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Abstract Shrub resource islands are characterized
by resources accumulated shrubby areas surrounded
by relative barren soils. This research aims to
determine resource-use efficiency of native trees
species planted on shrub resource islands, and to
determine how the planted trees may influence the
resource islands in degraded shrublands in South
China. Shrub (Rhodomyrtus tomentosa) resource
islands were left unplanted or were planted with 0.5-
year-old indigenous tree species Schima superba,
Castanopsis fissa, and Michelia macclurei. The results
indicate that, after 2.5 years, the tree seedlings did not
modify the physical traits (light, air temperature, and
soil water) but tended to increase soil nutrients (soil
organic carbon and soil nitrogen) and soil microbial
biomass of the resource islands. Relative to S. superba
and M. macclurei, C. fissa had greater effects on soil
nutrients and microbial biomass but showed lower
plant growth, survival, and resource-use efficiencies
(for water, light, energy, and nitrogen). These results
rejected our initial assumption that shrub resource
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islands would effectively promote the growth and
resource utility of all the indigenous tree species and
shorten the reforestation course in subtropical
degraded shrubland. C. fissa performed poorly when
growing on shrub resource islands, but its role in soil
nutrient accumulation might have long-term impacts
on the restoration of degraded shrubland. In contrast,
S. superba and M. macclurei could make better use of
the shrub resource islands therefore accelerating the
construction of native plantations.
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Introduction

Since the 1990s, studies have shown that the autogenic
development of shrub communities results in hetero-
geneous distribution of soil resources characterized by
a mosaic of nutrient-depleted soils surrounding nutri-
ent-rich shrubby regions known as “fertile islands” or
“resource islands” (Reynolds et al. 1999; Ravi et al.
2010). Such islands developed because litter deposi-
tion and nutrient cycling occur under shrubs but not
between shrubs in arid areas (Reynolds et al. 1999;
Titus et al. 2002). In addition to the litter deposition
beneath the shrubs, decreased light penetration through
canopy, buffered fluctuation of daytime air tempera-
tures, as well as the assembled soil microorganisms and
soil microfauna contribute to the formation of such
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resource islands (Camargo-Ricalde and Shivcharn
2003; Thomas et al. 2006). Thus, resource islands are
accumulations of limited biotic and abiotic resources in
shrub-dominated areas that could greatly affect mate-
rial cycling and energy conversion, especially in
nutrient-deficient ecosystems (Camargo-Ricalde and
Shivcharn 2003; Thomas et al. 2006).

Many investigations have concentrated on the
formation of “resource islands” (Austin et al. 2004;
Abril et al. 2009), their physical and chemical traits
(Aguiar and Sala 1999; Rossi and Villagra 2003), as
well as their ecological implications (Ravi et al. 2010).
Related studies have also focused on the functions of
microbial communities in the soils of resource islands
(Reynolds et al. 1999; Perroni-Ventura et al. 2010) and
on the utilization of resource islands in forest resto-
ration (Maestre et al. 2001; Xiong and Han 2006).
With respect to forest restoration, researchers have
suggested shrubs as a useful tool for restoration in
degraded environments and that shrub resource islands
could act as preferred sites for the establishment of
woody and herbaceous plants (Gasque and Garcia-
Fayos 2004; Xiong and Han 2006; Brooker et al. 2008;
Blanco-Garcia et al. 2011). To our knowledge,
however, few studies have focused on the details of
interactions between plant growth and soil resources
on resource islands (Ridolfi et al. 2008; Perroni-
Ventura et al. 2010). Moreover, the most studies of
shrub resource islands have been conducted in deserts,
subtropical marshes, temperate and cool temperate
prairies, mountains, semi-arid woodlands, alluvial
coastal plains, and in farming-pastoral areas (Camargo-
Ricalde and Shivcharn 2003; Thomas et al. 20006;
Xiong and Han 2006; Espinar et al. 2011), and very
few studies have been carried out in areas with a
subtropical, humid climate.

Our previous investigations of subtropical degraded
hilly lands in Heshan, Guangdong Province, China,
show that long-term deforestation can cause the
formation of a grass—shrub complex with low biodi-
versity and ecosystem functions (Ren et al. 2008). As a
pioneer shrub species, Rhodomyrtus tomentosa natu-
rally covers degraded grassy slopes and transforms the
grassy slopes into shrubland. These shrubs always
have a cushion-shaped canopy, and the spaces
between shrubs are mostly either barren or covered
by grass and small shrub species, such as Ilex asprella,
Melastoma candidum, Clerodendrum fortunatum, and
Dicranopteris dichotoma. Compared with barren land
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or semi-barren land, the soils under the shrub canopy
experience decreased sunlight radiation, increased soil
surface moisture, and increased litter deposition. For
this reason, the area under the shrubs represents a
resource island that could be suitable for tree seedling
establishment. Thus, the shrub resource islands on
subtropical degraded shrubland have great potential
for facilitating the recruitment of indigenous trees and
for effective restoration of the degraded forests (Ren
et al. 2008).

Our previous research (e.g., Yang et al. 2010) has
records on microenvironmental factors and indigenous
tree seedlings planted on shrub resource islands. The
results indicate that subtropical resource islands differ
from resource islands in arid and semi-arid areas. A
major effect of shrub resource islands in the arid and
semi-arid areas concerns soil nutrients, whereas the
main differences on the subtropical shrub resource
islands relative to surrounding areas include reduced
radiation, increased soil moisture, moderation of soil
temperature, altered soil texture, and reduced soil bulk
density. Yang et al. (2010) also show that three native
tree species (Schima superba, Castanopsis fissa, and
Michelia macclurei) survive better and grow better on
the shrub resource islands than in areas between the
islands. In addition, differences among the tree
seedlings in terms of height and basal diameter
indicate that they have different resource-use efficien-
cies (Funk and Vitousek 2007). Moreover, the growth
and development of tree seedlings may alter the
characteristics of the resource islands and the suitabil-
ity for forest restoration (Xiong and Han 2006). Thus,
research is needed to determine how and why tree
species differ in their utilization of resources and
growth and in their utility to promote forest restoration
on shrub resource islands.

As shrub resource islands accumulate soil resources
and compose favorable microenvironment for seed-
ling growth in degraded ecosystems, we hypothesize
that such islands would effectively accelerate the
growth and resource utility of all the indigenous tree
species, thereby accelerate the reforestation course.
Specifically, we attempt to answer the following
questions: (1) is there any differences in the growth
and resource-use efficiencies among the three native
tree species (S. superba, C. fissa, and M. macclurei) on
shrub resource islands? and (2) how do the tree
seedlings change the shrub resource islands which are
initially identical prior to seedling transplantation?
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Materials and methods
Study site

This study was carried out in a typical subtropical
shrubland field, located at the Heshan National Field
Research Station of Forest Ecosystems (112°50'E,
22°34'N, Heshan County, Guangdong Province,
China). The station is one of the national forest
restoration research stations in the Chinese Ecological
Research Network (CERN) and the Chinese Academy
of Sciences. Due to the long-term deforestation in this
area, the regional subtropical monsoon evergreen
broad-leaved forests have mostly been replaced by
shrubs and grasses. The laterite soil typical of this
region has been severely eroded because of the lack of
forest coverage. The subtropical monsoon climate is
characterized by hot and humid summers, but cool and
rainless winters. The annual precipitation ranges from
1,460 to 1,820 mm and mainly occurs as rain during
April-August. The mean annual temperature is
21.7 °C, and the mean annual solar radiation measured
at the station is 435.47 kJ cm ™2,

Plant species and shrub resource island

Rhodomyrtus tomentosa (Ait.) Hassk., which grows
widely in tropical and subtropical regions of Asia, is an
indicator of acid soil. Mature individuals of this
regional dominant shrub have a cushion-shaped can-
opy and can grow as tall as 2 m (Ren et al. 2010). As
shown by previous studies, shrubs with a certain
canopy size can support the development of resource
islands (Reynolds et al. 1999; Pugnaire et al. 2011).
Similarly, compared with adjacent barren lands,
R. tomentosa shrubs reduce sunlight radiation to the
soil surface, accumulate litter, increase soil moisture,
buffer soil temperature, and reduce soil bulk density.
Meanwhile, an elevated survival, height and total
biomass of the three tree species are observed in
seedlings growing in the resource island than in the
non-resource island spaces (Yang et al. 2010). Hence,
the soil beneath an R. tomentosa individual was defined
as a shrub resource island (~2—4 mz) in this study.
The three tree species investigated are Schima
superba Gardn. et Champ., Castanopsis fissa (Champ.
ex Benth.) Rehd. et. Wils, and Michelia macclurei
Dandy. All three are indigenous tree species that grow
naturally in the subtropical forests in South China.

These species are climax evergreen broad-leaved
species that could achieve a height of 20-30 m. They
are common in the subtropical regions of China and
are frequently planted during the reforestation of
degraded land (Ren et al. 2010).

Experimental design

A natural subtropical shrubland field (2 ha) was selected
and divided into three blocks according to their relative
positions. The shrubland was formed by long-term
deforestations and was selected as one of the typical
shrubland experimental fields at the Heshan National
Field Research Station of Forest Ecosystems since 2005.
Within each block, four plots (5 x 5 m?) were ran-
domly selected and designated, and each plot contained
one R. tomentosa shrub, i.e., one R. tomentosa resource
island (RI). In each block, one plot was planted with
S. superba seedlings (RI-S), or C. fissa seedlings (RI-C),
or M. macclurei seedlings (RI-M), respectively, and one
plot was not planted with tree seedlings (CS).

Seeds of the three tree species were collected in a
village forest near the field site in 2006 and were
germinated and grown in a greenhouse for 6 months to
avoid chilling damage. According to Castro et al.
(2002), who described the handling of tree seedlings
and nurse plants for reforestation, the 6-month-old
seedlings were bare-root transplanted under the
R. tomentosa canopies. In April 2007, 50 seedlings
of each species with similar size (about 5 cm in height
and 1 cm in basal diameter) and vigor were trans-
planted to each of their designated plots. The plots
were not watered or fertilized after transplanting.

By late in 2008, when Yang et al. (2010) made their
last observations, tree seedling survival was quite
stable. During late 2008-2009 (the end of this study),
no additional seedlings died except as a consequence
of destructive sampling. In late 2008, two-thirds of the
tree seedlings were harvested as part of the previous
study. In October 2009, 10 seedlings per plot (the
seedlings were 3 years old at the time) were harvested
for biomass analysis. Meanwhile, 30 leaves were
collected from different trees on each plot for analysis
of nutrient contents. Before the final harvest, plant
growth and photosynthesis were measured on each
plot. Soil physical, chemical, and biological traits of
the plots were also analyzed (see details in the
following sections). All sampling and measurements
were conducted under the shrub canopy on each plot.
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Microenvironments

On one sunny day in August 2009, air temperature and
photosynthetic active radiation (PAR, pmol m~2 s~ ")
were recorded on each of the plots every 2 h (8:00,
10:00, 12:00, 14:00, 16:00, and 18:00) by temperature
and radiation sensors connected to a LI-6400 portable
gas exchange analyzer (LI-COR, Biosciences, Lin-
coln, NE, USA). The mean PAR and mean air
temperature were calculated for each treatment.

In September 2009, soil water content (%, g of
water per 100 g of soil) was determined from nine
mixed soil cores per plot. Soil organic carbon and total
soil N (g of organic carbon or N per 100 g of soil) were
determined from five mixed soil cores (5 cm diameter
and 20 cm deep) per plot. The soil was air dried and
passed through a 2-mm sieve for standard analyses
(Liu 1996).

Soil microbial community

In September 2009, five mixed soil samples (from O to
20 cm depth) were collected from each plot and stored
at —20 °C. The soil microbial community was char-
acterized based on analysis of phospholipid fatty acids
(PLFAs; see Bossio and Scow 1998). Fatty acid
abundance was calculated as relative ng per kg dry soil
and analyzed by standard nomenclature (Tunlid et al.
1989). Bacterial PLFAs were considered as the sum of
115:0, a15:0, 15:0, 116:0, 16:1w7, i17:0, al17:0, 17:0,
cyl7:0, and cy19:0, and fungal PLFAs were repre-
sented by the content of 18:2w6 (Bossio and Scow
1998; Wu et al. 2011). Other PLFAs (16:1w9c, 16:0,
17:1w8¢, 18:1w9¢, and 18:3w3c) together with bac-
terial and fungal PLFAs were considered as total
PLFAs. The ratio of fungal to bacterial PLFAs (F:B)
was then calculated to estimate the ratio of fungal to
bacterial biomass in soil (Bardgett et al. 1996).

Plant growth parameters

As noted above, the mean plant biomass (sum of
above- and below-ground) of ten trees per plot was
determined in October 2009. Before harvesting seed-
lings, survivals were also recorded. The change in
plant growth and biomass over time was expressed as
relative growth rate (RGR), which was calculated by
the following equation (Poorter 2002):
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RGR = (lan — lan)/(tz — l‘l),

where M, and M, are the dry mass of the plants at time #,
(April 2007) and #, (October 2009). The data for April
2007 were obtained from Yang et al. (2010). Thirty
leaves were gathered from the tree species on each plot.
Leaf areas were measured using the LI-3000 Potable
Area Meter (LI-COR, Biosciences). The leaves were
then oven-dried at 60 °C for 48 h to obtain the leaf dry
weight. Leaf specific area (SLA) was calculated as the
ratio of leaf areas and leaf dry weights for each species.
Subsequently, the same leaf samples were wet digested
for leaf carbon and nitrogen measurements by ICP
plasma emission spectroscopy (Optima 2000, Perkin
Elmer, USA).

Plant resource-use efficiencies

All measurements described in this section were
performed on a sunny day in September 2009. The
maximum photosynthetic rate (A) was determined
with A-PPFD curves, based on the measurement of 3—-5
leaves (to obtain one mean value) from different
seedlings of each tree species on each plot. Only the
healthy leaves were selected and the measurements
were made nondestructively by a LI-6400 potable gas
exchanges analyzer (LI-COR, Biosciences) (Funk and
Vitousek 2007). Instantaneous light use efficiency
(ILUE) was calculated as A/PPFD (Lin et al. 2007).
Instantaneous water-use efficiency (IWUE) was cal-
culated as A/T (umol CO, m 2 s~ '/umol H,O
m~2 s~ 1) (Xu and Hsiao 2004). Photosynthetic N-use
efficiency (PNUE) was calculated as A x SLA/leaf N
(pmol CO, g_1 N s_l) (Pons and Westbeek 2004).
Photosynthetic energy-use efficiency (PEUE) was
equal to A x SLA/leaf C (umol CO, g~' C s7h
(Schoenfelder et al. 2010). The actual photochemical
efficiency of PSII (®pgy) in light was measured on 3-5
leaves (to obtain one mean value) of each tree species
on each plot at 2-h intervals with a PAM-2100 portable
pulse-modulated fluorometer (Walz, Germany).

Statistical analysis

We performed one-way analysis of variance (ANO-
V As) to compare microenvironment variables and soil
PLFAs among the four treatments (CS, RI-S, RI-C,
and RI-M), and to compare seedling biomass and
resource-use efficiencies among the three kinds of
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plots planted with different tree species (RI-S, RI-C,
and RI-M). Tukey’s test was used for post hoc multiple
comparisons. All statistical analyses were carried out
by SPSS 13.0 (SPSS, Inc., Chicago, USA). Differ-
ences were considered significant at the 0.05 level.

Results
Microenvironmental variables

The mean daily PAR and air temperature under the
shrub canopy did not significantly differ among the
treatments (Table 1). Also, soil moisture did not differ
between plots with tree seedlings (RI-S, RI-C, and
RI-M) vs. those without tree seedlings (CS). Soil
organic carbon and total soil N were much higher in
RI-C than in CS (P < 0.05) but did not differ between
RI-S and RI-M vs. CS (Table 1).

Soil microbial community
Total PLFAs, bacterial PLFAs, and fungal PLFAs in

soil were significantly higher in RI-C than in the other
treatments (P < 0.05; Table 2). PLFAs tended to be

more abundant on RI-S plots than on CS or RI-M plots,
but the difference was not significant. Ratios of fungal
to bacterial PLFAs did not differ among treatments.

Tree seedling survival and growth

Schima superba seedlings were much taller and had
much greater basal diameters than the other two tree
species, and the final dry mass per seedling was 8—12
times higher for S. superba than for C. fissa and
M. macclurei (Fig. 1a). Data also showed that the
survival of C. fissa seedling was much lower
(P <0.05, Fig. 1b) than that of S. superba and
M. macclurei seedlings. Based on plant biomass, the
calculated relative growth potential (RGR) was sig-
nificantly lower for C. fissa seedlings than for the other
two species (P < 0.05; Fig. 1c).

Plant instantaneous resource-use efficiencies

IWUE and ILUE values were lower for C. fissa than
for S. superba and M. macclurei (P < 0.05; Fig. 1d,
e) but did not differ between S. superba and
M. macclurei. PNUE and PEUE values were highest
for S. superba, intermediate for M. macclurei, and

Table 1 Microclimate and soil physical and chemical properties on the shrub resource island plots without tree seedlings (CS) or
with Schima superba (R1-S), Castanopsis fissa (RI-C), or Michelia macclurei (RI-M) seedlings

Treatment Microclimate and soil properties

PAR (pmol m2 s Air temperature (°C) Soil water content (%) Soil organic carbon (%) Total soil N (%)

CS 206.2 £ 69.2 a 358 £26a 173 £ 1.1a 097 £020b 0.070 £ 0.018 b
RI-S 367.5 £ 1643 a 37.8£3.1a 179+ 10a 1.43 £ 0.21 ab 0.132 £ 0.027 a
RI-C 2758 £74.7 a 372 £25a 188 £3.7a 1.54 £049 a 0.117 £ 0.020 a
RI-M 2440+ 772 a 384+£32a 188 £27a 0.98 £ 0.32 ab 0.097 £ 0.020 ab

Values are mean = SD. Within each column, mean with different letters are significantly different at P < 0.05

Table 2 Soil phospholipid fatty acids (ng kg~" dry soil) on the shrub resource island plots without tree seedlings (CS) or with
Schima superba (RI-S), Castanopsis fissa (RI-C), or Michelia macclurei (RI-M) seedlings

Treatment Soil phospholipid fatty acids (PLFAs)
Total PLFAs Bacterial PLFAs Fungal PLFAs Fungal:bacterial PLFAs
CS 592+ 1.82b 132 +£042b 041 £0.12b 0.31 £0.02 a
RI-S 741 £3.10b 1.62 £0.72 b 054 £021b 034 £0.02a
RI-C 14.19 £ 038 a 308 £0.18a 1.13£0.10 a 037 £0.05a
RI-M 596 £0.57b 128 £ 024 b 0.44 £ 0.06 b 035£0.10a

Values are mean + SD. Within each column, mean with different letters are significantly different at P < 0.05
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use efficiencies of S. superba, C. fissa, and M. macclurei
seedlings growing on shrub resource islands. a Dry mass;
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lowest for C. fissa (P < 0.05; Fig. If, g). ®pgyy
values were higher at 8:00 and 18:00 than at the
other times for all three species (P < 0.05; Fig. 1h).
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The figure also showed that ®pgy; values were lower
for C. fissa than for the other two species during
most of the day.
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Discussion

Shrub resource islands have mostly been investigated
in arid and semi-arid ecosystems (Ravi et al. 2010).
Our previous findings show that resource islands on
subtropical degraded shrubland are more defined by
reduced solar radiation beneath the canopy, reduced
soil temperature extremes, increased soil moisture,
and reduced soil bulk density than by increased soil
nutrition (Ren et al. 2008; Yang et al. 2010). This
study reveals that the 3-year-old tree seedlings do not
significantly alter the physical characteristics of their
growing microenvironment but could effectively
accumulate soil nutrients and increase soil microbial
biomass of the shrub resource islands. However, the
growth status and instantaneous resource-use effi-
ciency are different among three tested tree species
performed differently when growing on shrub
resource islands. Overall, our study rejected our initial
assumption that all the indigenous tree species could
effectively use the resource provided by resource
island and hence show a similar potential to reduce
restoration time course of subtropical degraded
shrublands.

Responses of tree seedlings to shrub resource
islands

Plant RGR refers to the rate of increase in biomass per
unit plant mass already present (Poorter 2002). In a
relatively stress-free habitat with a high supply of
nutrients and a low intensity of competition, a plant
may achieve its maximum RGR (Grime 2001). Thus,
RGR is widely used to compare plant growth potential
among different species under the same growing
conditions. In our study, all three tree species are of
comparable size when transplanted into the shrub
resource islands (Yang et al. 2010), and RGR is
therefore closely related to tree biomass at the end of
study. After growing on shrub resource islands for
2.5 years, RGR and dry mass per seedling are highest
for S. superba, intermediate for M. macclurei, and
lowest for C. fissa. Because the differences in growth
could not be explained by differences in microclimate
(the shrub R. tomentosa provides similar microenvi-
ronment conditions for all three tree species),
resource-use efficiencies are compared. Some plants
(such as invasive species) outperform others by
acquiring limited resources or by using resources

more efficiently (Funk and Vitousek 2007; Schoenf-
elder et al. 2010). Our results show that C. fissa has
significantly lower short-term resource-use efficien-
cies IWUE, ILUE, PNUE, PEUE, and diurnal ®pgy;)
than the other two tree species. Photosynthetic
resource-use efficiency can account for biomass
accumulation in the canopy and affect population
and community dynamics (Huxman et al. 2008). We
suspect that the lower resource-use efficiencies of
C. fissa may lead to its low growth rate and thus low
biomass accumulation after growing for 2.5 years on
the shrub resource islands. The lower growth rate and
final biomass inhibit this species from helping the
transition from shrub—grass communities to regional
forest in a short term. However, this species is capable
in accumulating soil nutrients on the resources island
which may probably benefit to the restoration of the
degraded forest at the ecosystem level over a long
term. S. superba, in contrast, has much higher use
efficiencies for water, light, nitrogen, and carbon,
Moreover, our observations indicate that, after
2.5 years, the S. superba trees already grow as tall as
the R. tomentosa shrubs and form a crown-like canopy
comprised a certain canopy size. Researchers have
previously proposed that a high growth rate, a crown-
shaped canopy, together with high resource-use effi-
ciencies may enable a species to form mono-specific
stands (Funk and Vitousek 2007). Our results therefore
suggest that, among the tested tree species, S. superba
is the most suitable for enhancing forest restoration
(a shift from shrub—grass to regional forest commu-
nities) in subtropical degraded ecosystems.

As the native tree seedlings grow, they will
undoubtedly change the resource islands. The changes
will be accompanied by alternations in the soil
microbial community. The increased N content of
soil planted with C. fissa can be explained by
symbiotic N fixation (this tree has symbiont), and
the increased N content of soil probably explains the
increased biomasses of bacteria and fungi, as indicated
by increased quantities of bacterial and fungal PLFAs
(Wu et al. 2011).

Implications of this research for reforestation
This study has shown that, after growing on subtrop-
ical shrub resource islands for 2.5 years, native tree

seedlings have modified soil organic carbon, soil N,
and soil microbial biomass. The three species all tend
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to enhance these variables but the degree of increase
are clearly species dependent. As the trees continue to
grow and mature, it is likely that they will continue to
change the nature of the resource islands. This is
especially evident with S. superba, which, after
2.5 years, has already grown taller than the shrub
R. tomentosa and is likely to compete with the shrubs
for light and other resources. Continued growth of the
tree seedlings should convert the shrub resource island
into a patch of native forest. Determining how the
patches might be expanded and diversified, however,
will require additional research in the future.

In general, shrub resource islands provide a benign
microenvironment for seedling growth. However,
such generally favorable condition does not support
the growth of all the indigenous tree species that are
being considered for reforestation of subtropical
shrubland. In our study, C. fissa modified the nutrient
levels of the resource islands but had less biomass
accumulation and lower resource-use efficiencies. We
therefore believe that C. fissa may have an indirect
function in reforestation by increasing soil C and N
early in restoration in a long range. It is worthwhile to
point out that C. fissa might be used for the first
1-2 years to improve soil conditions before being
manually replaced by other native tree species and by
S. superba in particular. In contrast to C. fissa,
S. superba grows rapidly and has higher PNUE and
PEUE. M. macclurei is also a promising plant species
in forest restoration due to higher survival, as well as
higher water and light use efficiencies which is
comparable to S. superba. Our findings based on the
analyses of resource-use efficiency, RGR and biomass
of three tree species growing on the shrub resource
islands are consistent with those of Yang et al. (2010),
who suggest that S. superba and M. macclurei are
more suitable than C. fissa for forest restoration (via
shrub resource islands) in subtropical regions in
China.
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