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and secondary tropical forests of Hainan Island, China

J. Aaron Hogan1
& Oscar J. Valverde-Barrantes1 & Qiong Ding2

& Han Xu3
& Christopher Baraloto1

Received: 10 January 2020 /Accepted: 22 June 2020
# INRAE and Springer-Verlag France SAS, part of Springer Nature 2020

Abstract
& Key message In older, unlogged rainforest of Hainan Island, China, leaves of saplings were larger, and fine root systems
of saplings were thicker with fewer root tips than in historically logged areas. These results were consistent among 15
Angiosperm lineages, even though families differed widely in their leaf and root traits.
& Context How plant organ morphologies vary with environment is key for inferring plant functional strategies.
& Aims We were interested in quantifying any changes in fine root and leaf morphology of saplings with local-scale environ-
mental variation in tropical forest, and if any variation in organ morphologies differed with plant lineage.
& Methods We measured functional traits of fine root systems and leaves of saplings from 15 families in historically logged and
unlogged Chinese tropical forest, where soil fertility and texture slightly decreased with greater forest age.
& Results Root morphological traits were more conservative, while leaf morphologies were more acquisitive in primary forest
than in secondary forest. From secondary to primary forests, mean root system diameter increased 0.4 mm, mean specific root
length decreased 3.5 m kg−1, and mean root system branching intensity decreased by 0.3 tips cm−1. Similarly, from
secondary to primary forests, average leaf area increased 7 cm2 and specific leaf area decreased 0.8 m2 kg−1. Leaf
thickness and root tissue density were not different. Among the selected plant families, root and leaf morphological differences
between forest types were consistent.
& Conclusion Within lineage (i.e., intraspecific) root and leaf morphological variation showed contrasting patterns. Local-scale
variation in soil phosphorus and base saturation affected intraspecific variation in root diameter and specific root length.
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1 Introduction

Comparative ecology with plant traits has been a popular ap-
proach to understand trade-offs in plant form, physiology, and
biological functioning, which generally scale with variation in
plant ecological life-history (Keddy 1992; Weiher et al. 1999;
Westoby andWright 2006; Shipley et al. 2016; Körner 2018).
Functional traits, such as specific leaf area (SLA; Garnier et al.
2001) or wood density (Chave et al. 2009), inform about re-
source allocation within the plant in relation to a fast- or slow-
growth strategy (Wright et al. 2010; Reich 2014), total photo-
synthetic potential (Shipley 1995), or other measures of the
relative performance across plant species (Weiher et al. 1999;
Ackerly et al. 2002; Díaz et al. 2016). Interspecific trade-offs
in resource allocation concerning the most-commonly mea-
sured functional traits have been observed along at least two
orthogonal axes of variation (Díaz et al. 2016): one
encompassing stem economics (Baraloto et al. 2010) related
to whole plant size (King 1996) and another related to the leaf
economics spectrum (Wright et al. 2004).

Functional trait measurement of fine roots is a relatively
recent development in plant functional ecology (Bardgett
et al. 2014; Laliberté 2017; Iversen et al. 2017). The
emerging hypothesis for variation in root functional traits
among plant species is that low specific root length (SRL),
thick root diameter, high C:N ratios in tissues, and high
root tissue density should relate to low nutrient uptake
capacities, low rates of root respiration, and long root
lifespans and are thus considered conservative root traits
(Fig. 1). In applying plant economic theory (Bloom
et al. 1985; Reich 2014) to roots, such conservative root
traits should reflect a slow-growth plant strategy (Reich
2014; Weemstra et al. 2016), although a consensus is cur-
rently lacking. In contrast, thin root diameters, high SRL,
high root tissue N content, and low root tissue densities
should relate to higher rates of root respiration, fast rates
of root turnover, and should be acquisitive traits indicative
of a fast-growth plant strategy (Fig. 1). Root tissue density
and diameter are positively related to root lifespan and
drought resistance but negatively related to nutrient uptake
potential (Kramer-Walter et al. 2016; Valverde-Barrantes
and Blackwood 2016). Accordingly, root diameter and tis-
sue density should increase among species with a fast-
growth to a slower-growth strategy, while SRL, root area,
and root tip abundance should decrease (Weemstra et al.
2016; McCormack et al. 2012; Fig. 1).

Plant evolutionary history strongly constrains root mor-
phologies. Across taxa, the general pattern is that gymno-
sperms and basal angiosperms (e.g., Magnoliids) have thicker,
less-dense, shorter roots, with fewer fine root tips than more
derived angiosperms (Kong et al. 2014; Valverde-Barrantes
et al. 2016; Wang et al. 2019). This may signify a greater
reliance on mycorrhizal associations for nutrient acquisition

(Eissenstat et al. 2015; Chen et al. 2016; Valverde-Barrantes
et al. 2016; Kong et al. 2017), or it may be a result of divergent
evolutionary processes that have created a high degree of phy-
logenetic conservatism in Angiosperm root diameter (Ma
et al. 2018; Lu and Hedin 2019). Thus, because of the system-
atic variation in root diameter, studies investigating intraspe-
cific variation in root morphologies in relation to the environ-
ment should account for plant lineage. Demonstratively, using
family-level data from 581 species from 22 plant orders
(Valverde-Barrantes et al. 2017),Maherali (2017) showed that
the standard deviation of root diameter increased with the
average root diameter. Yet, there was substantial variation
among families, and therefore, it remains uncertain how intra-
specific variation in root morphology due to environment
scales with root diameter, plant lineage, or plant strategy. A
large proportion of the variation in root morphologies can be
explained by continental-scale climate variation (Jackson et al.
1996; Freschet et al. 2017; Wang et al. 2019), yet some var-
iation remains unaccounted for (Freschet and Roumet 2017;
Valverde-Barrantes et al. 2017). For example, specific root
length and root tissue density of Gymnosperm roots decrease
with increasing latitude in boreal forests; that is, roots show an

Fig. 1 Conceptual diagram of commonly measured aboveground and
belowground functional traits along an acquisitive-conservative life-his-
tory continuum (i.e., fast-slow plant spectrum; Reich 2014). Hypotheses
for how within-species (i.e., intraspecific) variation in root and leaf mor-
phologies should relate to increasing forest age (i.e., forest succession) are
shown in black (see research question 1)
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intraspecific conservative shift with decreasing temperature
and increasing soil fertility (Zadworny et al. 2016; Defrenne
et al. 2019). In addition, a more-general community shift in
root acquisitiveness occurs toward the tropics as Angiosperms
dominate over Gymnosperms (Wang et al. 2018; Wang et al.
2019).

Root morphology also varies with the local soil environ-
ment. At the individual plant scale, variation in root traits can
be large; for example, interspecific variation in root diameter,
specific root length (SRL), and link length within a commu-
nity can be twenty-fold (Comas and Eissenstat 2009; Guo
et al. 2008). Such variation has potentially large ramifications
for the ecologies of plant species (Schenk and Jackson 2002;
Craine et al. 2001; Comas and Eissenstat 2009; Van Kleunen
et al. 2010; Bardgett et al. 2014; Wang et al. 2018), including
nutrient acquisition and use strategies (Warren et al. 2015) and
how species respond to selection pressures (e.g., altered soil
fertility, land-use change, or forest recovery). Despite inter-
specific differences in root diameter, plants have been shown
to modulate root architecture in response to cues in the soil
environment (i.e., soil moisture and fertility; Fitter and
Stickland 1991; López-Bucio et al. 2003; Hodge et al.
2009). Nutrient deficiencies in the soil usually lead to the
lengthening and architectural development of root systems,
for example, a more pronounced herringbone topology, with
more root branching and longer lengths originating from a
single main root (Fitter and Stickland 1991; López-Bucio
et al. 2003; Giehl et al. 2013). Thus, understanding interspe-
cific and intraspecific variations in root morphologies with
soil conditions may help quantify the relative role of below-
ground specialization versus local adaptation among plant
lineages.

Leaf morphologies of plants are as less phylogenetically
constrained than those of roots (Kembel and Cahill Jr 2011;
Flores et al. 2014), indicating an independence in drivers of
among and within species variation in leaf versus root func-
tional traits (Wang et al. 2017). Like roots, climate strongly
influences leaf morphology at the continental scale (Wright
et al. 2017). At the local scale, light availability is the primary
driver of leaf morphology, with leaves tending to become
more acquisitive in more shaded environments. For example,
leaves of the same species increase in SLA as light becomes
increasingly limited (Liu et al. 2016). The increase in SLA is
mainly driven by an increase in leaf area, in response to in-
creasing forest canopy coverage and competition for light
(Givnish 1984; Rijkers et al. 2000; Keenan and Niinemets
2017). Yet, despite the relatively subtle shifts in leaf morphol-
ogies that occur in response to the light environment, large
interspecific differences in leaf morphologies exist among
taxa (Wright et al. 2004, 2010, 2017). Thus, understanding
how interspecific and intraspecific variations in leaf morphol-
ogy interact with the understory forest light environment (i.e.,
forest structure and successional status) is important to

interpret how environments shape functional trait–
environment relationships of plants. Additionally, some evi-
dence shows that among species leaf and root morphologies
are related (i.e., SRL increases with increasing SLA;
Valverde-Barrantes et al. 2017), however the degree to which
intraspecific variation in root systems coordinates with varia-
tion in leaves, and how variation relates to the soil environ-
ment is not completely understood. Notably, one study found
that among Neotropical trees, coarse woody root traits were
more aligned with stem than leaf functional traits and that
relationships were consistent across different soil habitats
present in the Amazon (Fortunel et al. 2012).

Generally, root biomass and competition for soil nutrients
increase with forest succession, which drives shifts in the
amount and form of available nutrient pools in the soil
(Christensen and Peet, 1984; Hertel et al. 2003; Craine;
2006). One might hypothesize that roots of the same species
should become more acquisitive (i.e., an intraspecific shift
toward acquisitive root functional traits like an increase in
root length; see Fig. 1), as soil fertility changes with succes-
sion (e.g., shifts from nitrate to ammonium dominated
nitrogen cycling and cation and base saturation decreases;
Werner 1984). However, several studies have documented
intraspecific conservative shifts in root morphologies as soil
fertility decreases (Eissenstat et al. 2000; Holdaway et al.
2011; Li et al. 2018). Only a few studies have examined
how rootmorphologies varywith forest age in tropical forest
(see Hopkins et al. 1996; Hertel et al. 2003; Leuschner et al.
2009; Zangaro et al. 2012; Powers and Peréz-Aviles 2013).
Those that have focused on root morphologies in tropical
forest have found that root biomass increases, root turnover
decreases, and generally roots become less acquisitive (e.g.,
decrease in root length and number of root tips) with increas-
ing successional status (Hertel et al. 2003; Leuschner et al.
2009). However, differences in methodology exist because
all of these studies use soil coringmethods,which limits their
ability to directly assess intraspecific variation in root mor-
phologies. Additionally, competition for light generally in-
creases with forest succession. Morphological plasticity in
leaf morphologies in response to light availability illustrates
intraspecific trait variationwith environment. Plant root sys-
tems must simultaneously forage for 14 mineral elements
from the soil in addition to absorbing water (Lynch 2005;
Warren et al. 2015), whereas leaves principally respond to
light availability. Thus, it is not unreasonable to hypothesize
that morphological plasticity of root systems could be more
pronounced andmultidimensional than that of leaves, due to
the more complex nature of soil resource acquisition com-
pared with light interception (Fitter 1991; Weemstra et al.
2016; Maherali 2017; Laliberté 2017).

In that context, our two research questions and accompa-
nying hypotheses were as follows:
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1 How does functional trait variation in leaves and fine root
systems relate to local-scale environmental variation in
soil fertility and texture attributable to topical montane
forest successional status? We hypothesized that intraspe-
cific morphologies in understory leaves should become
more acquisitive (e.g., increase SLA) as light availability
decreases from secondary to primary forest. We hypothe-
sized that roots of the same species would also become
more acquisitive (e.g., increase in SRL, diameter) from
secondary to primary forests. Incorporated in these two
independent hypotheses is the idea that individual plants
coordinate leaf and root traits to become more acquisitive
with increasing forest age (Fig. 1).

2 Is morphological variation in root and leaf morphologies
consistent across plant lineages? The testable null hypoth-
esis, here, is that plant organ morphology–environment
relationships do vary across lineages, so we hypothesized
that intraspecific trait variation with environment would be
consistent across taxa.

To test these hypotheses, we employed a paired sampling
design that measured root and leaf morphological traits and
soil chemistry within fifteen families, along a 6.6-km transect
in a tropical forest in southern China.

2 Material and methods

2.1 Study site: Jianfengling, Hainan Island, China

The Jianfengling forest reserve (JFL), of south-western
Hainan island, China (18° 23′–18° 15′ N and 108° 36′–109°
05′ E; Figs. 2 and 6) is a 47,200-ha area of mountainous
tropical forest with a history of logging and forest resource
extraction. Beginning in 1957, about two-thirds of the area
was either clear-cut or selectively logged, meaning 30–40%
of large timber-valuable trees were extracted (Zhou 1995; Xu
et al. 2015). All logging ceased in 1994 under a state-wide
(Hainan island only) logging ban, followed by a Chinese na-
tional logging ban in 1998 (Zhou 1995; Wenhua 2004). The
reserve encompasses several ecological life zones of vegeta-
tion, from tropical semi-deciduous monsoon forest at the low-
er elevations to mossy high elevation forest, with evergreen-
monsoon forest dominated by Podocarpaceae intermixed
throughout at elevations < 1000 m (Huang et al. 1995). The
most common vegetation life zone is tropical montane rain
forest, which occurs at elevations between 600 and 1100 m.
This forest is characterized by a mix of palms (principally
Livistona saribus (Lour.) Merr. ex A. Chev.) and broadleaf
evergreen trees that reach an average canopy of height of 18m
(Jin et al. 2013).

The forest has a tropical monsoon climate with seasonal
rainfall, where most of the rainfall occurs between May and

October (Zeng 1995). From 1965 to 1995, the average annual
rainfall in the montane rain forest of JFL averaged about
2700 mm (Wu 1995). The soils are classified as lateritic and
humic yellow soils, being derived from porphyritic granite
(Wu 1995). Such soils are characterized by surface accumu-
lation of organic matter, slower rates of mineral and organic
matter cycling than other tropical soils (e.g., latisols), interme-
diate rates of mineral leaching, some accumulation of
Aluminum, and exchangeable base content of about
30 mL kg−1 of soil (Wu 1995).

2.2 Field methods

During the summer (May 4 to June 30) of 2017, roots and
leaves of juvenile trees (individuals > 1 m in height but <
10 cm diameter at breast height, hereafter saplings) of fifteen
families were sampled along a 6.6-km transect within the JFL
reserve (Figs. 2 and 6; Hogan et al. 2019). The transect was
positioned to cover the transition from secondary to primary
forests. The secondary forest area of the transect was exten-
sively logged or cut over between 1964 and 1970, making the
forest about 50 years old. The primary forest area has no
recorded logging history or other anthropogenic land use
and included areas of the Jianfengling permanent forest dy-
namics plot. Forest basal area in primary and secondary for-
ests is roughly equal, averaging 40.5 (± 0.2, standard
error) m2 ha−1 in primary forest and 42.7 (± 0.2) m2 ha−1 for
secondary forest (Xu et al. 2015). A total of 423 individuals
(198 in primary and 225 in secondary forest) of 72 species
from the 15 focal families (Table 6 in the Appendix) were
collected in a paired approach that sought to collect three
individuals of each species in each half of the transect.

Lateral fine roots from the top 10 cm of soil were traced out
from an identified individual and gently excavated.
Excavation of living root systems from saplings was done
carefully to preserve root networks to finest first-order roots,
using hand trowels. Following root collection, ca. 1 kg of
surface soil was collected from the excavated area where roots
were collected. Healthy, entire leaves were manually cleaved
off the plant at the base of petiole and collected. Leaves and
roots were transported back to the lab in plastic bags for pro-
cessing. Measurements of leaf morphologies were done im-
mediately, and roots were placed in a refrigerator for storage
until they could be processed.

2.3 Functional trait measurements

For three leaves of each sapling, leaf thickness was measured
using a Vernier micrometer (MitutoyoUSA) precise to a thou-
sandth of a millimeter. Leaves, including petioles, were
scanned (single-sided scans) for leaf morphological
measurements.
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Prior to scanning, roots were washed thoroughly. For each
individual, three to five root systems, containing at least the
first 3 root orders (sensu McCormack et al. 2015) were select-
ed from the excavated material. Roots were placed in an acryl-
ic root scanning tray with a cover glass, submerged in water
and scanned at high resolution (1200 dpi) in black and white
using a double-sided optical scanner (Epson Perfection V800,
Epson America, Inc.). Following scanning, leaves and roots
were dried in an oven at 70 °C for at least 48 h, before record-
ing their dry mass.

Scanned images of leaves and roots were respectively an-
alyzed using WinFolia (2007b version, Regent Instruments,
Quebec, Canada) and WinRhizo (2016 version, Regent

Instruments, Quebec, Canada) software. WinFolia measures
leaf area, height, width, perimeter, and aspect ratio. Specific
leaf area (SLA) was calculated as the ratio of the surface area
to the dry mass.WinRhizomeasures root length, area, average
diameter, volume, and architecture (i.e., the number of root
tips and forks) for each root system. Specific root length
(SRL), specific root surface area (SRA), and specific root tip
abundance (SRTA) were calculated by dividing root length,
root area, and the number of root tips for each root system,
respectively, by its dry mass. Root branching intensity (RBI)
was calculated by dividing the number of root tips by the root
system dry mass. Finally, root tissue density (RTD) was esti-
mated by dividing root system volume by its dry mass.

Fig. 2 The study site: the
Jianfengling Forest Reserve (JFL)
of Hainan Island, China. Hainan
Island is a small continental island
off the south-eastern coast of
China, shown in the red box of the
inset map. The 47,200-ha JFL
boundary is shown in red. The
6.6-km transect of where func-
tional traits of saplings were
sampled is shown in black (see
Fig. 6 for a topographic map and
an elevational profile of the
transect). The first half of the
transect is in secondary forest
with a history of logging with and
estimated forest age of about
50 years, and the second half of
the transect is in unlogged, pri-
mary forest
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2.4 Soil laboratory analyses

Soils were analyzed for 300 of the 423 individuals collected
(150 per forest type of 50 species, see Table 6 in the
Appendix). Collected soil samples were air dried and sieved
using at 2 mm mesh sieve. For each sample, about 300 g of
soil was analyzed for soil texture and nutrient content. Soil pH
was measured using a glass electrode in a 2.5:1 water to soil
dilution. The high temperature, external-heat, potassium di-
chromate oxidation volumetric method was used to measure
soil organic matter. The Kjieldahl-distillation titration method
was used to measure soil total nitrogen (N). Total phosphorus
(P), available potassium (K), and exchangeable sodium, cal-
cium, and magnesium were all measured using an
ammonium–acetate extraction, followed by flame atomic ab-
sorption spectrophotometry. Total soil K was measured using
sodium-hydroxide melting-flame atomic absorption spectro-
photometry. Available (i.e. alkali-hydrolysable) soil N was
measured using the alkali-solution diffusion method. Soil
available P was measured using by the hydrochloric acid–
ammonium fluoride extraction and the molybdenum antimo-
ny anti-coloring method. Lastly, soil base saturation (BS) and
cation exchange capacity were measured with the ammonium
acetate methods.

2.5 Data analysis

Principal components analyses (PCA)were carried out on root
and leaf functional trait matrices to help reduce dataset dimen-
sionality and identify relationships between leaf and root func-
tional traits (see Figs. 7 and 8 in the Appendix). This was done
separately for root and leaves, and in our case, we were inter-
ested in them separately. The traits used in the PCA for leaves
were leaf area, leaf perimeter, leaf width, leaf height, leaf
mass, SLA, and leaf thickness (see Table 4 in the
Appendix). The traits used in the root PCA were root length,
SRL, SRA, average diameter, RTD, RBI, and SRTA (see
Table 5 in the Appendix). PCAs were successful in reducing
the dimensionality of morphological trait data, with the first
two axes of each PCA explaining 67% of the variability in the
leaf trait data (Fig. 7 in the Appendix) and 72% of the vari-
ability in the root trait data (Fig. 8 in the Appendix). Leaf
morphological traits were summarized by two main axes of
variation (Table 4 in the Appendix): mass-based variation
(SLA, dimension 2 in Fig. 7) and area-based variation (leaf
area, dimension 1 in Fig. 7). Root morphological traits were
not as orthogonally organized as leaf traits (Fig. 8; Table 5 in
the Appendix). Therefore, based on trait correlation with PCA
axes (Tables 4 and 5 in the Appendix), three leaf traits: leaf
area, SLA, and leaf thickness, and four root traits: root system
average diameter (hereafter root diameter), RTD, SRL, and
RBI were chosen for subsequent analyses. We used trait

values instead of PCA axis loadings in analyses to make our
results easier to generalize with other studies.

Two-way, univariate analyses of variance (ANOVA) were
conducted separately with each of the seven selected function-
al traits as the response variable. Functional trait values were
log10 transformed as necessary to improve their normality, as
was the case for leaf area and all four root traits. The two-way
ANOVAmodels were fit in the form of: trait ~ lineage × forest
type. Forest type was represented in each model as two-level
factor (i.e., primary vs secondary), and plant lineage was rep-
resented as species nested within plant family, which allowed
us to assess intraspecific trait variation.

Stepwise ANOVA model selection was performed using
all possible combinations of species lineage and forest type as
factors. In all cases, the best-fitting models included the inter-
action between lineage and forest type. Those models were
then used to predict the least-squares (i.e., marginal) mean trait
values with respect to lineage and forest type (i.e., β coeffi-
cients were used to estimate mean trait values and their con-
fidence intervals for each lineage in both forest types).
Analyses were carried out in R v.3.5.0 (R Core Team 2018)
and made use of the “emmeans” package (Lenth 2018) for
predicting the least square mean values. Effect sizes for pre-
dictors were calculated using the ω2 estimator via the “sjstats”
package (Lüdecke 2019). We chose to use the ω2 effect size
estimator, opposed to the η2 (eta-squared) or ηp

2 (partial eta-
squared) estimators, because when predictor variable has
many groups levels, η2 and ηp

2 can be biased, where ω2 is
corrected for this bias (Lüdecke 2019). For interpretation of
effect sizes, ω2 values near 0.01 are considered small, near
0.06 are considered medium, and near 0.14 are considered
large.

In order to directly assess how variation in soils related to
any variation in root traits because of forest type, we conduct-
ed analyses of covariance (ANCOVA). One-way ANCOVA
models were conducted to determine if statistical differences
existed between root functional traits and soil variables con-
trolling for soil type. We used average root trait values for
each individual (i.e., the average of the three to five root sys-
tems measured for each sapling) and soil data from the 300
individuals of 50 species where we measured soil
properties (see Table 6 in the Appendix). ANCOVAs were
done using the four root traits from the previous analyses: root
diameter, SRL, RTD, and RBI and four soil variables of in-
terest: soil BS, total N), total P, and total K. ANCOVAmodels
were constructed similarly to the ANOVAmodels in the form:
trait ~ soil variable * forest type × lineage, where like before,
forest type was a two-level factor (i.e., primary vs secondary)
and lineage was species nested within family. This is akin to
conducting ordinary least-squares regression between soil var-
iables and root trait values by forest type, which we did to
graphically assess the direct influence of soil variation on root
trait variation relationships.

79    Page 6 of 21 Annals of Forest Science (2020) 77: 79



3 Results

3.1 Soil properties along the transect

Soils in primary forest area of the transect were signifi-
cantly more acidic and of coarser texture than soils from
the secondary portion of the transect (Table 1). The range
of soil nutrient contents was greater in secondary than in
primary forest. Soils in the secondary forest portion of the
transect were more fertile than those of the primary forest
area, in that they measured significantly higher in total
phosphorus, total potassium, available potassium, total
exchangeable bases, effective cation exchange capacity,
and base saturation. Soil organic matter, total nitrogen
available nitrogen, and available phosphorus did not dif-
fer along the transect by forest type.

3.2 Variation in leaf morphology along the transect

Analysis of 1315 leaves and 1949 root systems from 423
individual saplings from 72 species showed significant in-
terspecific trait variation. For example, predicted marginal-
mean SLA values varied from 8.1 (± 0.6, standard error) to
20.5 (± 0.9) m2 kg−1 for Sapindaceae and Sytracaceae, re-
spectively (Fig. 3b). In the secondary forest portion of the
transect, predicted marginal-mean SLA values for those two
families increased to 9.3 (± 0.3) and 21.7 (± 1.0) m2 kg−1.
Differences in SLA by forest type were consistent with plant
lineage, with SLA being on average 1.18 m2 kg−1 greater in
secondary than in primary forest (Fig. 3b). Results were
similar but inverse in directionality for leaf area (Fig. 3a),
with predicted marginal-mean leaf area being 68.0 (± 1.0)
cm2 in secondary and 74.5 (± 1.0) cm2 in primary forest, a
difference of about 6.5 cm2 that was largely consistent across
plant families (Fig. 3b). No differences in leaf thickness were
measured with respect to forest age (Fig. 3c; Table 2).

3.3 Variation in fine root system morphology along
the transect

Root diameters for all root systems measured ranged from
0.3 to 3.3 mm and incorporated fine roots of the first three
root orders. Root systems ranged in total root length from 9.4
to 415.67 cm, averaging 97.5 (± 1.4) cm. Regarding root
morphology, the predicted-marginal mean difference in
SRL was on average about 3.5 m kg−1 greater in secondary
than in primary forest (Fig. 4b). For example, in the second-
ary forest, values ranged from 26.0 (± 1.9) m kg−1 for species
in the Annonaceae to 78.3 (± 1.1) for the Juglandaceae. In
the primary forest, values ranged from 23.8 (± 1.1) m kg−1

for species in the Annonaceae to 71.9 (± 1.1) for the
Juglandaceae (Fig. 4b). Like the SLA and leaf area–relation-
ship, root-system diameter had an opposite relationship to Ta
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SRL, being generally 0.04 (± 1.01) mm narrower in secondary
than in primary forest (Fig. 4a). That trend was statistically
significant (Table 2: F = 15.58, p < .001, ω2 = 0.004) and con-
sistent across species. No difference in RTD with respect to
forest type was detected, although there was substantial inter-
familial variation (Fig. 4c). For example, of the 15 families
sampled, RTD was lowest for Sapotaceae, measuring 0.33 (±
0.02) g cm−3 in both secondary and primary forest, and was
greatest for Sapindaceae, measuring 0.64 (± 0.02) g cm−3 in
both secondary and primary forests. Across all plant lineages,
root branching intensity averaged 1.7 (± 1.0) tips cm−1 in sec-
ondary forest and 2.0 (± 1.0) tips cm−1 in primary forest (Fig.
4d). For measured Lauraceae saplings, least-squares mean
root branching intensity was 1.7 (± 1.0) tips cm−1 in the sec-
ondary forest and 1.5 (± 1.0) tips cm−1 in the primary forest.
For species in the Fagaceae, values were 2.1 (± 1.0) tip cm−1

in the secondary forest and 1.8 (± 1.0) tip cm−1. Those differ-
ences may seem small, but when root system length is
accounted for, averaging 94 cm for species in the Fagaceae
family, and 95 cm for those in the Lauraceae, the 0.3 tips per
cm difference in root topology equals 23 to 24 root tips per
root system.

3.4 The effect of forest type on organ morphology
along the transect

Two leaf traits—leaf area and SLA, and three root traits—root
diameter, SRL, and RBI, showed morphological differences
between primary and historically logged tropical forest
(Table 2). Effect sizes for forest type on leaf traits were small,
being 0.003 for leaf area and 0.016 for SLA. For root traits,
forest type effect sizes were 0.004 for root system diameter,
0.002 for SRL, and 0.028 for branching intensity. Interspecific

variation in traits was always significant with very large effect
sizes, which spanned from 0.213 for root branching intensity
to 0.531 for leaf area. Interactive effects between species and
forest type were small to medium, and statistically significant
in all cases, even when the effect forest type alone was non-
significant, as was the case for leaf thickness and RTD.

We related root traits to the soil environment for 300 indi-
viduals of 50 species (3 per forest type of each species; Table 6
in the Appendix). The ANCOVA models showed that soil
nutrient concentrations (i.e., soil BS and total N, P or K)
interacted with forest type to significantly affect root morphol-
ogies in 3 of 16 cases. Interactive effects of soil N and K with
forest type on root morphology were insignificant in all the
cases (i.e., for all four traits); therefore, we limit the results to
soil BS and total P. After controlling for species differences,

soil BS had a significant interactive effect on SRL (F1
247 =

5.26, p < .05). Soil total P interacted with forest type to signif-
icantly affect SRL (F1

247 = 4.45, p < .05) and RTD (F1
247 =

5.26, p < .05) (Table 3). We fit individual regressions for the
four root functional traits in relation to soil BS and total P. No
relationships were found with respect to RTD or RBI (Fig. 5c
and d; Table 3). Regressions were statistically significant for
soil BS on root diameter in both primary and secondary forests
(Fig. 5a; Table 3), and for SRL in primary forest (Fig. 5b;
Table 3). Soil total P was negatively related to root diameter
and positively related to SRL in primary forest only (Fig. 5;
Table 3).

4 Discussion

We confirm widely reported plasticity in plant leaf area with
light environment (Fig. 3), specifically the shaded

Fig. 3 Least-squares mean (points) with 95% confidence intervals (ver-
tical bars) for three morphological leaf traits. Leaf area (a), specific leaf
area (SLA) (b), and leaf thickness (c) by forest type and plant family
using data from 423 individuals from 72 species sampled along a 6.6-
km transect from secondary to primary forests. Values were predicted
from linear models fit to field data in the form of trait ~ forest type ×

species|family. The colored bars are predicted values by family, and the
black bars are predicted values with respect to forest type. Count data for
the number of individuals and species (in parenthesis) per family along
the transect are shown in the legend. Letters denote the statistical group-
ings by forest type of a post-hoc Tukey HSD test
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environmental conditions of saplings in older growth forest
(Givnish 1984; Rijkers et al. 2000; Keenan and Niinemets
2017; Liu et al. 2016). In our study, shade-inhabiting saplings

in primary forest had larger leaves than those in secondary
forest (on average 6.5 cm2 greater in area, Fig. 3a). Variation
in leaf morphologies was consistent across families, with a

Table 2 Analysis of variance table for linear models in the form: trait ~ species|family × forest type. Prior to model fitting, traits were log10 transformed
in the case of leaf area, root diameter, SRL, root tissue density, and root branching intensity to improve data normality

Trait (units) Source df F p ω2

Leaf area (cm2) Species 71 24.19 *** 0.531
Forest type 1 10.51 ** 0.003
Species × forest type 58 3.21 *** 0.041
Residuals 1184 – – –

Specific leaf area (m2 kg−1) Species 71 19.38 *** 0.451
Forest type 1 47.36 *** 0.016
Species × forest type 58 4.96 *** 0.079
Residuals 1183 – – –

Leaf thickness (mm) Species 69 22.54 *** 0.500
Forest type 1 1.69 n.s. 0.000
Species × forest type 57 5.73 *** 0.091
Residuals 1090 – – –

Root diameter (mm) Species 71 21.15 *** 0.404
Forest type 1 15.58 *** 0.004
Species × forest type 58 3.56 *** 0.042
Residuals 1818 – – –

Specific root length (m kg−1) Species 71 10.26 *** 0.238
Forest type 1 7.10 ** 0.002
Species × forest type 58 3.58 *** 0.054
Residuals 1818 – – –

Root tissue density (g cm−3) Species 71 19.96 *** 0.397
Forest type 1 0.97 n.s. 0.000
Species × Forest type 58 2.69 *** 0.029
Residuals 1818 – – –

Root branching intensity (tips cm−1) Species 71 9.76 *** 0.213
Forest type 1 81.66 *** 0.028
Species × forest type 58 5.72 *** 0.094
Residuals 1818 – – –

Effect size = ω2 , effect size (ω2 ) values near 0.01 are considered small, near 0.06 are considered medium, and near 0.14 are considered large

df degrees of freedom, MS mean squares, n.s. non-significant
* p < .05
** p < .01
*** p < .001

Fig. 4 Least-squares means (points) and 95% confidence intervals (ver-
tical bars) for four morphological root traits. Average root-system diam-
eter (a), specific root length (SRL) (b), root tissue density (RTD) (c), and
root branching intensity (RBI) (d) by forest type and plant family using
data from 423 individuals from 72 species sampled along a 6.6-km

gradient from secondary to primary forest. The colored bars are predicted
values by family (refer to legend of Fig. 3), and the black bars are pre-
dicted values with respect to forest type. Letters denote the statistical
groupings by forest type of a post-hoc Tukey HSD tests
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wide range in leaf morphological traits (Fig. 3). On average,
SLAwas 1.2m2 kg−1 greater in secondary than primary forest,
so area-based variation in leaf morphology accounted for most
of the variation is SLA with forest type (Fig. 3). Our results
are, however, inconsistent with those of Rijkers et al. (2000),
who found that SLA of four tropical forest tree species in
French Guiana halved from to 25 to 12.5 m2 kg−1 as canopy
openness increased from 0 to 25%. In 2008, leaf area index in
the secondary forest portion of the transect measured about 5,
whereas leaf area index in the primary forest portion of the
transect measured approximately 6.5 (Qui 2008), so the can-
opy openness gradient between primary and secondary forest
in our study was not as steep as that of Rijkers et al., with
negligible observable differences in openness.

Generally, root traits varied more than leaf traits across
forest types, with root diameter and root tissue density varying
less than that of SRL and root topology (i.e., RBI). These
results suggest that there exist two or more axes of root mor-
phological variation (Weemstra et al. 2016; Kramer-Walter
et al. 2016). The first axis encompasses root diameter and root
tissue density, which we found to be less-plastic across soil

conditions and more-constrained by plant lineage (i.e., the
evolved root strategy of the species), whether that be one of
thicker or thinner roots (Valverde-Barrantes et al. 2017;
Maherali 2017). The second, associated with SRL and root
topology, was more variable with soil-fertility and texture.
This second axis seeks to optimize root structural investment
into a topology that is most efficient for nutrient foraging, with
some potential trade-offs between purely abiotic and abioti-
cally assisted ways in doing so (e.g., associations with
mycorrhizae and chemical alterations of the rhizosphere;
Fitter 1991; Lynch et al. 2005; Craine 2006; McCormack
and Iversen 2019).

SRL, or the distance a root can travel for a given
amount of structural investment, trades off with the pro-
duction of absorptive fine-root tips (i.e., branching in-
tensity), and thus, species seek to optimize nutrient for-
aging with root architecture in a wide variety of mor-
phologies. For example, the Fagaceae species in this
study have a highly dichotomously branched root sys-
tem with a network of fine root tips that form an ab-
sorptive mat just under the leaf litter layer, while the

Table 3 Regression results from least-squares linear models in the form of trait ~ variable. Table to accompany Fig. 5. Models were fit separately by
forest type

Trait (units) Forest type Variable (units) β se p F(1,148) R2 RMSE

Root diameter (mm) Secondary Soil BS (%) − 0.004 0.002 * 4.39 0.03 0.29

Primary − 0.010 0.004 * 4.96 0.03 0.65

Secondary Soil P (g kg−1) − 0.703 0.792 n.s. 0.79 < 0.01 0.29

Primary − 2.350 1.002 * 5.50 0.04 0.26

Specific root length (m kg−1) Secondary Soil BS (%) 0.262 0.188 n.s. 1.94 0.01 31.14

Primary 1.171 0.551 * 4.53 0.03 33.79

Secondary Soil P (g kg−1) 23.42 84.80 n.s. 0.08 < 0.01 31.33

Primary 324.04 128.32 * 6.38 0.04 33.58

Root tissue density (g cm−3) Secondary Soil BS (%) 0.001 0.001 n.s 0.07 < 0.01 0.20

Primary − 0.002 0.003 n.s 0.73 < 0.01 0.16

Secondary Soil P (g kg−1) 0.837 0.540 n.s. 2.40 0.02 0.20

Primary − 0.523 0.613 n.s. 0.73 < 0.01 0.16

Root branching intensity (tips cm−1) Secondary Soil BS (%) − 0.001 0.004 n.s 0.02 < 0.01 0.72

Primary 0.002 0.011 n.s 0.02 < 0.01 0.65

Secondary Soil P (g kg−1) 3.188 1.922 n.s 2.75 0.02 0.65

Primary − 0.48 1.922 n.s 2.75 0.02 0.72

Model coefficient estimates (β), standard errors (se), and associated probabilities (p) are given for each variable by forest type (intercept terms are not
shown). Regression F-statistics (F) and coefficients of determination (R2 ) and root-mean-squared error (RMSE) are given for each model. The F(1,148)
critical value at α = 0.05 is 3.905. Italicized model coefficients show significant ANCOVA interaction terms between forest type and soil variable
(p < 0.05)

n.s. non-significant

Probabilities are denoted as follows:

*p < .05

**p < .01

***p < .001
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Lauraceae have a much more herringbone architecture
with a long slender transportive root that supports many
short lateral roots, which occupy the mineral soil layer
several inches below the soil surface. Root system strat-
ification within the soil profile is common in temperate
forest systems where few species compete for soil re-
sources (Parish and Bazzaz 1976). In the tropical forests
of southern China, where temperate and tropical taxa
have mixed to a large degree (Zhu 2017), such

separation via complimentary resource acquisition strat-
egies within the soil profile may promote species coex-
istence (Guo et al. 2008; Ma et al. 2018; Lu and Hedin
2019).

Within species, tropical forest saplings can modulate the
root length-branching intensity trade-off in root architecture
with local-scale variation in the soil environment. In soil
where nutrients are more abundant, root systems prioritize
acquisitive architectures (e.g., higher SRL and RBI; Fig. 4),
yet where competition for soil nutrients is high (i.e., in primary
forest), root systems employ slightly more-conservative mor-
phologies, such as slight increases in root diameter, and likely
seek to maximize root lifespan to hold on to soil space (Craine
2006). Other studies have found highly variable root system
morphologies with the soil environment. Generally, N-
depleted soils lead to increased lateral root elongation, while
P-depleted soils cause more branched root systems (López-
Bucio et al. 2003; Giehl et al. 2013). Notably, along very-
strong P gradients, plant species have been shown to modulate
root morphologies and nutrient acquisition strategies in rela-
tion to how they partition soil P, with more enzymatic activity
and more-architecturally advanced roots in P-improvised soils
(Lambers et al. 2006; Niu et al. 2013; Zemunik et al. 2015;
Lambers et al. 2017). In a meta-analysis of the factors affect-
ing tropical tree root morphologies, Addo-Danso et al. (2019)
reported that SRLwas positively related (albeit weakly) to soil
P and base saturation.

P-poor, highly weathered, leached tropical soils, such
as the yellow soils of JFL, are also thought to have the
ability to support a high diversity of plant species be-
cause of the way they allow plants to diversify and
partition nutrient-use strategies in many ways within
the soil environment (Laliberté et al. 2015; Turner
2008; Turner et al. 2018). Moreover, in Syzygium
castaneum roots in a tropical forest in Borneo, root
diameter decreased, and specific root length, root
surface area, and root phosphatase enzymatic activity
all increased with decreasing soil available P (Ushio
et al. 2015). Soil N, P, and base saturation all decrease
along the gradient from secondary to primary forest in
JFL (Table 1). Increasing soil base saturation led to a
slight decrease in root system diameter in both primary
and secondary forests, with the decreases in primary
forest being slightly greater than those in secondary for-
est, despite the soils occupying a smaller range of soil
base saturation values (Fig. 5a; Table 3). Increasing soil
total P had a negative relationship on root diameter, but
only in primary forest (Fig. 5a; Table 3). Similarly, soil
base saturation and total P were positively related to
SRL, but only in primary forest (Fig. 5b; Table 3).
Regressions included very high variance, similar to
those reported in other studies (i.e., with low coeffi-
cients of determination, see Addo-Danso et al. 2019),

Fig. 5 Relationships between root functional traits (average root system
diameter, RSDiameter, specific root length, SRL, root tissue density, RTD,
and root branching intensity, RBI) ) and soil variables (base saturation,
soil BS, and total phosphorus, soil total P). Points show average
individual trait values for 3–5 root systems (y-axis) and soil percent base
saturation and phosphorus content of 1 kg of soil collected from where root
systems were excavated (x-axis) for 300 individuals of 50 species (see
Table 6 in the Appendix). Lines represent ordinary least-squares regression,
with 95% confidence intervals (shading) in the form of trait ~ soil variable.
Models were fit separately by forest type (see Table 3). Asterisks show
statistically significant regression slopes (α = 0.05)
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because at the local scale of the analysis, we have a
relatively low range in soil nutrients when compared
with the range of variation throughout the tropics
(Addo-Danso et al. 2019), and because we controlled
for taxonomic identity across the gradient, potentially
limiting any environmental-filtering effects (Table 6 in
the Appendix). These results support that the root mor-
phologies of the tropical saplings studied here employ
many root functional trait strategies to inhabit similar
soil environments in both primary and secondary forest
(Mommer and Weemstra 2012; Bardgett et al. 2014;
Weemstra et al. 2016; Laliberté 2017).

We are unable to assess if investment in root tissues
(i.e., allocation to root biomass) is greater in primary
than secondary forest, although some research has
shown that root biomass increases with forest age
(Jackson et al. 1996; Leuschner et al. 2009). Using root
coring sampling methods, Hertel et al. (2003) found that
fine root biomass increased with increasing forest age,
but also found more root tips per unit area in the min-
eral soil of early and mid-successional than in primary
wet forest in Costa Rica, estimating 560,000 tips m−2 in
the former and 260,000 tips m−2 in the latter. In tropical
forests, as fine root biomass increases with succession
(Hopkins et al. 1996; Powers and Peréz-Aviles 2013),
intraspecific shifts toward a more-conservative strategy
that maximizes root lifespan would seem advantageous,
because competition for soil space is greater in late-
successional forest relative to secondary forest (Jackson
et al. 1996; Craine 2006). Because of differences in soil
space availability, root morphologies in primary forest
may favor the production of thicker roots with more
root tips over the elongation of roots, whereas roots in
secondary forest may favor the opposite.

These morphological differences are subtle, evidenced by
relatively weak effect sizes of forest type in the ANOVA
models (Table 2). Some previous work supports that claim;
indeed, Zangaro et al. (2012) reported increased root diame-
ters, but no difference in SRL or root length for mature relative
to secondary Araucaria forests of the southern Brazilian
Pantanal. Hopkins et al. (1996) reported that SRL in second-
ary forest was twice that of primary forests in Acacia-domi-
nated wet forests of northern Australia. Several previous stud-
ies have also demonstrated that SRL increases with soil fertil-
ity (Ostonen et al. 2007; Kong et al. 2014). We found that
differences in root diameter by forest type were highly con-
served and consistent across the 15 Angiosperm families we
measured (Fig. 4; Comas and Eissenstat 2009; Kong et al.
2014; Valverde-Barrantes et al. 2017). In the ANOVAmodels
(Table 2), interaction effects between plant lineage and forest
type were statistically significant, meaning that there was
some difference in the magnitude of the response of each
species to forest type, even though all plant lineages

responded similarly in terms of direction (Figs. 3 and 4).
Examining comparable root systems across individuals, we
provide evidence for juvenile tropical trees, that intraspecific
variation in root diameter in relation to the soil environment is
ubiquitous and potentially consistent, albeit small in magni-
tude. Our results suggest that variation in root diameter trades
off with investment of structural resources in root length
(SRL) or root tips (RBI).

5 Conclusion

With increasing forest age, plasticity in leaf morphol-
ogies showed an acquisitive shift, but variation in root
morphologies and architectures showed conservative
shifts, which was contrary to our hypothesis where we
predicted acquisitive morphological shifts for both
l eaves and roo t s wi th inc reas ing fo res t age .
Intraspecific variation in leaf and root morphologies
was consistent across plant lineages, although large in-
terspecific differences in leaf and root trait measure-
ments were observed. Leaves were larger in primary
forest than in secondary forest. Root-system diameter
increased, and root systems were less architecturally de-
veloped (i.e., had fewer root tips per unit length) in
primary than in secondary forest (Figs. 3 and 4).
These results exemplify how the soil environment can
control root morphology in an abiotic context (Powers
and Peréz-Aviles 2013; Freschet et al. 2017; Addo-
Danso et al. 2019).

Intraspecific morphological shifts were observed along
functional axes toward more-conservative root strategies;
however, one major limitation of this study lies in its
inability to investigate if such shifts are accompanied with
any compensation via biotic methods of acquiring nutri-
ents (i.e., more association with mycorrhizal symbionts,
increases in root enzymatic activity, or shifts in chemical
partitioning of soil nutrients; McCormack and Iversen
2019) among primary and secondary forest areas. Some
research has shown root diameter to be correlated to my-
corrhizal colonization, and it would make sense that
thicker roots, in later-successional forest, are more-
biotically reliant on mycorrhizae for in their nutrients
(Phillips et al. 2013; Rosling et al. 2016; Kong et al.
2017; McCormack and Iversen 2019). In older forests
where the leaf litter layer is thicker and of greater quality
(i.e., higher C:N ratio), ectomycorrhizal roots, such as
those of many of the Fagaceae species in this study, for-
age nutrients directly from leaf detritus via fungal hyphae
to a greater degree than in forests where leaf litter layers
are thinner or of lower quality (Phillips et al. 2013).
Although we demonstrate morphological plasticity of root
morphologies with local, variation in the soil environment
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(i.e., soil total P and base saturation; Fig. 5; Table 3),
additional data are needed to confirm differences in root
function (Warren et al. 2015).

By comparing fine root systems and leaves of the same
individuals, we illustrate a decoupling of intraspecific vari-
ation in leaf and rootmorphologies. Although leaves became
increasingly acquisitive from secondary to primary forest—
increasing leaf area, and decreasing SLA, root systems
showed conservative intraspecific shifts—increasing root
diameter and decreasing SRL and RBI. This could be indic-

ative of the relative strength of aboveground–belowground
plant competition, in that from secondary to primary forest,
sapling competition for light tends to increase, potentially
changing the aboveground–belowground competition bal-
ance.We show this competitive balance operates consistent-
ly across the roots systems and leaves of 15 Angiosperm
families, potentially helping predict how plant organ mor-
phologies vary with local-scale variation in tropical forest
environment and age.
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Abbreviation Complete term Definition Units

SLA Specific leaf area The ratio of the leaf area to leaf dry mass. The inverse of leaf mass per area.
Our measurements of SLA include the leaf petiole and were done using complete
leaves (i.e., included the petiole and all leaflets for compound leaves).

m2 kg−1

SRL Specific root length The ratio of total linear length of root system to the root system dry mass. m kg−1

SRA Specific root surface area The ratio of the entire root system area to its dry mass. m2 kg−1

SRTA Specific root tip abundance The ratio of the number or terminal, first-order root tips to root system dry mass. tips g

RBI Root branching intensity The ratio of the number or terminal, first-order root tips to the total root system length. tips cm−1

RTD Root tissue density The root system dry mass divided by the total root system volume. RTD calculation
assumes circularity of roots, WinRhizo estimates root system volume from diameter.

g cm−3

BS Soil base saturation The percentage of soil cation exchange capacity occupied by base cations—calculated
as the ratio of total exchangeable bases (× 100) to the soil total exchangeable bases
(both of which were measured using in the lab using the ammonium acetate
exchange-flame atomic absorption method).

%
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Appendix

Fig. 6 Detailed topographic map (a) and topographic profile (b) of the
6.6- km transect in the Jianfengling Forest Reserve, Hainan Island, China,
where functional traits of saplings were sampled. The transect started near
the Jianfengling field house, at the entrance of the forest reserve. It

progressed over one mountain, and over a stream (at km 4 of the
transect), which delineated the secondary and primary areas of forest.
At roughly km 5.5 of the transect, the transect entered the 60-ha CTFS-
ForestGEO permanent forest dynamic plot
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Fig. 7 Principle component
analysis (variable scores plotted)
of 7 leaf traits measured on 423
saplings of 72 species. Raw trait
measurements were first scaled
and centered

Table 4 PCA loadings for the first three principal components for 7 leaf
traits. Traits used in analysis of variance models are bolded

Variable PC1 PC2 PC3

Leaf area (cm2) 0.520 − 0.062 0.058

Leaf permiter (cm) 0.494 − 0.105 0.057

Leaf width (cm) 0.379 − 0.327 − 0.491
Leaf height (cm) 0.253 0.333 0.738

Leaf mass (g) 0.501 0.216 − 0.076
SLA (m2 kg−1) − 0.094 0.336 0.336

Leaf thickness (mm) − 0.065 0.573 − 0.297
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Fig. 8 Principle components
analysis (variable scores plotted)
of 7 key root traits measured on
423 saplings of 72 species. Raw
trait measurements were first
scaled and centered

Table 5 PCA loadings for the first three principal components for 7 root
traits. Traits used in analysis of variance models are bolded

Variable PC1 PC2 PC3

Root length (cm) 0.317 0.149 0.532

Specific root length (m kg−1) 0.508 − 0.060 − 0.012

Specific root area (m2 kg−1) 0.479 − 0.278 − 0.086
Root avg diam (cm 10−1) − 0.369 − 0.281 − 0.372

Root TD (g cm−3) − 0.216 0.639 0.345

Branchiness (tips cm−1) 0.099 0.610 − 0.620

SRTipAbund (tips g−1) 0.468 0.193 − 0.263
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Table 6 Individual collection counts of species along the 6-km JFL
transect (Figs. 1 and 6) by forest type. For each individual sapling three
to five fine root systems and three leaves were collected. Bolded species

denote those where soil samples were analyzed each primary and second-
ary forest, totaling 300 individuals of 50 species. Data from those 300
individuals are used in Fig. 5 and Table 3)

Species Family No. of individuals

Secondary Primary

Acronychia pedunculata (L.) Miq. Rutaceae 3 4

Adinandra hainanensis Hayata Pentaphylacaceae 4 6

Alniphyllum fortunei (Hemsl.) Makino Styracaceae 1 3

Alseodaphne hainanensisMerr. Lauraceae 3 3

Artocarpus styracifolius Pierre Moraceae 3 3

Beilschmiedia laevis C.K.Allen Lauraceae 3 3

Canarium album (Lour.) DC. Burseraceae 5 3

Canarium pimela K.D.Koenig Burseraceae 0 2

Castanopsis faberi Hance Fagaceae 0 2

Castanopsis fissa (Champ. ex Benth.) Rehder & E.H.Wilson Fagaceae 3 3

Castanopsis tonkinensis Seemen Fagaceae 4 3

Cinnamomum burmanni (Nees & T.Nees) Blume Lauraceae 3 3

Cinnamomum porrectum (Roxb.) Meisn. Lauraceae 4 4

Cinnamomum rigidissimum H.T.Chang Lauraceae 4 3

Cleyera obscurinervia (Merr. & Chung) H.T.Chang Pentaphylacaceae 3 6

Cryptocarya chinensis Hance (Hemsl.) Lauraceae 5 3

Cryptocarya chingii W.C. Cheng Lauraceae 3 4

Dasymaschalon rostratum Merr & Chun. Annonaceae 4 3

Diospyros morrisiana Hance Ebenaceae 0 2

Eurya ciliata Merr. Pentaphylacaceae 3 5

Engelhardia roxbughiana Wall. Juglandaceae 3 3

Engelhardia spicata var. colebrookeana (Lindl. ex Wall.) Koord. & Valeton Juglandaceae 0 1

Engelhardia unijuga (Lindl. ex Wall.) Iljinsk. Juglandaceae 0 3

Ficus formosana Maxim. Moraceae 3 3

Ficus hirta Vahl Moraceae 3 3

Ficus vasculosa Wall. ex Miq. Moraceae 3 4

Lindera kwangtungensis (H. Liu) C.K. Allen Lauraceae 3 3

Lindera nacusua (D. Don) Merr. Lauraceae 0 3

Lindera robusta (C.K. Allen) H.B. Cui Lauraceae 4 3

Magnolia championii Benth. Magnoliaceae 3 3

Lithocarpus amygdalifolius (Skan) Hayata Fagaceae 6 3

Lithocarpus fenestratus (Roxb.) Rehder Fagaceae 3 2

Lithocarpus fenzelianus A.Camus Fagaceae 3 3

Lithocarpus hancei (Benth.) Rehder Fagaceae 0 1

Lithocarpus handelianus A.Camus Fagaceae 0 1

Lithocarpus howii Chun Fagaceae 0 2

Lithocarpus longipedicellatus (Hickel & A.Camus) A.Camus Fagaceae 3 3

Lithocarpus pseudovestitus A.Camus Fagaceae 4 4

Litsea baviensis Lecomte Lauraceae 4 3

Litsea variabilis Hemsl. Lauraceae 3 3

Litsea verticillata Hance Lauraceae 4 3

Machilus chinensis (Benth.) Hemsl. Lauraceae 2 5

Machilus cicatricosa S.K. Lee Lauraceae 5 4

Machilus monticola S.K. Lee Lauraceae 3 3

Maclurodendron oligophlebium (Merr.) T.G. Hartley Rutaceae 4 3
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