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			ABSTRACT

		

		
			It is generally accepted that leaf litter covering plant seeds may be beneficial for seed survival, but it is unclear whether leaf litter contributes to the survival of Kmeria septentrionalis seeds in karst habitat. Herein, we investigated the seed removal of K. septentrionalis by rodents at different locations (beneath and away from the mother tree) using two treatments (leaf litter coverage and control) to clarify the effect of leaf litter coverage on seed survival. The average seed survival rate with leaf litter covering was substantially higher than that of the control (29.36±6.54% vs. 17.07±5.57%), as was seed survival time (9.38±0.74 d vs. 4.96±0.60 d). The average seed survival rates beneath the mother tree (21.14±5.82%) was lower than that away from the mother tree (25.29±6.48%). Seed survival rate was significantly affected by leaf litter (P<0.001). Finally, as all the seeds were completely consumed or removed by rodents, we deduced that leaf litter coverage only prolonged the seed survival time of K. septentrionalis but did not improve seed survival rate. Our results indicate that the higher predation rate of seeds by rodents may be the main reason for the endangerment of this plant.
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			Introduction

			Ecological interactions between plants and rodent seed predators are important mechanisms in the evolution of plant-animal mutualism (Lichti et al., 2017; Rusch et al., 2013). Seed transport by rodents not only helps disperse seeds and avoid parental competition (Nathan and Muller-Landau, 2000; Jansen et al., 2014), but also increases the chances that seeds reach a suitable location to germinate (Steele et al., 2014; Wang and Corlett, 2017). Seed removal by rodents is complex and varies with respect to seed size and abundance (Batisteli et al., 2020; Dylewski et al., 2020; Kuprewicz and García-Robledo, 2019; Pardini et al., 2017), seed chemical defenses (Shimada et al., 2015; Zhang et al., 2013), leaf litter (Yu et al., 2016), and location (Steele et al., 2014).

			Leaf litter cover can influence seed removal by rodents and, thereby, influence seed fate (Sotes et al., 2018; Zhao et al., 2014). For example, in Prunus divaricata, seed survival

			was greater with leaf litter cover than without (8.2% vs. 4.8%) (Zhao et al., 2014). Leaf litter cover might increase rodent search time (and thus energy expenditure), thereby decreasing the chances of finding the seeds (Sotes et al., 2018; Zhao et al., 2014). However, leaf litter cover may only increase the seed survival time but not the survival rate (Yan et al., 2011; Yu et al., 2016). For exemple, seed survival of Quercus wutaishanica was independent of leaf cover, and all seeds were removed or consumed by rodents after 14 d (Yan et al., 2011). Thus, leaf litter may not always provide protection against seed predators. Furthermore, seed removal by rodents is influenced by the location of the seeds (Perea et al., 2012). For example, the seed survival rate outside a canopy can be greater than under (Sotes et al., 2018), because the greater number of seeds under the mother tree may attract many seed predators (Sunyer et al., 2013; Yu et al., 2017).

			The karst region of southwestern China is among the most spectacular examples of tropical-subtropical karst formations (Clements et al., 2006). Natural regeneration of trees typically depends on seed dispersal, often by rodents, to a distance away from the parental trees. Kmeria septentrionalis is an endemic and endangered tree species (Family Magnoliaceae) found in the karst region of the Guangxi Zhuang Autonomous Region (Luocheng, Huanjiang), Guizhou Province (Libo), and Yunnan Province (Malipo, Maguan) (Pan et al., 2008). This species is slow to recover because of seed-predator pressure, where low nutritional quality and lack of water in karst soils are not conducive for seed germination and seedling growth. Female plants bear 100-300 fruits where each fruit contains 4-14 seeds (mean±standard error: length, 1.14±0.15 cm; width, 0.49±0.06 cm; and weight, 0.23±0.03 g; n=30) (Wang et al., 2020) with fleshy arils that turn red in autumn, when birds forage for the fruit and disperse the seeds (Wang et al., 2019). A large fraction of fruits fell beneath the mother plant, and approximately about 60% of these seeds are consumed by three species of rodents: Leopoldamys edwardsi, Rattus norvegicus, and R. flavipectus (Wang et al., 2020). This intense seed predation reduces the number of seeds available for subsequent germination. It is unclear whether seed predation is due to rock exposure in karsts, where seeds are more visible.

			Here, we examined how seed survival is influenced by seed predation beneath and away from the mother tree as well as by being covered, and presumably hidden to some extent, by leaves, to better understand the influence of population dynamics of this endangered tree.

			MATERIALS AND METHODS

			Field experiments were performed in the Mulun National Nature Reserve (25°07′01″-25°12′22″N; 107°54′01″-108°05′51″E) in the Guangxi Zhuang Autonomous Region, southwest China (Fig. 1). The nature reserve has a typical karst landform consisting of peak-cluster depressions and valleys, and altitudes ranging between 300-1000 m above sea level. The regional climate is dominated by the mid-subtropical zonal monsoon with an average annual air temperature of approximately 19.3 °C, ranging from -5 °C in January to 26.7 °C in July. The annual rainfall averages at 920 mm, with the highest amount of rainfall occurring from June to September (Wang et al., 2020). The annual frost-free period lasts approximately 235-290 d, and the relative humidity is typically higher than 79% (Liu et al., 2012). The local vegetation is a mid-subtropical evergreen and deciduous broad-leaved mixed forest dominated by species such as K. septentrionalis, Lindera communis, Machilus pingii, and Loropetalum chinense (Wang et al., 2019).

			Seed survival experiments were conducted from late September to late October 2019, when seeds naturally mature. Seeds with intact fleshy arils untouched by animals were collected from the ground or directly from the trees. Two seed treatments groups (covered with leaf litter at depth= 5 cm, and control) were placed beneath and away from the mother tree. Treatment seeds were placed into plastic Petri dishes (diameter= 90 mm) at intervals of at least 20 cm at each station. One hundred seeds were placed in each Petri dish. Twenty-four stations were set up at each location for each treatment group, with an interval of 10 m between any two stations to ensure the independence of the experimental units. Our experimental setup consisted of 48 stations and 9,600 seeds (48×200 seeds). Starting from the day after placement, seed removal was checked daily until all the seeds were removed or consumed. Based on the results of previous research (Wang et al., 2020) and seed fragments, we confirmed that the K. septentrionalis seeds were consumed or removed by rodents. Seeds were considered to be removed by rodents when they missing from the Petri dishes or were gnawed and emptied (García et al., 2007; Pan et al., 2016). The survival rate was calculated as the proportion of the remaining seeds relative to the initial number of seeds.
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			Fig. 1. Location map of Mulun National Nature Reserve, China.

			 

			Mann Whitney U tests were used to compare the differences in seed survival rates under different treatments at different locations. Generalized linear mixed models (lme4 package, version 3.2.5, R Core Team, 2016) were used to estimate the effect of leaf litter cover and location on the seed survival rate, with the day of the experiment and the location ID set as random factors. All data analysis and figure creation were performed using the R program, and the level of statistical significance was set at P<0.05.

			Results

			Most of the K. septentrionalis seeds were consumed or removed by rodents within 5 d after placement (Fig. 2). The seed survival rates (29.36±6.54% vs. 17.07±5.57%, n=48) and time (9.38±0.74 d vs. 4.96±0.60 d) of the litter coverage group were greater than that of the control (Fig. 2), indicating that leaf litter coverage facilitated the survival of K. septentrionalis seeds early after placement.

			The seed survival rate beneath the mother tree was lower than that away from the mother tree in both litter coverage and control groups (Fig. 3), where the survival rates of differently treated seeds were significantly different beneath the mother tree of the study area (P= 0.048). Overall, the average seed survival rate beneath the mother tree (23.17±6.39%) was lower than that away from the mother tree (26.37±6.64%), indicating that the seeds spread far away from the mother tree were less likely of being preyed on by rodents. Furthermore, only leaf litter significantly affected seed survival rate (P<0.001) (Table I).
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			Fig. 2. Seed removal rate of Kmeria septentrionalis after deposition at the seed stations under different treatments. Data are expressed as mean ± SE.
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			Fig. 3. Seed removal rates of Kmeria septentrionalis in different location and treatment. Data are expressed as mean ± SE.

			Table I. Summary of the generalized linear mixed models (GLMM) used to evaluate the effects of leaf litter and location on the seed removal rate.
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			Discussion

			Leaf litter in the karst habitat was important in reducing predation of the endangered tree seeds by rodents (Fig. 2). Nevertheless, with an increase in placement time, seeds were found and completely consumed or removed by rodents, indicating that the mechanical protection of leaf litter cover on K. septentrionalis seeds was temporary. This implies delayed seed discovery time by rodents but no improvement in the final survival of these seeds. Simultaneously, our results proved that the high seed predation pressure on this endangered tree is not due to rock exposure in the karst.

			Our results are similar to those of another study (Yan et al., 2011), but contradict others (Cintra, 1997; Sotes et al., 2018; Zhao et al., 2014). These contradictory results may be due to the differences in seed characteristics. The seeds of K. septentrionalis contain a large number of volatile oils (Huang et al., 2010). Under extensive of experimentation, the seeds become dehydrated and turn black, emitting a strong aromatic smell (Wang et al., 2020). This may attract rodents that use smell as a clue to locate food and improve the seed search accuracy, thus reducing the survival time and number of the seeds. Previous studies have also found that the seeds which fall to the ground after the red aril dehydrates and turn black were more attractive to rodents than fresh seeds (Wang et al., 2020). 

			Many seed fragments were left around the Petri dishes covered by leaf litter, indicating that most of the seeds were consumed in situ but not removed by rodents. This may be because litter coverage affects the encounter rates between rodents and seeds, modifying seed predation and hoarding behaviors of rodents by extending the seed handling time and increasing the predated risk (Fedriani and Manzaneda, 2005). Rodents inevitably choose to increase the number of seeds consumed in situ to make up for the increase in foraging time and the energy input (Yan et al., 2011). Brown (1988) reported that the decision to forage is based on harvest rate; this helps to explain why the seeds in the control were depleted first.

			The seed survival rate was lower beneath the mother tree than that away from the mother tree (Fig. 3), suggesting that the seeds spread far away from the mother tree were less likely to be preyed on by rodents. This observation conforms to the Janzen-Connell hypothesis. Similar results were found for the fruit of Pouteria splendens (Sotes et al., 2018). This similarity may be related to the uneven spatial distribution of food resources in karts landscapes. The vegetation phenology in the karst is greatly affected by rainfall (Zhou et al., 2007), where the rainfall is low with evident temporal and spatial differences, resulting in an uneven distribution of food resources (Li et al., 2020). Additionally, no other fruit distributed outside the canopy was found to be at the same stage of seed maturity as K. septentrionalis (Wang et al., 2019). The high spatial heterogeneity of food resources may increase the population density and activity of rodents under the mother tree, thus improving the probability of seeds being found and consumed.
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It is generally accepted that leaf litter covering plant seeds may be beneficial for seed survival, but it is
unclear whether leaf litter contributes to the survival of Kmeria septentrionalis seeds in karst habitat.
Herein, we investigated the seed removal of K. septentrionalis by rodents at different locations (beneath
and away from the mother tree) using two treatments (leaf litter coverage and control) to clarify the
effect of leaf litter coverage on seed survival. The average seed survival rate with leaf litter covering was
substantially higher than that of the control (29.36+6.54% vs. 17.07+5.57%), as was seed survival time
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by leaf litter (P<0.001). Finally, as all the seeds were completely consumed or removed by rodents, we
deduced that leaf litter coverage only prolonged the seed survival time of K. septentrionalis but did not
improve seed survival rate. Our results indicate that the higher predation rate of seeds by rodents may be

the main reason for the endangerment of this plant.
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INTRODUCTION

Ecological interactions between plants and rodent seed
predators are important mechanisms in the evolution
of plant-animal mutualism (Lichti et al., 2017; Rusch
et al., 2013). Seed transport by rodents not only helps
disperse seeds and avoid parental competition (Nathan
and Muller-Landau, 2000; Jansen et al., 2014), but also
increases the chances that seeds reach a suitable location
to germinate (Steele ef al., 2014; Wang and Corlett, 2017).
Seed removal by rodents is complex and varies with
respect to seed size and abundance (Batisteli ef al., 2020;
Dylewski et al., 2020; Kuprewicz and Garcia-Robledo,
2019; Pardini er al., 2017), seed chemical defenses
(Shimada ef al., 2015; Zhang ef al., 2013), leaf litter (Yu et
al., 2016), and location (Steele ef al., 2014).

Leaflitter cover can influence seed removal by rodents
and, thereby, influence seed fate (Sotes et al., 2018; Zhao et
al.,2014). For example, in Prunus divaricata, seed survival
was greater with leaf litter cover than without (8.2% vs.
4.8%) (Zhao et al., 2014). Leaf litter cover might increase
rodent search time (and thus energy expenditure), thereby
decreasing the chances of finding the seeds (Sotes ef al.,
2018; Zhao et al., 2014). However, leaf litter cover may

only increase the seed survival time but not the survival
rate (Yan et al., 2011; Yu et al., 2016). For exemple,
seed survival of Quercus wutaishanica was independent
of leaf cover, and all seeds were removed or consumed
by rodents after 14 d (Yan et a/., 2011). Thus, leaf litter
may not always provide protection against seed predators.
Furthermore, seed removal by rodents is influenced by the
location of the seeds (Perea ef al., 2012). For example, the
seed survival rate outside a canopy can be greater than
under (Sotes ef al., 2018), because the greater number
of seeds under the mother tree may attract many seed
predators (Sunyer ef al., 2013; Yu et al., 2017).

The karst region of southwestern China is among the
most spectacular examples of tropical-subtropical karst
formations (Clements et al., 2006). Natural regeneration
of trees typically depends on seed dispersal, often by
rodents, to a distance away from the parental trees.
Kmeria septentrionalis is an endemic and endangered
tree species (Family Magnoliaceae) found in the karst
region of the Guangxi Zhuang Autonomous Region
(Luocheng, Huanjiang), Guizhou Province (Libo), and
Yunnan Province (Malipo, Maguan) (Pan er al., 2008).
This species is slow to recover because of seed-predator
pressure, where low nutritional quality and lack of water
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