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ABSTRACT

Seedlings play an important role in the processes of plant community succession. We compared seedling (dbh < 1 cm) species composi-
tion and diversity over a chronosequence (18-, 30-, 60-year-old second growth and old growth forest) after shifting cultivation in a trop-
ical lowland rain forest area on Hainan Island, China. Seedling diversity reached a maximum in the 60-year-old second growth forest,
which is consistent with the intermediate disturbance hypothesis. With the progression of secondary succession, canopy openness (CO),
soil organic matter, soil phosphorus content, and tree abundance showed a general decreasing trend; soil water content and tree basal
area showed a general trend of increase, while soil pH and other nutrients reached maximum values and tree richness reached a mini-
mum value at intermediate stages of succession. Seedling composition and diversity were significantly affected by soil water, pH, soil
nutrient content, and biotic factors in the 18-year-old second growth forests; by soil pH, soil nutrient content, and biotic factors in the
30-year-old second growth forests; by CO, soil nutrient content and tree abundance in the 60-year-old second growth forests; and by
CO, soil pH, and soil nutrient content in the old growth forests. At eatlier stages of succession, the effect of the proportion of old
growth forest in the surrounding landscape on seedling diversity was greater than that of land-use history, but the importance of these

drivers was reversed at later stages of succession.
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THE KNOWLEDGE OF THE RECOVERY DYNAMICS OF PLANT
COMMUNITIES 1S ESSENTIAL for understanding the underlying pro-
cesses that govern the future direction of forest succession and
restoration. There is a general consensus that landscape changes
are among the key drivers of local species and community dynam-
ics (Jakovac er al. 2015). Landscape patterns determine the general
environmental conditions and connections between different vege-
tation types and thus greatly influence seed dispersal and other
related regeneration dynamics of plant communities (Martinez-
Ramos ¢ al. 2016). Landscape structure and juxtaposition could
significantly affect the composition and succession of different
patch types within a forest area (Herndndez-Stefanoni e a/ 2011).
Seedling dynamics are major drivers of successional trajectories
and can reflect both dispersal (as influenced by the landscape) and
local environmental conditions (Chazdon & Guariguata 2016).

In tropical regions, forest landscape patterns have dramati-
cally changed due to extensive, high-intensity anthropogenic activ-
ities and climate change (Chazdon 2003). Most primary forest
landscapes have been fragmented into mosaics composed of for-
est patches that vary in size, shape, and disturbance history.
Landscape fragmentation can have dramatic impacts on seedling
dynamics, which can determine the future species composition,
community of forest

structure, and long-term dynamics
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ecosystems (Alvarez-Buylla & Martinez-Ramos 1990, Benitez-
Malvido 1998, Comita ef /. 2010). Fragmentation increases the
fraction of edge zones, creating environmental conditions that
could promote the establishment of pioneer and light-demanding
species (Hernandez-Stefanoni & Dupuy 2008). Some studies sug-
gest that the interactive effects of landscape changes may influ-
ence seedling recruitment and composition.

In contrast, seedling dynamics can influence and contribute
to the structure and mosaic dynamics of forest landscapes. For
example, Comita e/ 4/ (2010) monitored seedlings in a human-
and hurricane-impacted forest in northeastern Puerto Rico over
an approximately 10-year period and found that the composition
and diversity of seedlings were significantly related to land-use
history and landscape changes. In mixed temperate forests,
canopy-seedling feedback could contribute to the maintenance of
a stable landscape structure (Catovsky & Bazzaz 2002).

A number of studies on changes in species composition and
diversity have been carried out to explain the mechanisms of for-
est succession (Chazdon 2008b). Forest succession is a stochastic
process resulting from the behavior of component populations
and species (Chazdon 2008a). Most of the current knowledge
regarding the dynamics of diversity during succession is based on
chronosequence studies, in which plots at different times since
abandonment are used to represent different stages of similar
successional development (van Breugel 2007). This ‘space-for-
time’ approach allows studies to be conducted in a year or two
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that would otherwise take decades or longer. Although drawbacks
exist, this approach has provided extensive information on suc-
cessional patterns in plant species composition, plant functional
traits, and functional diversity in tropical forests (Purschke e al
2013, Laliberté ef al 2014, Helsen ef al. 2015, Laughlin ez al.
2015). Species diversity may vary considerably during succession,
depending on biophysical conditions, landscape context, and
other factors. Through the course of succession, attributes of sec-
ondary forests are gradually recovered to those of old growth
forests, such as high species diversity, structural complexity, and a
balance between community production and respiration, although
changes in these attributes do not occur at the same rates (Chaz-
don 2014). Seedling dynamics in tropical forests are driven by
many abiotic and biotic factors, including light availability, soil
nutrients, and interactions with enemies (Comita e a/. 2009, Van-
decar et al. 2009, Jurinitz e a/ 2013). During carly successional
stages, light is not as limiting, and, therefore, other factors, such
as the tree species present and the availability of soil nutrients
and water, are more important; however, later in succession, light
becomes more limiting than soil factors or the abundance of
trees (Lebrija-Trejos e a/. 2011). Among the biotic processes
related to seedling performance during succession, several are
related to the density of neighboring adult trees. It is hypothe-
sized that negative density dependent mortality could promote
coexistence by reducing the abundance of competitive dominants
(Jurinitz es al. 2013, Shuai et al. 2014).

Seedling establishment is generally the most important stage
in the regeneration of trees. Species composition and diversity
studies at the seedling stage—the most vulnerable stage of the
plant life cycle—can provide a useful way to obtain an overview of
the potential community shifts in species diversity (Pérez-Ramos
et al. 2012). Several studies highlight the importance of seedlings in
plant community assembly and landscape restoration. Capers ¢ al.
(2005) analyzed changes in woody seedling communities over 5 yrs
in four second growth forests in Costa Rica, and the results
demonstrate the importance of seedling recruitment and mortality
in determining the course of succession. Ceccon ez al. (2004) found
that the effects of low nutrient availability combined with low light
availability determine forest succession in Yucatin, Mexico. Comita
et al. (2010) explored the effects of land-use history on seedling
dynamics and found that land-use history had significant effects on
the composition and diversity of seedlings. Seedling regeneration
patterns can determine the future species composition, community
structure, and long-term succession patterns in forest ecosystems.
The seedling pool is the most important component of any vegeta-
tion development process across a heterogeneous landscape (Lu
et al. 2014). Studies of seedling regeneration will be useful in
assessing the quality and rate of forest regeneration in different
vegetation patches, so information on seedling dynamics might be
used in activities and strategies for large-scale landscape restora-
tion. Previous findings on changes in species diversity during forest
succession have come almost exclusively from saplings and adult
plants. Little knowledge exists regarding the patterns of changes in
species diversity for small seedlings (dbh < 1 cm) during tropical
forest succession, although their role in the maintenance of
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diversity has been widely recognized (Potter & Woodall 2012, Mus-
carella ez al. 2013, Dhakal ez al. 2015).

In this study, we report the differences in the species diver-
sity of tree seedlings during succession in a tropical lowland rain
forest on Hainan Island, South China. On Hainan Island, shifting
cultivation has been the main land-use type in lowland (<800 m)
areas (Ding ez a/. 2012). Due to long-term intensive agricultural
land use, the area of primary forests has been greatly reduced,
resulting in landscape mosaics of a few old growth forest patches
dispersed in the large matrix of secondary forests at various
stages of recovery. The area where our investigation plots were
located has been mainly used for cultivating Manibot esculenta.
After about five cycles of shifting cultivation, the soil lost a great
proportion of its nutrients, and shifting cultivation was no longer
profitable for the local people (Hu & Li 1992). The establishment
of the Bawangling National Nature Reserve in 1980 protected
large areas of the shifting cultivated lands, which are currently
undergoing a natural recovery process. These lands were aban-
doned after the last shifting cultivation ended in 1999, which
allowed most of the lands to naturally recover, so there are exten-
sive areas of second growth forests in the lowland areas of
the reserve. We address the following questions: (1) What are the
patterns of variation in the abiotic and biotic conditions in the
forest understory during shifting cultivation in the tropical low-
land rain forest? (2) Do seedling composition and diversity
change significantly during the recovery process? (3) Which abi-
otic and biotic factors control seedling composition and diversity
at cach stage of recovery? (4) Are landscape features correlated
with seedling richness and diversity?

We hypothesize that the environment changed from hot,
sunny, and dry during initial stages of fallow regrowth to cooler,
shady, and moist conditions decades later. We further expect that
the tree diversity increased first and then decreased during suc-
cession following the intermediate disturbance hypothesis (IDH;
Connell 1978). We considered the IDH to apply if seedling diver-
sity (richness and abundance) shows a peak in the middle succes-
sional stage. We hypothesize that different environmental factors
play different roles in determining seedling diversity during the
different stages of succession. In early succession, seedling diver-
sity may be closely related to soil water content (SWC), which is
a limiting factor in this successional stage. However, later in suc-
cession, light becomes more limiting than other factors, so seed-
ling diversity may be affected by light conditions. We hypothesize
that seedling regeneration is confined by the landscape context
around the second growth and old growth forests due to the
effects on seed dispersal. We considered that land-use history and
the proportion of old growth forest would determine the rate of
forest recovery and the species diversity of secondary forests.

METHODS

Stupy sitEs—The study site is located in tropical lowland rain
forest (<800 m asl) in the Bawangling National Nature Reserve
(18°52/~19°12' N, 108°53/~109°20" E) on Hainan Island, China,
which is at the northern edge of the Asian tropical forest zone.
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The study area receives a mean of 1677 mm of rainfall per year,
most of which falls during the 7-month wet season from April to
October. The mean annual temperature is 23.6°C. The lowland
area of the study site is mainly dominated by secondary forest
recovering from shifting cultivation and logging, while some frag-
ments of old growth forest are scattered across the landscape in
low elevation areas. In the lowland areas of the reserve, tropical
lowland rain forest is the major vegetation type, dominated by
species from the families of Dipterocarpaceae, Fagaceae, and
Lauraceae. This study areas were covered by tropical lowland rain
forest of different recovery stages.

The landscape of the Bawangling National Nature Reserve is
a mosaic of natural vegetation and plantations, in which natural
tropical forests occupy a greater area. Most of the primary forest
landscapes have been fragmented into mosaics composed of sec-
ondary forest patches at different stages of recovery. Prior to
1960, deforestation occurred primarily owing to hurricanes,
insects, and traditional low-intensity shifting cultivation by the
indigenous people. Starting in 1960, commercial timber harvest-
ing became the major mode of deforestation. In the 1980s, due
to decreased tropical forest resources, timber harvesting changed
from clearcutting to selective logging. Due to severe and repeated
human disturbances over the past 40 yrs, the forest landscapes in
the Bawangling National Nature Reserve became increasingly
fragmented, and the old growth forests were replaced by sec-
ondary forests at different stages of recovery. Since 1994, timber
hatvesting was banned to protect and restore the degraded for-
ests. Following the logging ban, second growth forests in the
Bawangling National Nature Reserve have been naturally recover-
ing. At present, most of the forests in the study region are sec-
ondary forests at different stages of recovery, and only a few
areas of primary vegetation types have been preserved.

FIELD INVESTIGATION.—The field investigation was conducted in
tropical lowland rain forest that has naturally recovered after
shifting cultivation in areas at four different stages of succession
(18-year-old second growth forest, 30-year-old second growth
forest, 60-year-old second growth forest, and old growth forest).
In the lowland rain forest area of our study region, approximately
70 percent is secondary forest that has regenerated on abandoned
shifting cultivation land, 25 percent is secondary forest that has
regenerated from commercially logged forest (mainly through
clearcutting), and 5 percent remain as old-growth forest frag-
ments (Zang personal estimation after discussion with local fores-
ters). All of the disturbed forests were allowed to follow their
natural successional trajectories. Our eatlier studies have mea-
sured tree species data from the same chronosequence of forests
(Ding 2006, Bu ef al. 2014), in which two replicate sites were
selected from each of the four successional stages. In the present
study, 25 seedling plots (2 X 2 m) were randomly sampled near
the tree investigation plots at each site. At each site, plots were
separated by more than 20 m. All of the plots were surrounded
by secondary or old growth tropical lowland rain forest. Informa-
tion on the history of land-use for the plots was obtained from
the management records of the Bawangling National Nature

Reserve. All of the plots are located on low hills with slopes of
approximately 15°, and their elevatdons range from 412 to
626 m. Earlier studies indicated that only a few families, genera,
and species dominated the early stages of vegetation recovery on
the abandoned lands of shifting cultivation and that deciduous
species occurred at a rather high percentage in the community
during the early recovery stages compared with the older sec-
ondary or old growth forests (Ding ez al. 2006, Bu e al 2014).
All woody seedlings (trees, shrubs, and lianas) with dbh < 1 cm
in these plots were tagged, identified to species, and their heights
were measured.

ENVIRONMENTAL FACTORS.—ALt the center of each plot, hemispheri-
cal canopy photographs were taken at 1 m above the ground level
using a fish-eye lens (HMV1v8; Delta-T Devices Ltd, Cambridge,
UK.) mounted on a tripod. Canopy cover was measured from
each photograph as the percentage of closed-canopy pixels using
the Gap Light Analyzer software (Burnaby, British Columbia,
Canada, http://www.rem.sfu.ca/forestry/publications/downloads/
gap_light_analyzer.htm). This provided an approximate measure of
the percentage of transmitted diffuse and direct radiation in the
understory. Canopy openness (CO, %) = 1 — canopy cover.

We collected two soil samples at a depth of 0-20 cm from
the center of each plot during the dry season (in April) over the
course of 3 d to measure soil characteristics. There had been no
rainfall for more than 3 wks prior to sampling. One fresh soil
sample was weighed immediately after extraction, dried at 105°C
to a constant weight and weighed again to determine SWC (%).
The other soil sample was used for nutrient analysis and was
dried at ambient temperature in the lab to prevent the volatiliza-
tion of nitrogen compounds that can occur when samples are
dried at high temperatures. The measurements included soil pH,
soil organic matter content (SOM, g/kg), total nitrogen content
(TN, g/kg), total phosphorus content (TP, g/kg), total potassium
content (TK, g/kg), available nitrogen content (AN, mg/kg),
available phosphotus content (AP, mg/kg), and available potas-
sium content (AK, mg/kg). Soil pH was measured in a standard
solution made of one volume of soil diluted in three volumes of
water (Anderson & Ingram 1989). SOM was determined using
the K,Cr,O,—H,SO, oxidation method. Soil TN, TP, and TK
were measured by the Kjeldahl method, the molybdenum-anti-
mony colorimetric method, and the sodium hydroxide meltdown
method, respectively. Soil AN, AP, and AK were measured by
the alkali hydrolyzation, NaHCO3; and NH,OAc and blaze pho-
tometer methods, respectively (Anderson & Ingram 1989).

Biotic racrors—To quantify the effect of adult trees on seedling
diversity, we calculated tree species richness, abundance, and the
basal area of all adult stems (dbh > 1 c¢m) as biotic factors in
each tree plot from the same chronosequence of forests.

Dara anavysis—For each plot, we calculated the total number of
seedling and tree individuals (abundance) and the rarefied species
richness. The rarefied species richness was calculated using the
‘rarefy’ function in the ‘vegan’ library in R (R Development Core
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Team 2014). To test the spatial autocorrelation between the plots
at the same successional stage, we performed a Mantel test using
the ‘mantel.test’ function in the ‘ade4’ library (Dray & Dufour
2007) in R. We set seedling species richness and abundance as
the response variables in the spatial correlation analysis. The
number of permutations was set at 999. Based on the results of
Mantel test, we can reject the null hypothesis that there was spa-
tial autocorrelation among the plots. The test (all the P > 0.05)
suggests that the sampled sites were spatially independent
(Table 1). Thus, spatial autocorrelation is not a problem in our
further analyses.

To assess whether seedling species richness and abundance
were significantly different among the four successional stages,
we used one-way analysis of variance (ANOVA). In addition, we
classified the species in the studied forest into three regeneration
groups based on observations and flora references regarding the
tree crown light environments of both tree and seedling species
(Bongers et al. 2009). Early successional species are generally
exposed to high light levels, notably so as seedlings. Non-pioneer
light-demanding species tend to be shaded as seedlings and illu-
minated when mature, and both seedlings and trees of shade-
tolerant species can tolerate shaded environments. We then calcu-
lated the seedling species richness and abundance of the three
regeneration groups at the different successional stages. We also
calculated the relative abundance of the seedlings of the major
species at the different successional stages. We then calculated the
relative dominance of the seedlings of the major species as fol-
lows: relative dominance = seedling species height/seedling total
height x 100 percent (Fei & Steiner 2009).

Differences in abiotic and biotic factors among the four suc-
cessional stages were assessed using one-way ANOVA. If the
variation was significant (P < 0.05), we further performed Tukey
honest significant difference multiple compatison tests to deter-
mine which stages were significantly different. A principal compo-
nents analysis (PCA) of abiotic and biotic factors was conducted
to examine their coordinated vatiation with succession. All data
were log transformed to improve normality and the equality of
variances. To assess the collinearity among predictor variables, we
used the ‘corvif’ function in R supplied by Zuur ef al (2009).
The variance inflation factors (VIFs) values were used to detect

TABLE 1. The results of the Mantel test among the seedling sample plots.

Species richness Abundance
Forest age Observation P Observation P
18-year-old second 0.09 0.06 0.047 0.15
growth forest
30-year-old second 0.01 0.45 —0.004 0.52
growth forest
60-year-old second —0.02 0.66 —0.08 0.98
growth forest
Old growth forest 0.01 0.42 0.05 0.18
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collinearity. There is no collinearity in these variables when all
VIF values <3.

To determine the relative importance of different abiotic and
biotic factors in shaping species richness and abundance, multiple
regression was petformed using the model selection procedute in
the Spatial Analysis in Macroecology (SAM) 4.0 software (Rangel
et al. 2010). The response variables were seedling species richness
and abundance, and the explanatory variables were the following
measured envitonmental and biotic factors: CO, SWC, soil
organic mass, TN, TP, TK, AN, AP, AK, rarefied tree richness,
tree abundance, and tree basal area. The model selection process
in SAM calculates all possible combinations of the explanatory
variables and ranks these models from best to worst according to
their Akaike information criterion (AIC) values. We considered all
models with a delta AIC < 4 as equally informative and deter-
mined the importance of the explanatory vatiables for ecach
response variable. In view of the fact that landscape factors can
affect seedling regeneration (Schreeg Laura ef al. 2005), we con-
sidered the proportion of the surrounding landscapes covered by
old growth forest and land-use history to be two important fac-
tors. The proportion of the surrounding landscapes within a
1 km buffer of the study plots that were covered by old growth
forest was calculated in ArcGIS 8.3 (ESRI, Redlands, CA, USA).
The land-use history could be classified into the following two
types: shifting cultivation that is now covered by regenerating sec-
ond growth forest and land with very little anthropogenic distur-
bance that is now covered by old growth forest. We added the
proportion of the landscape covered in old growth forest as a
continuous covariate and the land-use history as a categorical
covariate in the SAM model selection procedure.

We performed a non-metric multidimensional scaling (NMS)
analysis based on Chao (Chao e a/. 2005) dissimilatity values for
each successional stage using the ‘metaMDS’ function in the ‘ve-
gan’ library of R (R Development Core Team 2014). NMS is
commonly regarded as the most robust unconstrained ordination
method in community ecology (Minchin 1987). The function
metaMDS in R attempts to find a stable solution using several
random starts. In addition, it standardizes the scaling of the result
so that the configurations are easier to interpret and adds species
scores to the site ordination. We used analysis of similarities
(ANOSIM) to test whether species composition differed among
the four successional stages using the ‘anosim’ function in the
‘vegan’ package in R.

RESULTS

SEEDLING SPECIES RICHNESS AND ABUNDANCE.—The general trend
in the change in diversity (species richness and abundance) with
succession revealed a bimodal pattern, with peak values in the
60-year-old second growth forest. The rarefied species richness
of the 30-year-old second growth forests was lower than that of
the 18-year-old second growth forest, and species richness was
highest in the 60-year-old second growth forest. The species rich-
ness of younger forests (18 and 30 yr) was significantly lower
than that of older forests (60 yr and old growth, which were not
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significantly different) (Fig. 1A). The pattern of variation in seed-
ling abundance was similar to that of species richness. The abun-
dance was highest in the 60-year-old second growth forest,
although the abundances in the eatlier three successional stages
were not significantly different (Fig, 1B). Compared with the 18-
and 60-year-old second growth forests, the seedling abundance in
the old growth forest was significantly lower.

SEEDLING coMPOSITION—The species diversity of the different
regeneration groups reached a peak during different stages of
succession (Table 2). Species richness (59.3%) and abundance
(47.3%) of the early successional species showed high peaks in
the 18-year-old second growth forests. Non-pioneer light-
demanding species showed a high peak in the 30- and the 60-
year-old second growth forests. Shade-tolerant species were most
abundant in the old growth forest, where the percentages of
shade-tolerant species in terms of richness and abundance were
59.0 percent and 74.8 percent, respectively.

The dominants in the seedling and canopy layers were
different in the 60-year-old second growth forest (Ding 2000,
Bu e al. 2014), while they were similar at other stages of suc-
cession. The dominant seedling species differed across succes-
sional stages (Table S1). In general, some light-demanding
pioneer species, such as Cratoxylum cochinchinense and Aporosa
divica, were dominant in both the seedling and tree layers in
the 18- and the 30-year-old second growth forests. Shade-
tolerant species, such as Vatica mangachapoi and Cyclobalanopsis
patelliformis, were dominant in both the seedling and tree layers
in the old growth forest. Some non-pioneer light-demanding
species, such as Engelbardtia roxburghiana and Schima  superba,
were important in the seedling layer in the 60-year-old second
growth forest. Meanwhile, Castanopsis carlesii and Symplocos poila-
net were dominant in the tree layer in the 60-year-old second
growth forest.

DYNAMICS OF ABIOTIC AND BIOTIC FACTORS DURING SUCCESSION.—
As expected, CO decreased during succession (Fig, 2A). The 60-
year-old second growth forest and the old growth forest had low
CO, whereas the 18-year-old second growth forest had the high-
est CO values. The 18- and 30-year-old second growth forests
had lower SWC, and the forests at later successional stages (the
60-year-old second growth and old growth forests) had higher
values. Soil pH was higher in the 30- and 60-year-old second
growth forests and lower in the 18-year-old second growth forest
and the old growth forest. Both SOM and phosphorus content
showed a decreasing pattern of variation across the four succes-
sional stages. TN had a higher value in the 30-year-old second
growth forest and a lower value in the old growth forest. The
forests at later successional stages (the 60-year-old second growth
forest and old growth forest) had lower TK. AN was the lowest
in the 60-year-old second growth forest. The 30-year-old second
growth forest had the highest AK, while the old-growth forest
had the lowest AK (Fig. 2). Tree species richness reached the
lowest value in the 60-year-old second growth forest. Tree abun-
dance decreased during succession. In contrast, tree basal area
showed an increasing trend during succession.

All VIF values of the collinearity analysis were <3, indicat-
ing there is no collinearity in these variables (Table S2). We kept
all variables in the analysis. The first axis of the PCA of the abi-
otic and biotic factors accounted for 37.5 percent of total varia-
ton (Fig. 3). This axis was strongly related to CO, SOM,
nitrogen and potassium content, and tree species richness and
basal area. The second axis accounted for 12.5 percent of the
total variation and was mainly related to soil pH, AN content,
and tree abundance.

ABIOTIC AND  BIOTIC ~DRIVERS OF  SEEDLING  DIVERSITY/
coMPOSITION.—ADbiotic and biotic factors generally played differ-
ent roles in determining seedling species richness and abundance,
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TABLE 2. The nuntber of species and abundance of seedlings in the three regeneration groups in the sites at different successional stages. Percentages are indicated in parentheses.

Early successional species Non-pioneer light-demanding species Shade-tolerant species
Forest age Number of species Abundance Number of species Abundance Number of species Abundance
18-year-old second growth 54 (59.3) 1399 (47.3) 21 (23.1) 1384 (46.7) 16 (17.6) 177 (5.9)
30-year-old second growth 26 (23.9) 1192 (47.7) 63 (57.8) 1127 45.1) 20 (18.3) 181 (7.2)
60-year-old second growth 12 (9.5) 353 (11.6) 70 (55.56) 1692 (55.6) 44 (34.9) 997 (32.8)
Old growth forest 6 41) 15 (0.7) 54 (36.9) 516 (24.5) 86 (59.0) 1576 (74.8)
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FIGURE 2. Dynamics of environmental factors during succession. The data with different letters are significantly different at P < 0.05. The abbreviations are as
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CO, canopy openness; SWC, soil water content; SOM, soil organic mass; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen;
AP, available phosphorus; AK, available potassium; Rarefied Tree.R, rarefied tree species richness; Tree.A, tree abundance; and Tree.BA, tree basal area. The dif-

ferent letter (a, b, ¢, d) indicates significant differences (P<0.05).

at the four successional stages (Table 3). The species richness of growth forest. Seedling abundance was positively correlated with
seedlings was positively correlated with SWC, soil pH, soil SWC, tree species richness and abundance, while it was negatively
organic mass, and tree species richness in the 18-year-old second correlated with AN in the 18-year-old second growth forest.
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SOM, tree abundance, and tree basal area were negatively corre-
lated with seedling species richness, which was positively corre-
lated with TN in the 30-year-old second growth forest. Seedling
abundance was negatively correlated with soil pH and AK and
was positively correlated with tree species richness and abundance
in the 30-year-old second growth forest. The species richness of
seedlings was positively correlated with CO and tree abundance
but was negatively correlated with soil organic mass and AP in
the 60-year-old second growth forest. Seedling abundance was
positively correlated with CO, TN, and tree abundance, but was
negatively cotrelated with TN in the 60-year-old second growth
forest. In the old growth forest, the species richness of seedlings
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FIGURE 3. Principal components analysis (PCA) of the abiotic and biotic
factors at the four successional stages. The abbreviations are given in

Figure 2.

was positively correlated with pH and TP but was negatively cor-
related with CO and TK. The abundance of seedlings was posi-
tively correlated with pH and TK but was negatively correlated
with CO and AK at this successional stage.

In the 18-year-old and 30-year-old second growth forests,
the coefficient of the proportion of old growth forest coverage
on seedling diversity was greater than that of land-use history. In
the 60-year-old second growth forest and the old growth forest,
the coefficient of land-use history on seedling diversity was
greater than that of the proportion of old growth forest coverage
(Table 3).

We observed significant differences in species composition
at the four successional stages (ANOSIM test, P = 0.001). There
were strong associations between species composition and some
abiotic and biotic factors during succession (Fig. 4). SWC, SOM,
AK, and tree species richness and abundance were the most
important factors affecting species composition in the 18-year-old
second growth forest. Seedling species composition in the 30-
year-old second growth forest was influenced by SWC, pH, AK,
tree species richness and tree abundance. In the 60-year-old sec-
ond growth forest, CO, TN, TK, AP and tree abundance were
the most important factors affecting the seedling community
composition. Meanwhile, CO, TK, and AP were correlated with
species composition in the old growth forest.

DISCUSSION

RECOVERY OF SPECIES COMPOSITION AND DIVERSITY.—Secondary
succession in tropical forests is characterized by shifts in

TABLE 3. The relative importance of different environmental factors in influencing the seedling species richness and abundance in sites at the four successional stages (results of the multiple

regression models, all listed factors were significant at P < 0.05). The abbreviations are given in Fignre 2.

Species richness

Abundance

Coeff. of covariate

Coeff. of covariate

Proportion  Land-use

Forest age of OG history Factors Importance ~ Proportion of OG  Land-use history Factor Importance
18-year-old second 0.63 0.37 SWC (+) 0.47 0.58 0.31 SWC (+) 0.38
growth forest pH (1) 0.51 AN (=) 0.60
SOM (+) 0.53 Rarefied Tree R (+) 0.42
Rarefied Tree.R (+) 0.79 Tree. A (+) 0.41
30-year-old second 0.32 0.18 SOM (—) 0.36 0.38 0.11 pH (=) 0.54
growth forest TN (+) 0.37 AK (—) 0.57
Tree. A (—) 0.86 Tree.R (+) 0.42
Tree.BA (=) 0.36 Tree.A (1) 0.99
60-year-old second 0.39 0.42 CO () 0.39 0.66 0.97 CO () 0.40
growth forest SOM (-) 0.66 TN (+) 0.42
AP (=) 0.33 AP (=) 0.82
Tree. A (+) 0.42 Tree. A (+) 0.87
Old growth forest 0.20 0.58 CO () 0.46 0.13 0.37 CO (—) 0.50
pH () 0.38 pH () 0.34
TP () 0.30 TK (+) 0.70
TK (-) 0.31 AK (—) 0.30
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FIGURE 4. The non-metric multidimensional scaling (NMS) analysis on the relationships between seedling composition and abiotic/biotic factors at different

successional stages. The abbreviations are given in Figure 2.

dominance from short-lived pioneers to longed-lived pioneers
and, finally, to shade-tolerant species typical of mature forests
(Finegan 1984). Our results demonstrated that seedling diversity
differed significantly across stages of succession. The seedling
communities of the 18- and 30-year-old second growth forests
were characterized by the dominance of a few pioneer species.
Some non-pioneer light-demanding species became dominant
species in the seedling community of the 60-year-old second
growth forest. The seedling community of the old growth forest
was dominated by shade-tolerant species. Our results showed that
the change in seedling diversity with succession generally revealed
a bimodal pattern. Seedling diversity of early successional, non-
pioneer light-demanding and shade-tolerant species reached their
peaks in the 18- and 60-year-old second growth and the old
growth forests, respectively. Seedling composition and diversity
were significantly related to some key abiotic and biotic factors at
each stage of succession. The observed patterns of seedling diver-
sity across our study sites are generally in accordance with sec-
ondary successional patterns in tropical forests observed in many
patts of the wortld (Lebrija-Trejos 2009, Chazdon 2014, Suga-
numa ¢f al. 2014). In shifting cultivation fallows in Amazonian
tropical forest, pioneer and early successional species were most
abundant in the initial 3-5 yr after abandonment, and climax spe-
cies dominated in the old growth forest (Uhl 1987). In terms of
species composition, sites in eatly successional stages tend to dif-
fer considerably from sites in late successional stages (Whitfeld
et al. 2014).

Our results showing a bimodal change in diversity with suc-
cession were consistent with the IDH described by Connell
(1978), which suggests that species density first rises to a maxi-
mum level and then declines during the process of succession. In
our study, with the recovery of the abandoned shifting cultivation
lands, new species began to colonize and recruit, leading to a
gradual accumulation of species over time. The number of

seedling species and individuals reached a peak in the 60-year-old
second growth forest, where seedlings of both earlier and later
successional stages could be found. Numerous studies have con-
firmed the IDH in different forests. Douglas (2001) applied a
series of long-term permanent sample plot data spanning seven
decades to this hypothesis and confirmed that the stem abun-
dance peaked at the mid-successional stage. Kalacska ez a/. (2004)
also found higher tree species richness at intermediate stages of
succession. Changes in seedling diversity may vary with vegeta-
tion types and abiotic or anthropogenic conditions. Some studies
have documented continuously increasing species diversity with
stand age. Prach ¢ a/. (2014) found that the total number of spe-
cies increased with successional age in a majority of series. Stud-
ies in tropical forests have found a progressive increase in tree
species richness and diversity from eatly to late successional
stages (Lebrija-Trejos ef al. 2008, Madeira e¢f al. 2009). Ruiz ez al.
(2005) found a similar pattern for a 56-yr chronosequence in dry
tropical forest on the island of Providencia, Colombia; species
richness increased steadily with increasing age since abandon-
ment. However, Denslow and Guzman (2000) found that esti-
mates and indices of seedling species richness did not vary with
stand age across a 70-yr tropical moist forest chronosequence in
Panama. It appears that there might be something unusual about
the 30-yr second forest in our study, as many chronosequence
studies indicate a steady increase in species richness over time
(Guariguata & Ostertag 2001). Which factors have contributed to
the low diversity of the 30-yr secondary forest, the edaphic condi-
tions or the landscape configuration? Future research is needed
to assess the underlying mechanisms of this unusual variation.

ABIOTIC AND BIOTIC FACTORS AFFECTING SEEDLING DIVERSITY/
coMPOSITION—We found that different abiotic and biotic factors
played different roles in determining seedling diversity during dif-
ferent stages of succession. Seedling diversity was correlated with
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SWC and soil nutrients in the 18-year-old second growth forest
where light was ample but water was deficient. However, in later
successional stages (the 60-year-old second growth forest and the
old growth forest), where soil water was ample but light was defi-
cient, seedling diversity was related to CO and soil nutrients.
These results suggest that environmental filtering played an
important role in the reassembly of tropical lowland rain forest
following shifting cultivation.

Dramatic changes in environmental conditions and resource
availability characterize different stages of tropical forest succes-
sion and impose strong filters on species establishment, growth,
and recruitment (Chazdon 2014). Such an environmental varia-
tion is often characterized by the understory environment, partic-
ularly light conditions and root environments (Wright 2002). As
observed in other systems, CO gradually decreased and light
became less available as succession proceeded in our studied for-
est system. SWC in the two latter successional stages was higher
than in the two previous stages. Soil nutrients generally decreased
with succession. These results were consistent with previous stud-
ies (Schiffers et al. 2010, Lebrija-Trejos ef al. 2011). Secondary
succession involves a feedback mechanism between vegetation
and the environment (Lebrija-Trejos ef al. 2011). The environ-
ment can promote the coexistence of species with different
resource requirements or reduce species richness when conditions
beyond the tolerances of the species occur. Our results indicate
that along a gradient of secondary succession following shifting
cultivation, the general environmental conditions for the regener-
ating seedlings changed gradually from relatively dry and nutrient-
or light-rich in eatlier successional stages to light- and nutrient-
poor in later successional stages. Competition for soil water is
more important than competition for light during eatlier succes-
sional stages because species density and abundance were posi-
tively correlated with SWC but were not correlated with CO at
this successional stage. The results of our study revealed that
seedling diversity and composition were constrained by varied
abiotic factors at different successional stages. Light seems to play
an important role in species composition and diversity at later
stages of succession, when it is more limiting to growth (Lohbeck
et al. 2014, Sterck et al. 2014).

The species richness, abundance, and basal area of neighbor-
ing trees also had significant effects on seedling diversity during
succession. The identity of the adult trees in a seedling neighbor-
hood may affect seedling survival. Several studies have shown
that intraspecific negative density dependence is important in
slowing competitive exclusion and maintaining diversity in tropical
forests (Harms ez a/. 2000, Webb ez al. 2006). Our results showed
that both tree species richness and abundance had significant
effects on seedling diversity in the 18-year-old second growth for-
est. All of the biotic factors were important drivers of seedling
diversity in the 30-year-old second growth forest. Tree abundance
was the only biotic factor affecting seedling diversity in the 60-
year-old second forest. Confirming the results of previous studies,
seedling diversity was affected by the adult trees in seedling
neighborhoods (Lin ef a/. 2012, Paine e al. 2012). The adult trees
may affect seedling survival via negative density dependence.

Density dependent survival is prevalent in tropical forests and is
recognized as a driving mechanism for maintaining species diver-
sity (Harms ez a/. 2000, Kobe & Vriesendorp 2011). Seedlings
may experience strong asymmetric resource competition with
adult trees.

In contrast to the second growth forest, biotic factors did
not significantly affect seedling diversity in the old growth forest.
Our findings suggest that the effect of adult trees on seedling
diversity is less than has been previously suggested, at least in the
old growth forest. This result stands in contrast with previous
results, in which the basal area of adults and the density of seed-
lings both increased seedling mortality, thus reducing seedling
diversity. This may be due to increased competition among all
seedlings for abiotic resources at this stage. Most of the abiotic
factors (except SWC) in our study showed a decreasing pattern at
this stage. In the secondaty forests, seedling diversity was con-
strained by both abiotic and biotic factors when environmental
resources were ample. In the old growth forest, all of the seed-
lings contended for environmental resources, which were scarce.
Therefore, seedling diversity was affected only by abiotic factors
and not by the abundance or species richness of adult trees. The
biotic factors appeared to affect seedling diversity more strongly
and more pervasively than did abiotic factors in the old growth
forest.

SUCCESSION AND LANDSCAPE CONTEXT.—The diversity of regenerat-
ing woody plants is constrained by a set of factors, which vary
with climate, soil type, and landscape structure (Crouzeilles ef al.
2016). Because the regeneration of tropical forest depends upon
the intensity of land use and the distance to sources of colonizers
(Pascarella ez al. 2000), we assumed that land-use history and the
proportion of neighboring old growth forest would determine the
rate of forest recovery and the species diversity of secondary for-
ests. Our findings show that the effect of the proportion of the
surrounding landscape covered by old growth forest on seedling
diversity is greater than that of land-use history at earlier succes-
sional stages, but the effect of land-use history is greater than
that of the proportion of the surrounding landscape covered by
old growth forest at later stages of succession. The proportion of
the surrounding landscape covered by old growth forest showed
a shift in our study plots from 0 to 20 percent at earlier succes-
sional stages to 40-80 percent at later successional stages. This
pattern of change means that when the proportion of the sur-
rounding landscape covered by old growth forest was low, it was
the main landscape factor affecting seedling diversity. With an
increase in the proportion, land-use history was the main land-
scape factor.

The dynamics of succession can be assessed at multiple spa-
tial and temporal scales (do Nascimento ¢ al. 2014). At the speci-
fic local level, the rates of forest recovery following natural and
human disturbances are always slower than the rate of deforesta-
tion. However, at the landscape level, landscape context variables,
such as the fragmentation pattern and shape index, were shown
to be significant factors influencing species composition in shift-
ing cultivation fallows (Lawrence 2004, Chazdon 2014). Land-use



intensity and distance to old growth remnant forests across the
landscape were shown to have great influences on the regenera-
tion and composition of the abandoned shifting cultivation lands
in our studied forests (Ding e al. 2012). Logged forests in the
study by showed good recovery, with species richness being actu-
ally higher than in the forests that had recovered on abandoned
lands after several cycles of shifting cultivation Ding e a/ (2012).
Human disturbance is a good predictor of changes in species
composition and diversity. These results confirm the importance
of land-use history for forest tecovery (Lawrence 2004). The
reproductive mode of different species (the telative proportions
of sprouting and seeding) also has an influence on the regenera-
tion of seedling or tree communities (Ding & Zang 2005).

In this study, all of the second growth forests were allowed
to naturally recover after the last cycle of shifting cultivation. This
recovery was due to several main reasons as follows: (1) most of
the re-clearing shifting cultivation practices were non-profitable
for the local farmers after several cycles of shifting cultivation;
(2) the national Natural Forest Conservation Program (logging
ban and shifting cultivation ban) was established on Hainan
Island in 1994, which ceased most of the anthropogenic distur-
bances to the natural tropical forests on Hainan Island; and (3)
the Bawangling National Nature Reserve was established in 1980,
which allowed large areas of the shifting cultivated lands (approx-
imately 70% of the lowland rain forest in this region) to be pro-
tected and undergo a natural recovery process. The reserve area
expanded from 66.3 to 300 km® in 2003 when it became clear
that the original reserve was too small for effective protection of
the Hainan gibbon (Zang ez a/. 2010).

In this naturally recovering forest, a few small areas of old
growth forest fragments and later successional species within
them are scattered across the entire studied forest region. Seed
dispersal is a major limiting factor for later successional species
during succession, especially for large-sized seeds because many
of their dispersal agents, such as mammals, have disappeared in
the study area. Thus, seed size and the dispersal mode of trees
in areas at different successional stages may be the important
factors limiting seedling establishment. Our integrated dataset
on seed size and dispersal mode, which was compiled from ref-
erences and data bases (such as the Kew Gardens Seed Infor-
mation Database  [http://www.rbgkew.org.uk/data/sid/], the
Wood Density Database  [http://www.Wotldagroforestrycen-
tre.org/sea/Products/AFDbases/WD/Index.htm], and TRY
[http:/ /www.try-db.org]), showed that seeds of eatly successional
species are generally small and dispersed by wind, while seeds
of late successional species are large and dispersed over short
distances. Kepfer-Rojas ¢ al. (2014) examined the effects of the
distance to seed sources on species density and species compo-
sition. Dispersal was a strong driver at the eatly stages of suc-
cession, and lack of effective land management was an obstacle
to tree colonization after more than a century since abandon-
ment. Therefore, planting later-successional species may be one
of the most effective methods for improving forest regeneration
during succession in this tropical lowland rain forest. In fact,
we have now been doing this type of biodiversity enrichment
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planting experiment in the 60-year-old second growth of the
lowland rain forest in the studied area for the past 3 yrs (Run-
guo Zang, unpubl. data).

Simple pseudoreplication based on the evaluation of a single
site for each successional stage is the most common form of
pseudoreplication (Ramage ¢ a/. 2013). Simple pseudoreplication
occurs when multiple samples from a single contiguous treatment
unit are analyzed as if they were independent replicates and the
results are then used to infer treatment effects (Hurlbert 1984).
As is the reality of many studies, our study has the shortcoming
of making generalizations about regional successional changes
based on a limited dataset. Due to the limitations of our sam-
pling efforts, we only selected two sites at each successional stage
and investigated 25 seedling plots at each site. In future studies,
more sites and randomly sampled seedling and tree plots are
needed to make robust generalizations and predictions about the
actual successional dynamics of tropical secondary forests on
abandoned shifting cultivation lands at the landscape or regional
scale.
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