[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Acorn non-dormancy disrupts Janzen-Connell effects on temperate white oaks 
[bookmark: OLE_LINK293][bookmark: OLE_LINK294][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: _GoBack]Xianfeng Yi* ·Minghui Wang · Mengyao Ju 
1 College of Life Sciences, Qufu Normal University, Qufu 273165, China.
* To whom correspondence should be addressed. E-mail: yxfeng1975@126.com


Abstract
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Although the Janzen-Connell model recognizes high level of predation as the main factor influencing propagule survival close to parent trees, acorns of white oak species germinate immediately after seed fall and might serve as a mechanism to escape this predation. In this study, we investigated the seedling establishment, growth, mortality and recruitment of two co-occurring oak species Quercus variabilis and Q. aliena as a function of distances to conspecific adults, to examine if Janzen-Connell effects necessarily result in Janzen-Connell pattern in temperate white oak forests. Our results showed that the survivorship of 1-year-old seedlings of the two white oak species was negatively correlated with the distances from the parent trees. This pattern of seedling survivorship can largely be explained by rapid germination of white oak acorns in autumn and/or the high regeneration capacity of the robust taproots even after the cotyledons are predated. Recruitment possibility indicated by the 2-year-old seedlings, however, showed an exact compensation pattern, generally reflecting the interaction between high level of seedling establishment and host-specific herbivores under the parent trees. Our results provide evidence that rapid autumn germination of acorns and high regeneration capacity of taproots limit the occurrence of Janzen-Connell effects on seedling survival close to parent trees of white oaks in temperate forests. 
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Introduction
Seed dispersal processes as well as seedling establishment play a critical role in shaping the patterns of seedling recruitment and spatial distribution of plant communities within many ecological systems (Vander Wall 1990, 2010; Steele et al. 2015; Zhang et al. 2016a). Since Janzen (1970) and Connell (1971) independently propose that adult trees can locally reduce the seedling recruitment of conspecifics, to identify the underlying mechanisms that maintain species diversity has been a hotspot in plant community ecology (Nathan et al. 2000; Fischer et al. 2006; Pregitzer et al. 2010; Comita et al. 2014; Liang et al. 2016). A large majority of literature has documented the underlying mechanism to explain the rapid decline in seed density but increase in seedling recruitment with distance from the parent plants (Harper 1977; Howe and Smallwood 1982; Willson 1993; Packer & Clay 2000; McCarthy-Neumann & Kobe 2008; Kobe & Vriesendorp 2011; Johnson et al. 2014; Deniau et al. 2017). The Janzen-Connell hypothesis predicts regular spacing and diversity of species within tropical forests through the interaction between parent-oriented dispersal patterns and distance- and density-dependent seed or seedling survival (Comita et al. 2014). However, the possibilities of seed survival and the resulting seedling establishment patterns near or under canopy are quite variable (McCanny & Cavers 1987; Nathan et al. 2000; Liu et al. 2012; Deniau et al. 2017), and may involve a number of factors, such as microhabitat variability (Kadmon & Shmida, 1990), intra- and interspecific competition (Barton 1993; Fowler 1995), seedling herbivory (Connell 1971; Packer & Clay 2003), local pathogens (Augspurger & Kelly 1984; Freckleton & Lewis 2014) and soil property (Fischer et al. 2006; Pregitzer et al. 2010). 

Although it has been tested by numerous studies, the Janzen-Connell effect has been exclusively associated with tropical ecosystems (Burkey 1994; Okuda et al. 1997; Webb & Peart 1999; Terborgh et al. 2002; Romo et al. 2004; Wyatt & Silman 2004; Stoll & Newbury 2005; Freckleton & Lewis 2006). To our knowledge, only a few studies have addressed the Janzen-Connell effect as a mechanism maintaining the species diversity in temperate forests (Packer & Clay 2000; Hille Ris Lambers et al. 2002). Moreover, no study has incorporated seed germination phenology (e.g., dormancy) into testing the Janzen-Connell effect.
[bookmark: OLE_LINK17]       In temperate forests, acorns of white oak species germinate in autumn soon after they fall, consequently the nutritional reserves in acorn cotyledons are quickly transported into an inedible robust taproot penetrating into soil (Fox 1982; Hadj-Chikh et al. 1996; Jansen et al. 2006; Steele et al. 2006; Xiao et al. 2010; Yi et al. 2013). A recent study reveals the high regeneration capacity of Pittosporopsis kerrii even after taproots are pruned by animals (Cao et al. 2011). Our recent study with acorns of Orient cork oak (Quercus variabilis) and Mongolian oak (Q. mongolica) also showed that taproots without cotyledons can successfully regenerate into normal seedlings provided the length is more than 12 cm (Yi et al. 2012). Moreover, chestnut oak (Q. prinus) exhibits high ability to tolerate acorn predation by producing seedlings directly from the pruned taproots (Yi et al. 2013). These results collectively show that seedling establishment from taproots rather than acorns may be the most important mechanism for white oak regeneration because small rodents prefer cotyledons over taproots (Smith & Follmer 1972; Fox 1982). In addition, partial consumption of acorns by small rodents has been widely recorded (Steele et al. 1993, 1998; Pons & Pausas 2007; Yi &Yang 2012). However, the partially consumed acorns can still germinate if the embryo remains intact (Steele et al. 1993; Perea et al. 2011), consequently providing opportunities for these acorns to further develop into seedlings (Yang and Yi 2012). The early germination of white oak species is widely interpreted as a general adaptation to escape predation by small rodents (Fox 1982; Hadj-Chikh et al. 1996; Chang et al. 2009; Yi et al. 2012). Therefore, acorn predation by small rodents might not mean propagule death of white oaks, and the possibility that acorns of white oak species escape the predation of small rodents is not necessarily decreased dramatically under parent trees. In this study, we investigated the seedling density, growth, and mortality of two co-occurring oak species Quercus variabilis and Q. aliena at ten different distances (1, 2, 3, 4, 5, 6, 7, 8, 9, 10 m) from conspecific adults in a temperate oak forest in central China. We predicted that rapid autumn germination of acorns and high regeneration capacity of taproots limit the occurrence of Janzen-Connell effects on seedling survival under the parent trees of white oaks in temperate forest, i.e., Janzen-Connell effects do not necessarily result in Janzen-Connell patterns.
Materials and Methods
Study site 
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]    The study was conducted in Tianchishan Mountain (1400 m a.s.l., 33º45´-33º85´N，111º75´-112º45´E) belonging to Funiushan Mountain systems in central China, located in a transition belt between the north subtropical and temperate zones (Liu 2010). Annual mean temperature is 17°C, and annual mean rainfall is 812 mm. Vegetation is dominated by deciduous Q. variabilis and Q. aliena forests, mixed with other broad-leaved tree species, e.g., Q. serreta, Castanea mollissima, C. seguinii, and Diospyros kaki. The shrubby understory is diverse and rich in endemic taxa (Corylus spp.). Small rodents, such as Tamias sibiricus, Sciurus davidianu, Rattus confucianus and Cricetulus triton are the main seed dispersers or predators in the forests.
Seedling survey in the field
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK9][bookmark: OLE_LINK7][bookmark: OLE_LINK8]     In 2007 and 2008, there was a good acorn crop of both Q. variabilis (29.47 ± 13.96 and 18.33 ± 10.05 acorns/m2) and Q. aliena (21.34 ± 12.45 and 31.75 ± 16.65 acorns/m2) respectively. In April 2009, we randomly selected 22 trees of Q. variabilis and 17 of Q. aliena to survey the seedling density around parent trees. To isolate distance effects from individual trees, we selected trees that did not have overlapping conspecific canopies. Under each parent trees, we established a 1 m  20 m transect with the trunk centered. The number of 1-year-old (produced from acorns in 2008) and ≥ 2-year-old seedlings was recorded at an interval distance of 1 m at two opposite directions from parent tree. In addition, seedling height and leaf number of individual seedlings were measured. Addition, the 1-year-old seedlings were labeled with numbered plastic tags and their survivorship was surveyed in May 2010. 
Data analyses
    Data analyses were performed using SPSS 16.0. The correlation between seedling number, seedling height, leaf number and the distances from parent trees was tested using linear regression methods.
Results
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]    Linear regression showed that the number of 1-year-old seedling was negatively correlated with the distance from parent trees in Q. aliena (r = -0.971, P < 0.001) but not in Q. variabilis (r = -0.532, P = 0.113) (Fig. 1), showing a rapid decline in seedling density with distance from parent trees. The same pattern was observed in ≥ 2-year-old seedling establishment for Q. variabilis (r = -0.674, P = 0.033) but not Q. aliena (r = -0.468, P = 0.172) (Fig. 2). The leaf number and height of seedlings were not distance-dependent for 1-year-old seedlings of Q. aliena, respectively (r = -0.663, P = 0.067; r = -0.227, P = 0.557) (Figs. 3, 4). However, there was a negative distance-dependent effect on the number of seedling leaves of Q. variabilis (r = -0.843, P = 0.002) (Fig. 3). Correspondingly, survival of 1-year-old seedlings was negatively correlated with the distance from parent trees in Q. aliena (r = -0.920, P < 0.001) but not in Q. variabilis (r = -0.603, P = 0.065), respectively (Fig. 5). 
Discussion
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]    Although small rodents are found to disperse a majority of acorns and decrease seed density under the parent trees or at the seed stations (Liu 2010), seedling establishment of Q. variabilis and Q. aliena was higher at the vicinity of parent trees in our study, contrary to the Janzen-Connell hypothesis that establishment declines monotonically with distances from parent trees. Such inverse density-dependence seedling mortality can be explained by rapid germination of acorns and colonization of the robust taproots into soil during seed fall (Fox 1982). Our field observations also show that acorns of Q. variabilis and Q. aliena produce long taproots with regeneration ability within several days. We also observed the attached cotyledons were detached from more than 60% of the 1-year-old seedlings, further indicating the capability of taproots to counter predation of small rodents on white oak acorns. Moreover, predator satiation generated by the higher acorn densities near adult plants in masting years will also account for these patterns (Augspurger & Kitajima 1992; Burkey 1994), as high level of acorn abundance increased the number of both 1- and ≥ 2-year-old seedlings under the parent trees (Figs. 1, 2 and 5). Although the Janzen-Connell mode provides a well-known conspecific negative density-dependent effect on survival of seeds under the parent trees, acorns of white oak species seem to successfully escape predation of animals through fast germination and taproot regeneration, which will explain why seedling establishment is negatively correlated with the distance from parent trees in our study.
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Host-specific seed loss or seedling mortality is thought to be higher in tropical forest than it is in the temperate zone (Janzen 1970; Packer & Clay 2000; McCarthy-Neumann & Kobe 2008). However, a great proportion of the temperate herbivores are found to be more generalized than those distributed in tropical areas (Harper 1977; Howe & Westley 1988; Zhang et al. 2016b; Selås 2016). In contrast to the tropics, it is expected that distances from parent trees have a weaker effect on offspring survival and distribution in the temperate forests. In agreement with this expectation and our prediction, seedling survival of the two oak species in the temperate forests exhibited a McCanny pattern, while seedling recruitment showed an exact compensation pattern (McCanny 1985), generating a new seedling survival and recruitment pattern in our study. Although a mortality rate of 1-year-old seedlings near the parent trees was observed (Figs. 1 and 5), an inverse distance-dependent seedling recruitment exhibited, possibly suggesting an exact compensation effect of seedling establishment and herbivore predation. Host-specific predators and soil chemistry are reported to cause negative feedbacks and then constrain the abundance of common species (Packer & Clay 2000; Fischer et al. 2006; Bagchi et al. 2014), however, we found no general support for the distance-dependent seedling recruitment as predicted by Janzen and Connell hypothesis based on our 2-year survey on seedling distributions. In the temperate forests, there may be a ‘home-field advantage’ helping maintain seedling recruitment pattern under the parent trees (Pregitzer et al. 2010; Deniau et al. 2017), as seedlings near the parent trees seem to have a good performance as a function of leaf number and seedling height (Figs. 2 and 3). We also found that high level of acorn crops benefit seedling survival and recruitment under parent trees (Figs. 2 and 5). Contradicting the results obtained in the tropical forests, we witnessed stronger evidence in support of an exact compensation patter of seedling recruitment of white oak species. The Janzen-Connell model hypothesizes that conspecific seeds and seedlings will suffer high mortality by host-specific natural enemies close to parent trees. 
Conclusions
In our study, however, an increase in seedling recruitment under parent trees is expected to lead to lump distribution of conspecifics other than high plant diversity, which reflects the actual population structures of the two white oak species in temperate forests. Our results indicate that Janzen-Connell effects do not necessarily result in Janzen-Connell pattern, rapid germination of acorns and possibly regeneration of taproots may facilitate an inverse seedling recruitment pattern with distances from the parent trees of white oaks in temperate forests. 
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Figure legends
Fig. 1 Variations in the number of 1-year-old seedlings of the two white oak species with distances from parent trees
Fig. 2 Variation in the number of ≥ 2-year-old seedlings of the two white oak species with distances from parent trees
Fig. 3 Variations in leaf number of 1-year-old seedlings of the two white oak species with distances from parent trees
Fig. 4 Variations in seedling height of 1-year-old seedlings of the two white oak species with distances from parent trees
Fig. 5 Survival of the 1-year-old seedling of the two white oak species with distances from parent trees
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Seedling number (N/m2)

Quercus variabilis	9.7185906149972801E-2	0.182897230946127	0.12741179785940701	0.166272655083192	0.15270098722473799	0.14977354019052999	0.121076764250624	0.15745916432444401	0.10683084570781901	8.4165463615687094E-2	9.7185906149972801E-2	0.182897230946127	0.12741179785940701	0.166272655083192	0.15270098722473799	0.14977354019052999	0.121076764250624	0.15745916432444401	0.10683084570781901	8.4165463615687094E-2	1m	2m	3m	4m	5m	6m	7m	8m	9m	10m	0.27272727272727298	0.54545454545454497	0.5	0.31818181818181901	0.31818181818181901	0.27272727272727298	0.31818181818181901	0.45454545454545398	0.18181818181818199	0.18181818181818199	Quercus aliena	0.86826996583090998	0.757602757199489	0.500432339034516	0.60096519828536898	0.42418250299576499	0.388524847459499	0.30987216920155303	0.24342566701833601	0.14257881933577399	0	0.86826996583090998	0.757602757199489	0.500432339034516	0.60096519828536898	0.42418250299576499	0.388524847459499	0.30987216920155303	0.24342566701833601	0.14257881933577399	0	1m	2m	3m	4m	5m	6m	7m	8m	9m	10m	1.76470588235294	1.411764705882345	1.411764705882345	1.529411764705882	1.05882352941177	0.76470588235294301	0.41176470588235398	0.41176470588235398	0.29411764705882398	0	Distance from parent tree (m)
Seedling number (N/m2)

Quercus variabilis	0.112658127096737	0.121076764250624	0.14201839569111999	0.104972776216296	0.17065284280889201	0.10683084570781901	9.9684666144324599E-2	9.0999999999999998E-2	8.5000000000000006E-2	7.9968466614432396E-2	0.112658127096737	0.121076764250624	0.14201839569111999	0.104972776216296	0.17065284280889201	0.10683084570781901	9.9684666144324599E-2	9.0999999999999998E-2	8.5000000000000006E-2	7.9968466614432396E-2	1m	2m	3m	4m	5m	6m	7m	8m	9m	10m	0.22727272727272699	0.31818181818181901	0.40909090909091	0.36363636363636398	0.45454545454545398	0.18181818181818199	0.13636363636363599	0.14680000000000001	0.1134	0.1076	Quercus aliena	0.106045625748941	8.0547434927230405E-2	0.14257881933577399	5.8823529411764698E-2	0.106045625748941	0.12820291010413701	0.136376742580819	0	5.8823529411764698E-2	8.0547434927230405E-2	0.106045625748941	8.0547434927230405E-2	0.14257881933577399	5.8823529411764698E-2	0.106045625748941	0.12820291010413701	0.136376742580819	0	5.8823529411764698E-2	8.0547434927230405E-2	1m	2m	3m	4m	5m	6m	7m	8m	9m	10m	0.23529411764705899	0.11764705882352899	0.29411764705882398	5.8823529411764698E-2	0.23529411764705899	0.17647058823529399	0.23529411764705899	0	5.8823529411764698E-2	0.11764705882352899	Distance from parent tree (m)
Seedling number (N/m2)

1

