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Abstract 
Aims Habitat loss significantly threatens global bio-
diversity and ecosystem functionality. Forest biomass, 
encompassing both aboveground and belowground, is 
key indicator of ecosystem functioning. However, the 
effects of habitat loss on belowground biomass and 
the factors driving its distribution in fragmented habi-
tats remain unclear.

Methods We conducted a field planting experi-
ment involving four woody plant species with dis-
tinct functional traits (e.g., shade-tolerance and 
dominance) across edge and interior regions of 11 
islands within a subtropical anthropogenic archi-
pelago in China. Belowground biomass accumula-
tion was measured in the growth areas of each spe-
cies, including root biomass of the planted species 
and other plants. We then tested the effects of island 
area, edge effects, and abiotic variables (e.g., soil 
physicochemical properties and topographic attrib-
utes) on belowground biomass.
Results Our results demonstrate that mean below-
ground biomass increases significantly as island area 
decreases below a certain threshold. Altitude, litter layer 
depth, soil bulk density, and soil depth significantly 
affect belowground biomass. Specifically, belowground 
biomass accumulation in the growth areas of shade-
intolerant species increases significantly as island area 
decreases before certain threshold. Additionally, mean 
belowground biomass in edge habitats was significantly 
greater than in interior habitats, particularly in the growth 
areas around dominant and shade-intolerant species.
Conclusion These findings suggest that habitat 
size along with soil physical properties, edge effects, 
and the species shade tolerance play a critical role 
in shaping belowground biomass accumulation in 
fragmented landscapes. This study underscores the 
importance of integrating belowground biomass 
dynamics into assessments of ecosystem functional-
ity in fragmented habitats.
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Introduction

Habitat loss and fragmentation are widely recognized 
as critical threats to species diversity and ecosystem 
functions (Ewers et al. 2017; Haddad et al. 2015; Ma 
et al. 2023; Taubert et al. 2018). Currently, approxi-
mately 70% of forests worldwide exist in fragmented 
habitats, with most areas located less than 1 km away 
from forest edges (Haddad et  al. 2015). Forest frag-
mentation not only reduces biodiversity by 13% to 
75%, but also disrupts critical ecosystem functions 
(Haddad et  al. 2015). Habitat loss and edge effects 
are major drivers of declines in primary productivity, 
biomass, and carbon stocks (Nunes et al. 2023; Ziter 
et  al. 2013). Forest biomass, including aboveground 
and belowground components, constitutes a crucial 
aspect of ecosystem functionality, aboveground bio-
mass refers to the total mass of living plant material 
(e.g., stems, leaves, branches, and fruits) above the 
soil surface, whereas belowground biomass com-
prises all living plant roots and other below-soil com-
ponents essential for nutrient absorption and plant 
stability (Cairns et al. 1997). Although aboveground 
biomass has been extensively studied, research on 
belowground biomass remains comparatively under-
developed (Ma et  al. 2021). The effects of habitat 
fragmentation on plant belowground biomass, in par-
ticular, are still not well understood.

Research investigating the effects of habitat frag-
mentation on ecosystem function has primarily 
focused on its impacts to the aboveground biomass 
(Ali and Yan 2017; Hossain and Beierkuhnlein 2018; 
Nascimento and Laurance 2002). For example, Yan 
et  al. (2024) demonstrated that habitat loss reduces 
species richness, leading to declines in aboveground 
biomass. Similarly, Shen et  al. (2021) observed that 
aboveground biomass in subtropical forests decreases 
with decreasing habitat area. Additionally, edge 
effects resulting from habitat loss significantly influ-
ence biodiversity and ecosystem processes in frag-
mented forests, playing a pivotal role in shaping bio-
mass dynamics (Bregman et  al. 2015; Harper et  al. 
2005). Overall, habitat loss and edge effects have been 
shown to cause significant reductions in total bio-
mass within fragmented forests (Nunes et  al. 2023). 

However, responses of aboveground and belowground 
biomass carbon to environmental changes may dif-
fer substantially (Mokany et  al. 2006). Whether the 
response of belowground biomass to habitat area and 
edge effects is consistent with previous findings on 
aboveground biomass remains unclear.

Belowground biomass accumulation plays a funda-
mental role in plant development, interspecific com-
petition, and environmental adaptation (Mokany et al. 
2006; Poorter Hendrik and Nagel 2000). Environmen-
tal factors, such as soil physicochemical properties 
and light availability, strongly influence the alloca-
tion trade-off between belowground and aboveground 
biomass (Cleland et al. 2019; Fonseca de Lima et al. 
2021). Plants in resource-limited environments could 
prioritize belowground biomass allocation to optimize 
soil resource acquisition (Brouwer 1983). Erkin et al. 
(2023) demonstrated that biomass allocation strate-
gies shift across growth stages under drought condi-
tions, with plants increasing belowground biomass in 
response to water availability while allocating more 
biomass aboveground in resource-abundant condi-
tions. Habitat loss and edge effects also exert signifi-
cant impacts on soil physical and chemical properties 
(Ewers et al. 2017; Ewers and Didham 2006; Murcia 
1995). Smaller habitat fragments, subject to intensi-
fied edge effects, are often characterized by reduced 
soil nutrient availability and water-holding capacity 
(Harper et  al. 2005; Laurance et  al. 2002). In frag-
mented habitats, habitat area loss intensifies environ-
mental filtering, with soil properties—such as thick-
ness, bulk density, and nutrient content—acting as 
key determinants of species diversity (Liu et al. 2020). 
This selective pressure underpins a decline in species 
diversity as habitat area and aboveground biomass 
decrease (Ewers and Didham 2006). Habitat frag-
mentation not only alters resource acquisition strate-
gies but also affect root architecture and belowground 
biomass allocation (Kiaer et  al. 2013; Sorenson and 
Damschen 2019). However, our understanding of the 
key factors that affect underground biomass accumula-
tion in fragmented habitats remains insufficient. Addi-
tionally, it is unclear whether these limiting factors 
promote or inhibit underground biomass accumulation 
on islands as habitat area decreases.

Variations in root structures, functional traits, and 
resource adaptation strategies, result in species spe-
cific differences in belowground biomass under vary-
ing environmental conditions (Comas et  al. 2013; 
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Poorter et  al. 2012). For example, Sell et  al. (2024) 
reported that increased air humidity altered biomass 
allocation and fine root morphology in trees, with 
species exhibiting distinct adaptive responses. Simi-
larly, Zhang et al. (2020) observed that two Gentiana 
species displayed significant differences in above-
ground and belowground biomass distribution along 
an elevation gradient, underscoring the influence of 
environmental factors on biomass allocation strate-
gies. Interspecific root competition also exerts a sig-
nificant influence on belowground biomass allocation 
in neighboring plants (Armas and Pugnaire 2011). 
Lak et  al. (2020), using competitive root boxes to 
study interactions between Fagus and Acer species, 
found that interspecific competition significantly 
reduced the fine root growth in Fagus. Conversely, 
Acer exhibited greater root plasticity, allowing it to 
better adapt to competitive pressure. Furthermore, 
shade tolerance is a critical trait influencing below-
ground biomass allocation, with shade-tolerant spe-
cies allocating proportionally more resources to 
belowground biomass compared to shade-intolerant 
species (Kitajima 1994). According to the functional 
equilibrium theory (Brouwer 1983), shade-intolerant 
plants allocate more biomass to aboveground struc-
tures in resource-rich environments to enhance their 
competitive advantages for light capture. This strat-
egy may reduce belowground competition and pro-
mote the growth of surrounding plant roots. Smaller 
fragments, subject to intensified edge effects, are 
often dominated by shade-intolerant species and 
characterized by higher light availability (Liu et  al. 
2019), which may facilitate the growth of other plant 
roots (e.g., herbs and shade-tolerant woody plants) 
around these species. These findings underscore the 
potential for habitat loss and edge effects to differ-
entially impact belowground biomass across species. 
The extent of belowground biomass accumulation in 
growth areas may vary depending on species-specific 
traits and their responses to environmental conditions 
and competition dynamics.

In this study, we investigated the effects of habi-
tat loss and edge dynamics on belowground biomass 
through a field planting experiment conducted on 
11 islands within a subtropical anthropogenic archi-
pelago in China (Li et  al. 2022, 2023). Previous 
research in this archipelago has shown that island 
area, rather than isolation, significantly influences 
plant species diversity and ecosystem function due to 

environmental filtering processes, such as soil bulk 
density and soil depth (Liu et al. 2020). Using data on 
belowground biomass from both planted species and 
other species, along with abiotic data (e.g., soil phys-
icochemical properties and topographic attributes) 
collected from edge and interior sites on islands, we 
aimed to address the following questions: (1) What is 
the relationship between plant belowground biomass 
and island area? (2) Which factors significantly affect 
belowground biomass accumulation on islands, and 
do these factors enhance or inhibit belowground bio-
mass accumulation as island area decreases? (3) Do 
species with different shade tolerances exhibit differ-
ential responses in belowground biomass accumula-
tion within their growth areas to island area and edge 
effects?

Methods

Study site

The root growth monitoring experiment was con-
ducted at Thousand Island Lake (TIL) in Zhejiang 
Province, eastern China. This artificial lake, cov-
ering an area of 581  km2, was created as a result of 
flooding caused by the construction of a dam on the 
Xin’an River. The inundation led to the emergence of 
1,078 islands, each exceeding 0.25 ha in size, from 
the peaks of former mountains (Liu et al. 2020). Prior 
to the flooding, forests on these hilltops were clear-
cut; however, natural regeneration of the vegetation 
occurred following the lake’s formation (Liu et  al. 
2018a, b). Since 1962, TIL has been designated as a 
national park, and most islands have remained largely 
undisturbed by human activity. The region experi-
ences a subtropical monsoon climate, characterized 
by hot, humid summers and cool, dry winters. The 
mean annual temperature is 17.0 °C, with seasonal 
extremes ranging from − 7.6 °C in January to 41.8 
°C in July. Average annual precipitation totals 1,430 
mm, occurring over 155 rainy days, with the majority 
of rainfall concentrated between April and June (Liu 
et al. 2018a, b).

Experimental design

Island areas were measured using ArcGIS 10.8 to 
quantify habitat size. To investigate the effects of 
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island size and edge effect on seedling root growth 
and belowground biomass, we conducted an experi-
ment on 11 islands varying in size from 1.06 to 
1153.88 ha (Appendix S1). Experimental sites were 
established based on island size: two sites were 
placed on each small island (< 5  ha, six islands), 
and four sites were placed on each large island (> 
20 ha, five islands), resulting in a total of 32 experi-
mental sites across all islands. At each experimental 
site, we established a 20 m × 20 m plot. According 
to previous research in TIL, plots located within 
40 m of the island edge were classified as an “edge 
plots”, while those further inland were classified as 
an “interior plot” (Li et al. 2022). On small islands, 
no interior plots could be set because the interior 
habitats on the islands are less than 40 m away 
from the island edge, so two edge plots were estab-
lished. On large islands, two replicated plots were 
established on the edge and interior of each island 
(Fig. 1). In total, we established 22 edge plots and 
11 interior plots on 11 islands. Within each, three 
subplots were aligned diagonally, and four plant 

species were grown in flowerpots within each sub-
plot. To replicate natural germination conditions, 
2  cm holes were drilled into the sides of the flow-
erpots, enabling the roots of neighboring plants to 
grow inward and interact with one another when the 
pots were buried in the ground (Fig. 1).

Species selection

To test whether the species with different shade 
tolerances exhibit differential responses in below-
ground biomass accumulation within their growth 
areas to island area and edge effects, we selected 
two shade-intolerant species (Cinnamomum cam-
phora and Loropetalum chinense) and two shade-
tolerant species (Cyclobalanopsis glauca and 
Schima superba). According to their relative abun-
dance on the islands in TIL, L. chinense is a domi-
nant species, and S. superba is a common species, 
while C. camphora and C. glauca are rare species 
on island.

Fig. 1  Experimental design for the root growth monitor-
ing experiment. This experiment was conducted on six small 
islands (< 5  ha) and five large islands (> 20 ha). Two edge 
plots (20 m × 20 m, located within 40 m of the island edge) 
were established on all islands, while an additional two inte-
rior plots (> 40 m from the island edge) were set up on large 

islands. Each plot contained three replicate subplots, each with 
four perforated flowerpots designed to allow roots from sur-
rounding plants to grow into the pots. All flowerpots were open 
at the bottom, and each flowerpot was planted with a single 
species
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Measurement of belowground biomass

Seeds for the experiment were collected in the 
autumn 2020 for the TIL region. In early March 
2021, 20 seeds from each of the four selected spe-
cies were sown into individual flowerpots. Before 
sowing, the leaf litter and existing rooted plants were 
removed, the soil surface was scarified, and the seeds 
were gently tamped into the soil to enhance seed-soil 
contact. Seed viability was confirmed prior to plant-
ing through exposure to a 5% TTC dye (2,3,5-triph-
enyltetrazolium chloride) solution, which indicated 
all seeds were viable. Flowerpots were installed from 
December 2020 to January 2021, several months 
before seed sowing. This installation period allowed 
roots from surrounding vegetation to grow into the 
perforated flowerpots, simulating natural root interac-
tion conditions.

The experiment concluded in April 2022, after 
which the root biomass of both the planted seed-
lings and other plants that had grown into the flow-
erpots was measured. Each flowerpot was removed 
from the soil, and the soil attached to the plant roots 
was cleaned and removed. Initially, the roots of the 
planted species were carefully extracted from the 
flowerpots by visual assessment. Subsequently, the 
roots were categorized into two groups: those belong-
ing to the planted species and miscellaneous roots 
from other species. All root samples were dried in an 
oven at 75 °C for at least 72 h until a constant weight 
was achieved. Once dried, the roots were weighed 
using an analytical balance to ensure precision in bio-
mass measurement.

Measurement of environmental factors

To evaluate the influence of environmental factors 
on belowground biomass across the islands, five soil 
cores (0–10 cm deep) were collected evenly across 
each 20 × 20 m plot after removing the litter layer. 
These soil cores were combined and sieved through 
a 2-mm mesh to create a composite sample for the 
analysis of soil chemical properties. The chemical 
properties assessed include total carbon (TC, %), total 
nitrogen (TN, mg/kg), ammonium nitrogen  (NH4

+-N, 
mg/kg), nitrate nitrogen  (NO3

−-N, mg/kg), total phos-
phorus (TP, mg/kg), available phosphorus (AP, mg/
kg) and soil pH (Li et  al. 2023). TC and TN was 
quantified using an Element Analyzer (CN model, 

Vario MACRO Cube, Elementar, Langenselbold, 
Germany).  NH4

+-N and  NO3
−-N were extracted with 

2 mol/L KCl solutions and determined using a Con-
tinuous Flow analyzer (San + +, Skalar, Breda, Hol-
land). TP was extracted with  H2SO4 and  HClO4 and 
analyzed using an ICP‐OES (Optima 8300, Perkin 
Elmer, USA). AP was extracted with a 0.03 mol/L 
 NH4F‐0.1 mol/L HCl solution and also measured by 
ICP‐OES.

Additionally, the gravimetric soil water content 
(SWC, g/kg), and soil bulk density (SDEN, g/cm3) 
were measured using the cutting ring method (Viji 
and Rajesh 2011). Soil depth (SDEP, cm) and litter 
layer depth (LLP, cm) were recorded at each sub-
plot using a steel needle penetration method. Alti-
tude (m) was calculated as a proxy for the distance 
of the sampling site from the island edge, with higher 
altitudes indicating greater distances from the edge. 
Canopy openness (%) for each site was quantified 
using hemispherical photographs taken at a height 
of 1.3 m above the soil surface. These photographs 
were captured with a Canon 6D MARK II digital 
camera equipped with a Sigma 4.5-mm fisheye lens 
mounted on a tripod. The images were processed 
using Hemiview v. 2.1 software. To ensure consistent 
lighting conditions, all photographs were taken early 
in the morning in July under uniformly overcast skies. 
Environmental variables were averaged across three 
subplots within each plot to estimate representative 
values for the entire plot.

Data analysis

The belowground biomass of the plant community in 
each plot (20 m × 20 m) was determined by summing 
the root mass (g) of both the planted species and other 
plants within the flowerpots in the plot, represented 
as the total root mass in pots per plot (Mplot, g). Addi-
tionally, the belowground biomass within the growth 
areas of each planted species was calculated in each 
plot, incorporating the root mass of both the planted 
species and other plants in the flowerpots. The total 
root mass in pots per plot (Mplot) was calculated as 
follows:

In Eq. (1), Mi represents the root mass in flower-
pot i within the plot, and n denotes the total number 

(1)Mplot =

∑n

i=1
Mi
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of flowerpots in the plot, either for all planted species 
combined or for each individual species.

To determine the mean belowground biomass of 
the plant community on the island, the total root mass 
in pots per plot (Mplot) was averaged across all plots 
on the island, resulting in the mean root mass (Misland, 
g). Similarly, the mean belowground biomass within 
the growth areas of each planted species on the island 
was calculated by averaging the Mplot from the corre-
sponding plots for each species across the island.

To investigate the relationship between below-
ground biomass of the plant community and island 
area, we first applied a log transformation to the 
island area and fitted a simple generalized linear 
model using a Gaussian distribution on the mean root 
mass. To assess potential shifts in mean root mass 
across the island area threshold, we also implemented 
a segmented regression model from the “segmented” 
package (Muggeo 2017) to detect any breakpoints 
along the log-transformed island area gradient. The 
parsimony of the segmented regression model was 
compared to a simple linear model using the Akaike 
information criterion (AICc) from the “MuMIn” 
package (Bartoń, 2024). In the segmented regression 
model, we calculated the slope (representing the fit-
ted model’s slope before the breakpoint), and the U1 
parameter, which represents the difference in slope 
before and after the breakpoint, along with its asso-
ciated P-value. We conducted the Davies’ test using 
“davies.test()” function to test for a significant dif-
ference in slope. If the P-value from the Davies’ test 
was greater than 0.05, it indicated that there was no 
evidence to support the use of a segmented model for 
these data. In these models, the mean root mass on 
the island, for both all species and individual species, 
were treated as response variable, with island area 
serving as the explanatory variable.

To examine species-specific belowground biomass 
responses to environmental factors, we employed 
a linear mixed-effects (LME) model. The total root 
mass in pots per plot on island was treated as the 
response variable, so island was included as a ran-
dom effect to account for potential within-island 
dependencies between plots, while environmental 
factors—including canopy openness, altitude, slope, 
aspect, SDEP, LLP, SBD, SDEN, SWC, TP, AP, 
NH₄⁺-N, NO₃⁻-N, soil pH, and the total carbon-to-
nitrogen ratio (TC/TN)—were treated as fixed effects. 
Multicollinearity among explanatory variables was 

assessed using variance inflation factors (VIF), ensur-
ing that all VIF values remained below 5, indicating 
no significant multicollinearity. Model selection was 
performed using the AICc to select the best-fitting 
model, and only the variables retained in the final 
best model are presented. We tested the relationship 
between the retained variables in the best-fitting mod-
els and island area using the segmented regression 
model.

To evaluate the impact of edge effects on below-
ground biomass, we utilized a linear mixed-effects 
(LME) model to compare the total root mass in pots 
per plot between edge and interior plots. The analysis 
was conducted for all plots across all islands, as well 
as only including plots on large islands. Plot loca-
tion (edge vs. interior) was included as a fixed effect, 
while island was treated as a random effect to account 
for the lack of independence among plots within the 
same island (Li et al. 2023). We also tested relation-
ships between island area and the mean root mass of 
edge plots and interior plots for all species and each 
species through model selection of the simple linear 
model and segmented regression model.

All statistical analyses were performed in R ver-
sion 4.3.3 (R Core Team 2024).

Results

The mean belowground biomass (i.e., mean root 
mass) of all species exhibited significant threshold 
effects: the mean root mass decreased significantly 
with increasing island area before the threshold, and 
then stabilized afterward (Fig.  2a: breakpoint esti-
mate = 0.86 ha, CI = 0.35–1.37 ha, slope difference 
P = 0.006). (Fig.  2a; Table  S1 and S2 in Appendix 
S2). However, the mean root mass of planted species 
did not exhibit a significant correlation with island 
area (Fig. S1 in Appendix S2). Notably, the total root 
mass in pots per plot of all species was significantly 
correlated with the total root mass in pots per plot of 
other plants but not with that of the planted species 
(Fig. S2).

When examining the effects of environmental fac-
tors on belowground biomass, we found that altitude, 
litter layer depth, soil bulk density, and soil depth had 
significant effect on the total root mass in pots per 
plot for all species (Table 1). Species-specific analy-
ses revealed that the total root mass in pots per plot 
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in the growth areas of C. camphora, C. glauca, and 
L. chinense, was significantly influenced by altitude, 
whereas no such effect was observed for S. superba. 
However, the total root mass in pots per plot in the 
growth areas of S. superba was significantly affected 
by soil bulk density (t = −4.539, P < 0.001). Addi-
tionally, litter layer depth, soil depth, and total phos-
phorus were found to influence the total root mass 
in pots per plot  of C. glauca (Table  1). When the 
island area is less than a certain threshold, the smaller 
islands have higher litter depth, and lower soil bulk 
density (Fig. S3).

Further analysis revealed that the mean root mass 
in the growth areas of the shade-intolerant species C. 
camphora (breakpoint = 0.51 ha, CI = 0.24–0.78 ha, 
slope difference P = 0.023) and L. chinense (break-
point = 0.62 ha, CI = 0.22–1.01 ha, slope difference 
P = 0.005) decreased significantly with increasing 
island area before the threshold (Fig. 2; Table S1 and 
S2). In contrast, the mean root mass in the growth 

areas of the shade-tolerant species C. glauca and S. 
superba was not significantly correlated with island 
area (Fig. 2; Table S2).

The total root mass in pots per plot in edge habitats 
was significantly higher than that in interior habitats 
on the island (Fig.  3). Examining the effects of dif-
ferent species on belowground biomass accumulation 
in edge and interior regions revealed distinct pat-
terns. Across all islands, the total root mass in pots 
per plot in the growth areas of all species (t = −2.189, 
P = 0.031), C. camphora (t = −2.176, P = 0.029), 
C. glauca (t = −1.996, P = 0.046), and L. chinense 
(t = −1.965, P = 0.049) was significantly higher in 
edge habitats compared to interior habitats (Fig. 3a). 
However, no significant difference in total root mass 
in pots per plot was observed for S. superba (t = 
−0.799, P = 0.424) between edge and interior regions 
(Fig.  3a). When considering only large islands, the 
total root mass in pots per plot in the growth areas 
of all species (t = −2.219, P = 0.026), C. glauca (t = 
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Fig. 2  Relationships between island area and (a) mean root 
mass for all species, and the mean root mass in the growth 
areas of each planted species for (b) Cinnamomum camphora, 
(c) Cyclobalanopsis glauca, (d) Loropetalum chinense, and (e) 
Schima superba. Error bars represent the standard deviation of 
the mean total root mass in pots per plot across all plots on the 
island. The blue line indicates the best-fit model (either a sim-
ple linear regression model or a segmented regression model), 
selected based on the lowest AICc value. The light grey shaded 

area represents the 95% confidence interval (CI) predicted 
from the best-fit model. Dashed lines indicate non-significant 
relationships, while solid lines represent significant relation-
ships (P ≤ 0.05). The estimated significant breakpoint (P ≤ 
0.05) in each relationship is represented by the dotted vertical 
black line, and the light purple shaded area represents the 95% 
CI around the breakpoint. The light grey shaded area illustrates 
the 95% CI predicted from the segmented regression
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−1.816, P = 0.069), and L. chinense (t = −2.267, P = 
0.023) remained significantly higher in edge habitats 
compared to interior habitats. In contrast, the total 
root mass in pots per plot in the growth areas of C. 
camphora (t = −1.060, P = 0.289) and S. superba (t = 
−0.840, P = 0.401) showed no significant differences 
between edge and interior habitats (Fig.  3b). Addi-
tionally, the mean root mass of edge plot including all 
species (breakpoint = 0.58 ha, CI = 0.23–0.94 ha, P = 
0.007), and in the growth areas of L. chinense (break-
point = 0.60 ha, CI = 0.19–1.01 ha, P = 0.019), and 
C. camphora (breakpoint = 0.51 ha, CI = 0.21–0.80 

ha, P = 0.057) decreased significantly with increasing 
island area below the threshold area in edge habitats 
(Fig.  4, Table  S3 and S4). However, no significant 
correlation was observed between the mean root mass 
of interior plot and island area (Fig. 4; Table S3 and 
S4).

Discussion

Given the uncertain effects of habitat fragmenta-
tion on plant belowground biomass (Klimesová et al. 
2018; Mokany et  al. 2006), this study provides evi-
dence that island area and edge effects significantly 
influence belowground root biomass. Specifically, 
belowground root biomass tends to increase as island 
area decreases below a threshold island area and as 
proximity to the island edge increases. Additionally, 
the studied species with differing shade-tolerance 
exhibited variable responses in belowground biomass 
to reductions in island area and the influence of edge 
effects.

Here, we observed smaller islands exhibited higher 
belowground biomass compared to large islands, 
especially below a threshold island area (Fig.  2a). 
Notably, the mean root mass of planted species did 
not exhibit a significant correlation with island area 
(Fig.  S1), and the mean root mass was significantly 
correlated with the mean root mass of other plants 
but not with that of the planted species (Fig.  S2). 
This finding suggests that the mean belowground 
biomass in the growth areas of each species primar-
ily reflects the root growth of other plants rather than 
the planted species. Previous studies have shown that 
aboveground biomass decreases with the decrease 
of island area (Broadbent et  al. 2008), the finding, 
combined with our results, highlights the ability of 
plants to respond to habitat area loss by adjusting bio-
mass allocation trade-offs between aboveground and 
belowground structures. Consequently, the increased 
belowground biomass below a threshold area may 
represent an adaptive strategy by other plants not 
planted species to optimize resource acquisition 
under environmental conditions.

Abiotic factors, including altitude, soil bulk den-
sity, litter layer depth and soil depth, significantly 
influence plant belowground biomass (Table  1). 
Additionally, our findings demonstrate that soil 
physical properties, such as litter layer depth, soil 

Table 1  Results of the influence of abiotic factors on the total 
root mass in pots per plot for all species and for species Cin-
namomum camphora, Cyclobalanopsis glauca, Loropetalum 
chinense, and Schima superba using generalized linear mixed-
effect models

The abiotic features included: canopy openness, altitude, slope, 
aspect, soil depth, litter layer depth, soil bulk density, gravi-
metric soil water content, total phosphorus, available phospho-
rus, ammonium nitrogen, nitrate nitrogen, soil pH, and total 
C/total N. Model selection was performed using the AICc to 
select the best-fitting model, and only the variables retained in 
the final model are presented

Estimate Std. Error t Value pValue

All species
Altitude −0.317 0.106 −2.968 0.005
Litter layer depth 0.456 0.151 3.018 0.005
Soil bulk density −0.652 0.113 −5.766 < 0.001
Soil depth −0.607 0.163 −3.712 < 0.001
Cinnamomum camphora
Altitude −0.326 0.151 −2.150 0.039
Soil bulk density −0.445 0.152 −2.914 0.006
Cyclobalanopsis glauca
Altitude −0.375 0.132 −2.833 0.008
Aspect −0.504 0.121 −4.141 < 0.001
Litter layer depth 0.495 0.175 2.817 0.008
Soil depth −0.495 0.177 −2.783 0.009
Total phosphorus 0.409 0.133 3.067 0.004
Loropetalum chinense
Altitude −0.220 0.107 −2.051 0.049
Litter layer depth 0.590 0.151 3.886  < 0.001
Soil bulk density −0.669 0.113 −5.920  < 0.001
Soil depth −0.567 0.163 −3.455 0.001
Schima superba
Soil bulk density −0.656 0.144 −4.539  < 0.001
Gravimetric soil 

water content
−0.268 0.144 −1.856 0.073
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depth, and soil bulk density, significantly impact 
belowground biomass accumulation (Table 1). Both 
litter layer depth and soil depth positively impact 
root development. Litter layer depth often serves 
as an indicator of organic content in the topsoil, 
providing essential for root nourishment (Prescott 
2002). Soil depth functions as a long-term reser-
voir of water and nutrients, supporting sustained 
root growth and enabling plants to accumulate more 
belowground biomass in deeper soils. Soil bulk den-
sity, as an indicator of soil compactness, also plays a 
crucial role in root growth. Higher soil bulk density 
reduces pore space between soil particles, restrict-
ing root expansion, particularly under conditions of 
limited water and oxygen flow (Jackson et al. 1996). 
Consequently, soil bulk density has a significant 
negative effect on belowground biomass. We further 
found that when the island area falls below a certain 
threshold, smaller islands exhibit greater litter depth 
and lower soil bulk density (Fig.  S3), suggesting 
that higher belowground biomass accumulation on 
smaller islands below this threshold area is linked 
to increased litter layer depth and reduced soil bulk 
density. This result also implies that root mass accu-
mulation growth is not promoted on island with 
limited resources.

In addition to the soil physicochemical properties, 
environmental conditions, such as light availability also 
influence the species interactions, with foundational 
traits playing a critical role in determining how species 
affect the root growth of others (Comas et  al. 2013; 
Kitajima 1994; Lak et al. 2020). In this study, we found 
that the accumulation of belowground biomass in the 
growth areas of shade-intolerant species C. camphora 
and L. chinense decreased significantly with increasing 
island area below a threshold area. Moreover, below-
ground biomass accumulation in the growth areas was 
significantly correlated with the root biomass of other 
plants but not with the root biomass of the planted 
species. These findings suggest that the roots of other 
plants surrounding shade-intolerant species L. chinense 
and C. camphora grow more vigorously on smaller 
islands below a certain threshold. Smaller islands in 
this system are characterized by a greater prevalence 
of shade-intolerant, early-successional woody species 
compared to larger fragments, even after 50 years of 
secondary succession (Liu et al. 2019). The abundance 
of sunlight on smaller islands provides shade-intolerant 
species, such as L. chinense, with a competitive advan-
tage (Poorter Hendrik and Nagel 2000). These species 
rely on sunlight for rapid growth and typically allocate 
more biomass to aboveground structures to enhance 

0

20

40

60

80

All species

Cinnamomum camphora

Cyclobalanopsis glauca
Loropetalum chinense

Schima superba

R
oo

t m
as

s 
pe

r p
lo

t (
g)

0

10

20

30

40

50

All species

Cinnamomum camphora

Cyclobalanopsis glauca
Loropetalum chinense

Schima superba

R
oo

t m
as

s 
pe

r p
lo

t (
g)

Habitat Edge Interior

* *
*

*

*

*
*

* *

*

Fig. 3  The differences in the total root mass in pots per plot 
(g) and the total root mass in pots per plot within the growth 
areas of each planted species between edge (red color) and 
interior plot (blue color) when (a) including all plots or (b) 

only including plots on large islands."*"indicates a signifi-
cant difference with P ≤ 0.05 according to the results of linear 
mixed effect models, and"NS"denotes no significant difference



 Plant Soil

Vol:. (1234567890)

light capture in resource-rich light environments. When 
light availability is abundant, shade-intolerant species 
prioritize resource allocation to aboveground biomass 
to maximize photosynthetic capacity (Brouwer 1983). 
As such, increased light promote the vigorous growth 
of shade-intolerant species, such as L. chinense, lead-
ing to a greater allocation of biomass aboveground, 
resulting in relatively weaker root competition com-
pared to shade-tolerant species, thereby allowing roots 
from other species to penetrate into the pots (Laurance 
et  al. 1998; Ries et  al. 2004). Therefore, shade-intol-
erant species, L. chinense and C. camphora, exhibit 
weaker belowground competition with other plants 
on smaller islands, enabling the roots of neighboring 
plants to expand. Specifically, shade-intolerant spe-
cies, which dominate smaller islands (Liu et al. 2019), 
promote the accumulation of belowground biomass of 
surrounding plants, thereby contributing to the higher 
belowground biomass observed on smaller islands.

As island size decreases, plant growth becomes 
increasingly influenced by edge effects (Liu et  al. 
2023; Kerr et  al. 2021; Murcia 1995). Edge effects 
could significantly enhance shade-intolerant species 
growth rates and increase the number of new recruits 
in edge habitats, although these new recruits are often 
smaller species with lower aboveground biomass 
(Broadbent et al. 2008). Here, the mean belowground 
biomass of plants in edge habitats was significantly 
higher than that in interior habitats on islands (Fig. 3). 
In addition, higher altitude on islands often indicates 
a greater distance from the site to the island edge, 
which can reflect variations in temperature, humid-
ity, and light exposure. Our results also reveal that 
the belowground biomass are negatively significantly 
affected by altitude (Table 1). These results highlight 
the critical role of edge effects in increasing below-
ground biomass, suggesting that edge effects contrib-
ute to the elevated belowground biomass observed on 
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small islands. Notably, the belowground root mass of 
non-planted species in this study includes both woody 
and herbaceous plants, but the experiment did not 
distinguish between these two groups in flowerpots. 
Herbaceous plants are known to exhibit pronounced 
habitat preferences in fragmented landscapes (Tian 
et al. 2023). According to Siebert et al. (2002), herba-
ceous plants thrive in well-lit environments, such as 
edge habitats, where they exhibit greater adaptability 
compared to low-light areas. This adaptability likely 
contributes to higher belowground root biomass at 
edges relative to interior habitats. Based on this, we 
hypothesize that herbaceous root biomass at edges 
significantly exceeds that in interior habitats, thereby 
contributing to the overall increase in belowground 
biomass in edge environments. Additionally, our 
results showed that the accumulation of belowground 
biomass in the growth areas of L. chinense decreased 
with increasing island area below a threshold area in 
the edge habitats, while no such trend was observed 
in interior habitats (Fig. 4). L. chinense is one of the 
most dominant species on the island, with the highest 
relative abundance (Liu et al. 2020). As we have dis-
cussed earlier, shade-intolerant species tend to exhibit 
weaker belowground competition with other plants on 
smaller islands, allowing other plant roots to grow. 
Therefore, as a dominant and the shade-intolerant 
species, L. chinense may positively contribute to the 
belowground biomass accumulation in its growth area 
on island edges.

Conclusion

In summary, our results demonstrate that below-
ground biomass increases as island area decreases 
below a certain threshold. Further analysis revealed 
that litter layer depth, soil bulk density, and soil depth 
significantly affect the belowground biomass accumu-
lation. Higher belowground biomass accumulation 
on smaller islands below this threshold was associ-
ated with increased litter layer depth and reduced 
soil bulk density. The response of belowground bio-
mass in the growth areas of species with varying 
shade tolerance differs with habitat loss and edge 
effects. Specifically, root growth in the growth areas 
of dominant shade-intolerant species contributes to 
increased belowground biomass accumulation at the 
island edges on smaller islands. This study advances 

the understanding of belowground biomass accumu-
lation and its driving factors in fragmented habitats. 
Our findings underscore the importance of habitat 
size, edge effects, and species’shade tolerance as key 
factors shaping belowground biomass accumulation 
in fragmented landscapes. These findings highlight 
the necessity of incorporating belowground biomass 
dynamics into assessments of ecosystem functions in 
fragmented habitats.
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