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Abstract

Aim: The current geographic distribution of plants and their dispersers are a result of coevolution, but the reciprocity effects

on the distribution of large seed pine and primary seed dispersers required understanding of (a) the distribution range and

distribution characteristics of each species, and (b) the overlapping of distribution areas of animals and plants to explore

whether they match. Location: China Methods: To find the target species, we identified eight large-seeded pine species in

China in terms of seed size and wing traits as well as four primary seed disperser species in terms of body size, diet and food

storage behavior. To map the geographical distribution, we obtained species distribution information from books, literature

and GBIF. We then analyzed the distribution relationship by overlapping the distribution areas and patterns comprehensively.

Results: We identified eight species of large-seeded pines (Pinus fenzeliana, P. gerardiana, P. dabeshanensis, P. koraiensis, P.

pumila, P. bungeana, P. armandii, and P. sibirica) and four species of primary seed dispersers (Nucifraga caryocatactes, Sciurus

vulgaris, Tamias sibiricus, and Sciurotamias davidianus). Pines interlaced from the Northeast to the Southwest of China along

the mountains with an average altitude of 1000-2000 m, while each species of seed disperser had a wide distribution range that

overlapped completely or partially with that of four or more species of the large-seeded pines. For pines that lack sufficient

research on seed dispersal, our research provides them with potential seed dispersers Main conclusions: The distribution

pattern of large-seeded pines and the primary seed dispersers was matched, we believed that reciprocal relationship promotes

this distribution pattern. Our study highlights the importance of incorporating the ecological consequences of geographical

distribution into reciprocal interactions between species and biodiversity conservation.

KEYWORDS

Coevolution, Distribution pattern, Large-seeded pines, Pinusplants, Reciprocal interaction, Seed dispersers

1 | Introduction

Plant distribution can be affected by climate changes, where climate warming can cause plant distribution
areas to move more to the north (King et al., 2018), while anthropogenic influences, such as plant invasions
via transportation (Ansong & Pickering, 2013; Banks et al., 2015), landscaping (Dodet & Collet, 2012),
pollution control (An et al., 2007; Chu et al., 2006; Mao et al., 2019), and seed dispersal progression in the
form of different modes of dispersal (Camargo et al., 2016), migration capacity (Pedrosa et al., 2019; Sunyer
et al., 2013), feeding, and food storage behavior of animals can also change plant distributions (Barrere et
al., 2020; Wang et al., 2019).

Seed dispersal promotes the regeneration of plants and the expansion of distribution areas (Levin et al.,
2003). In this process, the seeds are first removed from the crowns of the parent tree by the dispersal agent
(wind or animals) (Rodriguez-Perez & Traveset, 2010; Rother et al., 2016), and then the seed rain is formed
after the seed interacts with the media, in which the pattern of seed rain would ultimately affect the spatial
distribution of plants (Nathan & Mullerlandau, 2000; Wehncke & Reyes, 2019). Hence, the demographic
process in a plant’s life cycle can be critical (Vivian & Panetta, 2005). The consequence of seed dispersal
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by animals would primarily be determined via the interactions between the disperser home ranges and the
position of the seed-bearing plants.

Pinus plants are major components of the numerous montane ecosystems in Asia, North America, and
Europe, and are widely distributed in the Northern Hemisphere (Keeley, 2012; Richardson, 1998). There
are about 111 species of pines globally (Richardson, 1998), most of which have winged seeds that can spread
effectively over long distances via the wind (Benkman, 1995; Cain et al., 2000). However, about 29 species
of pines cannot complete effective wind dispersal because of their large and windless or functionally wingless
seeds, hence, they are often dispersed by rodents or birds (Tomback & Linhart, 1990).

China is a globally important distribution area of Pinus plants with at least 23 species and 10 varieties
of Pinus . The eight pines species include the Chinese white pine (P. armandii ), the Korean pine (P.
koraiensis ), the Siberian dwarf pine (P. pumila ), the Dabieshan white pine (P. dabieshanensis ), the
Hunan white pine (P. fenzeliana ), the Chilgoza pine (P. gerardiana ), the Lacebark pine (P. bungeana ),
and the Siberian stone pine (P. sibirica ), which cannot be dispersed effectively by wind because of their
windless or functionally wingless seeds that are over 90g (thousand-grain weight) (Benkman, 1995) (Table
1). Among these, there are two endangered pines, i.e. the Korean pine (VU) and the Dabieshan white pine
(EN), which are endemic to China (Wang & Xie, 2004). We predicted that the pine seeds would be dispersed
by animals. However, in addition to the Korean pine and Chinese white pine, the study of seed dispersal in
other pines lacks sufficient field research, despite being important for understanding the ecological processes
of montane ecosystems and protecting endangered pines.

Previous studies have focused on the seed dispersal process accompanied by the interaction between animals
and plants, foraging behaviors, and the ecological consequences of seed dispersal. For example, Benkman et
al. (1995) studied the American pines and found that the Red crossbills (Loxia curvirostra ) and the Lodge-
pole pine (Pinus contorta ) were in coevolutionary races, where the red squirrels (Tamiasciurus hudsonicus
) were absent, and the tree squirrels (Tamiasciurus ) were considered seed predators, they were all beneficial
for seedling regeneration of the Limber pine (P. flexilis ) (Benkman et al., 1995). Vander (2010) mainly
studied rodents and pines in America, and found that the Pinus plants, including other large-seeded plants
such as the Cary spp and thePrunus spp., manipulate the scatter-hoarding behavior of seed-dispersing ani-
mals by producing large nutritious seeds, increasing the physical defense and masting, which improved the
efficiency of seed dispersal (Vander , 2010). In addition, Lu (2002) studied the endangered pines in China
as their focal species and they found that scatter-hoarding animals, such as chipmunk (Tamias sibiricus ),
Eurasian red squirrel (Sciurus vulgaris ), and Eurasian nutcrackers (Nucifraga caryocatactes ), increased the
regeneration of the Korean pine (P. koraiensis ) in the natural forest.

Furthermore, plants and their mutualist seed dispersers are products of diffuse coevolutionary processes.
The current geographic distribution of plants and their dispersers is a result of coevolution. However,
studies on the distribution match between the large-seeded pines and their seed dispersers is still scarce. We
predicted that there would be strong positive correlations or a distribution match between animal-dispersed
pines and animal dispersers. Our objectives were to investigate the large-seeded pines in China, summarize
their distribution data, and examine the distribution relationship between these pines and their primary
seed dispersers from the perspective of sympatry. This included a review of the large-scale distribution of
the large-seeded pines, the animals that disperse pine seeds, and the existing literature regarding the seed
dispersal of these pines.

2 | Methods

2.1 | Data collection

Several search engines were used to identify publications with abstracts that contain the Latin or Chinese
names of the pines as well as the words “seed” and “seed dispersers”. These search engines included Web of
Science, Biological Abstracts, China National Knowledge Internet, and Wildlife & Ecology Studies World-
wide. We retained only articles, reviews, and theses published in English and Chinese. After searching,
23 Chinese articles and 20 English articles were selected in terms of their contained information regarding
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seed dispersal of the eight specified species of pines (Table 3). In each study, the seed dispersers of the
large-seeded pines were recorded.

To the best of our knowledge, the detailed pines and animal ranges available were Flora of China (Zheng &
Fu, 1978) and Fauna Sinica (Luo, 2000; Zhang, 2007), which were published by Science Press and hosted by
the Chinese Academy of Science. Although these data are considered a landmark for studies conducted on the
ecology and conservation of pines, rodents, and birds, updating the databases is demanding, but neglecting
added information can be detrimental to conservation efforts (Hughes, 2017). In addition, we also referred to
Pinus dabeshanensis and its Origin (Peng & Jiang, 1999), Tibet Vegetation (Chinese Academy of Sciences,
1988), Flora and Vegetation Geography of China (Chen, 2014) and Floristics of Seed Plants from China
(Wu, 2011) as literary references for the distribution of pines, while A Checklist on the Classification and
Distribution of the Birds of China (Third Edition) (Zheng, 2017), China’s Mammal Diversity and Geographic
Distribution (Jiang et al., 2015), and Study on Rodents in Typical Semi-desert and Desert Areas of China
(Wu et al., 2008) were the literary references for the distribution of seed dispersers.

We also queried the distribution information of these species from Global Biodiversity Information Facility
(GBIF, 2020) (https://www.gbif.org/) as a supplement (see “Data available”), we obtained the distribution
information of eight species of pines with geographical coordinates in China, and screened the information
one by one. The records that were wrongly classified due to the wrong name of species were eliminated, and
the effective records of each species were retained. There were no records of P. geraedana , 3 of P. pimila ,
74 of P. bungeana , 505 of P. armandii , 22 ofP. koraiensis and 28 of P. fenzeliana (excluding 106 records
of P. kwangtungens , which were classified as Latin name errors). The species information on GBIF were
obtained from the contributions of biologists and field researchers through time, but for species with poor
habitat conditions, there would be a lack of information, while the habitat that is accessible to humans would
have widely studied species. However, the distribution data could be inaccurate with differences between
the GBIF data and the Chinese monograph. Hence, we chose to follow the data provided in Flora of China,
Fauna Sinica, and local plant and animal record books, as mentioned previously.

2.2 | Distribution maps and analyses

In this study, we produced up-to-date distribution maps of the eight species of the large-seeded pine. This
included the following species: the Chinese white pine (P. armandii ), the Korean pine (P. koraiensis ),
the Siberian dwarf pine (P. pumila ), the Dabieshan white pine (P. dabieshanensis ), the Hunan white pine
(P. fenzeliana ), the Chilgoza pine (P. gerardiana ), the Lacebark pine (P. bungeana ), and the Siberian
stone pine (P. sibirica ) (Fig. 1). We also included the recorded seed dispersers, i.e. the chipmunk (Tamias
sibiricus ), the Eurasian red squirrel (Sciurus vulgaris ), the Eurasian nutcrackers (Nucifraga caryocatactes
), and David’s rock squirrels (Sciurotamias davidianus ). We also excluded the habitats of cities, lakes,
rivers, and deserts, which are not suitable for these plants to live based on the known distribution areas. It
was assumed that these plants could be distributed in other areas of the region. In addition, apart from the
animals specially designated as having a discrete distribution in the literature, it was assumed that animals
were present in a certain area. Compared to the habitats of animals, if there was no significant difference
in the geographical environment of adjacent areas, we assumed the animal’s distribution in those areas.
ArcGIS 10.2 (Esri, USA) was used to analyze and visualize the results based on the 1:3,000,000 scale of the
Chinese administrative geography vector map. Adobe Photoshop Pro CC 2018 (Adobe Inc., USA) was used
to calculate the proportion of overlapping areas of both pines and animals (Zhong et al., 2015).

3 | Results

3.1 | Geographical distribution of the large-seeded pines in China

Generally speaking, the distribution of large-seeded pines is interlaced from Northeast to Southwest China.
Among them, P. fenzeliana ,P. gerardiana , and P. dabeshanensis are distributed in dots (Fig. 1, Table 2).

P. fenzeliana is a unique species in China with a punctate distribution that is mainly found in the montane
slope of Guangdong, Guangxi, and Hainan at an altitude of 1000-1600 m. P. gerardianais mainly found in
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the subalpine and xeric areas of Zada in Western Tibet at an altitude of approximately 2700 m as well as
a small area in the northwest of the Himalayas. Because the distribution area ofP. gerardiana in Tibet is
narrow and located in the plateau, the research environment is difficult to sustain, hence, there is still no
report on P. gerardiana seeds. P. dabeshanensis is a rare species that is endemic to China and is mainly
distributed on the montane slopes of the Dabie Mountains in Southwestern Anhui and Eastern Hubei at an
altitude of 900-1400 m. P. dabeshanensis is a rare and endangered species, where its pollen maturity occurs
during the rainy season with a low success rate of pollination resulting in low seed yield. P. koraiensis is
only distributed within the brown forest land zone with an elevation of 150-1800m in the Changbai and
Jilin Mountains as well as south of the Xiaoxing’an Mountains in Northeast China, where it is one of the
primary forest species. In its natural distribution area, it is often found in a mixed broadleaf-conifer forest or
a mixed coniferous forest. P. pumilais distributed within the arctic treeline and subalpine in the Daxing’an
and Changbai Mountains in Northeast China at an altitude of 1200-1800 m.P. bungeana is an endemic
species to China. It is mainly distributed within the steep south-facing mountain slopes at an altitude of
500-1800 m of Shanxi, Western Henan, Southern Gansu, Northern Sichuan, and Western Hubei. P. bungeana
was clustered within the primary population and is the dominant species in the community.P. armandii is
mainly distributed on the montane and limestone slopess of Southern Shanxi, Southwestern Henan, Shanxi,
Southern Gansu, Sichuan, Western Hubei, Central and Northwestern Guizhou, Yunnan, and Tibet at an
altitude of 1000-3300 m. Compared to the other Pinusspecies, P. armandii is the most widely distributed
and covers the south of the Taihang Mountains. P. sibirica is distributed in the mountains and river valleys
of the Kanas River in the upper reaches of Bulzin in the northern part of the Altai Mountains, Xinjiang.
The climate of this basin is wet and cold throughout the year. In the ashing land zone of the mountainous
grassland at an altitude of 1600-2350 m,P. sibirica often mixes with Larix sibirica to form a mixed forest
that is mainly composed of P. sibirica .

3.2 | Seed dispersers of the large-seeded pines

We screened the seed dispersers of P. dabeshanensis , P. koraiensis , P. pumila , and P. armandii , with
regards toP. fenzeliana , P. gerardiana , P. bungeana , andP. sibirica. However, information regarding
seed dispersal was not available (Table 3). The seed dispersers of P. dabeshanensisinclude Sciurotamias
davidianus and Apodemus sylvaticus , which are small forest rodents, while the primary seed dispersers
ofP. koraiensis are Tamias sibiricus, Sciurus vulgaris ,Sitta europaea , and Nucifraga caryocatactes , which
are medium-sized birds and large rodents. Moreover, the primary seed dispersers of P. pumila are Sciurus
vulgaris and N. caryocatactes with similar geographical distribution as P. koraiensis , thus, similar seed
dispersers. We found that the seed disperser species of P. armandii were the most common, in which the
only report showed that the N. caryocatactes were the primary seed disperser of P. sibirica . Combined with
the body size, habitat, scatter-hoarding behavior, and diet (Jiang et al., 2015; MacKinnon & Phillipps, 2000;
Zhang, 2007), we identified four primary seed dispersers of the large-seeded pines in China, which consisted
ofN. caryocatactes , S. vulgaris , S. davidianus , andT. sibiricus (see S1 for details).

3.3 | Primary seed dispersers

The distribution of four primary seed dispersers and their overlap ratio with different pine distribution areas
are shown in Fig. 2 and table 4, respectively.

N. caryocatactes is a typical coniferous forest bird that is mainly distributed across Northeast China (Fig.
2a). The distribution areas of N. caryocatactes cover 84.56% of P. armandii’sdistribution area. Additionally,
it overlaps with all the distribution areas of the other pine trees, including P. koraiensis, P. pumila, and P.
sibirica . Among the other pines of undetermined seed dispersal trends by N. caryocatactes , part of the
distribution area of P. dabeshanensis and P. fenzeliana is are in the active area of N. caryocatactes , where
the distribution areas of P. gerardiana and P. bungeanaare completely within the range of N. caryocatacte
. This bird is very likely to eat the seeds of these pines, which indicates its potential role as their seed
disperser.

S. vulgaris is mainly distributed across Northeastern to North China and is also present in some mountain
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forests in Northwestern China (Fig. 2b). At present, S. vulgaris have been reported to disperse the seeds of
P. koraiensis and P. armandii . The natural geographical distribution of these two pines are all within the
activity range of S. vulgaris . In addition, the distribution areas ofS. vulgaris coincided with the geographical
distribution area ofP. sibirica and north of that as well as 7.20% of the distribution area of P. armandii ,
which also overlaps with 11.51% of the distribution area of P. bungeana . Therefore,S. vulgaris is likely to
feed on the seeds of P. sibirica, P. armandii , and P. bungeana and disperses their seeds.

S. davidianus is mainly found in North China to Southwest China and East China to Midwest China (Fig.
2c). This covers all the geographical distribution areas of P. dabeshanensis , P. bungeana , 75.71% of P.
armandii , and 6.16% of P. koraiensis . P. armandii and P. koraiensis have related reports in terms of
seed dispersal by S. davidianus , where 91.61% of the geographical distribution areas of P. bungeana ,P.
dabeshanensis, and P. fenzeliana, with punctate distribution, overlap with that of S. davidianus , hence, S.
davidianus is likely to feed on the seeds of the aforementioned pines and disperse their seeds through storage
behavior.

T. sibiricus are mainly distributed in the northeast to the midwest of China (Fig. 2d). At present, there
have been reports regarding the effect of T. sibiricus on the seed dispersal ofP. koraiensis and P. armandii,
where its geographic distribution covers 94.19% of the area of P. koraiensis and 57.21% of P. armandii’s
area. In addition, 49.58% of the geographical distribution areas of P. bungeana, part of P. fenzeliana , the
total area of both P. pumila and P. sibirica coincided with that of T. sibiricus , in which it is likely to
practice foraging and store behavior on the pine seeds, which would affect their seed dispersal.

Generally speaking, the distribution of the primary seed dispersers and the eight large-seeded pines showed a
high degree of consistency, where central spreading of the Pinus plants was observed. The natural distribution
areas of P. dabeshanensis , P. koraiensis ,P. armandii , and P. sibirica were all within the range of their
main seed dispersers. For pines of undetermined seed dispersal trends, there were potential seed dispersers
in some or all of their distribution areas. For each seed disperser species, its distribution range was wide
with complete or partial overlaps with four or more species of the large-seeded pines. In addition to P.
gerardiana , which is distributed at the highest altitude of 2700 m, there were three or more seed dispersers
in the distribution area of the other seven pine species, but two of them were only a small population with
a spotty pattern of distribution.

4 | Discussion

To the best of our knowledge, this is the first attempt to overlap the geographical distribution of all large-
seeded pines and their primary seed dispersers to explore the distribution relationship of these two different
trophic groups. The geological factors regarding the formation of the pine trees distribution pattern in China
and the effect of reciprocal interaction on the distribution of the large-seeded pines, seed dispersers, and the
new reciprocal combinations was investigated.

We found that the distribution of large-seeded pines in China was interlaced from the northeast to the
southwest as dots, which consisted of P. fenzeliana , P. gerardiana , and P. dabeshanensis . The Pinus plant
origins include Western Europe and Eastern North America, where the early Pinus spread from Europe to
East Asia through the ancient Mediterranean coast. North of the ancient Mediterranean region, the plants
would spread freely and ultimately formed a distribution pattern that is found in China (Tao, 2012). The
eight species of the large-seeded pines make one-third of China’s pines that are mainly distributed along
the mountainous areas at altitudes of 1000-2000m. They display adaptability to alpine and barren habitats,
which is consistent with previous findings (Richardson, 1998; Tomback & Linhart, 1990).

Large seeds are considered to be a tradeoff in terms of promoting seed germination and seedling growth as
well as seed dispersal by animals. The evolutionary process of bird dependency caused pines to grow at high
elevation or in barren environments that are sympatric with one or more corvids with seed-storing behavior
and increased seed size (Tomback & Linhart, 1990). In addition, rodents with scatter-hoarding behavior
brought new changes to such interactions, even though their home range is much smaller than those of a
nutcracker (Vander, W., Stephen B. & Beck, 2011; Vander, W., Stephen B. et al., 2006).

5
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In this study, we found that the distribution of nutcrackers runs through the distribution areas of only seven
species of the large-seeded pines, while the distribution area of the rodent was smaller and their distribution
with the pines had a large overlap. This difference between birds and rodents could be related to movement
and ecological traits.S. vulgaris showed a preference for pine seeds by storing large amounts of seeds in
the mature season to cope with food shortages in the winter and early spring. Thus, they can only be
distributed in areas with larger pine seeds (Siepielski & Benkman, 2008; Yu et al., 2014). As T. sibiricus
are omnivores, they eat young buds, leaves, and flowers, and they hibernate during the season when pine
seeds are scarce, hence, they can be distributed more widely. These rodents, either scatter-hoarding or
larder-hoarding, retrieve food by olfaction. However, when seeds are buried too deep or for too long, then
the seeds are more difficult to find, thus improving the survival rate of seeds (Fletcher et al., 2010; Zhang
& Zhang, 2007). Moreover, N. caryocatactes is a typical coniferous forest bird that disperses and stores a
large number of seeds for winter in the seed maturity season and has a strong spatial memory for finding
the seeds (Balda, 1980).

Furthermore, our results were based on the large overlap of the spatial scale distribution, which could add
uncertainty to widely distributed species, such as P. armandii , but not evolutionary clues regarding the pines
due to the lack of seed dispersal research, which we believe is crucial. For the four primary seed disperser
of pines,S. vulgariss is mainly distributed across northern China, whileT. sibiricus and N. caryocatactes are
distributed in the same range as all the eight pine species. S. davidianus cover the mountains of central China,
which partially or a completely overlaps with the range of P. fenzeliana P. dabeshanensis, P. bungeana , and
P. armandii . This highlighted the central spreading pattern of Pinus plants in central China. The results
of the overlapping distribution confirmed that the potential interaction not previously discovered between
large-seeded pines and animals, where N. caryocatactes , S. davidianus , and T. sibiricus were found in the
distribution area of P. fenzeliana and N. caryocatactes , while P. gerardiana , N. caryocatactes ,S. vulgaris
, T. sibiricus , and S. davidianus were found in the distribution area of P. bungeana , hence, these animals
may be potential seed dispersers of these pines. In addition, we found T. sibiricus in the distribution area
of P. pumila ,S. vulgaris , and T. sibiricus , which was in the distribution area of P. sibirica , while N.
caryocatacteswas in the distribution area of P. dabeshanensis , where these animals were not identified in
previous studies. Similarly, they may have certain foraging and dispersal effects on the pine trees. We
identified new combinations of pines and seed dispersers that were previously described but not found as
well as combinations that have not been studied. Sympatry studies are valuable to identify the relationships
between animals and plants, where Piazzon et al. predicted that the interspecific variation in seed rain was
based on plant distribution and lizard movement patterns (Piazzon et al., 2012), while Barrere et al. studied
feeding behaviors of sympatric red and roe deer relative to the oak mast seedling (Barrere et al., 2020).

More detailed studies should be performed regarding the process and mechanism of the seed dispersal of
large-seeded pines. The effects of animal dispersal on Pinus species are often changed by the seed disperser
species, their foraging behavior, habitat type, seed-bearing year (old or young), and other factors (Peters et
al. , 2017). In view of the reported large-seeded pines, long-term, large-scale, and multi-factorial observations
and tracking should be conducted to understand the dynamic changes in the species, abundance, behavior,
and population dynamics of the seed disperser community in different habitats. The large-seeded pines
that have not yet been studied should be investigated relative to the ones in China. Based on these data,
an evolutionary model of the large-seeded pine was established based on the reciprocal relationships found
between animals and plants.
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