB

Data collection

Word substitution in
duplicate meaning
At least 5 papers,
more than 20 papers
Co-occurrence words
Extract of words over
60% relevance score

Web of science:
- Korea/oversea research
paper (KCI, SCI, SCIE)
- 97 17 year (total 4,603)

Trend analysis
and visualization

Keyword link

Comparison of Korea and
oversea UAV related
research
Extract of keywords related
to ecological environment
research areas

VOSviewer
Network map
DB

Fig. 2. Text mining analysis process. DB, database; KCI, Korea Citation Index; SCI, Science Citation Index; SCIE, Science Citation Index Expanded; UAV, unmanned aerial vehicle.
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papers. When clustering was performed based on this,
domestic UAV-related studies could be classified into
seven key areas compared to eight areas for international
studies. In addition, a time-series network map was created based on the keyword appearance time to identify
changes in the time series for each research area.
As for international studies, 99 co-words were derived
in Cluster1, a research area related to “remote sensing/
data analysis”. The cluster represented the largest proportion in the entire research area. The word that appeared
most frequently was “monitoring”, and the cluster was
highly associated with “tree”, “plant”, “vegetation”, and
“species” (Fig. 4).
Research on UAV remote sensing is similar to research
that uses satellites and aerial imaging in terms of methodologies, but this study was conducted with a focus on
the characteristics of UAV images that can acquire more
precise spatial information than the existing data. The
publication of related research literature has shown an increase since 2014, and research has been conducted most
actively along with the Cluster4 area (Fig. 5).
In Cluster2, a research area related to “mission performance”, 77 co-words were derived and the word that
most frequently appeared was “simulation”. This cluster
was highly associated with “path”, “constraint”, “obstacle”,
and “collision”. As UAV is a research area on flight paths,
control, obstacles, and collisions for performing UAV missions, it was dominated by experimental studies using
software and hardware. Considering the publication time

corresponded to the top 60% (VOSviewer setting), which
acquired the relevance score as a keyword. A time-series
network map to identify the time-series flow for research
areas was created using the time information for the occurrence of the main keywords. The data before 2013
were excluded from the map because they did not meet
the minimum criterion of the co-occurrence frequency.
UAV-related research trends
A total of 3,858 international papers from 1997 to
2017 were collected, and 745 domestic papers from 2002
to 2017 were collected (Table 1). In international countries, the number of papers increased by 7 per year from
1997 to 2008 and sharply increased by 89.8 per year from
2009 to 2017. In South Korea, the number of papers
increased by 4 per year until 2013 and by 19.9 per year
from 2014 to 2017 (Fig. 3). This appears to be because
of the rapid growth of the private drone industry market,
and the application range of drones expanded due to the
improvement of hardware performance, miniaturization of
related imaging devices, and the development of sensor
technologies for drones. Considering the time at which
the number of papers began to rapidly increase, there
was a time difference of approximately five years between
South Korea and international countries.
Research area classification results
The analysis results revealed that there were 173 main
keywords for domestic papers and 477 for international

Table 1. Yearly number of domestic and international papers
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Fig. 3. Increase in the number of articles per year.
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Fig. 4. Unmanned aerial vehicle research field keyword network visualization result of international.
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Fig. 5. Unmanned aerial vehicle research field keyword network visualization result for time series emergence of oversea.
and number of papers, research was most active before
2014 and has been decreasing recently. The stabilization
of the corresponding technologies appears to be the main
cause (Table 2).
Cluster3 is a research area related to “flight control”.
A total of 76 co-words were derived and the word that
most frequently appeared was “control”. This cluster was
highly associated with “trajectory”, “dynamic”, “stability”,
and “scheme”. Studies on trajectory, dynamics, stability,
and design, which are related to the UAV control performance, corresponded to this cluster. This cluster is in the
center of Cluster2 and Cluster5, which are highly associated research areas where research has been continuously
conducted.
In Cluster4, a research area related to “data collection/
processing”, 76 co-words were derived. This cluster is

https://doi.org/10.22920/PNIE.2020.1.1.31

close to Cluster1, indicating a high association in terms
of contents. While Cluster1 represents applied research for
various areas, Cluster4 is a research area for improving the
basic functionality of UAV images. The word that most
frequently appeared was “image”, which was used with
“quality”, “accuracy”, “site”, “map”, and “point cloud”.
This cluster was dominated by studies on software processing, such as UAV image quality, accuracy, maps, destinations, mapping, and point cloud data. Active research
has been conducted in this area.
Cluster5 is a research area related to “airframe performance”. Sixty-nine co-words derived and the word that
most frequently appeared was “design”. This cluster was
highly associated with “aircraft”, “angle”, “degree”, “wing”,
and “landing”. As UAV is a research area related to the
flight performance according to the airframe structure,
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Table 2. Clustering classification filed with keyword of
international papers
Cluster Classification
filed
1

2

3

Top 20%
frequent words

Remote sensing/ Monitoring
data analysis
Imagery
(99 words)
Tree
Classification
Coefficient
Correlation temperature satellite
High
Value
Remote sensing plant
Crop
Vegetation
Forest
Vegetation index NDVI
Assessment Observation
Index
Object
High resolution species
Perform mission Simulation constraint
(77 words)
Path
Target
Function
Scenario
Optimization
Team
Search
Surveillance operator
Obstacle
Behavior
Formation
Node
Robot
Guidance
Communication
Path planning formulation
Flight control
(76 words)

Rotorcraft autopilot
Flight control system
Helicopter
Fault detection hardware
Actuator
Loop simulation controller design
control system simulation study
subsystem control law
Proof, control respect stabilization
control input control algorithm

research was most active around 2010 but has been decreasing.
Cluster6 is a research area related to the “UAV technology/industry trend”. Thirty-five co-words derived and the
word that most frequently appeared was “tool”. This cluster was highly associated with “year”, “precision”, “variety”, and “opportunity”. It was dominated by studies with
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Table 2. Continued
Cluster Classification
filed

Top 20%
frequent words

4

Collecting data/ Image
process
Accuracy
(76 words)
Map, mapping surface
Quality
Survey
Site photogrammetry point cloud
Low cost
Case study dataset
Uav image
Sfm
Acquisition volume
Density
Lidar
Aerial image

5

Airframe
performance
(69 words)

Design
Aircraft
Angle
Degree
Concept
Wing
Landing
Flight test unmanned Air vehicle
Equation
Power
Force
Modeling
Energy
Load
Endurance

6

UAV
Technology/
industry trend
(35 words)

Tool
Year
Precision
Drone
Variety
Uav platform, uas opportunity
unmanned aerial system
decade overview

7

Navigation/
location-based
technology
(31 words)

Position experimental Result vision
Velocity
Navigation
Gps
Localization
Noise
Global positioning System

8

Radio wave/
radar
(13 words)

Pattern
Processing
Imaging band antenna

NDVI, Normalized Difference Vegetation Index.

a focus on the precision and various applications of the
data acquired by UAVs.
Cluster7 is a research area related to “navigation/location-based technology”. Thirty-one co-words were derived
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and the word that most frequently appeared was “position”. This cluster was highly associated with “velocity”,
“navigation”, “GPS”, and “localization”. Research on the
application, accuracy verification, and improvement of
location-based technologies, such as velocity, navigation,
and GPS, among the functions required for UAV operation, corresponds to this cluster.
Cluster8 is a research area related to “radio wave/radar”. Thirteen co-words were derived and the word that
most frequently appeared was “pattern”. This cluster was
highly associated with “band”, “antenna”, “validity”, and
“processing”. It is a research area on the acquisition, processing, and analysis of radar images that can only be
obtained by large UAVs.
As for domestic studies, 40 co-words were derived in
Cluster1, a research area related to the “UAV technology/
industry trend”. The cluster represented the largest proportion in the entire research area. The word that most
frequently appeared was “aircraft”, which was used to
indicate UAVs. The words that exhibited a high association were “Korea”, “industry”, “regulation”, “law”, and
“trend”. In South Korea, research on regulations and laws

for UAVs began in 2013, and studies on the UAV industry
and technology trends have been increasing recently (Figs.
6, 7).
Cluster2 is a research area related to “data collection/
processing”. Thirty-five co-words were derived and the
word that most frequently appeared was “image”. The
words that exhibited a high association were “accuracy”,
“map”, “field”, “survey”, and “error”, which were similar
to the co-words in Cluster4 of the international studies.
This cluster was dominated by studies with a focus on
the utilization of UAV images, such as location accuracy,
height, and mapping. Such studies began to increase in
2015 and have been actively conducted (Table 3).
Cluster3 is a research area related to “flight control”.
Twenty-eight co-words were derived and the word that
most frequently appeared was “performance”. The words
that exhibited a high association were “design”, “control”,
“simulation”, and “stability”. Simulation and experimental studies related to the UAV control performance correspond to this cluster. Such studies were active around
2014 and related studies have decreased recently.
Cluster4 is a research area related to “airframe perfor-

Fig. 6. Unmanned aerial vehicle
research field keyword network
visualization result of domestic.

2013
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2014

2015

2016

Fig. 7. Unmanned aerial vehicle
research field keyword network
visualization result for time series emergence of domestic.
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Table 3. Clustering classification filed with keywords of
domestic studies
Cluster
No.

Classification
filed

Top 20%
frequent words

1

UAV technology/
industry trend
(40 words)

Aircraft
Requirement
Industry
Safety
Korea
Law
Trend
Regulation

2

Utilization/data
acquisition
(35 words)

Image
Accuracy
Field
Error
Survey
Map
Possibility

3

Airframe
performance
(28 words)

Performance
Design
Control
Simulation
Controller
Stability

4

Flight performance
(23 words)

Test
Power
Configuration
Wing
Hale
Shape

5

Remote sensing/
data analysis
(21 words)

Monitoring
Estimation
Coefficient
Growth
Imagery

6

Reconnaissance
technology/
navigation
(15 words)

Algorithm
Mission
Surveillance
Path
Reconnaissance

7

Navigation/locationbased technology
(11 words)

Signal
Navigation
Flight path

UAV, unmanned aerial vehicle.

mance”. Twenty-three co-words were derived and the
word that most frequently appeared was “test”. The words
that showed a high association were “power”, “configuration”, “wing”, “hale”, and “shape”. This cluster was dominated by test studies on wings, batteries, and airframe
geometry, which are related to endurance.
In Cluster5, a research area related to “remote sensing/
data analysis”, 21 co-words were derived. The word that
most frequently appeared was “monitoring” as in Clus-
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ter1 of the international studies where the corresponding
studies were similar. The words that exhibited a high association included “estimation”, “coefficient”, “imagery”,
“height”, “classification”, and “NDVI”. This cluster was
dominated by papers on vegetation. Such papers have increased since 2015.
Cluster6 is a research area related to “reconnaissance
technology”. Fifteen co-words were derived and the word
that most frequently appeared was “algorithm”. The words
that exhibited a high association were “mission”, “surveillance”, and “reconnaissance”. Studies on reconnaissance
and surveillance using UAVs correspond to this cluster.
In this research area, which is distinguished from the international analysis results, the contents of the research
papers were mainly published for military purposes, but
most of the research results focused on technology trends
and utilization. Therefore, this cluster is determined to be
similar to Cluster1.
Cluster7 is a research area related to “navigation/
location-based technology”. Eleven co-words were derived
and the word that most frequently appeared was “signal”.
The words that showed a high association were “navigation”, “flight path”, and “ground control system”. Studies
related to location-based technology and the accuracy
of the UAV route correspond to this cluster. This cluster
exhibited a low association with other research areas and
was observed in limited time periods.
When the domestic and international research trend
analysis results were summarized, it was found that they
were generally clustered into areas with similar meanings,
but the year the keywords appeared differed, which indicated research topics, association strength between words,
and diversity. For example, basic studies on UAV technology trends and utilization were abundant in South Korea,
but studies on data collection and analysis through UAV
remote sensing technology were most abundant in international countries.
Fig. 8 compares changes in main domestic and international research areas for 17 y between the two periods.
The main international research areas between 2000 and
2013 were found to be “mission performance”, “airframe
performance”, and “location-based technology”. After
2014, research areas related to “remote sensing/data analysis”, “data collection/processing”, and “UAV technology/
industry trend” sharply increased. This change appears
to be the result of the stabilization of UAV-related basic
technologies and the gradual increase in demand for application areas. On the other hand, the main domestic
research area between 2000 and 2013 was found to be
“airframe performance”, and other studies were not significant. Since 2014, research has been actively conducted
in all areas and a tendency to follow the international
research areas was observed. Research is expected to be
expanded in various areas in the future even though the
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Fig. 8. Percentage increase and decrease by research area for 2000–2017 years. UAV, unmanned aerial vehicle.
Table 4. Key words of environment and ecology
Country

No.

International

1

Monitoring

2

Domestic

Label

Cluster

Total link strength

Occurrences

1

3,447

292

Height

2,460

187

3

Classification

1,715

134

4

Temperature

1,210

109

5

Tree

1,444

109

6

Plant

1,307

93

7

Crop

1,416

92

8

Species

1,175

89

9

Vegetation

1,223

83

10

Forest

1,065

79

11

NDVI

699

45

1

Monitoring

246

33

2

Classification

138

20

3

Height

148

16

4

Temperature

5

NDVI

5

93

16

131

13

NDVI, Normalized Difference Vegetation Index.

research area related to “remote sensing/data analysis”
shows a time difference of approximately three to four
years.
Ecological environment research area derivation using
UAVs
The research area related to the ecological environment
is included in “remote sensing/data analysis”, which corresponds to Cluster1 for international studies and Cluster5 for domestic studies. The words that appeared were
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“monitoring”, “plant”, “crop”, “classification”, “forest”,
“temperature”, “tree”, “species”, “Normalized Difference
Vegetation Index (NDVI)”, and “Leaf Area Index (LAI)”,
which were mostly associated with plant ecology (Table 4).
These words became the keywords of research topics that
attracted attention recently because the advancement in
UAV optical sensor technology and the development of
image processing technology made it possible to acquire
data that could not be obtained from the existing spatial
information. The fact that related domestic papers have
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recently increased in a similar manner to international research trends indicates the recognition of the importance
for future research in this area.
In conclusion, UAVs have attracted attention as the key
industry of the fourth industrial revolution era because
they integrate innovative technologies, such as aviation,
information communication, sensors, and software, and
can be combined with various areas. Despite this potential, research that utilizes the data acquired through UAV
systems is in the preliminary stage. In particular, studies
on spatial information acquisition and analysis methods
in the ecological environment area are extremely insufficient. This study examined domestic and international
research trends using the text mining analysis method
and found that active attempts have been made to apply
various research methodologies to UAVs. For example, the
shape of the canopy gap was identified through ultrahigh-resolution UAV images to analyze species diversity
for forest vegetation, and such images were used to collect time-series vegetation index data for research on
phenology. Moreover, the ground surface temperature
images of vegetation distribution areas were acquired for
their wide utilization in ecosystem research, such as habitat environment analysis.
The keywords that appeared in such domestic and international research literature were “monitoring”, “classification”, “height”, “temperature”, and “NDVI”. Among
them, “monitoring” exhibited the highest appearance
frequency. This is because it was used as a gerund along
with subwords. For example, it was used as keywords that
represent research topics, such as “plant monitoring” and
“tree monitoring”. “Classification” is a word that appeared
in studies related to the extraction of ground surface
information, such as land cover and vegetation classification, using matching images. “Height” was found in studies that utilized tree height information to identify the
growth status in relation to farmlands or crop cultivation.
“Temperature” is a keyword in studies that analyzed the
habitat environments of animals and plants or identified
individuals through precise ground surface temperature
image data. NDVI is the vegetation information utilized in
various research types, such as forests and farmlands, and
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it most frequently appeared in studies that used nearinfrared cameras.
While research has been conducted on various topics
internationally, UAV-related domestic research is in the
early stage. Although preliminary studies were conducted
at different target sites on different topics, studies that
were examined in terms of accuracy verification and utilization based on the field data are insufficient.
Therefore, to increase UAV utilization in the ecological
environment area, it is necessary to increase the accuracy
of testing and calibration methods considering various
factors that affect homogeneous data acquisition, such
as weather, airframe performance, and image processing
methods, in processes from data acquisition to the derivation of results. Follow-up research on this topic will increase UAV utilization in the ecological environment area.
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ABSTRACT
Ground beetle fauna of Wangpi-cheon watershed in Yeongyang-gun to Uljin-gun, Gyeongsangbuk-do was
investigated from May to October in 2012. Ground beetles were collected by pitfall trapping. A total of 38 species of
20 genera belonging to 8 subfamilies were identified from 2,486 collected ground beetles. Species richness was high
in Pterostichinae (16 species), Carabinae (8 species), Harpalinae (5 species), Callistinae (3 species), Nebriinae (3 species)
and others (1 species). Dominant species were Synuchus cycloderus (1,025 individuals) and Aulonocarabus seishinensis
seishinensis (332 individuals), Pristosia vigil (133 individuals), and Coptolabrus smaragdinus branickii (117 individuals)
in order. Monthly changes in abundance of upper dominante genera Pterostichus , Aulonocarabus , Coptolabrus species
and Synuchus, Pristosia, Colpodes species showed that the former had the highest number in August whereas the
latter increased in June and September. The genus Pterostichus species were preferred in deciduous forest in Wangpicheon watershed, while the genus Synuchus species were collected in mixes forest adjacent to farmland and recreation
facilities and the genera Chlaenius , Harpalus species were collected in mixes forest adjacent to farmland nearby
stream. Non-metric multidimensional scaling (NMDS), ground beetles and sites could be divided into two distinct
groups: St. 1, St. 2, St. 3 group and St. 4 group. Some species such as Pterostichus orientalis orientalis , P . vicinus and P .
bellatrix were particularly abundant at St. 4.
Keywords: Carabidae, Diversity, Ground beetle, Korea, Wangpi-cheon watershed

Introduction
Mountainous areas generally have high biodiversity
because vegetation and habitat environment of wildlife
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are more dependent on the altitude and slope compare
to low-altitude areas, which enables animals to adapt
to certain environment, and they have better preserved
environment than lower areas where a wide range of human activities take place (Lomolino, 2001). The ecosystem
monitoring aims to assess how the structure, composition
and functions of an ecosystem would change according
to natural factors or human activities (Noss, 1990; Spellerberg, 1991), and data on the regional biota, density
and distribution of species, and biological/non-biological
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environment are very important monitoring factors. Bioindicators can be used to assess biodiversity in certain
areas, by monitoring environmental changes including
wildlife habitat, assemblage or ecosystem (McGeogh,
1998). In particular, data on biodiversity in mountainous
areas, whose environment is less disrupted by human, are
important in the long-term for effective management and
use of bioresources as well as biodiversity conservation.
However, there have been few studies regarding long-term
biodiversity monitoring, more specifically, few systematic
analyses on ground beetles, which play an important ecological role in mountainous areas.
Ground beetles are generally known that more than the
majority of the species are carnivorous and that they show
dimorphism in their hind wings according to environmental characteristics (Lövei & Sunderland, 1996). To collect
ground beetles, pitfall traps are standardized and wildly
used around the world thanks to their low cost and easy
comparison among collecting sites (Lövei & Sunderland,
1996; Niemelä et al ., 2000; Southwood, 1978). Most species of Carabidae, except for some such as Halpalinae and
Zabrinae, are carnivorous, eating small arthropods including earthworms, aphids, and snails, which indicates they
play a significant role in the ecosystem (Lövei & Sunderland, 1996). Due to these eating properties, ground
beetles are considered an important natural enemy in the
agricultural industry (Holland, 2002; Kromp, 1999) and
domestically there was an attempt to use them as a natural enemy of gall-midge (Thecodiplosis japonensis ), which
did not succeed (Kubota et al ., 2001). Meanwhile, when it
comes to wing athrophy in hind wings, brachypterous individuals were more likely to be found than macropterous
ones in the habitats with less environmental changes like
mountainous areas (Darlington, 1943). Particularly, most
species belonging to Carabinae or Pterostichinae were
brachypterous, with their hind wings atrophied, which
weakens their flight capabilities, or the ability to move
a long distance. Therefore, severance or changes in their
habitats could lead to a decrease in biodiversity (Niemelä
et al ., 2000). Due to these ecological locations and biological characteristics, Carabidae have been reported as
a taxonomic group suitable to be used as bioindicators
(Lovei & Sunderland, 1996; Pearce & Venier, 2006; Thiele,
1977).
Regarding studies on insect fauna around the Wangpi-

cheon watershed, a survey conducted by the Daegu Regional Environmental Office (2010) reported 209 species
of 15 orders of insect fauna and more recently Gyeongsangbuk-do (2012) reported 304 species of 16 orders of
insect fauna in its feasibility survey and master plan report for the designation of the Wangpi-cheon watershed
as UNESCO Biosphere Reserve. However, those studies
were based on light traps and sweeping for collection
and even some reports didn't include Carabidae in their
lists. This study aims to provide basic and biodiversity information on distribution characteristics and assemblage
structures of Carabidae that inhabit the Wangpi-cheon
watershed by using pitfall traps.

Materials and Methods
Study sites
Wangpi-cheon watershed is a stream that originates
from Mt. Geumjangsan (849 m), stretching from Subi-myeon, Yeongyang-gun, to Onjeong-myeon, Uljin-gun, joins
the Gwangcheon and Maehwacheon tributaries, and flows
into the Ease Sea. The stream runs through several administrative districts including Uljin-gun and Yeongyanggun. Although Wangpicheon floristically belongs to the
Middle Province, it shows a mixed flora of northern and
southern plants due to its geological properties. Around
the Seongryu Cave, which is in a limestone area, there are
Korean box tree (Buxus microphylla var. koreana Nakai)
and Arbor vitae (Thuja orientalis Linne) assemblages and
also Thymus quinquecostatus Celak, a northern species.
We surveyed at the four sites according to the administrative district, habitat characteristics of vegetation, surrounding environment (Table 1).
Sampling and identification
Pitfall traps were installed considering the fact that
ground beetles usually live on the surface of land. There
were 10 traps with a 10 m interval and the top of the
trap was placed at the height of the surface. Transparent plastic bottles with 130 mm height, 95 mm diameter
and 500 mL volume were used as the pitfall traps and
had plastic filters with 6 holes of 150 mm diameter to
protect the captured ground beetles from mid- and largesized animals like rodents. The traps were filled with a
preservative (50 mL, environmentally friendly antifreeze,

Table 1. Habitat environments of each survey sites in Wangpi-cheon Watershed
Site

Habitat environment

Location

1

Mixed forest adjacent to recreation facilities (pensions etc)

Suha-ri, Subimyeon, Yeongyang-gun, Gyeongbuk

2

Mixed forest adjacent to farmland nearby stream

Suha-ri, Subi-myeon, Yeongyang-gun, Gyeongbuk

3

Mixed forest adjacent to a few farmland and deserted house

Ssangjeon-ri, Seo-myeon, Uljin-gun, Gyeongbuk

4

Decideous forest with limited outside access

Wangpi-ri, Seo-myeon, Uljin-gun, Gyeongbuk
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Table 2. List of ground beetles collected in Wangpi-cheon Watershed

Carabinae

Nebriinae

Pterostichinae

Sites

Wing
forms

St. 1

St. 2

St. 3

St. 4

Aulonocarabus seishinensis seishinensis

B

17

26

87

202

Aulonocarabus koreanus koreanus

B

Calosoma maximowiczi

B

1

Coptolabrus jankowskii jankowskii

B

8

7

Coptolabrus smaragdinus branickii

B

56

58

Coreocarabus fraterculus affinis

B

Eucarabus sternbergi sternbergi

B

Leistus niger niger

M

Nebria chinensis chinensis

M

Nebria komarovi

M

Dolichus halensis halensis

B

Colpodes xestus

B

Pristosia vigil

B

Synuchus cycloderus

M

430

Synuchus nitidus

M

22

Synuchus sp.1

M

17

Pterostichus ishikawai
Pterostichus scurrus

Subfamily

Species

1

2

11

3

6

1

14

3
21

7

25

13

7

14
6
7

7

88

27

16

90

226

340

29

5

1

7

1

B

11

2

5

B

3

1

82

Pterostichus audax

B

2

3

74

Pterostichus orientalis

B

Pterostichus teretis

B

Pterostichus bellator bellator

B

Pterostichus microcephalus

B

Pterostichus vicinus

B

50

Pterostichus sp.1

B

1

Trigonognatha coreana

M

Harpalus griseus

M

Harpalus eous

M

4

Harpalus vicarius

M

1

Harpalus sinicus sinicus

M

1

Trichotichus sp.1

M

2

Patrobinae

Patrobus flavipes

M

Callistinae

Chlaenius naeviger

M

6

Chlaenius virgulifer

M

2
1

Harpalinae

122
3

36
1

2

7

1
45

2

3

Chlaenius pallipes

M

Cymindis collaris

B

2

Brachininae

Brachinus stenoderus

M

1

Number of species

1
1

Lebiinae

Number of individuals

39

50

13

19

20

34

567

447

530

942

B, brachypterous; M, macropterous.
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Super-A Green; SK chemicals, Suwon, Korea). The survey
was conducted 14 times from May to October in 2012.
The pitfall traps were collected at a 10 day interval - one
time in May and October and three times from June to
September each. Collected ground beetles were brought
to a laboratory and dried, mounted, and identified with
the species level under a dissecting microscope (SZ40,
×20; Olympus, Tokyo, Japan). The identification was performed according to Habu (1967; 1973; 1978), Kwon and
Lee (1984), and Park and Paik (2001), Löbl and Smetana
(2003), and Park (2004). The specimens examined were
deposited in the J.Y. Park Collection, Gusan, South Korea.
Community structure analysis
Pielou’s species diversity index (H’, Pielou, 1966), McNaughton’s dominance index (DI, McNaughton 1967),
Margalef’s species richness index (RI, Margalef, 1958) and
Pielou’s species evenness index (EI, Pielou, 1975) were
calculated and the formulas are as follows:
H’=−Σ [ni/N·log2 ni/N]
ni means the number of individuals at i-th species and N
means the total number of individuals (Pielou, 1966).
DI=ni+n2/N
n1 means the number of dominant species individuals, n2
means the number of subdominant species individuals,
N means the total number of individuals (McNaughton,
1967).
Species RI=S-1/ln(N)

To summarize and compare ground beetle compositions
at four sties, a similarity matrix of Bray-Curtis similarity values (Clarke & Warwick, 2001) obtained from the
long-transformed ground beetle assemblage data was
analyzed. Non-metric multidimensional scaling (NMDS)
was performed with 30 permutations because this scaling
performs well for ecological data that are non-normal or
are on arbitrary, discontinuous, or otherwise questionable
scales (McCune et al. , 2002). The NMDS is an iterative
procedure, constructing the plot by successively refining
the positions of points until satisfied (Clarke & Warwick,
2001). In addition, first two dimensions often provide a
reasonable starting point to the iterative computations
for the 2-dimensional configuration (Clarke & Warwick,
2001). The stress value obtained from the NMDS analysis
is a measure of distortion between the positions of real
data points and their graphical representation. Thus, a
low stress value represents few distortions from the real
position of the data points and is associated with a graph
that more accurately represents the dissimilarities in species composition. A one-way ANOSIM permutation test
with a maximum of 999 permutations was used to assess the significance of differences between pre-defined
groups of sample sites in multidimensional analyses; the
Global R value approaches 1 if differences among ecological grades exist (Clarke & Warwick, 2001). Group averaging cluster analysis was also performed for determining of
groups. Ground beetle assemblage data were transformed
by log10 (N+1) when necessary to meet the assumption
of normality. All multivariate analyses and calculation of
the biodiversity index were performed using PRIMER v5.0
software (Premier Biosoft, Palo Alto, CA, USA; Clarke &
Warwick, 2001).

Results

S means the total number of species and N means the total number of individuals (Margalef, 1958).
EI=H’/log2 S
H’ means the species diversity index and S means the total number of species (Pielou, 1975).
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A total of 38 species belonging to seven subfamilies
were identified from 2,486 collected ground beetles
(Table 2). The numbers of species and individuals of each
taxonomic group identified in this study were as follows:
16 species (42.11%) and 1,758 individuals (70.72%) of

Carabinae
Pterostichinae
Nebriinae
Harpalinae
Patrobinae
Callistinae
Lebiinae
Brachininae

Fig. 1. Composition of species richness and abundance of
each taxa in the subfamilies of
Carabidae. (A) species ratio, (B)
abundance ratio.
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Fig. 3. Composition of species richness and abundance
ratio of each wing forms to surveyed sites. Num., number;
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Pterostichinae, 8 species (21.05%) and 562 individuals
(22.61%) of Carabinae, 5 species (13.16%) and 17 individuals (0.68%) of Harpalinae, 3 species (7.89%) and 56
individuals (2.25%) of Callistinae, 3 species (7.89%) and
36 individuals (1.45%) of Nebriinae, 1 species (2.63%)
and 51 individuals (2.05%) of Brachininae, 1 species
(2.63%) and 5 individuals (0.20%) of Lebiinae, and 1
species (2.63%) and 1 individual (0.04%) of Patrobinae
(Fig. 1). At the genus level, 9 species and 435 individuals
of Pterostichus , 4 species and 7 individuals of Harpalus ,
3 species and 56 individuals of Chlaenius , 3 species and
1,078 individuals, of Synuchus , were collected, followed
by 2 species and 15 individuals of Nebria and Aulonocarabus , respectively. Other 9 genus for 1 species, respec-
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Jun.
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Fig. 4. The change of individual of each wing forms according to surveyed seasons. Jun., June; Jul., July; Aug.,
August; Sep., September; Oct., October.
tively (Fig. 2). Twenty-one species (1,237 individuals) were
brachypterous and 17 species (1,249 individuals) were
macropterous (Table 2). Site 4 had the highest number
of species and individual compared to other sites (Fig. 3).
Monthly changes in individual numbers of brachypterous
and macropterous showed that the former had the highest number in August whereas the latter increased in June
and September (Fig. 4).
Monthly changes in abundance of upper dominante
genera Pterostichus , Aulonocarabus , Coptolabrus species
and Synuchus , Pristosia , species showed that the former
had the highest number in August whereas the latter increased in June and September. While Colpodes species
showed that had the highest number in June and August
(Fig. 5).
The DI for each site was 0.54 to 0.85, and the average
DI was in the order of St. 3> St. 1> St. 2> St. 4. The H’
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Fig. 5. Seasonal fluctuation of eight dominant species at each month. (A) Synuchus cycloderus , (B) Aulonocarabus seishinensis seishinensis , (C) Pristosia vigil , (D) Pterostichus orientalis , (E) Coptolabrus smaragdinus branickii , (F) Colpodes xestus , (G)
Pterostichus scurrus , (H) Pterostichus audax . Jun., June; Jul., July; Aug., August; Sep., September; Oct., October.
for each site was 1.31 to 2.73, and the average H’ was in
the order of St. 4> St. 2> St. 3> St. 1. The species RI for
each site was 1.21 to 2.31, and the average RI was in the
order of St. 4> St. 2> St. 3> St. 1. The species EI for each
site was 0.54 to 0.81, and the average EI was in the order
of St. 4> St. 2> St. 3> St. 1. St. 4 had the lowest dominance and the highest diversity, richness and evenness
(Table 3).

46

The dominant species was Synuchus cycloderus (41.2%),
followed by Aulonocarabus seishinensis seishinensis
(13.4%) and Pristosia vigil (5.4%). S . cycloderus were
found in all study sites but the highest number of 430
was from St.1 followed by St. 3 (340), St. 2 (226) and St.
4 (29). Also, A . seishinensis seishinensis were found in all
study sites but the highest number of 202 was from St.4
followed by St. 3 (87), St. 2 (26) and St. 1 (17) (Table 2).
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Table 3. Community structure and diversity of each surveyed site in Wangpi-cheon Watershed
Community structure

Site

Season

St. 1

May

4

Jun.
Jul.

St. 2

H’

RI

EI

9

0.78

1.45

1.37

0.72

7

151

0.95

0.77

1.20

0.27

8

44

0.73

2.08

1.85

0.69

Aug.

4

36

0.75

1.61

0.84

0.81

Sep.

8

138

0.80

1.51

1.42

0.50

Oct.

4

189

0.97

0.42

0.57

0.21

13

567

0.83

1.31

1.21

0.54

May

2

7

1.00

0.86

0.51

0.86

Jun.

8

199

0.83

1.41

1.32

0.47

Jul.

7

26

0.69

2.25

1.84

0.80

Aug.

11

118

0.57

2.76

2.10

0.80

Sep.

11

78

0.69

2.33

2.30

0.67

Oct.

4

19

0.89

1.29

1.02

0.65

Mean
St. 3

19

447

0.78

1.82

1.51

0.71

May

2

16

1.00

0.95

0.36

0.95

Jun.

7

151

0.93

0.74

1.20

0.26

Jul.

6

18

0.78

1.79

1.73

0.69

Aug.

14

87

0.57

2.76

2.91

0.72

Sep.

11

196

0.86

1.71

1.89

0.49

Oct.

4

62

0.97

0.58

0.73

0.29

20

530

0.85

1.42

1.47

0.57

May

3

24

0.88

1.35

0.63

0.85

Jun.

12

67

0.46

3.00

2.62

0.84

Jul.

16

117

0.42

3.14

3.15

0.78

Aug.

19

481

0.43

3.33

2.91

0.78

Sep.

16

222

0.39

3.42

2.78

0.86

Oct.

7

31

0.68

2.13

1.75

0.76

Mean

24

942

0.54

2.73

2.31

0.81

Mean

38

2,486

0.75

1.82

1.62

0.66

Mean
St. 4

Total

Abundance

Diversity
DI

Mean

Species

DI, dominance index; H’, species diversity; RI, species richness index; EI, evenness index; Jun., June; Jul., July; Aug., August; Sep.,
September; Oct., October.

Except St. 4, the dominant species of in May, June, September, and October were macropterous Synuchus cycloderus , and the subdominant species were relatively diverse
(Table 4). The seasonal fluctuation of eight dominant
species at each month is shown in Fig. 5. A . seishinensis
seishinensis , Pterostichus orientalis , P . scurrus , P . audax
and Coptolabrus smaragdinus branickii were more abundant in August (Fig. 5B-H). S . cycloderus , P . vigil and
Colpodes xestus were abundant in June and September
(Fig. 5A, C, F). The genus Pterostichus were the highest at
St. 4 compared to other sties (Fig. 5).
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NMDS and cluster analysis with Simprof test based on
the monthly data of ground beetle assemblages revealed
that 4 studied sites could be divided into two distinct
groups: St. 4 and the others (Fig. 6). ANOSIM results also
indicated that the species composition of ground beetles
was different according to the sites (Global R=0.432,
P =0.001). The stress value for the NMDS configuration was low (stress=0.19), indicating the validity of the
graphical representation of the data.

47

Jinyoung Park et al.
Table 4. Composition of dominant and subdominant species ratio of each surveyed site according to surveyed seasons
Taxa
DS

Season

St. 1

May Synuchus cycloderus
Jun. Synuchus cycloderus

SDS

St. 4

Colpodes xestus

Synuchus cycloderus

Synuchus cycloderus

Colpodes xestus

Coptolabrus smaragdinus
branickii

Synuchus nitidus

Aulonocarabus
seishinensis
seishinensis

Aug. Coptolabrus smaragdinus
branickii

Coptolabrus smaragdinus
branickii

Aulonocarabus
seishinensis
seishinensis

Aulonocarabus
seishinensis
seishinensis

Sep. Synuchus cycloderus

Synuchus cycloderus

Synuchus cycloderus

Aulonocarabus
seishinensis
seishinensis

Oct. Synuchus cycloderus

Synuchus cycloderus

Synuchus cycloderus

Pristosia vigil

May

23.2

71.4

62.5

58.3

Jun.

87.4

75.8

89.4

31.7

Jul.

66.7

40.5

56.1

23.5

Aug.

61.5

35.9

38.8

25.0

Sep.

72.5

53.8

61.3

20.3

Oct.

93.7

68.4

90.3

41.9

Eucarabus sternbergi
May Chlaenius naeviger
Nebria chinensis chinensis sternbergi
Coptolabrus smaragdinus
branickii

Coreocarabus
fraterculus affinis

Pristosia vigil

Jun. Synuchus nitidus

Coreocarabus
fraterculus affinis

Eucarabus sternbergi
sternbergi

Synuchus cycloderus

Pterostichus audax

Coreocarabus
fraterculus affinis

Pterostichus orientalis
orientalis

Jul.

SDS ratio (%)

St. 3

Eucarabus sternbergi
sternbergi

Coptolabrus smaragdinus
branickii

Jul.

DS ratio (%)

St. 2

Synuchus cycloderus

Pristosia vigil

Aulonocarabus
Chlaenius naeviger
seishinensis seishinensis

Aug. Coptolabrus jankowskii
jankowskii

Synuchus cycloderus

Sep. Aulonocarabus
seishinensis
seishinensis

Aulonocarabus
Aulonocarabus
seishinensis seishinensis seishinensis
seishinensis

Pristosia vigil

Oct. Synuchus sp.1

Synuchus sp.1

Pristosia vigil

Synuchus cycloderus

37.5

29.2

May

14.9

28.6

Jun.

7.9

10.2

3.3

13.3

Jul.

9.5

31.0

36.8

16.8

Aug.

17.9

20.3

25.0

16.7

Sep.

7.2

15.4

25.8

17.8

Oct.

3.7

21.1

6.5

25.8

DS, dominant species; SDS, subdominant species; Jun., June; Jul., July; Aug., August; Sep., September; Oct., October.

Discussion
The NMDS analysis results divided ground beetles largely into two assemblage patterns: one is St. 1-2, 3 group
and the other is St. 4 group (Fig. 6). Despite the long
physical distance between them, St. 1-2 and St. 3 showed
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a similar assemblage pattern. This seems to be because
St. 1-3 has mixed forest and St. 2-3 has farmland, which
show that the two sites share similarities, resulting in the
similar ground beetle assemblage pattern. On the other
hand, St. 1 has a different external environment, for example, pensions, camping sites, and adolescent training
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A

B

1.5
Species
Sites

1.0

Syn cyc

Pte ori
Pte vic
Pte bel

0.0

Col xes

Aul sei
St. 3
Pte scu
Pri vig
Bra ste
Pte aud
Pte ter
Euc ste

Dol hal

0.5

Neb kom

Cop sma
Chl nae

St. 2
Cop jan

Lei nig

St. 4

St. 1

Tri sp.1

St. 1

St. 3

Syn sp.1

Sites

Axis 2

0.5

St. 2

Global R=0.432
P=0.001
Stress=0.19

Pte ish
Tri cor

Cor fra

1.0

Neb chi

Syn nit

St. 4

Pat flv

1.5
2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

Axis 1

20

40

60

80

100

Similarity (%)

Fig. 6. NMDS (A), cluster analysis with Simprof test (B) and cluster analysis on the ground beetle community data (>5 individuals). Aul sei , Aulonocarabus seishinensis seishinensis ; Bra ste , Brachinus stenoderus ; Chl nae , Chlaenius naeviger ; Col xes ,
Colpodes xestus ; Cop jan , Coptolabrus jankowskii jankowskii; Cor fra, Coreocarabus fraterculus affinis; Cor fra, Coreocarabus
fraterculus affinis ; Dol hal, Dolichus halensis halensis; Euc ste, Eucarabus sternbergi sternbergi; Lei nig, Leistus niger niger;
Neb chi , Nebria chinensis chinensis; Neb kom, Nebria komarovi; Pat flv, Patrobus flavipes; Pri vig, Pristosia vigil; Pte aud,
Pterostichus audax ; Pte bel, Pterostichus bellator bellator; Pte ish, Pterostichus ishikawai; Pte ori, Pterostichus orientalis;
Pte scu , Pterostichus scurrus; Pte ter, Pterostichus teretis; Pte vic, Pterostichus vicinus; Syn cyc, Synuchus cycloderus; Syn
nit , Synuchus nitidus; Syn sp.1, Synuchus sp.1; Tri cor , Trigonognatha coreana ; Tri sp.1, Trichotichus sp.1.
facilities, which draws many visitors external disruption
particularly in July and August (vacation seasons). So
St. 1 has a different assemblage pattern with St. 2 even
though they are close. St. 4, has decideous forest with
limited outside access and stable environment compare
to other sites because human access is strictly controlled
(Fig. 6). This was also shown in the analysis that divided
species according to wing atrophy in hind wings (Table 2).
This difference could influence the distributions of these
species, and result in a significant decrease in the macropterous group in St. 4, because the flight capability of
macropterous species may be restricted by factors such as
habitat complexity (Darlington, 1943; Gobbi et al ., 2006;
Kavanaugh, 1985). In general, it is important to take the
wing form into account when analyzing ground beetle
assemblages, because the wing form is closely related to
the dispersal ability (Lövei & Sunderland, 1996). Brachypterous ground beetles have short functional hind wings
and are more abundant in mountains than macropterous ground beetles because mountains provide relatively
stable habitats (Darlington, 1943; Gobbi et al ., 2006;
Kavanaugh, 1985). Furthermore, brachypterous species
is associated with climax environments as stable habitats (Brandmayr, 1991). Thus, the changes in community
structure of ground beetles may be good indicators for
studies on changes in habitats and landscape (Hodkinson & Jackson, 2005). The analysis on eight seasonally
dominant species showed that genus Synuchus was found
in all study sites with the highest number, Pterostichus
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orientalis was found only in St. 4. For P . scurrus , and P .
audax , a few individuals were found in St. 2 (3 and 2 individuals, respectively) and St. 3 (1 and 3 individuals, respectively) whereas many were found in St. 4 (82 and 74,
respectively).
Generally genus Pterostichus prefers stones, logs, tree
bark and debris as shelter (Park & Kwon, 1996a; b). They
have been reported as indicator insects in stable forest
ecosystems (Langor & Spence, 2006; Molnar et al ., 2001;
Oates et al ., 2005; Pearce & Venier, 2006; Pearsall, 2004;
Riley & Browne, 2011;), which is consistent with a reported published by Jung et al . (2012). In comparison with
two previous studies that analyzed Carabidae using pitfall
traps, 38 species and 2,486 individuals of ground beetles
reported in this study for one year showed the similar records with 34 species and 1,041 individuals in Mt. Bangtaesan for one year (Jung et al ., 2011) and 32 species and
3,259 individuals in Mt. Sobaeksan for three years (Jung
et al ., 2012). This study could serve as base data for longterm monitoring by providing, even to a limited extent,
information about distribution, assemblage, habitats, etc.
of ground beetles which inhabit the Wangpi-cheon watershed in central-northern Korea
And indigenous species like A . seishinensis seishinensis ,
A . koreanus koreanus , Coptolabrus smaragdinus branickii ,
Pterostichus scurra , P . audax , P . vicinus , P . teretis , P . vigil ,
Coreocarabus fraterculus affinis , and Dolichus halensis
have been found in all the sites. Considering some other
countries conduct long-term monitoring and select indi-
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cator species by analyzing the species, Korea also needs to
accumulate relative data through long-term monitoring
on ground beetles by using pitfall traps in order to select
environmental and forest indicator insects based on the
data. Moreover, since Korea has many indigenous ground
beetle species, continuous monitoring on various environmental and habitat characteristics (forest, soil humidity,
temperature, altitude, litter layer, etc.) of indicator species
will help find more indigenous species and protect endangered Carabidae species in the country.
This result will provide useful informations with establishment of conservation program and long-term monitoring against environmental change within mountain by
using ground beetles.
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ABSTRACT
Bacterial symbionts are common across insects, including ants (Hymenoptera: Formicidae). Reproduction-manipulating
endosymbionts, such as Wolbachia , Spiroplasma , Rickettsia , and Cardinium , are closely associated with many aspects
of host-insect life. In addition, phage WO plays an essential role in the phenotypic effects of Wolbachia . Although
endosymbionts are possible biological control agents, there is a lack of knowledge of their rate of infection of ants in
Korea. We tested a range of Korean ant species for the presence of Wolbachia , Spiroplasma , Rickettsia , Cardinium , and
phage WO by extracting DNA from the ants and using specific primer sets to test the status of infections. In addition,
the mitochondrial cytochrome c oxidase I (COI ) gene of the host ants was amplified to confirm the molecular
identification and phylogenetic relationship between the hosts. We found that infection with Wolbachia (29.6% of
species) is relatively common when compared with that of other endosymbionts. Only one species was infected with
Spiroplasma . Infection with Rickettsia and Cardinium was not detected in the examined ants. Most Wolbachia in ants
were infected with phage WO. Although the phenotypic effects of endosymbionts in ants are still unknown, this first
survey of endosymbionts in Korea is the first step toward the use of reproduction-manipulating endosymbionts.
Keywords: Ants, Bacteriophages, Infections, Symbiosis, Wolbachia

Introduction
Symbiotic bacteria interact with their host and affect
the life of their host (Duron et al ., 2008). In particular,
vertically transmitted endosymbionts coevolve with their
host over a long evolutionary period. Wolbachia , which is
the most prevalent endosymbiont, is an alpha-proteobacteria found in arthropods and nematodes, such as insects,
isopods, mites, and spiders (Stouthamer et al ., 1999;
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Werren et al ., 2008). Wolbachia infection rates have been
inferred as 66% in insects (Hilgenboecker et al ., 2008),
and the high rates of spread are thought to be the result
of four effective phenotypic consequences that disturb
the host’s sex ratio: cytoplasmic incompatibility, feminization, male-killing, and parthenogenesis (Stouthamer et
al ., 1999; Werren et al ., 2008). Three other genera, Spiroplasma , Cardinium , and Rickettsia , which are not as prevalent as Wolbachia , are also endosymbionts that disrupt
the sex ratio of the host and have been found in various
arthropods groups (Duron et al ., 2008). The Wolbachia infecting phage WO was first detected by Masui et al .
(2000) and was found in ~89% of Wolbachia (Bordenstein
& Wernegreen 2004). In particular, genes derived from
phage WO improve the phenotypic effect of cytoplasmic

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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incompatibility (LePage et al ., 2017).
Ants are one of the most successful animals in terms of
species richness and abundance, and they are distributed
from arctic to tropical areas, including other extreme habitats, such as deserts (Hölldobler & Wilson, 1990). Recent
studies have shown that ants have a variety of symbiont
bacteria, and some of these play an important role in nutrition (Feldhaar et al ., 2007; Russell et al ., 2009; Stoll et
al ., 2007). In addition to ants having these ecologically
relevant microorganisms, they also have endosymbionts
that alternate host sex ratios and provide an opportunity to study this mechanism. Because ant workers are
functionally sterile, they are a dead end in terms of endosymbionts, such as Wolbachia . Nevertheless, Wolbachia
infection is also found in ant workers (Russell, 2012).
Consequently, studies on the interaction between Wolbachia and ants have been conducted, but there is minimal
information on endosymbionts, including Wolbachia and
ant species in Korea.
Biological control using reproduction-manipulating endosymbionts has emerged as a self-sustaining mechanism
to reduce damage from invasive species and pests that
are spreading as a result of climate change and trade. In
many countries, the invasive species Solenopsis invicta
is damaging crops and local diversity (Morrison et al .,
2004; Wojcik et al ., 2001). In Korea, S . invicta was first
reported in 2017 (Lyu & Lee, 2017), and under conditions
of future climate change, this species may reproduce and
spread more successfully (Sung et al ., 2018). Solenopsis
invicta harbors Wolbachia , and the evolutionary history of
these two species has been reported to be very complex.
Studies related to endosymbionts, including Wolbachia ,
are needed in ant species inhabiting Korea to inform the
utilization of endosymbionts. Therefore, this study inves-

tigated the infection of four endosymbionts, Wolbachia ,
Spiroplasma , Cardinium , and Rickettsia , and phage WO
in 27 species of ants in Korea and deduced the maternal
lineage of the infected host.

Materials and Methods
Sample collection and DNA extraction
Seventy-five individuals representing 27 ant species
were collected between 2014 and 2015 in Korea. Samples
were stored in 100% ethanol at –20°C before genome
DNA extraction. Genomic DNA was extracted using Blood
and Tissue DNeasy kits (Qiagen, Hilden, Germany) following the manufacturer’s instructions and stored at −20°C.
Polymerase chain reaction and phylogenetic and statistical
analyses
The mitochondrial cytochrome c oxidase I (COI ) gene
of the host ants was amplified to confirm the molecular
identification and phylogenetic relationship between the
hosts. In addition, diagnostic polymerase chain reaction
(PCR) was conducted using the different endosymbionts,
Wolbahica , Spiroplasma , Cardinium , and Rickettsia , and
phage WO specific primer sets to test the status of infections (Table 1, Kageyama et al ., 2006; Masui et al ., 2000;
Werren & Windsor, 2000). The PCR protocol involved an
initial denaturation at 94°C for 3 minutes followed by
35 cycles: 1 minute at 94°C, 1 minute at each annealing temperature (Table 1), 1 minute at 72°C, and a final
extension at 72°C for 5 minutes. Maxime PCR PreMix Kits
(iNtRON Biotechnology, Seongnam, Korea) were used for
amplification with 16 μL of distilled water, 1 μL of each
primer (10 pmoL) and 2 μL of template DNA. The PCR
products were visualized using a 1% agarose gel dyed

Table 1. Endosymbionts and phage-specific screening primers used in this study
Target

COI

Primer

Sequence (5′–3′)

LCO1490

GGTCAACAAATCATAAAGATATTGG

HCO2198

TAAACTTCAGGGTGACCAAAAAATCA

Wolbachia

Wol specF

CATACCTATTCGAAGGGATAG

Wol specR

AGATTCGAGTGAAACCAATTC

Spiroplasma

SpoulF

GCTTAACTCCAGTTCGCC

SpoulR

CCTGTCTCAATGTTAACCTC

Ch-F

TACTGTAAGAATAAGCACCGGC

Ch-R

GTGGATCACTTAACGCTTTCG

Rb-F

GCTCAGAACGAACGCTATC

Rb-R

GAAGGAAAGCATCTCTGC

WOorf7f

CCCACATGAGCCAATGACGTCTG

WOorf7r

CGTTCGCTCTGCAAGTACTCCATTAAAAC

Cardinium
Rickettsia
WO phage
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Annealing
temperature
48°C
55°C
60°C
60°C
60°C
57°C 30 s, 65°C 1 min
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et al . (2013), Siproplasma showed a higher infection rate
than Wolbachia (28.4%) across the ants studied, which is
contrary to the results of this study in which Spiroplasma
infection was very rare. These different results are presumed to be because the ant species surveyed in this and
the previous study are different, and the habitats of the
surveyed species are different, even when the same species
was investigated. This suggestion is in agreement with a
previous study that shows that there can be a high variation in infection rate between different genera (Russell,
2012). In addition, Martins et al . (2012) confirmed that
the infection rates of Solenopsis spp . populations in different regions are different. Therefore, the infection rate
of ants inhabiting Korea cannot be inferred from overseas
cases, and investigations are required on ants inhabiting
Korea.
There are cases in which the host has been co-infected
with different endosymbionts (Goodacre et al ., 2006), or
Spiroplasma and Wolbachia infections have been associated (Jaenike et al ., 2010). However, unlike these cases,
our study did not confirm an association between endosymbionts or infections of different endosymbionts. In
addition, Cardinium infection was commonly found in
spiders (Martin & Goodacre, 2009), but no infection was
found in ants living in Korea, even though infection in
Formica has been confirmed previously (Sirviö & Pamilo,
2010). Our results do not apply to all ant species inhabiting Korea, so there are limitations to our analysis.

with TopGreen Nucleic Acid Gel Stain to confirm the infection of endosymbionts and phage WO (Genomic Base,
Seoul, Korea).
Sequences were aligned and analyzed using Clustal W
in MEGA ver. 7 (Kumar et al ., 2016). The sequences were
submitted to the GenBank database under the following
accession numbers: MT800204-MT800278. Phylogenetic
relationships for host ants of the COI gene (611 bp) were
inferred using the maximum likelihood (ML) method after selecting the substitution model in MEGA ver. 7. The
selected model for the ML method was the general timereversible model (GTR+G+I; Nei & Kumar, 2000). Phylogenetic tree support was evaluated using bootstrapping
with 1,000 replications.

Results and Discussion
The infection status of four endosymbionts and phages
WO was investigated in 27 ants (n=75 individuals) living
in Korea. Species were considered to be infected with endosymbionts when at least one individual of the species
was infected. The study found that eight species were
infected with Wolbachia (29.6%), while only one species
was infected with Spiroplasma (3.7%). Rickettsia and Cardinium infections were not detected (Table 2).
Previous studies on Wolbachia infection in Formicidae
show infection rates of 34.1% (Russell, 2012) and 45.6%
(Treanor & Hughes, 2019). In addition, according to Kautz

Table 2. Wolbachia , Spiroplasma , Cardinium , Rickettsia , and phage WO identified using polymerase chain reaction in a
range of ants
Subfamily

Genus

No. of
species

Total no. of
individuals

Dolichoderinae Dolichoderus

1

1

Camponotus

4

Formica

5

Lasius

4

Paratrechina
Polyrhachis

Formicinae

Myrmicinae

Ponerinae
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No. of infected species (no. of individuals)

Wolbahica Spiroplasma Cardinium

Rickettsia

WO phage

0

0

0

0

13

1 (1)

0

0

0

1 (1)

17

4 (16)

0

0

0

4 (16)

8

0

0

0

0

2

9

1 (3)

0

0

0

1

2

0

0

0

0

Aphaenogaster

1

2

0

0

0

0

Crematogaster

1

1

0

0

0

0

Myrmica

1

1

0

1 (1)

0

0

Pheidole

1

5

1 (5)

0

0

0

Pristomyrmex

1

7

0

0

0

0

Strumigenys

1

1

0

0

0

0

Tetramorium

1

3

0

0

0

0

Vollenhovia

1

1

1 (1)

0

0

0

Cryptopone

1

1

0

0

0

0

Pachycondyla

1

3

0

0

0

0

0

1 (4)

0
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As a result of inferring the phylogenetic relationship
to the mitochondrial gene (COI ) of the host, there is no
correlation between the endosymbiont infection and the
phylogenetic relationship (Fig. 1). This is because a species that is not infected (Formica sanguinea ) has been
identified within the monophyletic genera (Fig. 1). In addition, Wolbachia infection rates differed between genera.
All of the collected Formica japonica , Pheidole fervida ,
Formica yessensis , and Paratrechina sakurae individuals
were infected with Wolbachia (Fig. 1). However, only one
individual harbored Wolbachia in Camponotus japonicus .
The infected C . japonicus individual was collected in a
different region to the uninfected individuals. Therefore,
this species is likely to show substantial variation in infec-

tion rates from region to region, which is in agreement
with the proposal of different infection rates for different
regions in ants (Martins et al ., 2012). In addition, infection loss and frequent horizontal transmission have been
proposed (Frost et al ., 2010).
There is little known on the status of phage WO infection in Formicidae. According to a study of fig wasps in
Hymenopdera to which Formicidae belongs, the phage
WO infection rate of Wolbachia -infected species was
47.4% (9/19) (Wang et al ., 2016). Although belonging
to the same order, this is different from the case of ants,
which account for 75% of species infected with phage
WO in Wolbachia . However, the results for ants showed
infection rates similar to those estimated by Bordenstein

150821-1 Formica japonica W WO
150615-7 Formica japonica W WO
5-1 Formica japonica W WO
150820-2 Formica japonica W WO
150820-8 Formica japonica W WO
150823-1 Formica japonica W WO
150728-6 Formica japonica W WO
99 150822-4 Formica japonica W WO
150613-4 Formica japonica W WO
89
150718-3 Formica japonica W WO
140810-4 Formica japonica W WO
150615-6 Formica hayashi W WO
150615-8 Formica candida W WO
99
150615-1 Formica sanguinea
140802-1 Formica yessensis W WO
99 150615-5 Formica yessensis W WO
150925-3 Formica yessensis W WO
99 150620-1 Lasius alienus
84
150620-5 Lasius alienus
150701-6 Lasius talpa
99 140810-5 Lasius spathepus
99
150820-5 Lasius spathepus
140802-4 Lasius orientalis
98
99 140810-1 Lasius orientalis
150820-9 Paratrechina sakurae W
99
150822-1 Paratrechina sakurae W
150701-8 Paratrechina sakurae W
150408-3 Paratrechina flavipes
99
68 150408-2 Paratrechina flavipes
99 150728-11 Paratrechina flavipes
150728-13 Paratrechina flavipes
73 150408-4 Paratrechina flavipes
150902-1 Paratrechina flavipes
150820-10 Pheidole fervida W WO
68
150902-2 Pheidole fervida W
99 150728-10 Pheidole fervida W WO
150511-1 Pheidole fervida W WO
150718-4 Pheidole fervida W WO
150728-7 Vollenhovia emeryi W
151007-3 Crematogaster osakensis
150621-1 Tetramorium caespitum
150620-2 Tetramorium caespitum
99
150620-4 Tetramorium caespitum
140802-3 Myrmica kotokui S
150728-5 Aphaenogaster japonica
99 150820-7 Aphaenogaster japonica
99 150925-1 Polyrhachis lamellidens
150925-2 Polyrhachis lamellidens
99 150408-6 Camponotus vitiosus
150728-8 Camponotus vitiosus
150821-4 Camponotus quadrinotatus
83
150615-2 Camponotus japonicus W WO
150620-3 Camponotus japonicus
87
150820-1 Camponotus japonicus
98
140810-3 Camponotus japonicus
140802-2 Camponotus japonicus
99 150613-1 Camponotus japonicus
F1 Camponotus japonicus
150728-4 Camponotus japonicus
98 150822-6 Camponotus japonicus
150615-4 Camponotus atrox
150408-1 Strumigenys lewisi
150511-2 Cryptopone sauteri
150408-5 Pachycondyla chinensis
150728-1 Pachycondyla chinensis
99 150821-5 Pachycondyla chinensis
150627-1 Dolichoderus sibiricus
150621-2 Pristomyrmex pungens
69 150701-7 Pristomyrmex pungens
150718-2 Pristomyrmex pungens
150820-6 Pristomyrmex pungens
99 150822-2 Pristomyrmex pungens
150701-3 Pristomyrmex pungens
150901-2 Pristomyrmex pungens
Apis mellifera KP887059
62

83

56

77

90

0.2
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Fig. 1. Maximum likelihood phylogenetic tree based on the COI
gene from ants in Korea. Wolbachia , Spiroplasma , and phage WO
are indicated by W , S , and WO ,
respectively. The outgroup (Apis
mellifera ) sequence was obtained
from the GenBank database. The
GenBank accession number is
shown after the species name.
Numbers above branches refer to
the bootstrap support (Bootstrap
value=1,000).
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and Wernegreen (2004). Considering the close relationship between phage WO and Wolbahia , this may be due
to different Wolbachia species depending on the host, but
more research on phage WO is required to clarify the differences in our results and those of previous studies.
As only one individual was examined in one species, a
sampling bias may have occurred due to the small sample
size. Therefore, although it is difficult to confirm that
some of the species investigated in this study are endosymbiont-free, this result is meaningful as the first survey
data for ants living in Korea. In addition, as this study
contains ant species that have not been investigated in
previous studies, it is a significant starting point for the
use of reproduction-manipulating endosymbionts for applications, such as biological control. Based on this study,
further studies considering ecological characteristics, such
as habitat sharing with other species and colony founding
methods, will be useful to provide fundamental data for
studying interactions between ants and endosymbionts.
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ABSTRACT
Terrestrial ecosystems influence climate change via their climate regulation function, which is manifested within
the carbon, water, and energy circulation between the atmosphere and surface. However, it has been challenging
to quantify the climate regulation of terrestrial ecosystems and identify its regional distribution, which provides
useful information for establishing regional climate-mitigation plans as well as facilitates better understanding of
the interactions between the climate and land processes. In this study, a land surface model (LSM) that represents
the land-atmosphere interactions and plant phenological variations was introduced to assess the contributions of
terrestrial ecosystems to atmospheric warming or cooling effects over East Asia over the last half century. Three main
climate-regulating components were simulated: net radiation flux, carbon exchange, and moisture flux at the surface.
Then, the contribution of each component to the atmospheric warming or cooling (negative or positive feedback to
the atmosphere, respectively) was investigated. The results showed that the terrestrial ecosystem over the Siberian
region has shown a relatively large increase in positive feedback due to the enhancement of biogeochemical processes,
indicating an offset effect to delay global warming. Meanwhile, the Gobi Desert shows different regional variations:
increase in positive feedback in its southern part but increase in negative one in its eastern part, which implies the
eastward movements of desert areas. As such, even though the LSM has limitations, this model approach to quantify
the climate regulation is useful to extract the relevant characteristics in its spatio-temporal variations.
Keywords: Climate change, Climate regulation, East Asia, Land-atmosphere interactions, Terrestrial ecosystem

Introduction
Functional deterioration of ecosystems due to human
activities has raised concerns of an accelerated aggravation of the environment along with climate change
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(Millennium Ecosystem Assessment, 2005). From the perspective of ecosystem services, the functions of an ecosystem can be categorized into four categories, namely,
regulating, supporting, provisioning, and cultural, which
can be quantified through economical valuations (de
Groot et al ., 2002; Liu et al ., 2010; Petter et al ., 2012).
These functions typically reflect the interrelationships and
interactions among various ecosystem components such
as vegetation, water, soil, atmosphere, and even humans.
Especially, the climate regulation function of ecosystems
is an important factor for assessing ecosystem services
and understanding the feedback from ecosystems to the

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Copyright © National Institute of Ecology. All rights reserved.
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atmosphere, which in-turn provides insight regarding climate changes (Scholes, 2016).
The climate regulation function of terrestrial ecosystems
is mainly characterized by two factors: biogeochemical
and biogeophysical processes. Biogeochemical processes
describe pathways of carbon exchanges between terrestrial
ecosystems and the atmosphere, including carboxylation
through photosynthetic activities of vegetated surfaces
and carbon emissions via the respiration of vegetation
and soil micro-organisms. It is known that an increase in
carbon concentration in the atmosphere and the resulting
global warming intensify photosynthetic activities, which
increases the carbon sink at the surface, consequently
resulting in an offsetting effect. Meanwhile, biogeophysical processes are related to thermal energy exchanges between ecosystems and the atmosphere. Incoming solar radiation is transformed and reemitted into the atmosphere
as radiation forcing such as sensible heat flux (SH), latent
heat flux (LH), and ground heat flux (GH). These fluxes
characterize the thermal equilibrium between the land
and atmosphere and are determined using the thermal
characteristics of land covers and land uses. Of the surface fluxes, SH is the main factor that affects atmospheric
changes (Anderson-Teixeira et al ., 2012; Feddema et al .,
2005; Snyder et al ., 2004; West et al ., 2011) since it constitutes the majority of the land surface energy budget.
LH is one of the major factors involved in the hydrological
circulation of terrestrial ecosystems because it is emitted
in the form of water vapor. This indicates that terrestrial
ecosystems are one of the determinants for partitioning
surface water balance which is, consequently, important
to quantify the water regulating function of ecosystems.
Moreover, LH affects the global water circulation in the
entire earth system and the regional variabilities in water
regimes. Kim et al . (2016) showed that over 60% of the
total precipitation (PRCP) in East Asia consists of water
vapors returned to the atmosphere through evapotranspiring processes over the region. This further indicates that
LH should be treated as an important negative feedback
from the terrestrial ecosystem to climate change, considering the cooling effects from clouding and rainfall
events.
Thus, to accurately diagnose and predict the impact
of climate change, it is important to understand how
changes in the climate regulation function of terrestrial
ecosystems affect climate change. However, traditional
ecological approaches to quantify the ecosystem function tend to focus only on the carbon storing capacities
of different types of vegetation (Castro, 2014; Guimarães
et al ., 2017; Ma et al ., 2019; Petter et al ., 2012; Wood
et al ., 2018; Yu et al ., 2002). However, these approaches
often underestimate the role of ecosystems in the energy
transfer processes at the surface (Anderson-Teixeira et
al ., 2012; 2013). On the contrary, recent developments
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in land surface models (LSMs) have enabled researchers
to describe phenological variations in vegetated surfaces
(Myoung et al ., 2011). However, feedback from land surfaces to the atmosphere in the energy, water, and carbon
cycles has not been characterized well yet as the quantitative effects of this feedback remain unclear (Hong et
al ., 2007; Lakshmi et al ., 2011; Myoung et al ., 2013). It
is very challenging to represent this feedback across various spatial scales, such as from the microscopic scale to
the continental scale. Nevertheless, meaningful implications regarding the contributions of ecosystems to climate
change can be extracted if given with sufficient longterm analyses. This is because the atmospheric changes
can be assumed to reflect the feedback from terrestrial
ecosystem.
This study aims to investigate the spatio-temporal
contributions of terrestrial ecosystem to global warming,
quantifying the biogeochemical and biogeophysical factors related to the climate regulation function of terrestrial ecosystems. A sufficiently large study area (East Asia)
and long time period (more than half century) were set to
extract reasonable trend in climate regulating components
of terrestrial ecosystem from a LSM in which a phenology
model is implemented.

Materials and Methods
Land surface model with vegetation dynamics
The interactions between land and atmosphere are essential features to describe the function of terrestrial ecosystems in climate regulation. These interactions are typically implemented as a module in climate and weather
forecasting models at the global or regional scale. The
first incorporation of land surface processes in a global or
regional atmospheric model was a simple bucket model
that considered only a one-layer surface (Manabe, 1969).
Then, improved LSMs were developed, which considered
more complex processes in the energy and water cycles
(Deardorff, 1978; Dickinson et al ., 1986; Eagleson, 1982;
Pan & Mahrt, 1987). Since terrestrial ecosystems have
been known to play very important roles in the energy
and water cycles, climate models have increasingly introduced vegetation schemes to reflect the physiological and
phenological processes of vegetated surfaces. To quantify the emissions of greenhouse gases, it is important to
represent the biological mechanism for the carbon cycle
within vegetated surfaces via the photosynthetic activities and respiration of vegetation. In the past 20 years,
dynamic vegetation models have been developed to simulate the temporal variations in biogeophysical and biogeochemical processes with those in atmospheric features
such as temperature, PRCP, wind, and etc. In addition
to considering the interactions between land and atmosphere, these models also embody functional relationships
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between the climate and ecological factors (Daly et al .,
2000; Prentice et al ., 2000; Running & Couglan, 1988).
The Noah LSM with multi-parameterization options
(Noah-MP) was introduced to represent the changes in
climate regulation function of terrestrial ecosystems.
Noah-MP is an advanced version of the Noah LSM (Niu et
al ., 2011). The Noah LSM describes land and atmospheric
interactions based on thermal energy and water balance
and was first developed by Oregon State University (Pan
& Mahrt, 1987). This model was extended by incorporating a vegetation transpiration scheme and a surface runoff scheme (Chen et al ., 1996). Since then, this model has
been widely used in a standalone off-line mode, as well
as in a coupled mode with a regional weather forecasting
model (Chen & Dudhia, 2001). On the basis of the Noah
LSM 3.0, Noah-MP provides additional scheme options: a
dynamic vegetation model (Dickinson et al ., 1998), a simple groundwater model with a TOPMODEL runoff scheme
(Niu et al ., 2005), a radiation transfer scheme modified
for the three-dimensional structure effect of vegetation
canopy (Niu & Yang, 2004), a 3-layer snow model (Yang
& Niu, 2003), and a frozen soil scheme for separated permeable and impermeable fractions (Niu & Yang, 2006).
Thus, Noah-MP allows a huge number of ensemble
simulations to be conducted via scheme combinations.
Through various experiments using Noah-MP, Yang et al .
(2011) proposed a combination of physical schemes for
more accurate simulations at the global and continental
scales. Hong et al . (2014) investigated the applicability of
genetic algorithms to determine an optimal set of physical schemes for Noah-MP for South Korea, and Hong et
al . (2015) successfully applied this approach to East Asia.
In this study, the optimal scheme combination of NoahMP determined by Hong et al . (2015) was used to extract
the variables related to the climate regulation function of
vegetated surfaces over East Asia.
Data and study domain
To operate Noah-MP, we obtained atmospheric forcing

data from the Global Land Data Assimilation System (GLDAS) developed by NASA (Rodell et al ., 2004). This data
comprises reanalysis data obtained by assimilating atmospheric data from various operational forecasts and observations, for example, from data from the Global Data
Assimilation System National Oceanic and Atmospheric
Administration of USA. The list of six inputs as atmospheric forcings from GLDAS and outputs as variables in
land surface processes is shown in Table 1. The temporal
and spatial resolution of the final Noah-MP outputs are
3-hour and 0.25° (approximately 25 km), which are the
same as those of GLDAS atmospheric forcing data. The
GLDAS data from 1960 onwards are available at ldas.gsfc.
nasa.gov.
This model requires land cover and soil texture information over the study area as static inputs. Land cover
information, in particular, is used to characterize the biogeochemical features over vegetated covers. Land cover
information was from the land use and land cover data
used by Kang et al . (2010) (hereafter land cover data from
Kongu national university [KLC]), which were generated
from the normalized difference vegetation index data of
the Moderate Resolution Image Spectro-radiometer (Fig.
1). The land cover classification method used in KLC follows that of the International Geosphere-Biosphere Programme (Friedl et al ., 2002). The soil texture data that
follow a typical triangular grain-size-based classification
were introduced from the Food and Agricultural Organization (FAO, 2002). The study domain was set from −10
to 90° and from 90 to 150° E in latitude and longitude,
respectively.
The Noah-MP simulations begin with arbitrary initial
conditions regarding the surface status, such as initial soil
moisture, SH, LH, and water table depth. Thus, a spinup process, which is a warm-up simulation for a certain
period, is required for the surface conditions to reach
equilibrium. With the exception of water table depth, the
surface conditions in Noah-MP typically reach equilibrium
after an approximately 10-year spin-up (Cai et al ., 2014).

Table 1. List of inputs and outputs of Noah-MP model
Inputs (atmospheric forcings)

Outputs (variables in land surface processes)

Precipitation
Incoming solar radiations
Air temperature (2 m height from the surface)
Humidity (2 m height from the surface)
Wind speed (10 m height from the surface)
Surface pressure

Energy cycle
Soil heat flux, Latent heat flux, ground heat flux
Water cycle
Evapotranspiration, surface and subsurface runoff
Geophysical features
Surface temperature, soil temperature and moisture at various layers,
snow cover and melting rate
Plant physiological features
GPP, NPP, leaf area index, vegetation fraction

Noah-MP, Noah land surface model with multi-parameterization options; GPP, gross primary productivity; NPP, net primary
productivity.
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Fig. 1. Land use and land cover
map from Kongju National University, reinterpreted based on the
United States Geological Survey
land cover classification criteria
(Kang et al ., 2010).

Thus, in this study, a 60-year simulation was performed
from 1951 to 2010 and only 50-year model outputs from
1961 was used for the analyses. The outputs from the initial 10-year period were excluded as a spin-up.

radiative forcing for CO2 as follows (Anderson-Teixeira &
DeLucia, 2011).

Quantification of climate regulation
Three main components can be considered to quantify the contributions of the surface to climate change.
The first is the effect of surface fluxes related to greenhouse gases (ex. CO2, NO2, CH4, etc ) absorbed or emitted
through biogeochemical processes at the surface. A larger
amount of greenhouse gas absorbed by the ecosystem
leads to higher functional improvement of the climate
regulation. Of the greenhouse gases mentioned above,
carbon fluxes at the terrestrial ecosystem can be presented by the Net Ecosystem Exchange (NEE). NEE represents
the net amount of emitted or absorbed carbon per unit
area and time at the surface. NEE can be converted into

GCO2 is the equivalent radiation forcing of CO2 gas at a
given time step, and E is the effective radiative efficiency
of CO2 (1.4×104 nWm-2ppb-1) (Anderson-Teixeira & DeLucia, 2011; Forster et al ., 2007). C(t ) represents the additional CO2 concentration in the atmosphere as a rate of
the CO2 moles of emitted from the ecosystem surface to
the atmosphere. D denotes the CO2 pulse decay over time.
In this study, the annual variations in climate regulation
were investigated, and thus D becomes about 0.875 (k
mol ha-1 yr-1). E is the effective radiative efficiency of CO2
(1.4×104) (Foster et al ., 2007).
The second component is net radiation (Rn ), which
represents the net amount of incoming and outgoing
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GCO2=E∙∫C(t)Ddt

(1)
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thermal energy fluxes at the surface. This component is
a biogeophysical contributor. Rn is determined mainly
by albedo, the radiation reflectivity of the surface. Since
albedo is determined by the characteristics of vegetation
covers, terrestrial ecosystems play an important role in
the energy exchange. Rn is quantified by the net sum of
incoming and outgoing radiation that are balanced with
transferred energy forms such as SH, LH, and GH. The
variance of Rn (∆Rn ) during a given time period represents
the total residual amount in the atmosphere due to energy transfer processes at the surface, which can be categorized as positive or negative feedback. Thus, a higher
∆Rn value indicates a greater degradation of the climate
regulation function.
LH can be considered as the third contributor to the
climate regulation function. It represents the surface
energy flux due to the evapotranspiring process that includes direct evaporation at soil surfaces and transpiration
from vegetation. Transpiration is accompanied with photosynthetic activities. Since the water vapors emitted to
the atmosphere via this process are resupplied to the land
surface and lead to cooling effects, LH can be considered
as a positive effect in terms of the climate regulation
function of terrestrial ecosystems.
Anderson-Texieira et al . (2012) proposed an equation
to quantitatively represent the contribution of terrestrial
ecosystems to climate change by combining the three
aforementioned components as follows.
∆FCR=∆GCO2–∆Rn +∆LH

(2)

Positive values of ∆FCR, the variance of climate regulation function of terrestrial ecosystems, indicate that
the ecosystem is functioning to regulate the increase in
global warming. The quantitative values of ∆FCR can be
numerically calculated when all three components are in
the same unit as radiative flux (Wm-2).

Results and Discussion
General trends of climate change over East Asia
Fig. 2 describes the spatio-temporal climate-change
trends over East Asia which was from the temperature
and PRCP data used for the Noah-MP forcing inputs.
Over 50 years, most East Asia regions have exhibited temperature increases, but higher latitudes have shown higher
warming trends; regions near the Arctic have shown temperature increases up to 0.05°C per year (Fig. 2A). The
temperature variabilities, however, have decreased at high
latitudes, indicating that the rates of increase of the annual minimum temperatures are higher than those of the
maximum temperatures (Fig. 2B). It is assumed that these
increasing trends but decreasing variabilities in temperature at high latitudes are due to higher temperature in-
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creases during winter and spring than those during summer and fall (not shown), which reduces inter-seasonal
differences in temperature.
Variations in PRCP have been relatively high at 30 to
50° latitudes for 50 years (Fig. 2C): decreasing trends in
northern part of China and southern part of Japan and
increasing trends in southern part of the Gobi Desert
and Korean Peninsula. The variabilities in PRCP, on the
contrary, have increased in the Korean Peninsula and
southern part of Japan (Fig. 2D). Interestingly, considering the contrasting PRCP trends over these two regions,
the PRCP regimes have progressed very differently from
each other. For example, the PRCP information can indicate the increasing possibility of extreme events such as
heavy rainfall and severe drought in the Korean Peninsula
and Japan, respectively. This indication of the variations
in extreme events over the two regions must be verified
further with more PRCP information at higher spatial and
temporal resolutions. The variational trends over the tropics, however, are not significant, considering the very high
averages in annual total PRCP.
Variations in quantified climate regulation from terrestrial
ecosystem over East Asia
The spatial distributions of the 50-year trends in the
quantified climate regulation due to terrestrial ecosystems
over East Asia is shown in Fig. 3A. The final outputs were
obtained from equation 2 after the quantification of each
component simulated using the Noah-MP model. The
regions showing an increasing trend of FCR are high latitude regions around Siberia, the Korean Peninsula, Japan
Islands, and southeast part of China around the Yangzi
River. Meanwhile, those showing a decreasing trend
are mainly in the tropics at low latitudes. Interestingly,
around the Gobi Desert, the FCR decreases eastward but
increases southward.
The significance of the variation in FCR can be examined by calculating it as a percentage of the 50year average for each region (Fig. 3B). For instance, the
increasing trends over Siberian regions are significant,
showing increases up to 0.4% per year, which arithmetically indicates an increase over 20% for the past 50 years.
Unfortunately, the embedded biogeochemical processes
in Noah-MP cannot represent possible offsetting effects
from greenhouse gas fluxes via the warming and melting
processes of permafrost such as methane. This may result
in an overestimation in FCR over such regions. Nevertheless, assuming that the atmospheric variations used for
the model inputs are reflected by those in terrestrial ecosystems with climate change, the ecological changes and
their impact on the atmosphere have been apparent over
the regions. In addition, the differences in the trends FCR
between the eastern and southern parts of the Gobi Desert clearly imply the eastward expansion and southward
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shrinkage of desert areas. This is due to LH effect caused
by change in precipitation regimes in the regions. However, it is unclear whether the variations reflect ecological
changes over the regions due to very small magnitudes of
FCR. The tropics showed high decreasing trends in FCR, but
their impacts may not have been significant, comparing
to the ordinary fluctuation scales of climate regulation
function.
The 50-year trends of the three components, GCO2, LH,
and Rn , are shown in Fig. 4. The distribution pattern of
GCO2 is very similar to that of the total FCR. This implies
that the enhancement in FCR over Siberian regions resulted mainly from biogeochemical processes. Note that
some areas in Fig. 4A are blank because some vegetation
schemes, such as desert land covers like the Gobi Desert,
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Fig. 2. Spatial distributions of
(A) Ta trend, (B) trend of Ta variability (10-year running standard
deviations), (C) PRCP trend as
percentage of local PRCP averages, and (D) trend of PRCP variability in percentage (10-year
running standard deviations)
for recent 50 years (1961-2010).
PRCP, precipitation.

were not activated in Noah-MP. The contributions from
LH to FCR have been relatively low in Siberian regions (Fig.
4B). On the contrary, regions in the Korean Peninsula and
around the border between China and Russia around the
southeastern part of Siberia show increases in LH. Contributions of variations in net radiation derived mainly from
biogeophysical processes have been relatively low over
the entire East Asia region (Fig. 4C). Note that the opposite direction of color bar due to the opposite feedback
to the atmosphere as the definition of climate regulation
mentioned above. Thus, the contributions to the total FCR
from the three components can be arranged as follows, in
decreasing order: GCO2, LH, and Rn . In other words, warming over East Asia has led to biogeochemical processes at
the land surfaces at high latitudes.
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The averaged 50-year trend of FCR for each land cover
type is shown in Fig. 5. The trends of GCO2 and LH reflect
the regional characteristics of terrestrial ecosystems. Overall, majority of the land covers showed increasing trends
of GCO2 and LH, except evergreen broadleaf forests that are
mainly distributed in the tropics. “Mixed shrub/grassian,”
and “deciduous needleleaf forest” that are the major types
of land cover in the Siberian regions showed increases
in both components. The opposite phenomena over the
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“grassian” type of land cover that is mainly distributed
around Gobi Desert is also related to the changes in the
desert characteristics as mentioned above. Variations in Rn
for land cover types have been relatively small, but most
of them showed increasing trends, which has negatively
affected the total FCR.
In conclusion, Spatio-temporal variations in FCR and its
components, GCO2, LH, and Rn, at the land surface were
investigated to see their contributions to the past global
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warming. Those components were forced by atmospheric
changes over East Asia in a LSM that represents the interactions between terrestrial ecosystems and the atmosphere. Atmospheric changes according to GLDAS data
indicated that the warming trends during the last half
century have been stronger at higher latitudes. Strong
climatic signals in PRCP variations were also shown in
regions between 30° and 50° latitudes. The simulated FCR
forced by these atmospheric variations showed significant
increasing trends in land covers over high latitudes, and
the main contributor was GCO2 via biogeochemical processes. These increases in FCR over the regions suggest the
possibility of negative feedback to global warming accompanied by surface ecological changes. In other words,
it can be concluded that global warming has stimulated
biogeochemical processes at high latitudes, but the terrestrial ecosystems have worked to decrease the warming
rate by increasing carbon assimilation. The model also
described the variations in FCR around the Gobi Desert, reflecting the possible eastward movement of desert areas.
These results showed that the FCR simulation is sensitive to climate change and the characteristics of land
cover types. This indicates that the accuracy of the model
can be improved by using accurate information of spatial
distributions of land covers, accurate parameterizations
representing biogeochemical processes, and application of
a long term land cover change model. The current model
used in this study cannot reflect ecological successions
and spatial changes in climate zones due to temporally
fixed land covers. Another limitation of the LSM used
in this study is that it cannot represent the possible effects of melted permafrost over high latitudes. Since this
study considered only feedback from CO2 gas involved in
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respiration at the surface, the increase in FCR over high
latitudes may be overestimated. The characterization of
microbial processes involved in carbon fluxes at the soil
surface must be improved.
This study demonstrated how the climate regulation
function of terrestrial ecosystems has regionally changed
with climate change for the last half century. Climate
regulation due to terrestrial ecosystem varies with climatic
factors in the atmosphere, and thus better understanding of the feedback from the terrestrial ecosystem to the
atmosphere helps develop climate prediction models with
higher accuracy. In addition, since regional characteristics
of terrestrial ecosystems determine the climate regulation
function, the approach used in this study can provide
useful information to devise countermeasures for climate
change mitigation at the regional scale. The information
can be extracted by checking out the regional differences
and variations in climate regulation components between
the past 50 years and more recent ones in East Asia. For
example, predicting changes in climate regulation due to
future climate change can be valuable in creating land
use policies to improve the climate regulation function
and also serve as strategic information for international
communities to mitigate climate change.

Conflict of Interest
The authors declare that they have no competing interests.

Acknowledgments
This study was funded by the Assessment of Climate
Change Risk for Ecosystems in Korea (NIE-BR-2020-11)

65

Seungbum Hong et al.
from the National Institute of Ecology.

References
Anderson-Teixeira, K.J., and DeLucia, E.H. (2011). The greenhouse gas value of ecosystems. Global Change Biology, 17,
425-438.
Anderson-Teixeira, K.J., Miller, A.D., Mohan, J.E., Hudiburg,
T.W., Duval, B.D., and Delucia, E.H. (2013). Altered dynamics
of forest recovery under a changing climate. Global Change
Biology, 19, 2001-2021.
Anderson-Teixeira, K.J., Snyder, P.K., Twine, T.E., Cuadra, S.V.,
Costa, M.H., and DeLucia, E.H. (2012). Climate-regulation
services of natural and agricultural ecoregions of the Americas. Nature Climate Change, 2, 177-181.
Cai, X., Yang, Z.L., David, C.H., Niu, G.Y., and Rodell, M. (2014).
Hydrological evaluation of the Noah-MP land surface model
for the Mississippi River Basin. Journal of Geophysical Research : Atmospheres , 119, 23-38.
Castro, L.F.R. (2014). Ecosystem service assessment for the new
vision of the energy project in Samsø (Denmark )- an analysis
of the climate regulation service supply . Master's thesis. University of Kiel, Kiel.
Chen, F., and Dudhia, J. (2001). Coupling an advanced land
surface-hydrology model with the Penn State-NCAR MM5
modeling system. Part I: model implementation and sensitivity. Monthly Weather Review, 129, 569-585.
Chen, F., Mitchell, K., Schaake, J., Xue, Y., Pan, H.L., Koren, V.,
et al . (1996). Modeling of land surface evaporation by four
schemes and comparison with FIFE observations. Journal of
Geophysical Research : Atmospheres , 101, 7251-7268.
Daly, C., Bachelet, D., Lenihan, J.M., Neilson, R.P., Parton, W.,
and Ojima, D. (2000). Dynamic simulation of tree-grass interactions for global change studies. Ecological Applications,
10, 449-469.
Deardorff, J.W. (1978). Efficient prediction of ground surface
temperature and moisture, with inclusion of a layer of vegetation. Journal of Geophysical Research, 83, 1889-1903.
de Groot, R.S., Wilson, M.A., and Boumans, R.M.J. (2002). A
typology for the classification, description and valuation of
ecosystem functions, goods and services. Ecological Economics,
41, 393-408.
Dickinson, R.E., Henderson-Sellers, A., Kennedy, P.J., and Wilson,
M.F. (1986). Biosphere -Atmosphere Transfer Scheme (BATS )
for the NCAR Community Climate Model , Boulder: National
Center for Atmospheric Research.
Dickinson, R.E., Shaikh, M., Bryant, R., and Graumlich, L. (1998).
Interactive canopies for a climate model. Journal of Climate,
11, 2823-2836.
Eagleson, P.S. (1982). Land Surface Processes in Atmospheric
General Circulation Models, Cambridge: Cambridge University
Press.
FAO. (2003). Digital Soil Map of the World and Derived Soil Properties , Rome: FAO, Land and Water Development Division.
Feddema, J.J., Oleson, K.W., Bonan, G.B., Mearns, L.O., Buja,
L.E., Meehl, G.A., et al . (2005). The importance of land-cover
change in simulating future climates. Science, 310, 16741678.
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R.,

66

Fahey, D.W., et al . (2007). Changes in atmospheric constituents and radiative forcing. In S.D. Solomon, M. Qin, Z. Manning, M. Chen, K.B. Marquis, M. Averyt, et al . (Eds.), Climate
Change 2007 : The Physical Science Basis (pp. 129-234). New
York: Cambridge University Press.
Friedl, M.A., McIver, D.K., Hodges, J.C.F., Zhang, X.Y., Muchoney,
D., Strahler, A.H., et al . (2002). Global land cover mapping
from MODIS: algorithms and early results. Remote Sensing of
Environment, 83, 287-302.
Guimarães, H., Braga, R., Mascarenhas, A., and Ramos, T.B.
(2017). Indicators of ecosystem services in a military Atlantic
forest area, Pernambuco-Brazil. Ecological Indicators, 80,
247-257.
Hong, S., Lakshmi, V., and Small, E.E. (2007). Relationship between vegetation biophysical properties and surface temperature using multisensor satellite data. Journal of Climate, 20,
5593-5606.
Hong, S., Park, S.K., and Yu, X. (2015). Scheme-based optimization of land surface model using a micro-genetic algorithm:
assessment of its performance and usability for regional applications. SOLA, 11, 129-133.
Hong, S., Yu, X., Park, S.K., Choi, Y.S., and Myoung, B. (2014).
Assessing optimal set of implemented physical parameterization schemes in a multi-physics land surface model using genetic algorithm. Geoscientific Model Development, 7, 25172529.
Kang, J.H., Suh, M.S., and Kwak, C.H. (2010). Land cover classification over East Asian Region using recent MODIS NDVI
data (2006-2008). Atmosphere, 20, 415-426.
Kim, J.U., Lee, J., Boo, K.O., Shim, S., Kim, J.E., and Byun, Y.H.
(2016). Effects of continental evaporation for precipitation
over East Asia in the past and the future of HadGEM2-AO
climate model. Atmosphere, 26, 553-563.
Lakshmi, V., Hong, S., Small, E.E., and Chen, F. (2011). The influence of the land surface on hydrometeorology and ecology: new advances from modeling and satellite remote sensing. Hydrology Research, 42, 95-112.
Liu, S., Costanza, R., Troy, A., D'Aagostino, J., and Mates, W.
(2010). Valuing New Jersey's ecosystem services and natural
capital: a spatially explicit benefit transfer approach. Environmental Management, 45, 1271-1285.
Ma, L., Bicking, S., and Müller, F. (2019). Mapping and comparing ecosystem service indicators of global climate regulation
in Schleswig-Holstein, Northern Germany. The Science of the
Total Environment, 648, 1582-1597.
Manabe, S. (1969). Climate and the ocean circulation, I, The
atmospheric circulation and the hydrology of the Earth's surface. Monthly Weather Review, 97, 739-774.
Millennium Ecosystem Assessment. (2005). Ecosystems and Human Well-Being . Summary, Our Human Planet: Summary for
Decision Makers, Washington: Island Press.
Myoung, B., Choi, Y., and Park, S.K. (2011). A review on vegetation models and applicability to climate simulations at
regional scale. Asia-Pacific Journal of Atmospheric Sciences,
47, 463-475.
Myoung, B., Choi, Y.S., Hong, S., and Park, S.K. (2013). Interand intra-annual variability of vegetation in the Northern
Hemisphere and its association with precursory meteorological factors. Global Biogeochemical Cycles, 27, 31-42.

Proceedings of NIE 2020;1(1):58-67

Climate Regulation of Terrestrial Ecosystems
Niu, G.Y., and Yang, Z.L. (2004). Effects of vegetation canopy
processes on snow surface energy and mass balances. Journal
of Geophysical Research : Atmospheres , 109, D23111.
Niu, G.Y., and Yang, Z.L. (2006). Effects of frozen soil on snowmelt runoff and soil water storage at a continental scale.
Journal of Hydrometeorology , 7, 937-952.
Niu, G.Y., Yang, Z.L., Dickinson, R.E., and Gulden, L.E. (2005). A
simple TOPMODEL-based runoff parameterization (SIMTOP)
for use in global climate models. Journal of Geophysical Research : Atmospheres , 110, D21106.
Niu, G.Y., Yang, Z.L., Mitchell, K.E., Chen, F., Ek, M.B., Barlage,
M., et al . (2011). The community Noah land surface model
with multiparameterization options (Noah-MP): 1. Model
description and evaluation with local-scale measurements.
Journal of Geophysical Research : Atmospheres , 116, D12109.
Pan, H., and Mahrt, L. (1987). Interaction between soil hydrology and boundary-layer development. Boundary-Layer Meteorology, 38, 185-202.
Petter, M., Mooney, S., Maynard, S.M., Davidson, A., Cox, M.,
and Horosak, I. (2012). A methodology to map ecosystem
functions to support ecosystem services assessments. Ecology
and Society, 18, 31.
Prentice, I.C., Heimann, M., and Sitch, S. (2000). The carbon
balance of the terrestrial biosphere: ecosystem models and
atmospheric observations. Ecological Applications, 10, 15531573.
Rodell, M., Houser, P.R., Jambor, U., Gottschalck, J., Mitchell, K.,
Meng, C.J., et al . (2004). The global land data assimilation
system. Bulletin of the American Meteorological Society, 85,

https://doi.org/10.22920/PNIE.2020.1.1.58

381-394.
Running, S.W., and Coughlan, J.C. (1988). A general model of
forest ecosystem processes for regional applications I. Hydrologic balance, canopy gas exchange and primary production
processes. Ecological Modelling, 42, 125-154.
Scholes, R.J. (2016). Climate change and ecosystem services.
WIREs Climate Change , 7, 537-550.
Snyder, P.K., Delire, C., and Foley, J.A. (2004). Evaluating the influence of different vegetation biomes on the global climate.
Climate Dynamics , 23, 279-302.
West, P.C., Narisma, G.T., Barford, C.C., Kucharik, C.J., and Foley,
J.A. (2011). An alternative approach for quantifying climate
regulation by ecosystems. Frontiers in Ecology and the Environment, 9, 126-133.
Wood, S.L.R., Jones, S.K., Johnson, J.A., Brauman, K.A., Chaplin-Kramer, R., Fremier, A., et al . (2018). Distilling the role of
ecosystem services in the Sustainable Development Goals.
Ecosystem Services , 29, 70-82.
Yang, Z.L., and Niu, G.Y. (2003). The Versatile Integrator of Surface and Atmosphere processes: Part 1. Model description.
Global and Planetary Change , 38, 175-189.
Yang, Z.L., Niu, G.Y., Mitchell, K.E., Chen, F., Ek, M.B., Barlage,
M., et al . (2011). The community Noah land surface model
with multiparameterization options (Noah-MP): 2. Evaluation
over global river basins. Journal of Geophysical Research : Atmospheres , 116, D12110.
Yu, X.X., Qin, Y.S., Chen, L.H., and Liu, S. (2002). The forest
ecosystem services and their valuation of Beijing mountain
areas. Acta Ecologica Sinica, 22, 783-786.

67

Original Article
Proceedings of NIE 2020;1(1):68-73
https://doi.org/10.22920/PNIE.2020.1.1.68
pISSN 2733-7243, eISSN 2734-1372

Identification of Molecular Markers for Population
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ABSTRACT
Korean fir (Abies koreana ) is an evergreen coniferous tree species that is unique to South Korea. A . koreana is
found in a limited sub-alpine habitat and is considered particularly vulnerable to climate change. Identification of
populations vulnerable to climate change is an important component of conservation programs. In this study, a heat
stress-induced transcriptome RNA-seq dataset was used to identify a subset of six genes for assessment as candidate
marker genes for ecologically vulnerable populations. Samples of A . koreana were isolated from ecologically stable
and vulnerable regions of the Halla and Jiri mountains, and the expression levels of the six candidate markers were
assessed using quantitative real-time polymerase chain reaction. All six of the candidate genes exhibited higher
expression levels in samples from vulnerable regions compared with stable regions. These results confirm that the six
high temperature-induced genes can be used as diagnostic markers for the identification of populations of A. koreana
that are experiencing stress due to the effects of climate change.
Keywords: Abies koreana , Climate change, Heat stress, Vulnerable ecosystem

Introduction
Global climate change is causing environmental shifts
such as sea level rise, drought, and flood. The resulting
ecosystem changes are leading to changes in the habitats
of plants and animals, and a decrease in biodiversity (van
der Geest & Warner, 2020). Efforts are ongoing to identify
and protect organisms that are threatened by the reduction in biodiversity. Korean fir (Abies koreana ) is a native
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evergreen coniferous species found in sub-alpine regions
of South Korea, including the Halla and Jiri mountains.
A . koreana is considered vulnerable to climate change and
is a protected endangered species (Hong et al ., 2011; Lee,
1982; Lee et al ., 2010).
Plant responses to environmental stress are important in
the mitigation of climate change effects. In recent years,
leaf dryness has been observed in large areas of A . koreana woodland. This collective leaf drying phenomenon is
thought to be due to complex interrelationships among
environmental factors such as high temperature and dry
environment, which have emerged as a result of global
warming. Although A . koreana has been recognized as a
species sensitive to climate change by the South Korean
government, only limited research has been conducted
into its resilience to environmental stresses (Woo, 2009).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
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Identification of Diagnostic Markers in Korean Fir
It is therefore essential to identify the molecular response
mechanisms that underlie the responses to environmental
stress and thus gauge the resilience to such stresses in A .
koreana (Fig. 1).
To support conservation efforts, our previous research
used de novo RNA sequencing to obtain a base transcriptome and examine environmental stress responses in A .
koreana . A . koreana was heat-treated to identify genes
whose expression changed specifically under high-temperature conditions (Hwang et al ., 2018). In this study,

Analysis of Abies koreana
gene expression under
heat stress

Application

Analysis of Abies koreana
gene expression in
the ecosystem

Fig. 1. Schematic representation of identification of heatinduced genes in Abies koreana and their assessment as
marker genes for ecologically vulnerable populations.

a subset of genes that responded to high temperature
in the previous analysis were tested as candidate marker
genes for diagnosis of natural A . koreana populations
vulnerable to high temperature stress.
The results of this analysis will improve the diagnostic
aspects of measures to counteract damage to vulnerable
ecosystems due to climate change (Park et al ., 2018).

Materials and Methods
Identification of candidate genes for diagnosis of vulnerable
ecosystems in Abies koreana
Raw read sequences from a previously published
A . koreana high-temperature-stress transcriptome
(Hwang et al ., 2018) were filtered using Trimmomatic
(version 0.32; http://www.usadellab.org/cms/index.
php?page=trimmomatic) and assembled using Trinity
software (version R20140717; https://github.com/trinityrnaseq/trinityrnaseq/wiki). Cluster database at high identity
with tolerance (CD-HIT) was used to identify the longest

A

B

C

D

Fig. 2. Abies koreana sampling
locations. (A) Topography of
Halla mountain. (B) Topography
of Jiri mountain. (C) Image of
ecologically stable A . koreana
population. (D) Image of ecologically vulnerable A . koreana
population. Topography images
from https://www.mountainforecast.com.

Table 1. Primers for quantitative real-time polymerase chain reaction analysis
Contig

Foerward primer sequence (5`→3`)

Reverse primer sequence (5`→3`)

c93462_g1_i1

AAGCGCTGGACAAAGATCAC

TCTTTGCTGATCCCGTCACT

c142609_g1_i1

CGGTTGGATGACTGGGTACT

AGGCAGATTCAGGAGCAACT

c156586_g1_i1

GCGCAGATACGTTCGAGAAA

ACCTTCACCTCCGGATTCAG

c173884_g1_i1

CCAGTGCATTCGGCTCATAC

TTGGCAGCCTGACTTAACCT

c205642_g1_i1

GCATTATTCCCGGCGTTCTT

GTATGCTCCGCGTCCAATAG

c207159_g1_i1

GGCGTCCCTTCTGACTCTAA

TGGCACCATGATTTGGAGGT
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Table 2. High temperature-inducible genes used as candidate diagnostic markers for ecologically vulnerable Abies koreana
populations
BLAST

Contig

Fold change

c93462_g1_i1

44.1

AT4G38810.2
| Calcium-binding EF-hand family protein

Potri.009G127800.1

c142609_g1_i1

84.7

AT1G69490.1
| NAP, ANAC029, ATNAP

Potri.001G404400.1

c156586_g1_i1

13.9

AT5G12030.1
| AT-HSP17.6A, HSP17.6, HSP17.6A

Potri.006G223900.1

c173884_g1_i1

7.1

AT5G56960.1
| bHLH DNA-binding family protein

Potri.006G148800.1

c205642_g1_i1

2.9

AT2G43790.1
| ATMPK6, MPK6, MAPK6, ATMAPK6

Potri.007G139800.1

c207159_g1_i1

40.4

AT5G35550.1
| TT2, ATMYB123, MYB123, ATTT2

Potri.006G221800.1

Arabidopsis

Poplar

NAP, nucleosome assembly protein; HSP, heat shock protein, bHLH:basic helix-loop-helix; MPK, mitogen-activated protein
kinase; MYB, myoblastosis; AT, arabidopsis thaliana.

B

16
12
8
4
0

32
24
16
8

Vulnerable

E

20
15
10
5
0

c205642_g1_i1
4

3

2

1

0
Stable

Vulnerable

1

Vulnerable

Stable

F
Relative expression level

c173884_g1_i1
25

c156586_g1_i1
2

0
Stable

Relative expression level

Relative expression level

40

C

0
Stable

D

c142609_g1_i1
48

Relative expression level

c93462_g1_i1
20

Relative expression level

Relative expression level

A

Vulnerable

c207159_g1_i1
560
480
400
320
240
160
80
0

Stable

Vulnerable

Stable

Vulnerable

Fig. 3. Analysis of candidate diagnostic markers in ecologically stable and vulnerable populations of Abies koreana from
Halla mountain. Gene expression in vulnerable samples is shown relative to expression in stable samples, which is set to 1. (A)
c93462_g1_i1. (B) c142609_g1_i1. (C) c156586_g1_i1. (D) c173884_g1_i1. (E) c205642_g1_i1. (F) c207159_g1_i1.
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sequences from overlapping fragments. Transcripts were
annotated by NCBI-nr BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) and grouped by predicted gene functions
using WEGO (http://wego.genomics.org.cn/). High-temperature specific genes were classified as those with more
than 2-fold increased expression and P -values ≤0.05 with
differential expression sequence analysis using RNA-seq
by expectation-maximization.

Abies koreana sample collection
A . koreana leaf samples were collected from ecologically
stable and vulnerable areas in the Halla and Jiri mountains (Fig. 2). Samples were lyophilized immediately and
stored at –80°C for RNA extraction. RNA extraction was
performed using a Ribospin Seed/Fruit Kit (GeneAll, Seoul,
Korea) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (qRTPCR)
A . koreana RNA was reverse transcribed to cDNA using

A

c93462_g1_i1
4

a ReverTra Ace-α kit (Toyobo, Osaka, Japan). For qRTPCR, 1 µL diluted cDNA was added to 10 µL of 2×IQ
SYBR Green Supermix, 1 µL of 10 uM forward primer, 1
µL reverse primer, and 7 µL H2O. Reactions were denatured at 95°C for 10 minutes, followed by 55 cycles of
95°C for 15 seconds, 55°C for 15 seconds, and 75°C for
30 seconds. Reactions were performed using a CFX 96
real-time system (Bio-Rad, Hercules, CA, USA), and data
were analyzed using the Bio-Rad CFX Manager program.
Primers used are listed in Table 1.

Results and Discussion
Identification of high temperature-responsive markers in
Abies koreana
To identify high-temperature responsive transcription
factors in A . koreana , known transcription factor domains
were used to search our previously published A . koreana
RNA-seq database (Hwang et al ., 2018). Six transcriptional regulators whose expression increased more than 2-fold
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Fig. 4. Analysis of candidate diagnostic markers in ecologically stable and vulnerable populations of Abies koreana from
the Banya region of Jiri mountain. Gene expression in vulnerable samples is shown relative to expression in stable samples,
which is set to 1. (A) c93462_g1_i1. (B) c142609_g1_i1. (C) c156586_g1_i1. (D) c173884_g1_i1. (E) c205642_g1_i1. (F)
c207159_g1_i1.
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upon heat exposure were identified, as follows: c93462_
g1_i1, c142609_g1_i1, c156586_g1_i1, c173884_g1_i1,
c205642_g1_i1, c207159_g1_i1 (Table 2). These six high
temperature-induced genes in A . koreana were then assessed for their utility as diagnostic markers for ecologically vulnerable populations using samples from the Halla
and Jiri mountains in South Korea.
Evaluation of six high temperature-responsive genes
as markers for ecologically vulnerable Abies koreana
populations using samples from Halla mountain
Expression of the six candidate marker genes was assessed in samples from ecologically stable (Youngsil
region) and vulnerable (Nambuk region) areas of Halla
mountain, by qRT-PCR. All six markers exhibited higher
expression levels in samples from vulnerable regions
compared with samples from stable regions (Fig. 3). Expression was 1.3-fold higher for c156586_g1_i1, 38.6fold higher for c142609_g1_i1, 507.7-fold higher for
c207159_g1_i1, 26.3-fold higher for c173884_g1_i1,
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Evaluation of six high temperature-responsive genes
as markers for ecologically vulnerable Abies koreana
populations using samples from Jiri mountain
Expression of the six candidate marker genes was assessed in samples from ecologically stable and vulnerable
areas of the Banya and Seseok regions of Jiri mountain,
by qRT-PCR. In samples from the Banya region, all six
markers exhibited higher expression levels in samples
from vulnerable regions compared with samples from
stable regions (Fig. 4). Expression was 16.8-fold higher
for c156586_g1_i1, 98.6-fold higher for c142609_g1_
i1, 198-fold higher for c207159_g1_i1, 11.2-fold higher
for c173884_g1_i1, 2.7-fold higher for c93462_g1_i1,
and 1.8-fold higher for c205642_g1_i1. In samples from
the Seseok region, all six markers also exhibited higher

Relative expression level

c93462_g1_i1
2

Relative expression level

Relative expression level

A

16.5-fold higher for c93462_g1_i1, and 2.9-fold higher
for c205642_g1_i1. These results were consistent with
qRT-PCR analysis of A . koreana samples collected in 2017
(Park et al ., 2017).
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4
3
2
1
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Vulnerable

Fig. 5. Analysis of candidate diagnostic markers in ecologically stable and vulnerable populations of Abies koreana from
the Seseok region of Jiri mountain. Gene expression in vulnerable samples is shown relative to expression in stable samples,
which is set to 1. (A) c93462_g1_i1. (B) c142609_g1_i1. (C) c156586_g1_i1. (D) c173884_g1_i1. (E) c205642_g1_i1. (F)
c207159_g1_i1.
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expression levels in samples from vulnerable regions compared with samples from stable regions (Fig. 5). Expression was 2.2-fold higher for c156586_g1_i1, 2.8-fold
higher for c142609_g1_i1, 3.4-fold higher for c207159_
g1_i1, 3.4-fold higher for c173884_g1_i1, 1.4-fold higher
for c93462_g1_i1, and 1.7-fold higher for c205642_g1_
i1.
Overall, expression of diagnostic marker genes in ecologically vulnerable and stable regions showed the same
trends in A . koreana samples from the Jiri and Halla
mountains.
Recent declines in A . koreana have been attributed to
heat stress caused by climate change. The purpose of this
study was to identify genes with increased expression
upon exposure to heat stress, and to assess their utility
as diagnostic markers for ecologically vulnerable natural
populations of A . koreana . Six candidate marker genes
were identified from a heat-stress RNA-seq dataset, and
their expression was assessed in leaf samples from ecologically vulnerable and stable natural populations using
qRT-PCR. All six markers exhibited elevated expression
in samples from vulnerable populations, confirming their
value as diagnostic markers.
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ABSTRACT
Predictions of suitable habitat areas can provide important information pertaining to the risk assessment and
management of alien plants at early stage of their establishment. Here, we predict the invasion potential of
Muhlenbergia capillaris (pink muhly) in South Korea using five bioclimatic variables. We adopt four models (generalized
linear model, generalized additive model, random forest (RF), and artificial neural network) for projection based on
630 presence and 600 pseudo-absence data points. The RF model yielded the highest performance. The presence
probability of M. capillaris was highest within an annual temperature range of 12 to 24°C and with precipitation
from 800 to 1,300 mm. The occurrence of M. capillaris was positively associated with the precipitation of the driest
quarter. The projection map showed that suitable areas for M. capillaris are mainly concentrated in the southern
coastal regions of South Korea, where temperatures and precipitation are higher than in other regions, especially in
the winter season. We can conclude that M. capillaris is not considered to be invasive based on a habitat suitability
map. However, there is a possibility that rising temperatures and increasing precipitation levels in winter can accelerate
the expansion of this plant on the Korean Peninsula.
Keywords: Alien plant, Muhlenbergia capillaris , Random forest, Risk assessment, Suitable habitat

Introduction
The rise of global trade in living organisms has contributed to the spread of alien plants (Hulme, 2009; Myers
et al ., 2003). Intentionally and unintentionally, countless
plant species have long been transplanted to locations
outside of their native ranges (Bradley et al ., 2010). Some
of these alien plants have become invasive, having detrimental effects on biodiversity and ecosystem processes as
well as harmful effects on the well-being of humans (Mack
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et al ., 2000; Richardson et al ., 2000). Previous studies
indicate that global changes such as rising temperatures,
altering precipitation patterns, increased carbon dioxide
(CO2) levels, and nitrogen (N) deposition will alter the effects of invasive plants on native species and ecosystems
(Bellard et al ., 2013; Vilà et al ., 2007). It is well known
that invasive alien species are more likely to be able to
cope with environmental changes compared to native
species due to their greater physiological and ecological plasticity (Pyšek & Richardson, 2008). More attention
should be paid to the planting of alien plants when the
risk to ecosystems by these species is not known. Furthermore, accurate risk assessments of alien species should be
conducted before their introduction into the country or
during the early stage of their establishment.
To improve the risk assessment and management of
alien species, habitat model results can provide important

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The Invasion Potential of Pink Muhly
information by, for instance, identifying key environmental variables that affect the expansion of alien species and
predicting the distribution shifts of alien plants (Bradley
et al ., 2010). Specifically, the habitat model (also known
as the envelope model, niche-based model, and species
distribution model) has become popular for the projection of alien plants under current conditions and in scenarios in which environmental variables change (Guisan
& Zimmermann, 2000). We applied the habitat model
to estimate the suitable habitat (potential distribution)
of Muhlenbergia capillaris , which was introduced into
South Korea as an ornamental plant prior to 2016. While
this species has been planted in public parks and private
gardens extensively due to its exotic colors and the shape
of its inflorescence (Park et al ., 2019), invasive potential
assessments for M. capillaris have not been conducted in
South Korea.
In this study, using four habitat models, the distributions of M. capillaris in Central and North America were
simulated under the current climate condition and suitable habitats in South Korea were projected. The primary
objectives our study were 1) to characterize the relationship between environmental variables and the occurrence
of M. capillaris , 2) to predict suitable habitats under
climate condition in South Korea, 3) to evaluate the invasion potential of M. capillaris based on the projected map
and on eco-physiological properties.

Materials and Methods
Study species
M. capillaris is a perennial herb native to the United
States, and other areas in North America, i.e., Florida,
Georgia, and Mexico (GBIF). The most frequently used
common name for M. capillaris is pink muhly or hairgrass. This gramineous plant forms a dense tuft with
narrow leaves and flower stalks up to a meter tall (Engstrom, 2004). The spreading tufts have pinkish inflorescence, flowering in September and October. This species
is reproduced by seeds and is mostly pollinated by wind.
Each inflorescence produces approximately 900 seeds,
with each tuft having more than 70,000 seeds (Park et
al ., 2019). Germination rates are relatively low (maximum
20% under the best condition) compared to other species
(Engstrom, 2004). This plant found in a wide variety of
habitats ranging from open woods to savannah and can
grow under diverse soil pH levels and textures (Barkworth
et al ., 2003). M. capillaris is adapted to hotter, drier, and
sunnier conditions than C3 species due to its C4 photosynthetic pathway (Gould & Shaw, 1983). M. capillaris
was introduced into South Korea as an ornamental plant
prior to 2016. Since then, this species has been planted in
approximately 37 public parks and private gardens (as of
2018; Park et al ., 2019). This plant is popular in commer-
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cial horticulture because the inflorescence presents the
appearance of a pinkish mist at a distance.
Model variables
Distribution data for M. capillaris were obtained from
the Global Biodiversity Information Facility (GBIF, https://
www.gbif.org/) in 2019. We collected 630 presence data
points in North America that extend from 15° and 43°N
and from −118 to −73°E, representing areas where M.
capillaris is native, whereas pseudo-absence locations (600)
were randomly generated in the same area. We collected
climate variables (bio1–bio19), topographic variables
(elevation, aspect, slope), and solar radiation data as explanatory variables from WorldClim datasets (WorldClim,
https://www.worldclim.org/) and from the Digital Elevation Model in QGIS. All raster explanatory variables used
identical spatial extents, resolutions (1×1 km) and the
same geographic coordinate system (WGS84, EPGS 4326),
with a bilinear method in the raster package of R (version
3.6.3; http://www.r-project.org). To avoid collinearity, we
removed variables highly correlated with each other based
on the pairwise Pearson correlation coefficient (r pairwise
≥0.7) (Graham, 2003). Finally, we selected four climate
variables considering the eco-physiological characteristics
of M. capillaris (bio1: annual mean temperature, bio7:
annual temperature range, bio12: annual precipitation,
and bio17: precipitation of the driest quarter) and solar
radiation.
Habitat suitability model
To predict the habitat suitability of M. capillaris in
South Korea, we applied two statistical prediction models (generalized linear model [GLM], generalized additive
model [GAM]) and machine learning models (random
forest [RF], artificial neural network [ANN]). These modeling methods are commonly used and show high prediction performance when used in conjunction with habitat
suitability modeling (Thuiller, 2003). Specifically, the RF
method can estimate the importance of variables and
can model complex interactions among many environmental variables. We used response curves and variable
importance levels with the RF model to estimate the relationship between the occurrences of M. capillaris and
environmental variables while running 30 evaluation trials. The sampled data points (n=1,230) were randomly divided into the model training dataset and the evaluation
dataset at a ratio of 7:3.
The models accuracy levels were determined by the
receiver operating characteristic (ROC), true skill statistic
(TSS), Kappa statistics, sensitivity (omission error), and
specificity level (commission error) (Allouche et al ., 2006).
To convert continuous model predictions to a binary classification, in this case suitable habitats and unsuitable
habitats, we used a threshold value that maximized the
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sum of the sensitivity and specificity outcomes (Manel et
al ., 2001). We considered ROC values below 0.7 as poor,
those in the range of 0.7-0.9 as moderate, and those
above 0.9 as good (Landis & Koch, 1977). Additionally,
we used the following ranges to interpret the TSS and
Kappa statistics: values of <0.4 were poor, 0.4-0.8 useful,
and 0.8 >good (Zhang et al ., 2015). All of the evaluation
values were calculated with the PresenceAbsence package
in R version 3.6.3 (Freeman & Moisen, 2008).

Results
Two categories of environmental variables were considered for the prediction of the suitable habitats of M.
capillaris . Four topographic variables and nineteen bioclimatic predictors derived from the WorldClim dataset were
taken into account (Table 1). When we compared environmental variables between the presence and absence

areas of M. capillaris , seven environmental variables (srad,
bio1, bio4, bio6, bio7, bio11, and bio18) showed more
significantly differences compared to the other variables
(F -value >100). M. capillaris was more frequently found in
regions with higher annual mean temperatures and precipitation levels in North America. Temperature seasonality and the temperature annual range were lower in the
presence areas than in the absence areas. Aspect, bio5,
and bio19 were not different between the presence and
absence areas. Solar radiation was positively correlated
with temperature seasonality and the mean temperature
of the warmest quarter. The annual temperature range
was negatively correlated with the mean temperature of
the coldest quarter (Fig. 1).
When we estimated the habitat suitability in native
areas of North America, suitable habitats were mainly
concentrated in the southeast US (i.e., Florida, Georgia,
Texas) and on the west coast of Mexico. These areas had

Table 1. Comparison of mean and ranges values of environmental variables between the presence and absence spots of
Muhlenbergia capillaris in North America
ID

Description

elev (m)

Elevation

aspect (degree)

Aspect

slope (degree)

slope

srad (kJ m-2 day-1)

Solar radiation

bio_1 (°C)

Annual mean temp.

Presence (n=630)

Absence (n=600)

F -value

Mean

Min.

Max.

Mean

Min.

Max.

920

3

3,737

875.2

−2

3713

0.65

168.9

0

359.9

169.2

0

359.8

<0.01

32.7

0.2

87

38.2

0.5

85.4

10.1

21,320

17,504

27,656

23,317

17,690

28,240

219.1

17.4

7.7

26.4

13.6

−1.4

28

146.9

bio_2 (°C)

Mean diurnal range

13.6

8.3

19.8

14.1

7.8

20.2

10.1

bio_3

Isothermality

50.4

28.9

75.4

43.5

24.8

78.6

72.4

bio_4 (°C)

Temp. seasonality

514.4

106.6

1,016

738

73

1,328

164

bio_5 (°C)

Max. temp. of warmest month

31

15.4

40.6

31.2

16.4

42.8

0.47

bio_6 (°C)

Min. temp. of coldest month

2.9

−11.6

17.4

−3.1

−22.1

19.7

157.7

bio_7 (°C)

Temp. annual range

28.1

14.6

42.3

34.2

11.4

48.9

185.6

bio_8 (°C)

Mean temp. of wettest quarter

20.3

4.5

28.7

17.4

−8.2

32.9

45.6

bio_9 (°C)

Mean temp. of driest quarter

14.2

−3.1

28.5

10.4

−13.5

28.9

44.7

bio_10 (°C)

Mean temp. of warmest quarter

23.5

8.8

31.2

22.6

7.7

33.1

11.7

bio_11 (°C)

Mean temp. of coldest quarter

10.8

−4.1

23.3

4.4

−13.5

26.3

188.8

bio_12 (mm)

Annual precipitation

1,037

130

1,907

807

59

3,607

65.0

bio_13 (mm)

Precip. of wettest month

161.4

17

439.4

123.9

10

632.6

61.7

bio_14 (mm)

Precip. of driest month

38.6

0.9

113

26.7

0

99.9

45.7

bio_15

Precip. seasonality

57.1

6.8

132.7

51.5

8.7

119.7

7.8

bio_16 (mm)

Precip. of wettest quarter

429

44

1,172

331

24

1,777

58.3

bio_17 (mm)

Precip. of driest quarter

bio_18 (mm)

Precip. of warmest quarter

bio_19 (mm)

Precip. of coldest quarter

134.7

5.9

370.3

95.4

1

336.9

45.4

324

12.1

967.2

227.9

2

870.5

128.6

161.4

16.6

453.4

151.5

12.5

1,118.2

1.2

Min., minimum; Max., maximum; Temp., temperature; Precip., precipitation.
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bio_19

bio_18

bio_17

bio_16

bio_15

bio_14

bio_13

bio_12

bio_11

bio_10

bio_9

bio_8

bio_7

bio_6

bio_5

bio_4

bio_3

bio_2

bio_1

srad

slope

aspect

elev
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1.0
elev
aspect
slope

0.8

srad
bio_1

0.6

bio_2
bio_3

0.4

bio_4
bio_5
bio_6

0.2

bio_7
bio_8

0.0

bio_9
bio_10

0.2

bio_11
bio_12
bio_13

0.4

bio_14
bio_15

0.6

bio_16
bio_17

0.8

bio_18
bio_19

1.0

Fig. 1. Pearson correlation coefficient matrix comparing paired environmental variables. Positive correlations are shown
in blue, and negative correlations are in red. The upper diagonal shows the strength of the correlation according to the
dot size and the degree of red or blue color saturation. The lower diagonal presents the actual correlation coefficient
values.
higher minimum temperatures in the coldest month and
lower temperature seasonality compared to unsuitable
areas (habitat suitability <20). However, highly suitable
habitats (habitat suitability >80) differed depending on
the model (Fig. 2).
All model showed good performance based on the ROC
values (>0.7) and TSS and Kappa (>0.4) outcomes. The RF
method yielded the highest performance, while GLM had
the lowest predictive power among the four models (Table 2).
Variable importance
When we calculated the importance levels of the vari-
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ables as assigned by the four models (Table 3), the annual
mean temperature was the decisive factor determining the
distribution of M. capillaris according to the RF model. In
contrast, the precipitation of the driest quarter and the
amount of solar radiation had stronger effects compared
to the other variables in GLM.
We evaluated the probability of the occurrence of M.
capillaris while increasing each variable in the response
curve of the RF model (Fig. 3). The response curves for
bio1 revealed a sharp increase in the predicted presence of
the species above an annual temperature 12°C and below
24°C. The probability of occurrence steadily decreased as
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80 0'

40 0'

100 0'
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120 0'

RF (ROC: 0.937)
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40 0'

120 0'
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<20
20 40
40 60
60 80
>80

20 0'

20 0'

M. capillaris
Presence

1,000 km

80 0'

40 0'

40 0'

500

100 0'

40 0'

120 0'

Habitat suitability
<20
20 40
40 60
60 80
>80

0

GAM (ROC: 0.917)

80 0'

20 0'

100 0'

40 0'

120 0'

20 0'

A

0

Absence

500

M. capillaris
Presence

1,000 km

120 0'

100 0'

Absence

80 0'

Fig. 2. Maps of the suitable habitats (white zone) for Muhlenbergia capillaris in North America. (A) GLM, (B) GAM, (C)
RF, (D) ANN. Green dots show the presence of M. capillaris (n=630), Grey dots show the absence of M. capillaris sampled
with pseudo-absence selection (random sampling strategy) (n=600). GLM, generalized linear model; ROC, receiver operating characteristic; GAM, generalized additive model; RF, random forest; ANN, artificial neural network.
Table 2. Model validation statistics and cut-off (threshold) values for suitable habitats
Model

Sensitivity

Specificity

TSS

ROC

Kappa

Cut-off

GLM

86.6

74.3

0.609

0.827

0.614

59

GAM

89.7

84.7

0.737

0.917

0.739

64

RF

92.9

85.7

0.786

0.937

0.790

55

ANN

96.1

78.1

0.742

0.872

0.753

44

TSS, true skill statistic; ROC, receiver operating characteristic; GLM, generalized linear model; GAM, generalized additive model;
RF, random forest; ANN, artificial neural network.

bio7 increased above an annual temperature of 20°C. The
presence probability of M. capillaris was highest when the
annual precipitation was 1,200 mm. The occurrence of M.
capillaris was positively associated with the precipitation
of the driest quarter. When we compared each environ-
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mental variable in native habitats with those in South
Korea, the annual mean temperature in South Korea was
much lower than the optimal temperature in the native
habitats. The annual temperature range was higher in
South Korea than in the native habitats in North America.
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Table 3. Mean variable importance values (±standard deviation, n=30) for each selected variable and four habitat models
Variable

GLM

GAM

RF

ANN

bio1

0.19±0.05

0.35±0.04

0.31±0.03

0.36±0.09

bio7

0.17±0.07

0.29±0.07

0.18±0.02

0.17±0.06

bio12

0.17±0.02

0.13±0.02

0.17±0.02

0.76±0.02

bio17

0.51±0.04

0.43±0.06

0.09±0.01

0.28±0.04

srad

0.34±0.05

0.11±0.03

0.10±0.02

0.11±0.02

Variable descriptions are given in Table 1.
GLM, generalized linear model; GAM, generalized additive model; RF, random forest; ANN, artificial neural network.
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2

1

srad (kJm day )

Fig. 3. Response curves of the random forest model with 30 evaluation runs. The Y-axis represents the probability of the
presence of this plant, and the black marks along the x-axis represent empirical observations of each variable. The red
line and letters indicate the mean values of the environmental variables in South Korea. bio1, annual mean temperature;
bio7, Annual temperature range; bio12, annual precipitation; bio17, precipitation of the driest quarter; srad, solar radiation.
Furthermore, solar radiation was lower in South Korea
compared to that in North America.
We predicted the suitable habitats for M. capillaris in
South Korea based on the cut-off values (>55, the maximum sensitivity plus the specificity), and the potential
distribution area was found to account for 20.5% of the
surface area of South Korea according to the RF model.
The map showed that the suitable areas were mainly
concentrated in southern coastal areas. These areas were
characterized by higher annual temperatures and a lower

https://doi.org/10.22920/PNIE.2020.1.1.74

temperature annual range compared to other regions in
South Korea.

Discussion
M. capillaris has been planted in approximately 37
public parks and private gardens over a short period of
time due to its beautiful pinkish inflorescences (Park et
al ., 2019). It was reported that this species can produce
numerous seeds and that it has a wide habitat range (Pfaff
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36 0'
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Suitable area
50

100 km

33 0'

0

Fig. 4. Map of the suitable habitat (red zones) for Muhlenbergia capillaris in South Korea.
& Maura, 2000). The present study estimated the habitat
suitability of M. capillaris in certain areas of North America (native habitat) and in South Korea using bioclimatic
variables and predicted the invasion potential of M. capillaris under the climate conditions of South Korea.
Our results showed that the regional distribution of M.
capillaris was influenced greatly by three climate conditions in South Korea. First, the annual mean temperature
was lower in South Korea compared to the optimal annual
mean temperature (approximate from 13 to 24°C) in the
native habitats of this plant. This finding suggested that
the establishment of M. capillaris can be inhibited by the
low temperatures of South Korea based on temperature
seasonality and the minimum temperatures in the coldest
months. M. capillaris has a relatively low germination rate
compared to those of other plants; the maximum germination rate was 20% under the optimal temperature and
in humid conditions (Engstrom, 2004). We can speculate
that the germination rate may drop dramatically in lowtemperature field conditions. Furthermore, this plant may
not easily survive the winter in the central parts of the
Korean Peninsula, where the minimum temperature can
drop below zero Celsius. In our projection map, suitable
habitats are mainly concentrated in the southern coastal
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areas and in regions of low elevation, where winter temperatures are relatively high compared to those in other
areas (Fig. 4).
Secondly, the low precipitation in the driest quarter can
be another stress factor preventing the establishment of M.
capillaris in South Korea. The Korean Peninsula has low
levels of winter and early spring precipitation, and much
of the annual precipitation mainly occurs in the summer
season. Although this C4 plant can grow under drier conditions when formed into a bunch of tufts, this species
is vulnerable to dry conditions at the seedling stage, like
other gramineous plants (Kirk & Belt, 2010). M. capillaris is neither rhizomatous nor stoloniferous, reproducing
through seeds (Engstrom, 2004). Northern inland areas of
the Korean Peninsula have lower winter and spring precipitation rates than those of the southern coastal areas.
These results suggest that the vulnerability to dry conditions as a seedling will present another obstacle preventing the establishment of this species in the central parts
of South Korea.
Lastly, the lower solar radiation level in South Korea
compared to those in the native habitats can inhibit the
growth of M. capillaris . This plant is a C4 grass adapted
to hotter and sunnier conditions than C3 plants. C4 plants
can utilize carbon dioxide efficiently with a specialized
cell anatomy and chemical pathways under high solar radiation (Barbour et al ., 1980). The biomass of M. capillaris
mainly increases in the summer, from June to August.
The Korean Peninsula has significantly less solar radiation than the native habitats in summer due to the effect
of a rainy monsoon season (KMA, www.weather.go.kr).
In addition, shading by woods can be another potential
obstacle preventing this sun-loving plant from expanding
into other habitats.
We speculated that the population of M. capillaris can
be established in southern coastal areas, and this plant
will not easily invade northern inland areas due to the
unfavorable climate conditions in these areas. Additionally, the invasion potential of this plant may be lower than
expected due to the competition with native plants and
habitat disturbances by human activities. Although our
modeling results showed good performance and provide
a broad basis by which to estimate the invasion potential,
there are several limitations that must be carefully considered. First, different resolutions can influence the performance of the model and can change the importance of
the selected variables. A fine-scale approach is needed to
design a management plan in South Korea (Suárez-Seoane
et al ., 2014). Second, eco-physiological properties such
as the germination rate, dispersal ability, and competition with native plants should be incorporated into future
studies for more accurate predictions. Third, further research must explore human-induced factors such as land
use and disturbances.
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In summary, we estimated the invasion potential of M.
capillaris in South Korea with the RF model, which had
highest performance among the four modeling methods
tested here. Suitable habitats of M. capillaris were concentrated in southern coastal areas, where the temperature and precipitation levels are higher than those in other
area in winter. We can conclude that M. capillaris is not
considered to be invasive based on a habitat suitability.
However, there is the possibility that rising temperatures
and increasing precipitation in winter can accelerate the
expansion of this plant on the Korean Peninsula. To prevent seed dispersal, the part of M. capillaris above ground
which is planted in suitable habitat areas should be thoroughly removed in November.

Author Contributions
JSP analyzed the data and wrote the paper. DHC and
YHK. provided technical assistance to JSP and helped
with field data collection. All authors read and approved
the final manuscript.

Conflict of Interest
The authors declare that they have no competing interests.

Funding
This research was supported by the National Institute of
Ecology (No. NIE-A-2020-08).

Acknowledgments
We would like to thank the Ministry of the Environment of the Republic of Korea for its assistance. We are
also grateful to all of the researchers who assisted with
the field data collection process.

References
ALlouche, O., Tsoar, A., and Kadmon, R. (2006). Assessing the
accuracy of species distribution models: prevalence, kappa
and the true skill statistic (TSS). Journal of Applied Ecology ,
43, 1223-1232.
Barbour, M.G., Burk, J.H., and Pitts, W.D. (1980). Terrestrial
Plant Ecology , Menlo Park: Benjamin/Cummings.
Barkworth, M.E., Capels, K.M., Long, S., and Piep, M.B. (2003).
Flora of North America : Volume 25: Magnoliophyta : Commelinidae (in part ): Poaceae, Part 2 , New York: Oxford University Press.
Bellard, C., Thuiller, W., Leroy, B., Genovesi, P., Bakkenes, M.,
and Courchamp, F. (2013). Will climate change promote future invasions? Global Change Biology , 19, 3740-3748.
Bradley, B.A., Blumenthal, D.M., Wilcove, D.S., and Ziska, L.H.
(2010). Predicting plant invasions in an era of global change.

https://doi.org/10.22920/PNIE.2020.1.1.74

Trends in Ecology & Evolution , 25, 310-318.
Engstrom, B. (2004). Muhlenbergia capillaris (Lamark ) Trinius
Hairgrass : Conservation and Research Plan for New England,
Framingham : New England Wild Flower Society.
Freeman, E.A., and Moisen, G. (2008). PresenceAbsence: an R
package for presence absence analysis. Journal of Statistical
Software , 23, 1-31.
Global Biodiversity Information Facility (GBIF). Retrieved June
10, 2020 from https://www.gbif.org/species/2704016
Gould, F.W., and Shaw, R.B. (1983). Grass Systematics , College
Station: Texas A & M University Press.
Graham, M.H. (2003). Confronting multicollinearity in ecological
multiple regression. Ecology , 84, 2809-2815.
Guisan, A., and Zimmermann, N.E. (2000). Predictive habitat
distribution models in ecology. Ecological Modelling , 135,
147-186.
Hulme, P.E. (2009). Trade, transport and trouble: managing invasive species pathways in an era of globalization. Journal of
Applied Ecology , 46, 10-18.
Kirk, S., and Belt, S. (2010). Plant Fact Sheet for Hairawn Muhly
(Muhlenbergia capillaries ) USDA-Natural Resources Conservation Service, Norman A , Beltstville: Berg National Plant Materials Center.
Korea Meteorological Administration (KMA). Retrieved June 12,
2020 from https://www.weather.go.kr/.
Landis, J.R., and Koch, G.G. (1977). The measurement of observer agreement for categorical data. Biometrics , 33, 159174.
Mack, R.N., Simberloff, D., Mark Lonsdale, W., Evans, H., Clout,
M., and Bazzaz, F.A. (2000). Biotic invasions: causes, epidemiology, global consequences, and control. Ecological Applications , 10, 689-710.
Manel, S., Williams, H.C., and Ormerod, S. (2001). Evaluating
presence-absence models in ecology: the need to account for
prevalence. Journal of Applied Ecology , 38, 921-931.
Myers, J.H., and Bazely, D. (2003). Ecology and Control of Introduced Plants , Cambridge: Cambridge University Press.
Park, J.S., Song, H., Kim, D.E., Lee, D., Kim, S.H., Hong, Y.I., et
al . (2019). Investigating Ecological Risk of Alien Species (VI),
Seocheon: National Institute of Ecology.
Pfaff, S.L., and Maura, C. (2000). Developing seed sources of
Florida native upland grass species. Journal American Society
of Mining and Reclamation , 2000, 1-5.
Pyšek, P., and Richardson, D.M. (2008). Traits associated with
invasiveness in alien plants: where do we stand? In W.
Nentwig (Eds.), Biological Invasions (pp. 97-125). Berlin:
Springer.
Richardson, D.M., Pyšek, P., Rejmánek, M., Barbour, M.G., Panetta, F.D., and West, C.J. (2000). Naturalization and invasion of alien plants: concepts and definitions. Diversity and
Distributions , 6, 93-107.
Suárez-Seoane, S., Virgós, E., Terroba, O., Pardavila, X., and Barea-Azcón, J.M. (2014). Scaling of species distribution models
across spatial resolutions and extents along a biogeographic
gradient. The case of the Iberian mole Talpa occidentalis.
Ecography , 37, 279-292.
Thuiller, W. (2003). BIOMOD- optimizing predictions of species
distributions and projecting potential future shifts under
global change. Global Change Biology , 9, 1353-1362.

81

Jeong Soo Park et al.
Vilà, M., Corbin, J.D., Dukes, J.S., Pino, J., and Smith, S.D. (2007).
Linking plant invasions to global environmental change. In
J.G. Canadell, D.E. Pataki, and L.F., Pitelka (Eds.), Terrestrial Ecosystems in a Changing World (pp. 93-102). Berlin:
Springer.

82

WorldClim. Retrieved May 2, 2020 from https://worldclim.org.
Zhang, L., Liu, S., Sun, P., Wang, T., Wang, G., Zhang, X., et al .
(2015). Consensus forecasting of species distributions: the effects of niche model performance and niche properties. PloS
One , 10, e0120056.

Proceedings of NIE 2020;1(1):74-82

Original Article
Proceedings of NIE 2020;1(1):83-89
https://doi.org/10.22920/PNIE.2020.1.1.83
pISSN 2733-7243, eISSN 2734-1372

A Multiplex PCR Method for the Detection of
Genetically Modified Alfalfa (Medicago sativa L.)
and Analysis of Feral Alfalfa in South Korea
Wonkyun Choi , Il Ryong Kim , Hye Song Lim , Jung Ro Lee*
Division of Ecological Safety, National Institute of Ecology, Seocheon, Korea

ABSTRACT
Methods for detecting the presence of genetically modified (GM) crops are evolving to comply with legislation and
to enhance monitoring by biotechnology companies and regulators. In order to cover a broad range of detection
methods for a new GM crop, conventional multiplex PCR methods are required. Based on the genetic information
on three GM alfalfa varieties (J101, J163, and KK179), which were recently approved in South Korea, we developed
a fast, reliable, and highly specific multiplex polymerase chain reaction (PCR) method with basic PCR equipment
and inexpensive reagents. To validate and verify the newly developed multiplex PCR method, we applied a limit of
detection assay and random reference material analysis. We also monitored the unintentional environmental release
of GM alfalfa in South Korea by performing the multiplex PCR analysis with 91 feral alfalfa specimens collected from
2000 to 2018. Our methodology is a sensitive, simple, quick, and inexpensive tool for detecting and identifying three
GM alfalfa varieties.
Keywords: Alfalfa, Genetically modified organism, Genetically modified organism detection, Medicago sativa,
Multiplex polymerase chain reaction

Introduction
Since the first commercialization of genetically modified (GM) crops which known as living modified organism
in 1996, the area dedicated to cultivation of GM crops
has steadily increased to 189.8 million hectares worldwide
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(ISAAA, 2017). Major GM crops include maize, soybean,
cotton, rapeseed, and more recently, alfalfa (Medicago
sativa L .), which has emerged as an important perennial
forage crop. Alfalfa, a member of the family Fabaceae, is
the most important perennial forage crop for dairy cattle,
and is also used for improving rhizosphere fertility (Tesfaye
et al ., 2005).
Intensive research into genetically engineering of alfalfa
has been conducted to improve its agronomic performance, forage quality, and industrial attributes (Kumar,
2011). Most research has focused on applying transgenic
methods to improve forage quality (Guo et al ., 2001; Le et
al ., 2017; Reddy et al ., 2005), increase resistance to abiotic stressors such as salt and drought (Bao et al ., 2009;
Jiang et al ., 2009; Jin et al ., 2010; Zhang et al ., 2012),
increase herbicide resistance (D`Halluin et al ., 1990), and
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to induce the production of novel compounds (Lee et al .,
2008; Peréz Aguirreburualde et al ., 2013; Saruul et al .,
2002; Vlahova et al ., 2005). To date, all GM alfalfa have
been developed by Monsanto Corporation, with the incorporation of herbicide resistance (called Roundup Ready alfalfa) and/or lignin biosynthesis inhibition (called reduced
lignin alfalfa); these varieties have been approved in many
countries, including South Korea. The varieties J101 and
J163 include the transgene CP4 epsps , which provides resistance to the herbicide glyphosate under the control of
the FMV promoter. KK179 was developed with the RNA
interference (RNAi) technique to suppress the endogenous
caffeoyl-CoA-3-O-methyltransferase (CCOMT) gene, a key
enzyme in S lignin production (Barros et al ., 2019). These
three single traits (J101, J163, and KK179) and two stack
traits (J101×J163 and KK179×J101) are authorized for
food and feed production, and have been deregulated for
cultivation in the USA, Canada, Japan, Mexico, and Argentina.
Detection and identification of GM alfalfa is currently
performed using real-time polymerase chain reaction
(qPCR) methods (Guertler et al ., 2019). For regulatory
purposes, we developed the event-specific qPCR method
using plasmid standards due to the lack of available reference materials (RMs). We synthesized plasmids after
searching patents for available data and validated the detection method in-house. We designed the event-specific
primer and probes with FAM, ZEN, and IBFQ for qPCR,
and the amplification sizes were 102 bp (J101), 118 bp
(J163), and 178 bp (KK179). The establishment of a reliable, rapid, and cost-effective identification method for
GM alfalfa is crucial for the regulation of transboundary
movement. Quantitative PCR is highly sensitive and does
not require gel electrophoresis, but conventional multiplex
PCR is suitable for qualitative analysis and can be implemented in under-equipped laboratories.
The aim of this study was to establish an event-specific
multiplex PCR detection method for three GM alfalfa
traits (J101, J163, and KK179) based on the available
genetic information. To validate the methods according to the general genetically modified organism (GMO)
testing method, we performed limit of detection (LOD)
assays and random RM DNA analysis. To assess the broad
applicability of our multiplex PCR method, we applied it
to analysis of feral alfalfa specimens from South Korea.
Based on these results, we suggest that the multiplex PCR
method is suitable for the detection and identification of
three GM alfalfa in samples.

Materials and Methods
Reference materials and feral alfalfa specimens
RMs for GM alfalfa (J101, J163, and KK179) were
obtained from the National Institute of Food and Drug
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Safety Evaluation (NIFDS, Cheongju, Korea). A total of
91 feral alfalfa specimens collected from 2000 to 2018 in
South Korea were obtained from the National Institute of
Biological Resources (NIBR, Incheon, Korea). Dried alfalfa
leaf tissues were stored at −80°C until DNA extraction.
DNA extraction
Plant genomic DNA was extracted from alfalfa RMs and
from the leaf tissue of feral alfalfa using a Nucleic Acid
Extractor (NP986; Tianlong, Xi'an, China) and Nucleic
Acid Extraction kit (T085H, Tianlong, China), following
the manufacturer’s protocol. Total DNA amounts were
measured by the spectrophotometer ND-2000 (Thermo
Fisher Scientific, Wilmington, DE, USA), and the final
concentration was adjusted to 50 ng/µL for PCR. All extracted DNA was stored at −20°C until use.
PCR analysis
Genetic information for the three GM alfalfas was obtained from patents and from a previous study (Guertler
et al ., 2019). Event specific primers were designed for
establishing the multiplex PCR, and β-actin (GenBank
accession no. EU664318) was used for PCR control. The
primers were synthesized by Macrogen Inc. (Seoul, Korea),
and were diluted in nuclease-free water (Qiagen, Hilden,
Germany) to 100 µM. For the PCR analysis, we used the
2X EF-Taq PCR Pre-Mix (Solgent, Daejeon, Korea) with
each batch of genomic DNA (50 ng) and event specific
primers (0.2 µM) in 30 µL total reaction volume. A Proplex PCR system (Applied Biosystems, Waltham, MA, USA)
was applied for establishment and identification of GM
alfalfa according to the following steps: pre-denaturation
at 95°C for 5 minutes; 35 cycles consisting of denatur-
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T-E9

Cp4 epsps

CTP2

P-PCISV
J163-F

B

LB

RB
T-E9

Cp4 epsps

CTP2

P-PCISV
J101-F

C

J101-R

LB

RB
P-Pal2

KK179-F

J163-R

CCOMT

CCOMT

T-nos

KK179-R

Figure 1. Schematic diagrams of PCR primer positions for
the three LM alfalfa events (A, J163; B, J101; C, KK179). The
locations and the primers are indicated by arrows. The vertical bold lines represent the flanking region of alfalfa genome (RB, right border; LB, left border; F, forward primer;
R, reverse primer; gray pentagon, Promoter; open square,
coding gene; gray square, 3’ terminator).
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ation at 95°C for 0.5 minutes, annealing at 59°C for 0.5
minutes, and extension at 72°C for 0.5 minutes; and 1
cycle of final extension at 72°C for 10 minutes. A 10 µL
aliquot of each PCR product was resolved using gel electrophoresis on 2.5% (w/v) agarose gel at constant voltage
(135 V) for 25 minutes, and the images were captured by
Chemi-Doc XRS+ (Bio-Rad, Hercules, CA, USA).
Sensitivity and application of multiplex PCR
To verity the efficiency of the GM alfalfa multiplex PCR
method, we performed LOD analysis using serial dilution of RM DNA of the three GM alfalfas, multiplex PCR
with randomly mixed RM DNA templates, and feral alfalfa
sample analysis. The three RM DNA mixture was serially
diluted with non-GM alfalfa genomic DNA for LOD as-

A

Step 1
94 C

Stop 4

Step 3
94 C

72 C

3 minutes 30 seconds

72 C

say (100, 50, 25, 12.5, 6.3, 3.1, 1.6, 0.8, 0.4, 0.2, 0 ng/
µL). Random mixed RM DNA samples were used to test
the specificity of the multiplex PCR method. To test the
practical application of the multiplex PCR method for the
analysis of feral alfalfa samples, dried leaf samples of 91
specimens from NIBR were analyzed.

Results
Establishment of multiplex PCR
To develop the alfalfa multiplex PCR method, we acquired genetic information for three GM alfalfa events
(Fig. 1) and designed event-specific PCR primers (Table
1). Each specific primer for flanking the alfalfa genome
sequence and each transgene cassette were validated, and
the primers without non-specific amplification were selected. As a result, all PCR primers showed event specific
amplification for each GM alfalfa event (Fig. 2). These
results indicate that the GM alfalfa multiplex PCR is capable of simultaneously detecting each event with high

1 minute 10 minutes

58 C
30 seconds

4C

1 cycle

33 cycle
M

B

1

3

4

M 100 50 25 12.5 6.3 3.1 1.6 0.8 0.4 0.2 (ng/L)

0.5 (Kb)
0.3
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2
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5

KK179
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0.5 (Kb)

M
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0.5 (Kb)
0.3
0.1

0.1

Figure 2. Establishment of multiplex polymerase chain
reaction (PCR). (A) Schematic diagram of the optimal multiplex PCR condition. (B) Agarose gel image using multiplex
PCR method for alfalfa genomic DNA. lane 1, J163; lane 2,
J101; lane 3, KK179; lane 4, Non-LM alfalfa; lane 5, mixed
reference materias; M, bp marker.

Figure 3. Sensitivity of multiplex PCR. (A) LOD of multiplex
PCR for three alfalfa events with serial diluted mixed DNA
template. (B) Efficiency of multiplex PCR using a random
mixture of genomic DNA of alfalfa RMs. PCR, polymerase
chain reaction; LOD, limit of detection; RMs, reference materials; M, 100 bp marker.

Table 1. Oligonucleotide primers used for multiplex PCR method to detect three LM alfalfa events
Event
J163
J101
KK179
β-actin

Primer name

Sequence (5’-3’)

J163-F

GGACTGAGAATTAGCTTCCA

J163-R

ACAAGGTCATCCAAACTGAA

J101-F

GGACTGAGAATTAGCTTCCA

J101-R

ATCTTTACAGTGACAATGTATATGGA

KK179-F

GTCTTCAAAATACAAGTCAAACAC

Kk179-R

CTTTCATTTTATAATAACGCTGCG

β-actin-F

GTCTCTCACGATTTCGCGCT

β-actin-R

GTTCCTATCTATGAAGGATATGCCC

Product size (bp)
98
202
347
147

F, forward primer; R, reverse primer.
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specificity.
Sensitivity of multiplex PCR
The genomic DNA amounts of GMO volunteers or of
processed food yield low quality DNA for GMO identification. The minimum level of quality at which sample
genomic DNA can be successfully used for multiplex
PCR is therefore essential to define (Choi et al ., 2018).
The LOD was tested using a serially diluted three GM alfalfa genomic DNA mixture (Fig. 3A). The multiplex PCR
band was detectable at the 12.5 ng/µL concentration of
the DNA mixture, but the recommended minimum DNA

amount to effectively perform the analysis is 12.5 ng/µL.
The random mixed alfalfa RM DNA was used to confirm the efficiency and sensitivity of the alfalfa multiplex
PCR method. The alfalfa multiplex PCR method was able
to effectively identify the constituents of all random RM
DNA mixtures (Fig. 3B). These results indicate that the
multiplex PCR method is sufficient to identify all GM alfalfa single and stacked events, including the two GM alfalfa stack events (J101×J163 and KK179×J101) that are
currently approved in South Korea.

Table 2. Information of feral alfalfa specimens examined in this study
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No.

Specimen No.

No.

Specimen No.

No.

Specimen No.

S04

NIBRVP0000501595

S05

NIBRVP0000292518

S06

NIBRVP0000292523

S07

NIBRVP0000292517

S08

NIBRVP0000441696

S09

NIBRVP0000292533

S10

NIBRVP0000292513

S11

NIBRVP0000292514

S12

NIBRVP0000292516

S13

NIBRVP0000436383

S14

NIBRVP0000354456

S15

NIBRVP0000375266

S16

NIBRVP0000398052

S17

NIBRVP0000385357

S18

NIBRVP0000292529

S19

NIBRVP0000292525

S20

NIBRVP0000292524

S21

NIBRVP0000292522

S22

NIBRVP0000292521

S23

NIBRVP0000292520

S24

NIBRVP0000209546

S25

NIBRVP0000308143

S26

NIBRVP0000303892

S27

NIBRVP0000303891

S28

NIBRVP0000305367

S29

NIBRVP0000317390

S30

NIBRVP0000317395

S31

NIBRVP0000130307

S32

NIBRVP0000428425

S33

NIBRVP0000430227

S34

NIBRVP0000130306

S35

NIBRVP0000130305

S36

NIBRVP0000292527

S37

NIBRVP0000292520

S38

NIBRVP0000489731

S39

NIBRVP0000489213

S40

NIBRVP0000487003

S41

NIBRVP0000555041

S42

NIBRVP0000584727

S43

NIBRVP0000584033

S44

NIBRVP0000595744

S45

NIBRVP0000587621

S46

NIBRVP0000548652

S47

NIBRVP0000350272

S48

NIBRVP0000350674

S49

NIBRVP0000439717

S50

NIBRVP0000575558

S51

NIBRVP0000587695

S52

NIBRVP0000592403

S53

NIBRVP0000575852

S54

NIBRVP0000575853

S55

NIBRVP0000587027

S56

NIBRVP0000606411

S57

NIBRVP0000348540

S58

NIBRVP0000180475

S59

NIBRVP0000230317

S60

NIBRVP0000139629

S61

NIBRVP0000240944

S62

NIBRVP0000217170

S63

NIBRVP0000119898

S64

NIBRVP0000120825

S65

NIBRVP0000120826

S66

NIBRVP0000207750

S67

NIBRVP0000112397

S68

NIBRVP0000456918

S69

NIBRVP0000292526

S70

NIBRVP0000386967

S71

NIBRVP0000305407

S72

NIBRVP0000308144

S73

NIBRVP0000429882

S74

NIBRVP0000308142

S75

NIBRVP0000209991

S76

NIBRVP0000480382

S77

NIBRVP0000477472

S78

NIBRVP0000292519

S79

NIBRVP0000357281

S80

NIBRVP0000292515

S81

NIBRVP0000397803

S82

NIBRVP0000397448

S83

NIBRVP0000375414

S84

NIBRVP0000375030

S85

NIBRVP0000672868

S86

NIBRVP0000638956

S87

NIBRVP0000539399

S88

NIBRVP0000601290

S89

NIBRVP0000603483

S90

NIBRVP0000452750

S89

NIBRVP0000603483

S90

NIBRVP0000452750

S91

NIBRVP0000620900

S90

NIBRVP0000452750

S91

NIBRVP0000620900
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Application of the multiplex PCR
The multiplex PCR method for GMO identification has
been applied for detection of GM volunteers, which were
collected from GMO monitoring (Choi et al ., 2018; Eum
et al ., 2019; Jo et al ., 2016; Shin et al ., 2016). To apply
the multiplex PCR method for alfalfa sample analysis, we
performed PCR with feral alfalfa specimens from NIBR in
South Korea (Table 2). The 91 alfalfa specimens collected
from 2000 to 2018 were analyzed using the newly developed alfalfa multiplex to identify unintentionally released
GM alfalfa in the natural environment (Fig. 4). No GM
alfalfa were detected using the multiplex PCR, and these
results were confirmed by simplex PCR performed with
each event-specific PCR primer (data not shown).

tion systems has become routine. A multiplex detection
system using conventional PCR would be a powerful tool
for the detection and quantification of transgenic elements.
Alfalfa has been used as livestock feed for decades because of its high forage quality. Alfalfa is also used for
various non-agricultural purposes such as rehabilitation of
rangelands, erosion control and reduction in forests and
mined soils, and in revegetation of damaged land (Sullivan, 1992). In South Korea, alfalfa seed has been used
for erosion protection on road cut slopes via seed spray
for many years, possibly leading to unintentional release
of GM alfalfa into the natural environment. To monitor
the release of GM alfalfa into nature, it is necessary to
establish time and cost effective detection methods. The
GMO environmental monitoring program in the Ministry
of Environment (MOE) and the National Institute of Ecology (NIE) in South Korea has searched for volunteers of
GM maize, soybean, canola, and cotton since 2009 (Eum
et al ., 2019), and we have recently added alfalfa for GMO
monitoring due to the steady increase in alfalfa imports
and the increasing proliferation of wild alfalfa (NIE,
2018). Reliable detection methods for GM alfalfa will enable the identification of volunteers and the informed
management of GMOs released in nature.
Event-specific detection methods for three GM alfal-

Discussion
Over 500 GM events, including stacked events, have
been authorized worldwide (ISAAA, 2017). Implementation of management policy is typically based on the presence or absence of GM DNA or protein in tested samples.
Because GM crop companies are continuously developing
new GM-events, detection and identification methods for
these events must be established in order for management
to be successful. As the variety of commercially available
GM crops has increased, the use of multiple GMO detec-
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Figure 4. Application of the multiplex polymerase chain reaction (PCR) method for analysis of the 91 feral alfalfa specimens. (A) Locations of alfalfa sample collection sites. Filled circles exhibit the location of a feral alfalfa specimen collection
site. (B) Analysis of multiplex PCR using 91 samples (lane 1, non-GMO; lane 2, J163; lane 3, J101; lane 4, KK179; lane 5,
mixed three reference materials; S01-S91; number of specimen samples; M, 100 bp marker).
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fas by real-time PCR have been developed (Guertler et
al ., 2019). The present study established specific qPCR
detection methods for alfalfa events J101, J163, and
KK179 and validated the methods according to the EU
guidelines for GMO testing. For in-house validation, the
research group performed LOD and robustness tests with
thermal cyclers. An inter-laboratory comparison study was
also performed by seven laboratories organized by the
Federal Office of Consumer Protection and Food Safety
(BVL). These methods would provide a powerful tool for
the qualitative and quantitative detection of GM alfalfa,
but many under-equipped laboratories in developing
countries lack the expensive equipment and materials,
including probes and reagents that are necessary for the
application of this system. To overcome these limitations,
we developed a fast and cost effective multiplex PCR
method using event-specific primers. To successfully detect GM alfalfa using multiplex PCR, the size of the PCR
products should be easily separated by gel electrophoresis.
In this study, we designed specific primers for J163, J101,
and KK179 (Table 1). J101 and J163 were developed with
the same transgene cassette to exhibit herbicide resistance (Fig. 1), and primers specific to the transgene and
plant genome were therefore necessary to identify J101
and J163. Moreover, to reduce primer interference in the
multiplex PCR, we applied the same transgene binding
primer (J163-F and J101-F) for J101 and J163 (Table 1).
The amplicon length of PCR for each amplification is crucial for the successful development of the multiplex PCR
method (Mathuoka et al ., 2001). We performed the eventspecific multiplex PCR using primers for 98 bp (J163),
202 bp (J101), and 347 bp (KK179) to separate PCR
products in 2.5% agarose gel (Fig. 2). The PCR amplification yielded variable sizes of separation in the agarose
gel without the long run time of electrophoresis. These
results indicate that the newly developed multiplex PCR
method is suitable for identifying the three GM alfalfas in
one reaction, possibly reducing the time and cost necessary to perform the analysis.
To evaluate the sensitivity of the multiplex PCR method, we conducted an LOD assay and random RM DNA
mixture analysis. Serially diluted alfalfa gDNA mixtures
(100–0.2 ng/µL) were used for multiplex PCR, and the
amplification strength was decreased by DNA concentration dependently. The minimum concentration at which
the multiplex PCR band was detectable was 12.5 ng/µL,
but we recommended that 12.5 ng/µL should be used
for qualitative analysis. The majority of GM volunteers
detected by GMO monitoring have been homozygotes or
heterozygotes, indicating that the absolute quantity of
genomic DNA is critical for GMO identification (in press).
In a comparison of single event and stacked event PCR
(Fig. 3B), the amplification strength of single event PCR
was greater than that of three stacked event PCR. These
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results indicate that the minimum concentration of genomic DNA from volunteer plants needed to detect GM
alfalfa.
Feral alfalfa is commonly observed on roadsides and
natural habitats from East Asia to Europe, and in South
Africa, Australia, and North and South America (Michaud
et al ., 1988). In South Korea, alfalfa plants and their
seeds are used for forage and to prevent soil erosion of
cut slopes. Because of low self-sufficiency of alfalfa, the
majority of alfalfa plants and seeds are imported. Moreover, according to the Act on Transboundary Movement
of GMOs in South Korea, a 3% labeling threshold for GM
seeds could be allowed for crop trade. For these reasons,
there is a high likelihood of the release of GM alfalfa seed
into the natural environment. To monitor the unintentional release of GM alfalfa to the natural environment,
it is necessary to establish a detection system for all GM
alfalfas currently approved in South Korea. In this study,
we used 91 feral alfalfa specimens collected from natural
habitats between 2000 and 2018 to screen for unintentionally released GM alfalfa. The feral alfalfa samples were
collected from natural environmental sites nearby open
area and roadside in the Korean peninsula, including
Baengnyeong Island and Jeju Island (Fig. 4A). The results
of our feral alfalfa specimen analysis by alfalfa multiplex
PCR indicated that no GM alfalfa has yet been released
in South Korea (Fig. 4B). However, there is still an increased risk of environmental release of GM alfalfa, and
the management of GM alfalfa seeds must be enforced.
In conclusion, our newly developed GM alfalfa detection
method using conventional multiplex PCR is suitable for
single and stack event analysis and applicable for the
analysis and identification of GM events in feral alfalfa.
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