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Abstract

Aims In tropical rainforests, seedling performance at
fine ecological scales has traditionally been explained
by seed dispersal limitation and negative density depen-
dence. Soil properties have strong patch structures at
fine scales, and we investigated whether such heteroge-
neity contributes to seedling coexistence.

Methods From January 2011 to January 2014, in a one-
hectare area of tropical rainforest in Southwest China, we
sampled seedlings from ninety-nine 2-m” quadrats, and
measured light condition (canopy openness), and the
height (>10 cm) of seedlings at bi-monthly intervals. In
addition, we measured soil pH, total nitrogen, ammonium,
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nitrate, and available phosphorus and potassium three
times during the survey period. These data were used to
examine the effects of soil properties and light on seedling
spatial distribution, survival, and growth.

Results Seedling spatial distribution was significantly
associated with light and spatial heterogeneity in all
the examined soil properties except available K. These
fine scale soil properties and light heterogeneity also
promoted seedling growth, whereas they had no dis-
cernible effects on seedling survival.

Conclusion This study highlights the effects of fine
scale soil property heterogeneity on seedling spatial
distribution and growth, and indicates their importance
in the maintenance of seedling biodiversity.

Keywords Canopy openness - Nutrient patch - Niche
differentiation - Outlying mean index method - Seedling
regeneration

Introduction

The seedling stage is recognized as a bottleneck for
plant regeneration (Rodriguez-Pérez and Traveset
2007), community structuring, and maintenance of di-
versity (Grubb 1977; Johnson et al. 2017). Seedlings
experience more size-dependent asymmetric competi-
tion for light than adult trees do, and, thus, many studies
have concluded that seedling survival and growth are
strongly limited by light (Augspurger 1984; Brown et al.
1999; Balderrama and Chazdon 2005). Soil is also
considered an important co-limiting factor for seedling
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recruitment (Palow and Oberbauer 2009). Both field
observations and nutrient addition experiments have
provided evidence that the addition of nutrients can
promote growth and survival (Lawrence 2003; Holste
et al. 2011). However, there is still no consensus on the
role of soil properties in seedling establishment. For
example, Valladares et al. (2016) argued in their review
paper the probable existence of a neutral process for
seedling establishment in shaded environments. John-
son et al. (2017) found that both canopy openness and
soil conditions have no effect on seedling mortality,
whereas Uriarte et al. (2018) identified positive effects
of solar radiation and soil moisture on seedling regener-
ation. Thus, there is still a need for field conditions to be
explicitly investigated in order to determine the effects
of soil heterogeneity on seedling performance (Smith-
Martin et al. 2017).

The regeneration niche encompasses not only seedling
growth and survival, but also seedling spatial distribution
(Grubb 1977). Given their immobility, the spatial distribu-
tion of seedlings determines future tree distribution, and
thus future community structure. However, relatively few
studies have comprehensively investigated whether the
spatial distribution of seedlings in forest is caused by the
niche process (Collins and Good 1987; Webb and Peart
2000; Norden et al. 2009; Bin et al. 2012; Tian et al. 2013).
Moreover, although some of these studies have focused on
physical habitat variables (Collins and Good 1987; Webb
and Peart 2000; Tian et al. 2013) or used modeling
methods, they have generally not included measurements
of environment variables (Bin et al. 2012). Only Norden
et al. (2009) measured soil properties in a neo-tropical
rainforest, including pH and the elemental composition
of carbon (C), nitrogen (N), calcium (Ca), magnesium
(Mg), potassium (K), aluminum (Al), and iron (Fe), and
found that they have weaker effects on seedling distribu-
tion than on seedling survival. However, a larger number
of studies are needed in order to make generalizations.

Scale is fundamental to ecological processes (Levin
1992), and the mechanisms that contribute to the main-
tenance of biodiversity are also scale dependent (Ettema
and Wardle 2002). Soil heterogeneity, which is critical for
species coexistence, occurs at varying scales, including
landscape-, meso-, local-, and fine scales (John et al.
2007; Yavitt et al. 2009; Xia et al. 2015; Chadwick and
Asner 2016). Many plant environmental association stud-
ies are conducted from the landscape scale to meso- and
local scales to examine the importance of soil heteroge-
neity in species diversity (John et al. 2007). However,
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although often conducted at a specific scale, studies fo-
cused on seedling environment association rarely take
into consideration of scales effect (Harms et al. 2004).
Furthermore, although some studies have investigated
soil heterogeneity at the fine scale and strong patch
structures were also detected, such studies have rarely
evaluated seedling environmental associations at the fine
scale (Wang et al. 2007; Xia et al. 2016). One reason for
this may be that variations of seedling performance with-
in short distance are strongly affected by negative density
dependence, dispersal limitation, or both. A further rea-
son may be that soil properties are expected to vary only
slightly at a fine scale, and thus are assumed to have a
lesser pronounced effect on seedling performance than
other factors. However, soil heterogeneity, with regard to
nutrient patch structure, which also occurs at a fine scale,
can remain consistent through time (Xia et al. 2016) and
the ranges of nutrient variation in a 1 ha area are in the
same magnitude as those at the local scale (John et al.
2007; Xia et al. 2015). Given these strong seedling-
environmental associations detected at the local scale,
we predict that fine scale heterogeneity of soil properties
may also affect seedling regeneration.

Previously, we conducted an extensively studied of
the spatial variations in fine scale soil properties in a 1 ha
arca of rainforest in South Asia, and found that soil
properties including pH, total N, ammonium-N (NH-
N), nitrate-N (NO3-N), and available P and K all had
significant patch-specific structures at patch sizes of 10—
30 m (Xia et al. 2015), and that the patch structures of
these measured soil properties were highly or moderate-
ly consistent through time (Xia et al. 2016). In the
present study, we sought to examine whether soil het-
erogeneity has a notable effect on local seedling spatial
distribution, survival, and growth at such a fine scale. To
this end, we surveyed seedling spatial location, survival,
and growth dynamics for 3 years, and also monitored
the nutrients and light conditions of each quadrat. We
proposed a hypothesis that soil resources are an impor-
tant component of seedling niches in terms of seedling
spatial distribution, growth and survival.

Methods
Study site

This study was conducted in a tropical seasonal rainforest
in Yunnan, Southwest China, situated in a 20-ha dynamic
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forest plot (21°37'08"N, 101°35'07"E), belonging to the
Center for Tropical Forest Science — Forest Global Earth
Observatory Network (Xia et al. 2015). The canopy of
the forest dominated by Parashorea chinensis, whereas
Pittosporopsis kerrii is the dominant understory species
(Cao et al. 2008). This area receives a mean annual
rainfall of 1532 mm and has an annual mean temperature
0f 21.0 °C (Zhu 2006), with a rainy season from May to
October. The soil is lateritic, which has developed from
siliceous rocks (Cao et al. 2006).

Data collection

On the 1 ha study site, 99 quadrats were set with a
mean distance of 10 m between the adjacent quadrats
(Fig. 1a). Within each quadrat, a central 1 m? area was
set as the soil sampling cell, and two 1 x 1 m seedling
monitoring cells were set close to this area (Fig. 1b).
The soil data collection procedure used in this study
followed a previously established protocol (Xia et al.
2015, 2016). In summary, the soil properties assessed
in April 2011, August 2011, and March 2012 were
pH, total N, NH4-N, NOs;-N, and available P and K
from the soil collected at a depth of 0—10 cm from
each quadrat (for basic soil properties information at
each sampling time, please see Xia et al. 2016; for a

a) Sampling points location within 1 ha plot

summary soil properties variation during the entire
sampling period, please see Suppl. Table 1). From
January 2011 to January 2014, we conducted a bi-
monthly seedling assessment (19 census measure-
ments) in which all seedlings with diameter at breast
height<1 cm and height>10 cm were identified to
the species level and their heights were measured.
During each seedling census, we also monitored can-
opy openness using a hemispheric camera placed 1 m
aboveground level in each seedling monitoring cell.
The canopy photos were analyzed using the Gap Light
Analyzer software (Frazer et al. 1999) to obtain values
of the percentage (%) canopy openness.

Statistical analysis

In total, 2442 individual seedlings of 157 species were
monitored and identified during the 3 years of investi-
gation. We selected a subset of species with >40 indi-
viduals recorded during the survey period to perform
seedling niche, survival, and growth analyses using R
(R Core Team 2017) as detailed below.

We initially performed niche analysis, in which all
examined soil properties and canopy openness were
selected as environmental variables. We assessed the
significance of each species’ niche differentiation in

b) Two types of seedling dynamic
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Fig. 1 Location of the sampling quadrats and the sampling block design in each quadrat
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terms of the examined variables by employing outly-
ing mean index (OMI) analysis (Doledéc et al. 2000)
in the ade4 package using niche function (Dray and
Dufour 2007), where OMI measures the distance
between the mean resource conditions used by target
species (species centroid) and the mean resource
conditions of all species, and OMI analysis places
species along resource conditions (Doledéc et al.
2000). We then conducted a species ordination anal-
ysis using the vegan package (Oksanen et al. 2015) to
investigate the patterns of species sorting in terms of
soil properties and canopy openness.

For seedling survival rate analysis, if a seedling was
still present at the last census in January 2014, then it
was coded as having survived and if otherwise, it was
coded as dead. We then assessed whether canopy open-
ness and soil properties affected the survival rate using a
Bayesian generalized linear mixed effect model with
binomial errors in the brms package (Biirkner 2017) to
interface with Stan probabilistic programming language
(Carpenter et al. 2017). Because there was co-linearity
exist between the measured soil properties, the effect of
these variables on seedling survival was examined on a
one-by-one basis. The matrix of distance between quad-
rats was added as a random effect to correctly model
spatial autocorrelation structure. To consider the effect
of seedling size and observation time on their survival
rate, the initial height of each seedling and initial survey
time were included as varying intercepts random effects.
To assess whether species have specific response to each
measured variable, we treated species as a random var-
iable with both varying intercept and varying slope
model (to determine species with the same or varying
response to a measured environmental variable, respec-
tively). We also employed a default flat prior for fixed
effects, and the default iteration length of Markov chains
was set as 2000 with the first 1000 iteration as warmup.
The default number of chains was set to four chains, and
all other parameters were set default. The best model
was selected based on the WAIC value.

For growth rate analysis, we initially calculated the
relative growth rate of each seedling for each investiga-
tion interval, and then matched it with the corresponding
canopy openness data and nearest time soil survey data.
Thereafter, we assessed whether canopy openness and
soil properties have effect on the seedling growth rate
using a Bayesian generalized linear mixed effect model
with zero inflated beta distribution errors in the brms
package (Biirkner 2017). All model setting and selection
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criteria were the same as those used for survival analy-
sis, with the exception of the random effect, for which
we removed the initial survey time and added individual
ids to correctly estimate time series autocorrelation in
repeat height measurements.

Results

For analysis, we selected 14 species (eight tree and six
liana species) with abundance greater than 40 (Table 1),
which comprised a total of 1495 individuals. OMI anal-
ysis showed that among thel4 species, P. chinensis
(Pa.Ch), P. kerrii (Pi.Ke), Diospyros nigrocortex
(Di.Ni), and Acacia delavayi (Ac.De) exhibited signifi-
cant niche differentiation (Table 2). In addition,
Mezzettiopsis creaghii (Me.Cr) showed marginally sig-
nificant niche differentiation. Pa.Ch-occupied patches
had high available P and total N (Fig. 2 and Table 3).
Pi.Ke-occupied patches had low pH and high NH4-N
values. Di.Ni- and Me.Cr-occupied patches had high pH
values but were low in all nutrients, whereas Ac.De-
occupied patches characterized by high NOs-N values.
The other species occupied similar microhabitats that
did not differ significantly from one another.

Canopy openness contributed significantly to niche
differentiation of the examined species (Fig. 2 and
Suppl. Table 2). With the exception of available K, all
measured soil properties contributed to species separa-
tion (Fig. 2 and Suppl. Table 2).

Although canopy openness significantly affected seed-
ling growth, it did not significantly affect survival
(Tables 4 and 5). Among the measured soil properties,
pH, N (NH4-N), and available P and K all significantly
affected seedling growth but not survival (Tables 4 and 5).

Although differences in growth rate were detected
between species (Table 1, Suppl. Table 3-9), there was
little variation in their growth and survival responses to
differences in canopy openness and soil properties
(Tables 6 and 7), only detected two species (By.Gr and
St.Wa) showing more sensitive growth response to soil
NH4-N (Table 6, Suppl. Table 6).

Discussion
In this study, we found that heterogeneity in fine scale

soil properties is sufficient to cause spatial niche differ-
entiation among species in a tropical rainforest (Fig. 2).
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Table 1 Basic information of the 14 selected plant species

Latin Name Family Abbreviated ~ Abun- Survived Survival Height growth
name dance Individual  Rate(SD) rate(SD)
Acacia delavayi Leguminosae Ac.De(L) 122 59 0.48 0.008(0.024)
Acacia pennata Leguminosae Ac.Pe(L) 178 105 0.59 0.010(0.027)
Byttneria grandifolia Sterculiaceae By.Gr(L) 201 175 0.87 0.012(0.039)
Dichapetalum gelonioides Dichapetalaceae Di.Ge(T) 67 51 0.76 0.005(0.014)
Diospyros nigrocortex Ebenaceae Di.Ni(T) 76 62 0.82 0.008(0.018)
Elaeocarpus glabripetalus var. alatus ~ Elaeocarpaceae ELGIT) 42 31 0.74 0.009(0.023)
Mezzettiopsis creaghii Annonaceae Me.Cr(T) 82 64 0.78 0.009(0.022)
Parashorea chinensis Dipterocarpaceac ~ Pa.Ch(T) 335 118 0.35 0.009(0.021)
Pittosporopsis kerrii Icacinaceae Pi.Ke(T) 83 63 0.76 0.008(0.019)
Pometia tomentosa Sapindaceae Po.To(T) 51 26 0.51 0.009(0.016)
Pseuduvaria indochinensis Annonaceae Ps.In(T) 49 44 0.90 0.009(0.024)
Strychnos axillaris Loganiaceae St.Ax(L) 49 46 0.94 0.009(0.025)
Strychnos wallichiana Loganiaceae St.Wa(L) 106 90 0.85 0.012(0.027)
Tetrastigma planicaule Vitaceae Te.PI(L) 54 32 0.59 0.015(0.032)
Summary 1495 966 0.71(0.18)  0.009(0.002)

1) For letters in bracket, T represent tree and L represent liana. 2) Survival rate is calculated as survived individual divide by abundance for
whole 3 years of study period. 3) Growth rate is calculated as relative height growth of every investigation interval (bimonthly)

Traditionally, seedling distribution patterns at the fine
scale have mainly been explained in terms of the Janzen-
Connell hypothesis (Lin et al. 2012; Comita et al. 2014)

or dispersal limitation (Seidler and Plotkin 2006; Pinto

and MacDougall 2010). However, in this study, we

Table 2 Niche parameters of the 14 selected plant species

revealed a further perspective of fine scale seedling
distribution, in which they are also associated with fine
scale heterogeneity in soil properties and light.

The dominant canopy and understory species (Pa.Ch
and Pi.Ke, respectively) were both found in nutrient rich

Species Inertia OMI Tol Rtol OMI Tol RTol p value
Ac.De(L) 7.54 0.86 2.48 42 11.4 32.9 55.7 0.006
Ac.Pe(L) 10.22 0.38 1.91 7.94 3.7 18.7 77.6 0.293
By.Gr(L) 7.86 0.18 1.89 5.8 2.3 24 73.7 0.264
Di.Ge(T) 5 0.36 1.06 3.58 7.1 21.2 71.7 0.281
Di.Ni(T) 6.09 0.64 1.6 3.86 10.4 26.2 63.4 0.016
ELGI(T) 6.57 0.17 2.62 3.78 2.6 39.9 57.5 0.497
Me.Cr(T) 6.76 0.31 2.56 3.89 4.6 37.9 57.5 0.06
Pa.Ch(T) 9.24 0.41 2.99 5.84 4.5 32.3 63.2 0.001
Pi.Ke(T) 6.57 0.7 2.35 3.51 10.7 359 535 0.009
Po.To(T) 3.74 0.48 0.81 245 12.8 21.6 65.7 0.926
Ps.In(T) 6.49 0.09 1.4 5 14 21.6 77 0.665
St.Ax(L) 4.93 0.6 0.93 34 12.2 18.9 69 0.1838
St.Wa(L) 7.36 0.08 0.9 6.38 1.1 12.2 86.7 0.794
Te.PI(L) 7.25 0.17 1.06 6.02 2.3 14.6 83 0.441

For letters in bracket, T represents tree and L represents liana. OMI means the outlying mean index, Tol means the tolerance index, and RTol
means the residual tolerance index. Variable and values in italics represents the corresponding percentages of variability. Species names with

p value less than 0.05 are bold
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patches (Fig. 2), and also showed niche separation,
suggesting distinct nutrient requirements in canopy
and understory species. Di.Ni and Me.Cr occupied in
nutrient poor but high pH value areas; however, given

RDA1

that high pH is associated with low NHy4-N, it was
difficult to distinguish the individual effect of NH4-N
and pH. Of the six liana species, only Ac.De showed
significant niche separation, which may be because

Table 3 Canopy openness and soil property conditions for the 14 selected plant species

Species Canopy pH Total N NH4-N NO3-N Available Phosphorus  Available Potassium
openness (%) (gke) (mg/kg) (mg/ke) (mg/kg) (mg/kg)
AcDe(l) 2.75+048 5.1+0.36 2.06+0.34 2397+4.37 8.6+4.63 9.27+4.64 206+73
AcPe(L)  2.99+0.96 54+0.38 2.07+£0.55 22.08+5.68 592+3.72 8.1+4.65 201 +84
By.Gr(L)  2.8+0.79 533+0.37 2.05+041 22.56+4.9 6.05+3.84 7.96+3.59 213+93
Di.Ge(T)  2.6+0.78 515+033 1.94+026 2281+3.77 641+239 7.23+2.74 195+71
Di.Ni(T) 2.58+0.75 544+0.37 1.9+0.37 20.76+4.14  4.8+2.57 7.22+4.02 175+44
ELGI(T) 2.46+0.81 538+047 1.96+0.33 20.76+3.56 5.87+3.88 8.07+3.27 194+76
Me.Cr(T) 2.49+0.7 543+046 1.97+0.33 2042+4.81 546+3.76 7.72+3.64 200+63
Pa.Ch(T) 2.79+0.78 533+045 2.1+047  21.09+4.59 743+475 10.13+4.86 199+70
PiKe(T) 2.54+049 51+04 2.05+£031 24.42+484 799+429 856+3.61 200 + 64
Po.To(T) 2.24+0.37 539+045 2+0.18 21.23+2.87 559+273 841+1.86 170+58
Ps.In(T) 2.47+0.75 534+04 1.98+0.31 21.91+497 5.79+3.5 8.52+3.97 188 £68
St.Ax(L) 2.3+0.59 52+0.38 24027 23.91+3.8 6.38+327 7.05+1.98 186+ 66
StWa(L)  2.65+0.72 53+0.38 24042 21.49+4.01 6.96+4.65 8.62+4.35 183 +£68
Te.PI(L) 2.84+0.74 537+0.39 2+0.39 21.51+4.52  634+4.55 82+3.71 209+74

The 5 Species which are significant niche differentiated and their occupied highest soil element values are bold
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Table 4 Effects of measured variables on seedling growth rate

Variable Estimate value Standard error Low-95% CI Up-95% CI

Canopy openness Intercept -3.69 0.14 -3.95 -3.42
Slope 0.03 0.01 0.02 0.04

pH Intercept —4.42 0.28 —5.00 —3.90
Slope 0.15 0.04 0.08 0.23

Total N Intercept -3.67 0.18 —4.02 -3.30
Slope 0.05 0.03 —0.01 0.11

NH4-N Intercept -3.70 0.17 —4.03 -3.37
Slope 0.006 0.001 0.003 0.007

NO;-N Intercept —3.57 0.16 —3.87 —3.24
Slope —0.002 0.003 —0.008 0.003

P Intercept -3.64 0.17 -3.96 -3.27
Slope 0.007 0.003 0.002 0.013

K Intercept —3.58 0.15 —3.87 -3.27
Slope 0.0004 0.0002 0.00005 0.0007

lianas are more likely to be opportunists (Sfair et al.
2018). It is noteworthy that although we could explain
the pattern successfully using a niche theory framework,
we did not claim to reject the alternative probability that
seedling fine scale distribution determined by dispersal
limitation (Seidler and Plotkin 2006), negative density
dependence (Lin et al. 2012; Comita et al. 2014; Wu
et al. 2016), or both, and we concede that these mech-
anisms may function concomitantly in determining
seedling distribution.

We found that canopy openness strongly affected
seedling growth (Table 4), thereby indicating that ener-
gy limits seedling growth. This result is consistent with
the finding of previous studies (Balderrama and
Chazdon 2005; Goodale et al. 2014). Among the six
soil properties examined, pH, NH4-N, available P and K
all significantly affected seedling growth (Table 4),
thereby indicating multi-element limitation of seedling
growth in the study plot. The effects of soil properties on
seedling growth were, however, indistinct, as no clear

Table 5 Effects of measured environmental variables on seedling survival

Variable Estimate value Standard error Low-95% CI Up-95% CI
Canopy openness Intercept 1.68 1.05 -0.51 3.68
Slope 0.21 0.12 —-0.03 0.43
pH Intercept 1.72 1.74 —1.68 5.21
Slope 0.10 0.25 -0.41 0.57
Total N Intercept 1.79 1.13 —0.54 3.95
Slope 0.24 0.22 —0.18 0.67
NH4-N Intercept 2.24 1.10 —-0.07 4.34
Slope 0.001 0.017 —-0.03 0.03
NO;-N Intercept 221 1.03 0.08 4.18
Slope 0.02 0.02 —-0.03 0.06
Available P Intercept 1.98 1.09 -0.24 4.09
Slope 0.02 0.02 —-0.02 0.07
Available K Intercept 1.96 1.01 —-0.15 3.92
Slope 0.001 0.001 —0.0009 0.004
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Table 6 Performance of varying intercept model and varying slope model in seedling growth analysis

WAIC(SE) of vary WAIC(SE) of vary WAIC(SE) difference
slope model intercept model

Canopy openness —1437.56(277.62) —1445.35(275.99) 7.79(4.72)

pH —1453.13(276.37) —1455.84(275.11) 2.71(4.22)

Total N —1431.14(275.28) —1426.67(274.73) —4.48(4.77)

NH4-N -1507.59(278.64) —1491.74(278.28) —-15.84(7.81)

NOs-N —1421.16(275.97) —1424.52(275.5.6) 3.37(4.54)

Available P —1426.08(277.03) —1439.40(274.34) 13.31(7.93)

Available K —1433.53(276.33) —1423.00(275.87) —10.53(5.53)

The soil element which show significant advantage in vary slope model is bold

pattern could be determined. Previously, a multi-site
study in a wet tropical rainforest in Costa Rica also
found that NH,4-N, the sum of base cations, and P have
ubiquitous effects on seedling growth (Holste et al.
2011). Whereas in contrast, a survey in a rainforest in
Pasoh, Malaysia, found that P but not N, K, Ca, or Mg,
affected seedling growth (Juliana et al. 2009). We thus
conclude that the effect of soil properties may depend on
nutrient limitation condition and many other unmea-
sured parameters. For instance, soil fertility effects are
light dependent and largely disappear under shaded
conditions (Peltzer and Wardle 2016). Furthermore,
species functional groups, tree size, and neighborhood
density may also modify the effect of soil nutrient effi-
ciency (Zhang et al. 2016; Chou et al. 2018).

Among the three forms of N, NH4-N, but neither NOs-
N nor total N, was found to affect seedling growth
(Table 4). This is perhaps predictable, given that plants
growing in wet tropical forest preferentially use NHy-N
(Houlton et al. 2007). Because NH4-N is the dominant
inorganic N form here (Suppl. Table 1), and plants only
absorb a small proportion of organic N with small

molecular weight (Jones et al. 2005), and thus detected
no significant response to total N variation in the study
plot.

A positive but non-significant effect of light on
survival was also detected (Table 5), which contrast
with the finding of a number of previous studies
(Montgomery and Chazdon 2002; Balderrama and
Chazdon 2005; Goodale et al. 2014). Only a few stud-
ies have identified a similar pattern between light and
the survival of most species (Record et al. 2016). We
suspect that seedling survival is affected by light but
may be less sensitive to light compared with seedling
growth. Firstly, the effect of light on seedling survival is
already marginal significant (estimated coefficient of
0.21 and 95% CI of —0.03 to 0.43); Secondly, to verify
this point, we employed another reasonable but less
parsimonious model that let initial height effect nested
in species effect in random factors, and then the signif-
icance of light on seedling survival was determined
(Suppl. Table 10). Thirdly, the detected relationship
may be dependent on the degree of the variation in
light availability, with small variations have weak

Table 7 Performance of varying intercept model and varying slope model in seedling survival analysis

WAIC(SE) of vary WAIC(SE) of vary WAIC(SE) difference
slope model intercept model

Canopy openness 1576.64(39.55) 1576.64(39.55) -2.01(2.82)

pH 1491.60(40.79) 1488.99(40.67) 2.62(1.40)

Total N 1486.61(40.90) 1486.79(40.71) —0.18(1.80)

NH4-N 1488.13(40.84) 1486.88(40.68) 1.25(1.63)

NO;-N 1489.18(40.82) 1486.71(40.79) 2.47(0.78)

Available P 1486.15(40.83) 1487.06(40.76) -0.91(1.89)

Available K 1489.31(40.72) 1489.88(40.58) -0.57(2.49)
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effects (Record et al. 2016). In the study plot used in the
present study, the mature forest had a closed canopy
with mean canopy openness of 2.59+ 1.71%(SD),
whereas both understory forest and gaps have been in
included in previous studies in which significant light-
related relationships have been detected (Balderrama
and Chazdon 2005; Goodale et al. 2014).

Contrary to expectations, none of the soil nutrients
examined in the present study had general effects on
seedling survival (Table 5). Previously, it has been re-
vealed that a lack of general seedling environmental
associations may occur because different species have
distinct responses to soil nutrients (Umaiia et al. 2017).
We considered this factor and employed a varying slope
model in the random effect model to evaluate the effects
of variations in species response, but were unable to
detect any significant varying slope effect (Table 7).
Thus, we found no evidence that the lack of a general
seedling environment association in the study plot is
because of distinct species response. One reason for this
observation may be the extreme light limitation in the
forest understory, which is a main survival limiting
factor when compared with spatial heterogeneity
(Beckage and Clark 2003). Other factors not considered
in this study include abiotic factors, such as topography
and water content, and biotic factors, including negative
density dependency and associations with mycorrhiza
fungal networks (Battaglia et al. 2000; Gehring 2003;
LaManna et al. 2016). These factors may also mask the
effect of soil properties on seedling survival, and thus
our inability to detect any significant effect of soil prop-
erties on seedling survival.

For examined growth and survival of 14 species that
response to six measured soil properties in the present
study, only two species were found to have a more
sensitive growth response to soil NH,4-N (Table 6 and
Suppl. Table 6). Thus, we assume that the seedlings in
our study plot generally do not show a species-specific
response to soil properties in terms of growth or surviv-
al. This finding runs counter to our hypothesis, because
we expected that different species may be characterized
by distinct growth and survival responses to fine scale
heterogeneity in soil properties. In this regard, resource
co-limitation theory may help us to understand this
phenomenon (Bloom et al. 1985; Harpole et al. 2011).
Given that light and nutrient limitations occur simulta-
neously in the understory of tropical rainforests, seed-
lings are only able to exploit a limited amount of light
and soil nutrient resources. Under these multi-resource

limited conditions, seedlings growth is restricted, and
thus they fail to show any difference of resource utiliza-
tion strategy. Accordingly, we were unable to observe
any species-specific growth response was observed.
Given that seedling survival is inherently associated
with seedling resource utilizing strategy (Beckage and
Clark 2003; Seiwa 2007; Inman-Narahari et al. 2014),
the fact that there was no differentiation in such utiliza-
tion in our study plot, means that we were unable to
detect marked differences in seedling survival.

The finding of this study indicates that there is an
alternative mechanism whereby biodiversity is main-
tained. Traditionally, negative density dependence and
resource utilization differentiation have been considered
the principal mechanisms by which species coexisted. In
the present study, we found that for all species exam-
ined, fine scale limitations in soil nutrients and light,
result in the slow growth of seedlings and non-
differential seedling survival, Thereby helpful to main-
taining tropical rainforest biodiversity.

Conclusions

The mechanisms that underlie the maintenance of bio-
diversity are key issues in ecology, and the findings of
this study provide new insights on these mechanisms
from a seedling regeneration perspective. Our study
included scale as a property of heterogeneity, and fo-
cused on the relationship of soil heterogeneity and seed-
ling performance at the fine scale. We discovered that
fine scale seedling distribution, which is traditionally
explained by the Janzen-Connell hypothesis, dispersal
limitation, or both, is also associated with the heteroge-
neity of soil property. The co-occurrence of limitations
in soil properties and light conditions, retards growth of
the seedling of all species, and it does not significantly
influence seedling survival, thereby having a beneficial
effect of maintaining seedling diversity.
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