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Abstract Recent evidence suggests that plant performance
can be influenced by the phylogenetic diversity of neigh-
boring plants. However, no study to date has examined
the effect of such phylogenetic density dependence on the
transition from seed to seedling. Using 6 years of data on
seedling recruitment and seed rain of 13 species from 130
stations (one 0.5 m* seed trap and three adjacent 1 m* seed-
ling plots) in a subtropical evergreen forest, we asked: (1)
Does negative density dependence act across seed to seed-
ling stages? (2) Is there evidence for phylogenetic density
dependence during the seed to seedling transition? (3) Does
the strength of density dependence vary among years? Gen-
eralized linear mixed-effects models were used to model
seed to seedling transition as a function of conspecific
seed and seedling densities, heterospecific seed and seed-
ling densities, and mean phylogenetic distance of hetero-
specific seeds and seedling. Conspecific seed density had a
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significant negative effect on seedling transition rates for 12
of 13 focal species. In contrast, conspecific seedling den-
sity had a positive effect for 7 species, suggesting species-
specific habitat preferences. Few species were significantly
affected by the density or phylogenetic relatedness of het-
erospecific seeds and seedlings. Only conspecific seed
density effects varied among years for most focal species.
Overall, our results reveal that conspecific seed and seed-
ling densities play a more important role than the density or
relatedness of heterospecific seeds and seedlings during the
seed to seedling stage, suggesting that species-specific seed
predators, along with habitat preferences, may contribute to
diversity maintenance in this forest.

Keywords Janzen—Connell hypothesis - Phylogenetic
relatedness - Seed - Seedling - Species coexistence

Introduction

The mechanisms that maintain high tree diversity in tropi-
cal forests have long fascinated biologists (Denslow 1987,
Wright 2002). One of the best known models of tropi-
cal tree species coexistence is the Janzen—Connell model
(J-C), which assumes that due to the high seed rain beneath
adult trees, density- or distance-responsive predators and
pathogens tend to concentrate near parent trees, resulting in
high conspecific seed and seedling mortality and permitting
the successful recruitment by other tree species (Janzen
1970; Connell 1971). Accumulated evidence suggests that
such conspecific negative density dependence (NDD), par-
ticularly at early life stages (Zhu et al. 2015), is widespread
in tropical tree communities (e.g., Harms et al. 2000; Com-
ita and Hubbell 2009; Comita et al. 2010; Swamy et al.
2011), and thus may be important for slowing competitive
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exclusion and maintaining tropical forest diversity. A grow-
ing number of studies have demonstrated that Janzen—Con-
nell effects are not restricted to tropical forests but are also
common in other systems, including subtropical (Chen
et al. 2010; Zhu et al. 2010; Liu et al. 2012) and temperate
tree communities (Hille Ris Lambers et al. 2002; Johnson
et al. 2012; LaManna et al. 2016). However, the strength
of conspecific density dependence can vary geographi-
cally, such as with respect to latitude (Johnson et al. 2012)
or precipitation (Comita et al. 2014). In addition, even at
a single site, the strength of density dependence has been
shown to vary temporally (Wright et al. 2005; Comita et al.
2009; Lin et al. 2012; Bachelot et al. 2015), potentially
due to variation in natural enemy behavior (e.g., predator
satiation) or climate (e.g., seasonal or annual variation in
rainfall).

At the same time, there is increasing recognition that
the identity of heterospecific neighbors can play an impor-
tant role in determining their impact on focal individuals
(Bagchi et al. 2010; Metz et al. 2010; Paine et al. 2012;
Lebrija-Trejos et al. 2016). Previous studies usually divided
neighbors into conspecific and heterospecific individu-
als, thereby ignoring the wide variation in the likely effect
of heterospecific neighbors on focal plants (Uriarte et al.
2004; Webb et al. 2006). However, both evolutionary the-
ory and empirical results have shown that the phylogenetic
relatedness of neighbors can affect the performance and
survival of individuals within a local neighborhood (e.g.,
Webb et al. 2006; Metz et al. 2010; Paine et al. 2012; Zhu
et al. 2015). In general, ecologists expect greater negative
interactions among individuals of species that are phyloge-
netically more closely related, because they are more likely
to compete for more similar resources and/or share seed
predators, herbivores, or pathogens (Novotny et al. 2002;
Narwani et al. 2013; Fritschie et al. 2013; Venail et al.
2014; Naughton et al. 2015; Wu et al. 2016). Consistent
with this idea, a number of studies have found a decrease
in focal plant growth or survival with closer phylogenetic
distance of neighboring plants (e.g., Webb et al. 2006;
Metz et al. 2010). Conversely, other recent studies reported
an increase in survival when neighbors were more closely
related (Lebrija-Trejos et al. 2014; Zhu et al. 2015), sug-
gesting that facilitation (e.g., via shared mutualists) and/or
phylogenetically conserved habitat preferences are more
important than natural enemies in some cases.

While a number of recent studies have looked at phy-
logenetic density-dependent seedling survival (Webb
et al. 2006; Bagchi et al. 2010; Metz et al. 2010; Paine
et al. 2012; Lebrija-Trejos et al. 2014; Wu et al. 2016), no
study to date has examined phylogenetic density depend-
ence across the seed to seedling stages. Patterns found
for seedlings and later life stages may not generalize to
the seed to seedling transition stage. Effects of mutualists
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(e.g., mycorrhizal fungi) are likely more limited at
the seed stage compared to later stages when individu-
als are more dependent on the local environment, rather
than maternal reserves, for resource acquisition (Fenner
1985). At both the seed and seedling stages, the effect
of phylogenetic relatedness of neighbors will depend, at
least in part, on the host-specificity of natural enemies.
Insect seed predators usually display some level of host-
specificity. For example, in a study of insect seed preda-
tors in a Costa Rican deciduous forest, Janzen (1980)
found that polyphagous beetle species tended to attack
seeds of plant species that were phylogenetically closely
related. Therefore, the seed to seedling transition rate
could be phylogenetic density-dependent if insect seed
predators are the dominant cause of seed mortality. In
contrast, vertebrate seed predators, such as rodents, tend
to be generalists (Hanski and Hansson 1991). Thus, in
systems where vertebrates are the dominant seed preda-
tors, the seed to seedling transition is likely related to the
local density, but not relatedness, of heterospecific seeds.

Previous studies of density dependence during the
seed to seedling transition have focused exclusively on
seed densities (e.g., Harms et al. 2000). However, seed-
ling neighbor density may also influence seed germina-
tion and seedling recruitment. For example, high densi-
ties of established conspecific seedlings may increase
the local density of host-specific pathogens that may kill
newly emerging seedlings. On the other hand, higher
seed to seedling transition rates could be found in sites
with higher conspecific seedling density because of spe-
cies-specific habitat preferences that favor recruitment
in similar conditions. At the same time, high densities of
heterospecific seedlings could decrease the detection of
seeds by predators and increase the probability of seed
to seedling transition (e.g., species-herd protection; Wills
1996).

Here, we examine density- and phylogenetic-depend-
ent rates of transition from the seed to seedling stage
using data from a long-term, community-level study of
seed rain and seedling recruitment in a subtropical for-
est in eastern China. Using data from 13 focal tree spe-
cies collected over 6 years, we address three main ques-
tions: (1) Does conspecific NDD act across the seed to
seedling transition in this subtropical forest? (2) Is there
evidence for phylogenetic density dependence during the
seed to seedling transition? (3) Is there year to year varia-
tion in the strength of density dependence? We predicted
that there were strong negative effects of local conspe-
cific seed and seedling densities on transition rates due to
species-specific natural enemies, but also negative effects
of local heterospecific seed densities due to polypha-
gous natural enemies, with the effect of heterospecifics
decreasing with phylogenetic distance.
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Materials and methods
Study site

The study was conducted at the Gutianshan (GTS) 24-ha
permanent forest plot (29°15'N, 118°07’E), located in
the old-growth subtropical forest of Gutianshan National
Nature Reserve (GNNR), Kaihua County, Zhejiang
Province in eastern China. GNNR covers a total area of
8107 ha and the topography is characterized by moun-
tains with steep slopes. The elevation in the plot ranges
from 446.3 to 7149 m a.s.l, and the mean slope is
approximately 37.5° and ranges from 12.8° to 62°. The
mean annual temperature is 15.3 °C. The hottest month
is July with a mean temperature of 27.9 °C, and the cold-
est is January with a mean temperature of 4.3 °C. The
mean annual precipitation is 1787 mm, most of which
falls between March and July. The mean annual number
of frost-free days is 250. The dominant vegetation type in
GNNR is subtropical evergreen broad-leaved forest dom-
inated by Castanopsis spp., Cyclobalanopsis spp. (both
Fagaceae) and Schima superba (Theaceae) (Hu et al.
2003). Approximately, 140,000 individuals >1 cm diam-
eter at breast height (DBH 1.3 m) of 159 species, 103
genera, and 49 families have been recorded in the plot,
including 26 shrub, 70 understory tree, and 63 canopy
tree species (Zhu et al. 2010).

Establishing and monitoring census stations

To monitor seed rain and seedling recruitment in the plot,
a total of 130 census stations were established in a strati-
fied random design along trails in May 2006. Each station
consisted of one 0.5-m? seed trap for collecting seeds and
three 1-m? seedling plots for monitoring seedling dynam-
ics (N = 130 seed traps, 390 seedling plots). Each seed
trap consisted of a square PVC frame supporting an open-
topped, 1-mm nylon mesh bag suspended 0.8 m above the
ground. All seeds and fruits that fell into the traps were
identified to species every week. The total number of
seeds of each species in each trap was based on a count of
actual seeds in the trap or, in cases where entire fruits fell,
calculated based on the mean number of seeds per fruit
(calculated using >30 fruits) for that species.

The three seedling plots were placed 2 m away from
each of three sides of each seed trap. In each seedling
plot, all woody plants <1 cm DBH were tagged and iden-
tified to species. Survivors were checked in subsequent
censuses and new recruits were tagged and identified.
We censused seedling plots three times per year (May,
August and November) in 2006 and 2007, and twice per
year (May and August) since 2008.

We explored the relationship between recruitment and
seedfall using 6 years of data. Seedfall data and recruit data
were matched by year and station. We then used data from
all stations and all year cohorts (seedfall from August 2006
to July 2012; recruitment from November 2006 to August
2012) to examine the overall relationship between local
recruit and seedfall density for each species. Most seed rain
in the study site falls between September and the follow-
ing January, with peak seed fall in November and minimal
seed fall from May through July (Du and Ma 2012), and
germination and seedling recruitment occurs between Feb-
ruary and July in this region (Shi et al. 2014). Therefore,
we grouped weekly observations of seed fall from August
to the following July and matched those data to the number
of new seedling recruits tagged in the May and August cen-
suses of each year. For the first 2 years when there was an
additional seedling census in November, seedlings tagged
in the November census were counted as new recruits in
the subsequent May census if they were still alive (i.e., to
be consistent with recruit counts and timing in the subse-
quent years). The detailed match of seed fall period and
seedling recruitment period during the 6-year study can be
found in Table S1. To examine the effects of existing seed-
lings on seed to seedling transition rates, we calculated the
number of live conspecific and heterospecific seedlings that
were recruited in previous years.

Study species

A total of 78 species were recorded from the traps and 117
species in the seedling plots. Species were excluded from
analyses if (1) seeds passed through the 1-mm trap mesh or
(2) seeds were recorded at fewer than 25 stations in 6 years.
This left 13 focal species for analysis (Table S2). Seed
numbers for each focal species and ranges of all predictor
variables are included in Table S2.

Phylogenetic tree

We constructed a phylogenetic tree for the GTS forest plot
species (159 species) following the methodology of Kress
et al. (2009). The phylogeny was constructed using a DNA
super matrix composed of three sequence regions: rbcL,
matK, and trnH-psbA. Leaf tissue was collected from three
individuals of each species at the plot and desiccated with
silica gel. The phylogeny was constructed using the follow-
ing steps: (1) total DNA was extracted from samples of leaf
tissue with the CATB method (Khanuja et al. 1999); (2)
three DNA barcode loci (rbcL, matK and trnH-psbA) were
amplified and sequenced using Polymerase Chain Reaction
(PCR); (3) each sequence was compared with the GenBank
using Blast (Altschul et al. 1997); (4) The matK and rbcL
loci were globally aligned and the #rnH-psbA sequences
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were aligned within orders using MUSCLE software
(Edgar 2004); (5) a super matrix was matched and built
with the R package ‘Phylotools’ (Zhang et al. 2010); (6)
three division GTR + GAMMA models were set to apply
to the three DNA regions using RAXML software (Stama-
takis 2006); (7) the approval rating of every node was con-
firmed by 1000 rapid bootstrap tests (see Fig. S1); (8) an
ultrametric tree was finally obtained using software ‘r8s’
with non-parametric rate smoothing method (Sanderson
2003). Non-parametric rate smoothing was implemented in
r8s assuming the age for the most recent common ances-
tor of seed plants at 180.0 MYR, of the Angiosperms
140 years, of the Fagaceae at 34.0 MYR, and the Rubi-
aceae at 56.0 MYR (2001). A more detailed description of
the phylogeny for the GTS plot can be found in Feng et al.
(2014) and Mi et al. (2016).

We measured the relative phylodiversity using the
square-root of mean phylogenetic distance (in units of mil-
lions of years) from the focal species to all other (n—1) spe-
cies in the quadrat (Letten and Cornwell 2015). We calcu-
lated the standard effect sizes of observed distances given
an expected phylogenetic distance for a specified number
of species, because phylogenetic mean distance may be
influenced by species richness (Webb et al. 2006). We used
a null model to calculate expected phylogenetic distance,
generating 10,000 random neighborhoods at a given spe-
cies richness and calculating the mean and standard devia-
tion of the pairwise phylogenetic distances among species
for each neighborhood. Species were drawn from the pool
of all species in the seed traps for seed APd’ and from the
pool of all species in the seedling plots for seedling APd’ in
each year. We refer to the resulting metrics as relative aver-
age phylodiversity, APd’. Larger positive values of APd’
indicate communities whose species are less closely related
to the focal species (Webb et al. 2006).

Data analyses

For each species, we used generalized linear mixed-effects
models (GLMMs) with binomial errors to model the prob-
ability of transition from seed to seedling. We estimated
this probability for each station and year combination by
comparing the number of seeds in the trap to the num-
ber of subsequent recruits in the three adjacent plots. An
equal number of seedlings and seeds would give a transi-
tion probability of 1; half the number of seedlings to seeds
would give a transition probability of 0.5.

For each of the 13 species, we modeled this transition
as a function of local conspecific seed density (CON),
heterospecific seed density (HET), phylodiversity of het-
erospecific seeds (APdl), conspecific seedling density
(Con.seedling; i.e., seedlings already present when the
seeds fell), heterospecific seedling density (Het.seedling),
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phylodiversity of heterospecific seedlings (APd2), as well
as the interaction between heterospecific seed density and
APdl and between heterospecific seedling density and
APAd2 as follows:

Logit (pit) = Bo + B1 x CONj + B2 x HETj¢ + B3 x APdl;
+ B4 x HETj; x APdlj; 4+ Bs x Con.seedling;,
+ Be x Het.seedling;, + B7 x APd2;;
+ Bg x Het.seedling;, x APd2j; + @; + 6;.

where p;, is the odds (the ratio of the probability of a
seed becoming a seedling to the probability of a seed not
becoming a seedling) for station i and year ¢. Station (¢,)
and year (6,) were included as random effects to account
for spatial and temporal variation in transition rates. The
interaction terms with heterospecific density and APd
were included in the model to allow for the possibility
that heterospecific density would have a stronger effect if
neighbors were more closely related. To aid model conver-
gence, CON, HET, Con.seedling, and Het.seedling were
log-transformed, and then all six independent variables
(including APd1 and APd2) were standardized by subtract-
ing the mean and dividing by the standard deviation of that
variable.

Because seed arrival into seed traps may differ from seed
arrival into the adjacent seedling plots, it is possible for val-
ues of seed density to be lower than seedling recruit den-
sity, leading to impossible (i.e., negative) transition rates.
In the few cases when this occurred, we set seed density
equal to recruit density, following Hille Ris Lambers et al.
(2002) and Wright et al. (2005). This correction introduces
a conservative bias against detecting conspecific NDD by
increasing seed numbers whenever observed seed density
was less than observed recruit density.

To test whether the effects of our model covariates var-
ied across the 6 years, we ran models with a random slope
term that allowed the effect of conspecific seed density, het-
erospecific seed density, APdl, conspecific seedling den-
sity, heterospecific seedling density, or APd2 to vary among
years. We tested each term individually and compared a
model with year-to-year variation in that term to the model
without year-to-year variation using a likelihood ratio test.

All analyses were performed in the R 3.0.3 statistical
software package (R Development Core Team 2014) with
GLMMs run using the ‘lme4 1.1-7" package (Bates et al.
2012).

Results
A total of 108,334 seeds and 6061 seedling recruits of the

13 focal species were recorded in the 130 seed traps and
390 seedling plots, respectively, over the 6-year period.
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Table 1 Parameters from generalized linear mixed-effects models
(GLMMs) with binomial errors modeling seed to seedling transition
as a function of local conspecific seed density (CON), heterospecific
seed density (HET), phylodiversity of heterospecific seeds (APdl),
conspecific seedling density (Con.seedling), heterospecific seedling

density (Het.seedling), phylodiversity of heterospecific seedlings
(APd2), the interaction of HET and APd1 (Interactionl), and interac-
tion of Het.seedling and APd2 (Interaction2), with random intercepts
for year and sampling station

Species CON HET APd1 Con.seedling Het.seedling APd2 Interaction]l Interaction2
Toxicodendron succedaneum (L.) O. Kuntze —1.07***  0.06 —0.16* 0.01 0.01 —0.08 0.20%** 0.005
Daphniphyllum oldhamii (Hemsl.) Rosenth ~ —1.14%%* —0.06 —0.42%** (.15%* —0.15 0.01 0.08 0.04
Castanopsis eyrei (Champ.) Tutch —=2.15%**  0.09 —0.07 0.18%%* 0.07 0.06 —0.16* 0.05
Quercus serrata Murray —1.14*%**  0.07 0.25 0.08 0.18 0.30¥* —0.04 0.20%*
Distylium myricoides Hemsl. —1.97*** —0.33 —0.33 0.02 —0.44%* —0.27 0.14 —-0.07
Loropetalum chinense (R. Br.) Oliver —1.42%%*%  —(.22 0.002 0.42%** 0.05 —0.21 0.09 0.19
Corylopsis glandulifera Hemsl. —3.42%%% 2 36% —4.93%F (.98%* —0.67 0.36 —3.69 0.53
Neolitsea aurata (Hay.) Koidz —4.38*%*%%  0.20 —0.86 0.31 0.18 —0.03 0.28 0.06
Fraxinus insularis Hemsl. —0.23 —-0.20 -0.24 0.02 —0.02 0.03 0.08 —0.05
Pinus massoniana Lamb. —0.94*%*  —-094 —-0.25 0.21%%* 0.27* 0.12 0.19 0.01
Alniphyllum fortunei (Hemsl.) Makino —1.28*%** —0.39 —1.01%** (.28* 1.28%*%* 0.24 0.36%* 0.17
Schima superba Gardn. et Champ. —1.38*** —(.03 0.05 0.09* 0.23%%* 0.12*  0.05 0.10%*
Ternstroemia gymnanthera (Wight et Arn.)  —1.33*%**  0.10 —0.16 0.07 0.15 —0.04 0.14 0.07

Beddome

Values for CON, HET, Con.seedling, and Het.seedling are reported as log odds

ek P <0.001; ** P<0.01,*0.01 <P<0.05

In agreement with our prediction, there was a significant
negative effect of conspecific seed density on the seed-to-
seedling transition probability for 12 out of the 13 focal
species (Table 1; Fig. 1; Fig. S2). The effect of an addi-
tional log (1) unit of conspecific seeds decreased the log
odds of transition by up to an order of magnitude, rang-
ing from —0.23 in Fraxinus insularis to an order —4.38 in
Neolitsea aureata.

In contrast to our prediction, only one species (Cory-
lopsis glandulifera) showed a significant negative effect of
heterospecific seed density on the seed-to-seedling transi-
tion (Table 1). The other 12 species showed no significant
effect.

In contrast to our prediction, significant effects of mean
phylogenetic distance of seeds were found for only four
species (Table 1). All these effects were negative, i.e.,
increasing seed APd’ decreased seed-to-seedling transition
rates. Only three species showed significant interactions
between phylodiversity of seeds and heterospecific seed
density (Table 1), with the direction of the effect varying
among species.

We predicted a strong negative effect of conspecific
seedling density on seed-to-seedling transition. However,
seven focal species showed a significant effect and all were
positive, with a greater probability of seed-to-seedling tran-
sition at higher conspecific seedling density (Table 1; Fig.
S2). Four species showed a significant effect of heterospe-
cific seedling density, with three showing positive effects
and one showing a negative effect (Table 1).

Significant effects of phylodiversity of heterospecific
seedlings were found for only two species (Quercus serrate
and Alniphyllum fortunei), and the effects were positive for
both (i.e., increasing seedling APd’ increased seed-to-seed-
ling transition rates). Two species showed significant posi-
tive interactions between seedling APd’” and heterospecific
seedling density (Table 1).

Annual variation in these parameters was significant
for conspecific seed density (nine species) and conspecific
seedling density (four species), but in only two species for
heterospecific seed density and one species for heterospe-
cific seedling density, and phylodiversity of both seeds and
seedlings (Table 2).

Discussion

In our analysis of density dependence during the seed to
seedling transition, we tested for effects of conspecific seed
and seedling densities, heterospecific seed and seedling
densities, and the phylogenetic diversity of seeds and seed-
lings on seed-to-seedling transition rates in 13 tree species
in a subtropical forest. Our results revealed a significant
and strong negative effect of local conspecific seed den-
sity in almost all focal species. In contrast, many species
showed positive effects of conspecific seedling density on
transition rates, and there was limited evidence for effects
of the density or phylogenetic diversity of heterospe-
cific seeds or seedlings. Thus, density-dependent seedling
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Fig. 1 Relationships between the recruitment probability of the most
dominant species, Castanopsis eyrei, and conspecific seed density
(a), heterospecific seed density (b), phylodiversity of heterospecific
seeds (c), conspecific seedling density (d), heterospecific seedling
density (e), and phylodiversity of heterospecific seedlings (f). Each
symbol represents observed data from a seed—seedling pair consist-
ing of one 0.5-m? seed trap and one 1-m? seedling plot in the same

recruitment in the Gutianshan forest appears to be driven
predominantly by negative effects of specialist natural ene-
mies and/or intraspecific competition. At the same time, the
positive relationship between transition rates and density of
existing conspecific seedlings suggests that recruitment can
also be influenced by habitat filtering and/or facilitation.

Effects of conspecific seed and seedling densities
on seedling recruitment

Our results indicate that pervasive negative conspecific
seed density dependence characterizes post-dispersal
seed survival and seedling emergence in the Gutianshan
subtropical evergreen forest. This is consistent with pre-
vious studies of density dependence across seed to seed-
ling stages in a number of tropical and temperate forests
(Harms et al. 2000; Hille Ris Lambers et al. 2002; Masaki
et al. 2007; Muscarella et al. 2013; Umaiia et al. 2016).
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census station in each year. Symbol size is proportional to the number
of stations with identical values of seeds and recruitment proportion.
The solid lines represent the fitted lines of model predictions based
on generalized linear mixed-effects models (GLMMs) with binomial
errors that model with random intercepts for year and station. Only
significant fitted lines are presented

Negative density-dependent recruitment of seedlings,
that is, seeds of a given species are less likely to become
established seedlings if the local density of that species
is high, may be an important mechanism contributing to
the maintenance of diversity in plant communities by pre-
venting any one species from becoming dominant (Harms
et al. 2000; Hille Ris Lambers et al. 2002). Ultimately,
the influence of NDD at the seed to seedling stage on
the structure and diversity of the forest will depend on
whether such effects are reinforced or canceled out by
processes occurring at later life stages, as well as how
the strength of those effects varies temporally, spatially,
and among species (e.g., Wright et al. 2005; Comita
et al. 2010; Bachelot et al. 2015). In the Gutianshan for-
est, negative density-dependent mortality has also been
documented for established seedlings (Chen et al. 2010),
although habitat effects appear to play a larger role in
shaping spatial patterns of adult trees (Zhu et al. 2013).
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Table 2 The Akaike information criterion (AIC) values for GLMMs
models with a random slope term that allowed the effect of conspe-
cific seed density (Con.seed), heterospecific seed density (Het.seed),
phylodiversity of heterospecific seeds (APd.seed), conspecific seed-

ling density (Con.seedling), heterospecificc seedling density (Het.
seedling), or phylodiversity of heterospecific seedlings (APd.seed-
ling) to vary among years, with stars indicating that the random slope
term improved model fit, based on a likelihood ratio test

Species Null Con.seed Het.seed APd.seed Con.seedling Het.seedling APd.seedling
Toxicodendron succedaneum (L.) O. Kuntze 2156  2139#** 2158 2159 2156 2160 2159
Daphniphyllum oldhamii (Hemsl.) Rosenth 1430 1377***  1426* 1431 1389 1430 1434
Castanopsis eyrei (Champ.) Tutch 1443 1375*%** 1446 1507 1429 1447 1445
Quercus serrata Murray 807 808 808 805 809 807 811
Distylium myricoides Hemsl. 259  252%* 263 262 262 261 261
Loropetalum chinense (R. Br.) Oliver 386 389 383 388 380%* 387 388
Corylopsis glandulifera Hemsl. 224 218%** 226 228 228 227 214k
Neolitsea aurata (Hay.) Koidz 216 215 219 214 219 218 216
Fraxinus insularis Hemsl. 694  681%*** 697 692 689°%* 697 696
Pinus massoniana Lamb. 1518 1521 1521 1520 1514 1522 1519
Alniphyllum fortunei (Hemsl.) Makino 649  605%** 647%* 643%* 653 636%** 650
Schima superba Gardn. et Champ. 2285 2276%* 2287 2289 2288 2285 2287
Ternstroemia gymnanthera (Wight et Arn.) Beddome 393 336%** 397 397 396 397 397

Null is the AIC with no year-to-year variation in conspecific or heterospecific effects

#EP < 0.001; **P < 0.01, *0.01 < P < 0.05

This is consistent with a recent study from tropical forest
in Panama, which found negative effects of conspecific
neighbor density at early life stages (e.g., seedlings and
saplings), but positive effects for adult trees suggesting a
greater influence of habitat at later life stages (Zhu et al.
2015).

Despite the pervasive negative effects of conspecific
seed density on seedling recruitment in our study, the
local density of conspecific seedlings had either a neutral
or positive effect during the seed to seedling transition for
the focal species. This is in contrast to multiple studies that
have shown strong negative effects of conspecific seedling
density on seedling survival (e.g., Queenborough et al.
2007; Comita et al. 2010; Metz et al. 2010). Our results
suggest that areas of high seedling densities are sites that
are good for both germination and continued seedling sur-
vival, and that this habitat effect outweighed any negative
effects of high conspecific seedling density (i.e., shared
natural enemies or competition for resources).

We also found evidence that the strength of conspecific
density dependence (including conspecific seeds and seed-
lings) varied among years. With only 6 years of data, we
cannot yet link this variation to specific variables. However,
previous studies at other sites suggest that year to year vari-
ation in density dependence can result from predator satia-
tion in years of high seed production (e.g., Wright et al.
2005). In addition, studies have found that the strength of
conspecific density dependence can vary with temporal var-
iation in climate (Ibanez et al. 2007; Lin et al. 2012; Bach-
elot et al. 2015; Inman-Narahari et al. 2016) or changes in

abiotic variables following disturbance (e.g., Comita et al.
2009). With continued monitoring, we will be able to test
whether the variation in conspecific seed density effects at
our site are driven by climate and/or fruit production (e.g.,
masting). Additional years of data will also allow us to
include more species in our analysis. Although our study
examined 76% of the seed rain, we were only able to model
seed to seedling transition for a small proportion of the tree
species present at our site due to sample size limitations.
NDD can be generated both by intraspecific resource
competition and by the action of specialized natural
enemies (Bell et al. 2006). However, density-dependent
recruitment from seed to seedling stage is less likely to
result from resource competition between germinating
seedlings, since they have maternal reserves for germina-
tion and are, therefore, less dependent on local resources.
As we matched seeds and recruits annually, some new
recruits might still depend on maternal resources while
others do not anymore and might be competing for
resources. Therefore, intraspecific resource competition
might play a role in driving NDD for some species. Even
after establishment, resources competition between seed-
lings is thought to be negligible in forests where strong
asymmetric competition with large trees limits seedling
densities (Wright 2002; Paine et al. 2008). The density-
dependent recruitment observed in our study is more
likely caused by specialized natural enemies, such as
insect herbivores or soil pathogens, though natural enemy
effects could be offset to some degree by positive habi-
tat effects or mutualists (Morris et al. 2007; Liang et al.
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2015). While we did not assess causes of mortality in the
present study, a growing number of studies have demon-
strated conspecific density dependence mediated by host-
specific pathogens, herbivores, and insect seed predators
(e.g., Janzen 1980; Comita et al. 2010; Metz et al. 2010;
Liu et al. 2012; Bagchi et al. 2014), although the effect
of NDD could be counteracted by arbuscular mycorrhizal
fungi (Liang et al. 2015). Experimental manipulations to
differentially exclude different classes of natural enemies
(i.e., insects, fungal pathogens; sensu Bagchi et al. 2014)
are the next step for assessing the mechanisms underly-
ing conspecific density-dependent seed to seedling transi-
tion rates at our study site. In addition, our results reflect
only post-dispersal seed predation. Although we have no
data from Gutianshan, pre-dispersal seed predation rates
could also be high and density dependent, with such pred-
ators attracted either by high densities of fruits on indi-
vidual adult plants or to areas with high densities of fruit-
ing individuals (Janzen 1970; Jones and Comita 2010).
Future studies examining pre-dispersal seed predation in
the Gutianshan forest would contribute to a more com-
plete understanding of how density dependence influences
seedling recruitment.

Effects of heterospecific seed density on seed to seedling
transition rates

In our study, seedling recruitment was unrelated to hetero-
specific seed input for almost all species tested, indicating
that the effect of conspecific seed density on seed to seed-
ling transition is greater than the effect of heterospecific
seed density. Our results are consistent with one similar
study that examined density dependence in seven temper-
ate tree species and found greater effects of conspecific
seed density on mortality than those of heterospecific seed
density (Hille Ris Lambers et al. 2002). Other studies also
showed stronger effects of conspecific neighbors than het-
erospecific neighbors, although these studies looked at the
seedling stage (e.g., Comita and Hubbell 2009; Metz et al.
2010; Zhu et al. 2015).

Density effects of heterospecific seeds were found for
only one species in our study. The negative effect of het-
erospecific seed density for that species suggests that
density-responsive generalist seed predators might play a
role in driving patterns of seedling recruitment. However,
their effects could be offset by positive effects of general-
ist mutualists. It is possible that seed densities of particular
species—specifically those that are attacked by the same
seed predators, rather than all heterospecifics combined—
may influence seed to seedling transition rates (e.g., Gar-
zon-Lopez et al. 2015).

The seed to seedling transition was also positively cor-
related with heterospecific seedling density for three out
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of four focal species, suggesting that habitat effects are not
always species specific. At the same time, strong interspe-
cific associations of reproductive adults can contribute to
positive interspecific associations in seed arrival and seed-
ling recruitment (Wright et al. 2016). The positive effects
of heterospecific seedling density could also be caused by
‘species herd protection’, i.e., high densities of heterospe-
cific seedlings could decrease the detection of seeds by
predators and increase the probability of seed to seedling
transition (Wills 1996).

In addition, we found little evidence of year-to-year
variation in the effect of heterospecific seeds and seedlings,
indicating when such effects occur they are not highly vari-
able over time. This could be caused by the fact that effect
of heterospecific seeds and seedlings on the seed-to-seed-
ling transition is very limited for most species. Monitoring
of recruitment for >6 years may be necessary to detect tem-
poral variation in these relatively weak effects.

Phylogenetic density dependence during the seed
to seedling transition

We originally hypothesized that seed to seedling transi-
tion rates would be lower when co-occurring seeds were
of closely related species, due to reports of phylogenetic
signal in the host range of natural enemies (i.e., Novotny
et al. 2002; Gilbert and Webb 2007). However, we found
that phylodiversity (APd’) of seeds did not influence seed
to seedling transition rates for the majority of species. In
the four cases where significant effects of phylodiversity
were detected, seed to seedling transition rates were higher
when heterospecific seeds were more closely related to
the focal species, contrary to expectations. The phylodi-
versity of heterospecific seedlings did positively influence
seed to seedling transition rates for two species, suggest-
ing that stronger competition and/or shared natural enemies
between more closely related species may occur, but is not
pervasive. For these two species, there was a significant
interaction between phylodiversity and density of hetero-
specifics, suggesting that the phylogenetic relatedness of
neighbor heterospecifics becomes more important at high
heterospecific densities.

Our results contribute to a growing body of literature on
phylogenetic neighborhood effects (e.g., Webb et al. 2006;
Bagchi et al. 2010; Metz et al. 2010; Paine et al. 2012;
Lebrija-Trejos et al. 2014; Zhu et al. 2015), which taken
together suggest that the strength and direction of such
effects vary among sites, life stages, and spatial scales.
For example, Webb et al. (2006) found no effect of neigh-
borhood phylodiversity for seedling survival at smaller
scales (0.25 and 1 mz), but found significant effects of
phylodiversity at relatively larger scales (4 and 36 m?) in
a tropical forest in Southeast Asia. In Ecuador, Metz et al.
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(2010) found no evidence that a more diverse local seed-
ling neighborhood reduced the per capita risk of first year
seedling mortality, but did find that greater phylodiversity
in the seedling neighborhood enhanced survival of estab-
lished seedlings beyond their first year. In contrast, Zhu
et al. (2015) found that established seedling survival was
enhanced by closely related heterospecific neighbors, while
the probability of survival of larger juvenile and adult trees
was significantly reduced when heterospecific neighbors
were closely related in the BCI forest. In the only previ-
ous study of phylogenetic density dependence in a sub-
tropical forest, Liu et al. (2012) found both observational
and experimental evidence indicating that seedling survival
decreased with increasing phylogenetic distance to neigh-
boring trees, with effects driven by soil pathogens. These
conflicting effects of neighborhood phylogenetic related-
ness observed both within and among study sites likely
result from differences in host ranges of density-respon-
sive natural enemies, as well as differences in the relative
importance of natural enemies versus phylogenetically con-
served habitat preferences for individual plant survival.

In addition, recent studies suggest that density effects in
general can be spatially and temporally heterogeneous even
at a single site (Comita et al. 2009; Lin et al. 2012; Bach-
elot et al. 2015; LaManna et al. 2016). However, in our
study, we found very limited evidence of year-to-year vari-
ation in the effect of mean phylogenetic relatedness of het-
erospecific seeds or seedlings over the 6 years of the study.

Conclusion

As the first study to date to examine phylogenetic density
dependence across the seed to seedling transition, our study
contributes to a better understanding of the role of evolu-
tionary history in shaping species interactions and to an
increasing recognition of the complexity of neighborhood
interactions in diverse plant communities. Our results show
that conspecific NDD during the seed to seedling transi-
tion is pervasive at Gutianshan subtropical evergreen for-
est, while effects of heterospecific seed and seedling den-
sity and phylogenetic relatedness of seeds and seedlings
are negligible for the majority of species. In addition, our
results indicate that negative conspecific effects are typi-
cally driven by seed rather than seedling densities. These
patterns suggest that seed and early seedling survival are
likely driven by natural enemies that are species- and stage-
specific, rather than generalist, at least in their effects on
host survival. The strong conspecific NDD across seed to
seedling stages may act as an important stabilizing mecha-
nism (sensu Chesson 2000) for promoting species coexist-
ence and maintaining diversity in the Gutianshan subtropi-
cal forest.
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