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1  |  INTRODUC TION

Human activity is transforming a large and growing proportion of the 
world's forest ecosystems (Haddad et al., 2015; Laurance et al., 2012; 
Scott et  al.,  2022). A notable challenge for ecologists is assessing 
how well ecological theory, which has often been developed without 

explicitly considering anthropogenic disturbance, applies to human-
modified habitats (e.g. how are coexistence mechanisms modified in 
human-modified habitats). Prominent among these modifications is 
the division of continuous forest into smaller, disconnected patches, 
a process known as habitat fragmentation (Haddad et  al.,  2015; 
Ma et  al.,  2023). Although there is debate over whether habitat 

Received: 6 November 2024  | Accepted: 26 June 2025

DOI: 10.1111/1365-2745.70117  

R E S E A R C H  A R T I C L E

Insect herbivores and soil fertility drive variation in density-
dependent seedling dynamics across a fragmented landscape

Yanping Lei1,2  |   Robert Bagchi2  |   Jinliang Liu3  |   Zhonghan Wang1  |   
Jirui Wang4  |   Guang Hu5  |   Mingjian Yu1

© 2025 The Author(s). Journal of Ecology © 2025 British Ecological Society.

1State Key Laboratory for Vegetation 
Structure, Function and Construction 
(VegLab), MOE Key Laboratory of 
Biosystems Homeostasis & Protection 
and College of Life Sciences, Zhejiang 
University, Hangzhou, China
2Department of Ecology and Evolutionary 
Biology, University of Connecticut, Storrs, 
Connecticut, USA
3College of Life and Environmental 
Science, Wenzhou University, Wenzhou, 
China
4College of Advanced Agricultural 
Sciences, Zhejiang Agriculture & Forestry 
University, Lin'an, China
5School of Civil Engineering and 
Architecture, Zhejiang Sci-Tech University, 
Hangzhou, China

Correspondence
Mingjian Yu
Email: fishmj@zju.edu.cn

Funding information
the “Pioneer” and “Leading Goose” 
R&D Program of Zhejiang, Grant/Award 
Number: 2023C03137; National Natural 
Science Foundation of China, Grant/
Award Number: 31930073, 31361123001, 
31570524 and 31870401; Natural Science 
Foundation of Zhejiang Province, Grant/
Award Number: Z5100053; Zhejiang 
University's International Cooperation and 
Exchange Project

Handling Editor: Eric Allan

Abstract
1.	 Habitat fragmentation is associated with decreased species diversity. However, 

the effects of fragmentation on the processes that maintain diversity, such as 
enemy-mediated negative conspecific density dependence (CDD), are largely 
unknown. We examined how negative CDD in seedling survival is influenced by 
habitat fragmentation.

2.	 We measured the effect of conspecific density on seedling survival of 30 species 
for 10 years on 25 islands in an artificially fragmented habitat and took parallel 
measurements of the potential drivers: soil physical and chemical properties, and 
insect herbivore communities.

3.	 Increasing densities of conspecific trees and seedlings reduced seedling survival 
more on larger and more isolated islands. These processes were linked to 
increases in insect herbivore richness on larger islands, and less fertile soils on 
more isolated islands.

4.	 Synthesis. Our results indicate that shifts in the abiotic and biotic conditions of 
fragmented habitats can modify the mechanisms thought to maintain species 
coexistence, perhaps contributing to the long-term decay of fragmented 
ecosystems, and suggesting approaches for restoration. The relationships between 
island configuration, and insect herbivore communities and soil properties may 
vary among ecosystems, which could help explain variation among studies in the 
effects of fragmentation on biodiversity.
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fragmentation contributes to diversity declines (Haddad et al., 2015; 
Riva & Fahrig, 2023), recent work indicates that decay of ecosystems 
in small habitat patches plays a role (small patches tend to have lower 
biodiversity than that expected based solely on their area) (Chase 
et al., 2020; Gonçalves-Souza et al., 2025; Riva & Fahrig, 2023).

One possible mechanism for ecosystem decay in fragmented 
forests is the disruption of interactions between plants and their 
enemies (e.g. plant-pathogens and insect herbivores) (Krishnadas 
et al., 2018; Viswanathan et al., 2020). Habitat fragmentation influ-
ences plant–enemy interactions via multiple mechanisms. There is 
evidence that herbivory reduces vegetation abundance and plant 
diversity more in degraded fragments (Morante-Filho et al., 2024; 
Xu et al., 2023). However, the impacts of enemies on plant diversity 
will depend on the distribution of their effects on common and rare 
plant species, which depends, in turn, on the species composition 
of enemy communities. There is increasing evidence that the diver-
sity of insect herbivores, bacteria and fungi are reduced by habitat 
fragmentation (Grilli et al., 2017; Kiesewetter et al., 2023; Rossetti 
et al., 2017; Vannette et al., 2016), with dietary specialists dispro-
portionately lost from small fragments (Bagchi et al., 2018; Mickley 
et al., 2025; Rossetti et al., 2017; Valladares et al., 2006). Specialist 
natural enemies are especially important for mediating density-
dependent regulation of their host plant populations. The negative 
effects of host-specific natural enemies on plants tend to inten-
sify as proximity to parent trees and conspecific density increases 
(Bagchi et  al.,  2014; Downey et  al.,  2018; Forrister et  al.,  2019), 
driving negative conspecific density dependence (CDD) in plant 
survival and growth. This negative CDD reduces the performance 
of locally dominant plant species and allows rarer, potentially less 
competitive, species to establish and persist, promoting species 
diversity (Connell, 1971; Janzen, 1970). Given the pivotal role that 
negative CDD appears to have in maintaining plant diversity (Comita 
et al., 2014; Hülsmann et al., 2021; LaManna et al., 2017), altering 
natural enemy communities in ways that weaken it in smaller and 
more isolated forest patches may erode diversity over the long term. 
Indeed, weaker negative CDD due to weaker interactions between 
fungal pathogens and insect herbivores and plants, and consequently 
lower plant diversity, has been observed at forest edges (Krishnadas 
et al., 2018) and in small forest patches (Viswanathan et al., 2025) at 
a site in South India. Understanding the extent to which fragmenta-
tion degrades enemy-mediated density dependence in general is a 
critical task for ecologists.

Habitat fragmentation can also affect microenvironments, with 
higher temperature (Ewers & Banks-Leite,  2013) and lower soil 
moisture (Baidya Roy, 2011) recorded in smaller forest patches, and 
slower nutrient cycling in smaller (Didham, 1998) and more isolated 
habitats (Kiesewetter et  al.,  2023). These shifts in environmental 
conditions could affect plant–enemy interactions, thereby altering 
CDD and the plant diversity it enhances. Both antagonistic (plant-
pathogens) (Joachin et al., 2023; Liu & He, 2019; Milici et al., 2020; 
Rudgers et  al.,  2020) and mutualistic (some plant-fungi/bacteria) 
(Hersh et al., 2012; Revillini et al., 2016) interactions are sensitive to 
soil fertility and moisture, often becoming more antagonistic or less 

beneficial as soil fertility and moisture increase. Wetter conditions 
may promote dispersal of and infection by many plant-pathogens 
(Barrett et  al.,  2009; Garrett,  1970). Furthermore, defence invest-
ment by plants tends to increase in stressful conditions, where tissue 
lost to enemies is more costly to replace (Fine et al., 2006; Lynn & 
Fridley, 2019; Moreira et al., 2018; Quigley et al., 2020). Thus, both 
increased soil moisture and soil fertility can enhance negative CDD 
(Comita et al., 2014; LaManna et al., 2016). However, some studies 
have found the opposite result, with stronger negative CDD in less 
fertile and drier areas (Brown et al., 2021; Cao et al., 2018), proba-
bly due to intensified intraspecific competition for limited resources 
(Tilman et al., 1982). Additionally, under certain nutrient-poor con-
ditions, plants may prioritize growth over defence through resource 
allocation trade-offs to secure limited resources (Brown et al., 2021; 
Coley et  al.,  1985; Herms & Mattson,  1992; Zhong et  al.,  2021). 
Simultaneously, drought stress can exacerbate herbivory pressure 
on plants (Weissflog et al., 2018). The links between environmental 
conditions and both fragmentation and negative CDD suggest po-
tential mechanisms through which fragmentation may affect enemy-
mediated density dependence.

Here, we monitored tree communities and seedling survival of 
30 species for 10 years on 25 islands of the Thousand Island Lake, 
China (TIL, Figure S1). We also took parallel measurements of soil 
fertility, soil moisture and insect herbivore communities on the is-
lands. We used these data to ask two questions: (1) How do island 
area and isolation influence the effects of conspecific density on 
seedling survival? (2) Does variation in soil properties and insect her-
bivore communities associated with island area and isolation con-
tribute to altered effects of conspecific density on seedling survival? 
We found that (1) the negative effects of conspecific tree density 
on seedling survival were stronger on larger islands; (2) conspecific 
seedling density had more pronounced negative effects on seedling 
survival on larger islands, which was linked to more species-rich 
insect herbivore assemblages; and (3) conspecific seedling density 
had stronger negative effects on seedling survival on more isolated 
islands, which could be attributed to reduced soil fertility on more 
isolated islands.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The study was conducted within Thousand Island Lake, located 
in Chun'an County, Zhejiang Province, China (29°22′–29°50′ N, 
118°34′–119°15′ E). TIL is an artificial fragmented habitat formed by 
the construction of a large reservoir in 1959 with 1078 land bridge 
islands (area ≥ 0.25 ha). The forests were cleared during dam con-
struction, and the islands are now mostly covered with secondary 
successional forest dominated by Pinus massoniana in the tree layer, 
and Loropetalum chinense and Vaccinium carlesii in the understorey 
(Liu et al., 2018). TIL lies in the subtropical monsoon climate zone. 
Between 2011 and 2020, the mean annual temperature was 17.8°C 
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(temperature range −7.1°C–40.2°C), and the mean annual precipi-
tation was 1428.4 mm (unpublished data). All studied islands are 
surrounded by water, which clearly demarcates habitat edges. No 
fieldwork permits or animal ethics approvals were required for this 
study.

2.2  |  Plant community

Following Hu et al. (2016), we selected 25 islands in 2009 and meas-
ured their area and isolation (distance to mainland) using ArcGIS 9.3 
(Table S1). We divided the 25 islands into two groups: the 16 small 
islands (area < 1 ha) and the nine large islands (area ≥ 1 ha). Plots en-
compassing the entire forest-covered areas (175–6950 m2) on small 
islands and plots ranging from 0.5 ha to 1.5 ha on large islands were 
divided into 5 m × 5 m subplots. The plot areas on large islands were 
sufficient to capture most woody plant species (Yu et al., 2012). In 
all plots, woody trees with a diameter at breast height (DBH) ≥ 1 cm 
were tagged, identified, measured and mapped. The first surveys 
were completed in 2009 (small islands) and 2010 (large islands). 
Subsequent resurveys were completed in 2014 (small islands) and 
2015 (large islands) and 2019 (all islands).

2.3  |  Seedling survey

We established 1–39 seedling plots (1 m × 1 m) within each island's 
tree plot in 2011, based on the island area and an area-dependent 
proportional sampling procedure (Borges et al., 2009). These seed-
ling plots were distributed randomly and at least 10 m from the edge 
of the tree plots. The first survey of the total 306 seedling plots was 
completed in spring 2011, with subsequent surveys conducted in 
every fall (October) and spring (April) from 2011 to spring 2020. At 
each survey (total 19 surveys), all woody seedlings with DBH < 1 cm 
were tagged, mapped, identified to species, and their stem height 
and number of leaves were recorded.

2.4  |  Soil properties

Soil properties were measured in 2015 (Liu et al., 2018) and 2019 
(using the same methodology). Soil fertility was characterized by 
measurements of total carbon (TC, %), total nitrate (TN, %) and 
total phosphorus (TP, mg/kg). Nitrogen and phosphorus represent 
the most important soil-borne nutrients for plant growth (Jiang 
et  al.,  2019), and soil carbon measures the organic content of soil 
(Jackson et al., 2017). Soil TC/TN/TP refers to the sum of all forms of 
carbon/nitrogen/phosphorus elements in the soil, which can charac-
terize the difference in nutrient pools in soils at different locations. 
We quantified five moisture properties (soil water holding capacity): 
soil maximum water holding capacity (MWHC, g/kg), capillary water 
holding capacity (CWHC, g/kg), mass moisture content (MMC, g/
kg), water conversion factor (WCF) and soil density (SD, g/cm3). Soil 

water holding capacity refers to the ability of soil to absorb water. 
It is a combination of the capillary attraction of soil pores and the 
molecular attraction of soil particles. It can characterize the differ-
ence in soil moisture at different locations in the same region under 
various precipitation/air humidity conditions. We divided each tree 
plot into adjacent 10 m × 10 m soil sampling plots for small islands, 
and into adjacent 20 m × 20 m soil sampling plots for large islands. A 
subset of these sampling plots was selected for soil measurements 
to obtain an even coverage of the tree plot (Liu et  al.,  2018). We 
matched each seedling plot to the nearest soil sampling plot (dis-
tances ranged from 0 to 5 m) to represent the soil properties of the 
seedling plot (Figure S1).

One soil fertility and one soil moisture sample were taken from 
the centre of each 5 m × 5 m subplot in the soil sampling plot (three 
subplots in a 10 m × 10 m soil sampling plot, five in 20 m × 20 m). 
The top organic horizon was removed before soil sampling. Soil 
fertility samples were taken from the top 0–20 cm soil layer and 
passed through a sieve (2-mm mesh size). The three or five fertility 
samples per sampling plot were combined, air-dried (at ambient 
temperature), crushed, sieved (0.15-mm mesh size) and dried at 
95°C to constant weight. The sample was then divided into two 
parts. The first 100 mg was wrapped in tin foil and used to de-
termine the content of TC and TN by using an elemental analyser 
(Vario MACRO Cube, Elementar, Langenselbold, Germany) in CN 
mode. The second part (400 mg) was put in a digestion tube to 
which we added 5 mL of sulphuric acid (H2SO4) and 1 mL of per-
chloric acid (HClO4). The sample was then digested with a digestion 
instrument at 360°C for an hour and then mixed with deionized 
water to a volume of 100 mL. TP content was determined by ICP-
OES (Inductively Coupled Plasma Optical Emission Spectrometry, 
Optima 8300, PerkinElmer, Waltham, MA, USA). The soil moisture 
samples were collected with a 100 cm3 cutting ring. We measured 
each sample's moisture properties (MWHC, CWHC, MMC, WCF 
and SD) using the cutting ring method (Viji & Prasanna, 2012) and 
averaged each property across the three or five moisture samples 
from the same soil sampling plot. For each soil sampling plot on 
each island, we then averaged the data on soil properties from the 
two measurements (2015 and 2019).

2.5  |  Insect herbivore community

We established a 20 m × 20 m subplot at a randomly chosen point 
within the tree plot on each island, to conduct insect community 
surveys from May to August 2017 (Tu et al., 2019), which align with 
both the active growth phase of plants and herbivore activity peaks, 
using both sweep net and pitfall trapping methods. Sweep net sam-
pling was conducted at each site on a sunny morning, using a 35-cm 
diameter net to sweep 50 times along the two diagonal lines of the 
subplot. Collected insects were killed using ethyl acetate and then 
placed into a paper bag with a cotton layer inside. Five pitfall traps 
were set at the four vertices and the centre point of each subplot 
(25 traps per subplot or island); the pitfall traps consisted of a plastic 
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cup (8 cm diameter, 11 cm depth) with a rainproof cover, filled with 
70% ethanol solution (40 mL). The insects were collected from the 
pitfall traps every 3 days to ensure adequate sampling. All insects 
were brought back to the laboratory and sorted to morphospecies. 
We calculated insect herbivore abundance (number of individuals) 
and richness (number of species) to represent the insect herbivore 
community of each island.

2.6  |  Statistical analysis

For each seedling, we calculated four measures of neighbourhood 
density from the start of each census interval that the seedling was 
present: (1) the number of other conspecific seedlings within the 
same seedling plot (conspecific seedling density, CSD); (2) the num-
ber of all other seedlings (all species including conspecifics) within 
the same seedling plot (total seedling density, TSD); (3) the local den-
sity index (LDI) of conspecific trees within a 10 m radius of the focal 
seedling (conspecific tree density, CTD, cm2); and (4) the LDI of all 
trees (all species) within a 10 m radius of the focal seedling (total tree 
density, TTD, cm2). Total seedling and tree density were included 
to distinguish between conspecific effects and overall crowding ef-
fects. Although some previous work (Comita et al., 2014; LaManna 
et al., 2016) used the difference between the effects of conspecific 
and heterospecific densities on survival, the use of total densities 
simplifies interpretation because the conspecific effects are inter-
pretable on their own (Hülsmann et  al.,  2024). The LDI provides 
an inverse-distance weighted sum of basal areas of neighbouring 
trees, assuming an exponential decay with distance of the effects of 
neighbouring trees calculated using the following function (Comita 
et al., 2010; Hülsmann et al., 2024):

where BA represents the basal area of the j-th tree within a 10 m radius 
of the focal seedling i, distance denotes the distance between the j-th 
tree and the focal seedling i, and μ represents the distance-decay co-
efficient. We assessed model fit using candidate values of μ between 
0 and 0.5 in increments of 0.1 (Comita et al., 2010). The μ values for 
LDI_conspecific and LDI_total were permitted to differ in model param-
eterization (Hülsmann et al., 2024). The best-fit model configuration 
was identified through model comparison using the Akaike information 
criterion (AIC), with μ_conspecific = 0.2 and μ_total = 0.1 minimizing the 
AIC (Table S2).

Because seedling surveys were conducted more frequently than 
tree surveys, we interpolated tree density (both CTD and TTD) for 
each seedling using the following equation:

where LDI is (conspecific or total) tree density, y is the year of the last 
seedling survey, t1 is the previous tree survey year, and t2 is the next 
tree survey year.

To assess potential nonlinearity in the relationship between 
conspecific density and seedling survival, we fitted a binomial 
generalized additive mixed model (GAMM) and compared its sta-
tistical performance with the corresponding binomial generalized 
linear mixed model (GLMM) (Wood,  2017). Model comparison 
using AIC suggested the GLMM performed better than the GAMM 
(ΔAIC = 4.86). Subsequent analyses assumed linear relationships on 
the logit scale. We used the brms package (Bürkner, 2021) to fit a 
binomial Bayesian generalized linear hierarchical model of seedling 
survival as a function of the two island attributes (island area and 
isolation) and their interactions with the four density parameters 
(CSD, TSD, CTD and TTD). The model included normally distributed 
random intercepts for seedling plot nested within island identity, 
for plant species and for seedling survey time. We excluded species 
without variation in any one of the four density parameters and two 
island attributes from the analysis (e.g. species that were only ob-
served as single seedlings).

Any effects of island attributes on CDD are likely to be mediated 
by intermediate variables. To identify factors that might contribute 
to the effects of the two island attributes on the strength of CDD, 
we examined the relationships between insect herbivore community 
and soil variable datasets and island area and isolation using the lme4 
and lmerTest packages (Bates et al., 2015; Kuznetsova et al., 2017). 
The results of these models suggested that insect herbivore rich-
ness and abundance increased significantly with island area, and soil 
total phosphorus significantly decreased and capillary water hold-
ing capacity significantly increased with island isolation (Figure S2). 
The positive relationship between insect richness (i.e. the number 
of insect species) and island area appears relatively stable over time 
in TIL, based on other studies at the site (Luo et  al.,  2024; Zhang 
et  al.,  2023; Zhao et  al.,  2020; Zhou et  al.,  2017). Moreover, the 
spatial variation of soil total phosphorus and capillary water hold-
ing capacity among islands (4504.27 and 2016.48, respectively) 
was much greater than their temporal variation (200.32 and 0, re-
spectively). Consequently, two-year surveys of soil TP/CWC and 
single-year sampling of insect herbivore species richness on all the 
islands included in the study provide a reasonable estimate of varia-
tion among islands for investigating spatial variation in CDD across 
the decade-long time sequence. Soil total carbon and total nitrate 
were positively correlated with total phosphorus (Figure S3), and the 
other four soil moisture properties (MWHC, MMC, −WCF and −SD, 
positively related to soil moisture) increased significantly with cap-
illary water capacity (Figure S4). The analyses presented below are 
based on the results obtained from all the aforementioned models.

We then used structural equation models in a Bayesian frame-
work (Bayesian SEM) (Bürkner,  2021) to estimate the direct and 
indirect drivers of CDD in seedling survival (Figure  1). Our main 
questions were whether the conspecific density effects on seedling 
survival depended on island attributes, and whether these effects 
were direct (paths (a) 2, 3 and (b) 2 in Figure 1) or indirectly medi-
ated by insect herbivore richness, soil total phosphorus or capillary 
water holding capacity (paths (a) 6, 8, 9 and (b) 4, 8, 6, 10 in Figure 1). 
In the Bayesian SEMs, the submodel with soil total phosphorus or 

LDIi =
∑n

j

BAij

e�×distanceij

LDIy = LDIt1 +
(

LDIt2 − LDIt1

)

×
y − t1

t2 − t1
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capillary water holding capacity as the response included a normally 
distributed random intercept for island identity, and the submodel 
with seedling survival status as the response included normally 
distributed random intercepts for seedling plot nested within is-
land identity, for plant species and for seedling survey time. The 
Bayesian SEMs for island area and isolation included 9910 observa-
tions (Figure 1a) and 10,049 observations (Figure 1b), respectively 
(each observation is a unique combination of the 306 seedling plots 
nested within 25 islands, 30 plant species, 18 seedling surveys and a 
unique density parameter combination).

All continuous numeric variables were mean-centred and scaled 
by their standard deviation. The posterior of the models was ex-
plored using Hamiltonian MCMC sampling with 2000 samples from 
each of four chains. We confirmed model convergence by ensuring 
the Gelman–Rubin metric (R-hat) was less than 1.01 and an absence 
of divergences. Model adequacy was determined using posterior 
predictive graphical checks using 1000 posterior draws (Figure S5) 
and implemented in the performance package (Lüdecke et al., 2021). 
The radius for calculating CTD and TTD was set at 10 m because it 
resulted in better model fit than 5 m. All data analyses were per-
formed in R 4.3.3 (R Core Team, 2024).

3  |  RESULTS

The surveys identified 3641 tagged seedlings of 57 species on 306 
seedling plots. Of these, 30 species (3501 seedlings; Table S3) had 
some variation (var > 0) in all the covariates (four density parameters 
and two island attributes) and therefore could be included in the 
analyses.

3.1  |  Island attribute effects on seedling survival

Seedling survival declined with increasing island area and isolation 
(Figure 2a). Seedling survival also decreased as both conspecific and 
total tree density increased, with the former having a stronger effect 
(Figure 2a). The negative effects of conspecific tree density on seed-
ling survival were more pronounced on larger islands (Figure 2c), but 
independent of island isolation (Figure 2e). The negative effects of 
conspecific seedling density on seedling survival strengthened with 
both increasing island area and isolation (Figure  1b,d). Total seed-
ling density had no direct or indirect effects on seedling survival 
(Figure 2a).

F I G U R E  1  Schematic figures of the two Bayesian structural equation models (SEMs) that were used to test the drivers of conspecific 
density dependence (CDD) in seedling survival. The Bayesian SEMs for (a) island area and (b) island isolation. Numerical labels in the figure 
serve as identifiers for individual paths. Potential interactions between covariates are indicated by dots at path intersections (e.g. path (a) 2 
represents an interaction between island area and conspecific seedling density in their effects on seedling survival). Total seedling and tree 
density were included to distinguish between conspecific effects and overall crowding effects. All paths displayed here were included in the 
models.

(b)

(a)
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3.2  |  Mediators of island area effects on 
negative CDD

The effect of island area on negative conspecific seedling density de-
pendence in seedling survival appeared to be mediated by increasing 
species richness of insect herbivores on larger islands (Figure 3a). In 
our SEM, the direct path linking island area to conspecific seedling 
density effects on seedling survival was weak with a posterior dis-
tribution that overlapped zero (β = 0.074, 95% CrI: −0.378 to 0.531). 
However, the indirect path, mediated by the positive relationship be-
tween island area and insect herbivore richness, was supported by 
the data (Figure 3a). In contrast, the negative effects of conspecific 
tree density on seedling survival appeared to be independent of in-
sect herbivore richness (Figure 3a; Figure S6a,b).

3.3  |  Mediators of island isolation effects on 
negative CDD

Conspecific seedling density had stronger negative effects on seed-
ling survival on more isolated islands, and this relationship appeared 
to be mediated by decreasing soil total phosphorus on more isolated 

islands (Figure 3b). More isolated islands had lower soil total phos-
phorus and higher soil capillary water holding capacity (Figure 3b). In 
our SEM, the decrease in soil total phosphorus directly reduced seed-
ling survival and also strengthened the negative effects of conspe-
cific seedling density on seedling survival (Figure 3b,d). Additionally, 
the direct effect of island isolation on seedling survival and on con-
specific seedling density dependence in seedling survival was weak 
(β = 0.090, 95% CrI: −0.374 to 0.176; β = 0.015, 95% CrI = −0.090 to 
0.117) (Figure 3b). Soil capillary water holding capacity had no direct 
or indirect effects on seedling survival (Figure 3b; Figure S6c).

4  |  DISCUSSION

A large body of research indicates that plant performance declines 
in areas with high densities of conspecifics (negative CDD) (Comita 
et  al.,  2014) and that insect herbivores (Forrister et  al.,  2019; 
Sullivan, 2003) and fungal pathogens (Bagchi et al., 2014; Mangan 
et  al.,  2010; Packer & Clay,  2000) drive this process. This enemy-
mediated negative CDD is thought to promote plant diversity (Bagchi 
et al., 2014; Hülsmann et al., 2021; Mangan et al., 2010). However, 
the implications of anthropogenic disturbance for negative CDD, 

F I G U R E  2  Marginal effects of island attributes and their interactions with conspecific density on seedling survival. (a) Parameter 
estimates of the effects on survival of the two island attributes, the four density variables, and the interactions between island attributes 
and density. Parameter estimates (dots) are coloured according to whether their 95% credible intervals (95% CrIs) overlap zero (blue) or 
not (red). (b–e) The relationships between seedling survival and conspecific seedling and tree density on islands with different attributes. 
Increasing conspecific seedling (b) and tree (c) density reduced seedling survival to a greater extent on large (1154 ha) islands than small 
islands (0.19 ha). Increasing conspecific seedling density (d) had stronger negative effects on seedling survival on islands far (4217 m) from 
the mainland than those near the mainland (200 m). However, the effects of conspecific tree density on seedling survival did not differ 
noticeably between islands of different isolation (e). The lines and shaded areas represent model predictions and 95% CrIs of the posterior 
distributions of the predictions, respectively.

(a) (b) (c)

(d) (e)
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and hence plant diversity, remain poorly understood. In this study, 
in an artificially fragmented landscape, we found that conspecific 
seedling and tree densities reduced seedling survival and that these 
negative effects strengthened with increasing island area and isola-
tion. Furthermore, we found that these effects of island area and 
isolation on negative CDD were mediated by shifts in insect herbi-
vore communities (that were more species-rich on larger islands) and 
soil fertility (total phosphorus was more limited on isolated islands), 
respectively. The overall patterns suggest that fragmentation of 
this landscape has modified important neighbourhood interactions, 
partly as a result of altered soil properties and insect herbivore com-
munities by fragmentation.

Our results build on previous work on plant–enemy interactions 
in fragmented landscapes (Benítez-Malvido & Lemus-Albor,  2005; 
Krishnadas et  al.,  2018; Viswanathan et  al.,  2019, 2020, 2025). 

Previous studies have observed decreases in specialist insect her-
bivores with decreasing fragment area (Rossetti et  al.,  2017) and 
reduced negative conspecific density dependence due to weaker 
effects of specialist enemies at forest edges and in small fragments 
(Krishnadas et al., 2018; Viswanathan et al., 2025). In our data, stron-
ger negative conspecific seedling density dependence in seedling 
survival on larger islands was associated with more species-rich in-
sect herbivore communities (Figure 3a,c). The positive relationship 
between insect herbivore richness and fragment area has been re-
peatedly observed before (Krauss et al., 2003; Öckinger et al., 2012; 
Rossetti et al., 2017) and provides a plausible pathway for stronger 
negative conspecific effects on larger islands. In particular, the richer 
insect herbivore communities in larger fragments tend to include 
more specialists that are most likely to exert density-dependent 
control of their hosts (Alvarez-Loayza & Terborgh,  2011; Mickley 

F I G U R E  3  Results of the two Bayesian structural equation models (SEMs) on the drivers of negative conspecific density dependence 
(CDD) in seedling survival. (a) Pathways mediating the effects of island area on negative CDD in seedling survival. (b) Pathways mediating 
the effects of island isolation on negative CDD in seedling survival. Red arrows denote positive effects with 95% credible intervals (CrIs) 
that are greater than zero. Blue arrows denote negative effects with 95% CrIs less than zero (including insect herbivore richness-conspecific 
seedling density interaction with 94.1% CrI < 0). Yellow arrows indicate paths that received less support from the data, with 95% CrIs that 
overlap zero. Dots at path intersections indicate interactions between variables. Arrow widths indicate the relative strength (value in box) 
of well-supported paths (Figure S6 for more detail). Negative CDD in seedling survival intensified with greater insect herbivore richness 
(c) but diminished with elevated soil total phosphorus (d). Conversely, the adverse impact of total seedling density on seedling survival was 
magnified under higher soil phosphorus conditions (e). The lines and shaded areas represent model predictions and 95% CrIs of the posterior 
distributions of the predictions, respectively.

(a)
(c)

(d)

(e)

(b)
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et al., 2025; Sullivan, 2003). In contrast to the influence of conspe-
cific seedlings, the stronger negative effects of conspecific tree 
density on seedling survival on larger islands were independent of 
insect herbivore richness (Figure S6). Explanations of the differences 
between the mediation by insect herbivores of conspecific seedling 
and adult tree effects on seedling survival are necessarily specu-
lative, but one possibility is limited overlap between insect herbi-
vores consuming trees and seedlings, as has been observed in some 
tropical forests (Barrios, 2003; Basset et al., 1999). Further research 
could explore how fragmentation-associated shifts in insect herbi-
vore diet breadth influence herbivory patterns and their relationship 
with tree neighbourhoods.

There is considerable evidence that the impacts of adult trees 
on conspecific seedlings are mediated by fungal pathogens via 
plant–soil feedbacks (PSF) (Eck et  al.,  2019; Mangan et  al.,  2010; 
McCarthy-Neumann & Kobe,  2010), and regulation of plant pop-
ulations by their diseases increases with increasing fragment area 
(Viswanathan et al., 2019, 2025). Soil fungal communities on larger 
islands are more species-rich and spatially heterogeneous in TIL 
(Li et al., 2020). Spatial heterogeneity in soil-borne fungal commu-
nities may represent greater opportunities for seedlings to escape 
host-specific pathogenic fungi associated with adult conspecifics 
through dispersal, allowing stronger negative PSF on larger islands. 
Documenting the heterogeneity of soil-borne fungal communities, 
and the influence of that heterogeneity on plant communities, pro-
vides a promising avenue for future work.

We found stronger negative conspecific seedling density de-
pendence in seedling survival on more isolated islands (Figure 2). 
This result (stronger negative CDD on more isolated islands, which 
could promote species diversity) runs counter to the tendency for 
isolated fragments to contain fewer species (Ibáñez et  al.,  2014), 
and within the TIL, island isolation is unrelated to plant species rich-
ness (Yu et  al.,  2012). Our SEM results suggested an association 
between stronger negative effects of conspecific seedling density 
and less fertile soils (lower TP, accompanied by lower TC and TN, 
Figure  S3) on more isolated islands (Figure  3b). The relationship 
between soil fertility and island isolation within the TIL could be 
a result of several possible processes acting alone or in combina-
tion. First, increased island isolation has been associated with de-
clines in insect decomposer abundance and richness within the TIL 
(Luo et al., 2024), which might inhibit biotic processes involved in 
decomposition on more isolated islands. Second, rhizosphere soil 
fungal richness (but not non-rhizosphere soil fungal diversity; Li 
et  al.,  2020) in the TIL decreases with increased island isolation 
(Guo et al., unpublished data) and is positively correlated with soil 
phosphorus. Negative CDD could strengthen in infertile soils be-
cause there is evidence that plants invest less in defensive traits 
on less fertile islands within the TIL (Zhong et  al.,  2021), and re-
placing tissue damaged by pests and pathogens is harder when re-
sources are limited (Coley et al., 1985). These trade-offs could make 
plants more vulnerable to pests and pathogens, thus strengthening 
enemy-mediated negative conspecific seedling density dependence 
on less fertile islands. The positive relationship between defence 

investment and nutrient availability reported from the TIL is not 
universal, however. High fertility areas are generally associated 
with investment in growth as opposed to defence (Fine et al., 2006; 
Lynn & Fridley,  2019), and also stronger negative CDD (LaManna 
et al., 2016; Zang et al., 2021), except in very infertile soils, where 
the relationships may reverse (Brown et al., 2021; Coley et al., 1985; 
Herms & Mattson, 1992; Zhong et al., 2021). On the contrary, the 
stronger negative conspecific seedling density dependence on 
more isolated islands (with less soil total phosphorus) was mainly 
mediated by arbuscular mycorrhizal (AM) plants rather than ecto-
mycorrhizal (EM) plants (Lei et al., in preparation). There is evidence 
that under high soil phosphorus conditions, the high AM fungal col-
onization of plant roots is associated with providing more defence 
benefits and less growth benefits (Frew et al., 2023), which could 
weaken negative CDD in fertile soils. Arbuscular mycorrhizal plants 
tend to exhibit stronger negative CDD than EM plants, because EM 
fungi more effectively shield host plants from soil-borne pathogens 
than AM fungi, while also enabling slower pathogen build-up in the 
rhizosphere (Chen et al., 2019; Jiang et al., 2021; Liang et al., 2020; 
Pu et al., 2022). Furthermore, AM fungi demonstrate greater disper-
sal limitation under habitat fragmentation (Delavaux et al., 2021). In 
addition to its association with weaker negative CDD, higher soil 
total phosphorus was correlated with more negative effects of total 
seedling density (Figure 3b,e). One possible explanation is that re-
leasing plants from phosphorus limitation intensified interspecific 
competition for other resources, shifting the balance of inter-
specific and intraspecific competition (Letten et  al.,  2017; Tilman 
et al., 1982). Shifts in the underlying relationships between soil fer-
tility and environmental variables like island isolation, and plant de-
fence investment, could lead to alternative relationships between 
environmental variables and CDD.

It is becoming increasingly clear that habitat fragmentation 
can erode diversity through ecosystem decay (Chase et  al.,  2020; 
Gonçalves-Souza et al., 2025), but the processes through which this 
ecosystem decay occurs are unresolved. In this 10-year plant com-
munity dynamics dataset, weaker negative effects of conspecific 
seedling density on seedling survival on smaller islands were linked 
to declines in insect herbivore richness. Because negative CDD con-
tributes to maintaining the diversity of tree assemblages (Bagchi 
et  al.,  2014; Hülsmann et  al.,  2024; Johnson et  al.,  2012; Mangan 
et  al.,  2010), disrupting the process could accelerate ecosystem 
decay in small forest patches. Perturbations that are generally as-
sociated with fragmentation, like reduced specificity of herbivores 
(Bagchi et al., 2018; Martinson & Fagan, 2014; Rossetti et al., 2017) 
which drives negative CDD, may consistently reduce diversity in 
smaller or isolated habitats (Xu et al., 2023). In contrast, shifts that 
are particular to how fragmentation occurred (e.g. in this study is-
lands represent mountaintops left after flooding, that may have 
been less fertile) will have idiosyncratic effects on diversity, which 
cannot be understood without reference to the underlying mech-
anisms. Developing a general understanding of how fragmentation 
influences diversity will therefore require a more mechanistic ap-
proach that concentrates on the pathways that regulate biodiversity 
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in both disturbed and intact ecosystems. Such a mechanistic under-
standing of the biological mechanisms underlying ecosystem decay 
in fragmented ecosystems would advance general theory about the 
regulation of biodiversity in natural ecosystems.
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