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 356 

Figure 3. Above- and below-ground taxa-diversity responses to metacommunity (grey 357 

panels) and landscape properties (white panels). Standardized effect sizes are taken from the 358 

univariate linear models. Spatial extents are shown as radii from the center of the focal tree 359 

island in meters. Large circles show the scale of effect �v  the largest coefficient estimate. 360 

Black-filled circles show significant effects (P <=0.05).  361 

 362 

Univariate Versus Multivariate Models for Modelling Taxa Responses 363 

To inform parsimonious approaches for designing biodiversity-friendly landscapes, we 364 

compared the effectiveness of univariate versus multivariate models involving local, 365 
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metacommunity, and landscape properties in capturing taxa diversity. Our results show that 366 

multivariate models considerably enhanced variance explained for most of the taxa at the 367 

scale of effect, except for bacteria and fungi (Figure 4). In the case of bacteria, the multivariate 368 

model only marginally improved the explained variance compared to the univariate model 369 

(Adjusted R2 = 0.16 and R2 = 0.15, respectively). For soil fungi, the highest variance was 370 

explained by the univariate model with land-cover richness (R2 = 0.17) than in the best 371 

multivariate model (adjusted R2 = 0.14). The multivariate models explained higher variance 372 

than the best univariate model for all other taxa. For example, the variance explained by the 373 

best univariate model for bird diversity (i.e., island proximity at 200 m) was 0.28, increasing 374 

to 0.37 in the best multivariate model (550 m; Figure 4). Further, the variance explained 375 

increased from 0.25 to 0.30 for herbaceous plants, from 0.13 to 0.40 for woody plants, from 376 

0.90 to 0.27 for soil fauna, and from 0.17 to 0.36 for understory arthropods.  377 
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 378 

Figure 4. Explanatory power of univariate (circles) and multivariate models (diamonds) 379 

displayed using R2 and adjusted R2, respectively. Univariate models are shown at the scale of 380 

effect, while multivariate models span all spatial extents. Multivariate models incorporate all 381 

metrics (including tree island size and planted diversity) and are the best after model 382 

selection and averaging. Filled symbols indicate significance (P <0.05). Solid/dashed lines 383 

represent significant (P < 0.05) relationships between taxa diversity and local properties. 384 

Spatial extents are shown as radii from the center of the focal tree island in meters. 385 
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 386 

Relative Contribution of Local, Metacommunity, and Landscape Properties to Local Multi-387 

Taxa Diversity 388 

The best multivariate models combined local, metacommunity, and landscape properties 389 

across all taxa except soil fauna. Notably, metacommunity properties were consistently 390 

included in the best multivariate models across taxa, except birds and herbaceous plants, 391 

but with confidence intervals that often overlapped zero suggesting weak or variable 392 

responses. The multivariate scales of effect varied by taxa: 150 m for woody plants, 300 m 393 

for soil fauna, 550 m for birds, 600 m for herbaceous plants, and 700 m for soil fungi, 394 

bacteria, and understory arthropods (see Figures 4 & 5).  395 

 396 

Woody plant diversity was mainly influenced by combinations of local and landscape 397 

properties, specifically island size (β = 0.42) and scattered tree density (β = 0.39). Soil fauna 398 

diversity was primarily associated with island size (β = 0.31) and planted diversity (β = -0.35), 399 

both local properties. Metrics associated with metacommunity, or landscape properties 400 

were simultaneously included in the best-averaged models across taxa. Bird diversity was 401 

shaped by a combination of local and metacommunity properties, encompassing island size 402 

(β = 0.34), island density (β = 0.29), and mean island distance (β = 0.42). Herbaceous plants 403 

were driven mainly by metacommunity properties such as mean island area (β = 0.35) and 404 

mean island distance (β = -0.34). Soil fungi and bacteria diversity were most influenced by 405 

landscape properties, specifically land-cover richness (fungi: β = 0.46) and scattered trees (β 406 

= 0.37), respectively. Understory arthropods revealed a combined influence of local and 407 

landscape properties, with planted diversity (β = -0.34) and land-cover richness (β = -0.34) 408 

both having strong negative effects. 409 
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 410 

Figure 5. The best multivariate models at the scale of effect for each taxon. The panel 411 

headers identify the taxa and scales of effect. Filled symbols indicate confidence intervals not 412 

overlapping zero. Effect sizes from the multivariate models are standardized. Best-averaged 413 

models across spatial extents are shown in Figure S8.  414 

 415 

DISCUSSION 416 

We drew upon the unified model of community assembly to provide insights into enhancing 417 

multi-taxa diversity in tropical monoculture-dominated landscapes. We identified distinct 418 

influences of broad spatial properties on biodiversity. For instance, tree island 419 

metacommunity properties primarily shaped bird and herbaceous plant diversity, while 420 

landscape properties influenced soil fungi, bacteria, woody plants, and understory 421 

arthropod diversity. Relationships between the landscape components (i.e., local, 422 

metacommunity, & landscape properties) and taxa diversity suggest the nature of these 423 

relationships may hinge on variations in mobility, dispersal strategies, and life history among 424 

taxa. Further, we show that relationships between biodiversity and both metacommunity 425 
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and landscape properties are largely scale-dependent, supporting general expectations 426 

(Wiens 1989; Jackson & Fahrig 2012, 2015). However, contrary to the expected size-mobility 427 

linkages (Stevens et al. 2014; Hillaert et al. 2018), neither small-bodied (e.g., arthropods & 428 

soil fauna) nor large-bodied taxa (e.g., birds) showed a distinct preference for small or large 429 

spatial extents. Interestingly, below-ground taxa diversity was related to both local 430 

properties (e.g., soil fauna), and landscape properties (e.g., bacteria & soil fungi).  This 431 

challenges the longstanding view that below-ground communities are solely influenced by 432 

local conditions, a shift observed in temperate (Le Provost et al. 2021), and now in tropical 433 

landscapes. Finally, by integrating local, metacommunity, and landscape properties into our 434 

models, we improved their ability to explain variations in taxa diversity. This highlights the 435 

importance of a holistic strategy to enhance biodiversity in monoculture-dominated 436 

landscapes, considering processes across spatial scales, and explicitly considering landscape 437 

context.  438 

 439 

Above- and Below-Ground Responses to Local, Metacommunity, and Landscape 440 

Properties 441 

Above- and below-ground communities exhibited different responses to local, 442 

metacommunity, and landscape properties, highlighting the need to extend the focus of 443 

landscape ecology from plants, birds, and insects (see review in Jackson and Fahrig 2015) to 444 

below-ground taxa (Mennicken et al. 2020). Below-ground responses are often assumed to 445 

be influenced by processes and properties acting at local scales (Tscharntke et al. 2012). 446 

However, this perspective oversimplifies the complexity and diversity of below-ground taxa. 447 

In the best multivariate model, soil fauna was indeed mainly shaped by local conditions. 448 

However, soil fungi and bacteria responded strongly to landscape properties, specifically to 449 
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land-cover richness and scattered tree density at larger spatial extents. The influence of 450 

landscape properties at large spatial extents on below-ground diversity has also been 451 

observed in temperate human-modified ecosystems (Le Provost et al. 2021), suggesting this 452 

pattern may span biomes. It is likely that despite dispersal limitations for soil fungi and 453 

bacteria (Grilli et al. 2017; Mony et al. 2022), land-cover types such as fallow, secondary 454 

forests, and orchards, as well as scattered trees, act as species sources. Specifically, 455 

different land-cover types and scattered trees may increase landscape heterogeneity and 456 

serve as habitats for diverse communities shaped by variations in soil abiotic conditions, 457 

microhabitats, microclimates, light conditions, and resource availability, among others (Grilli 458 

et al. 2017; Mony et al. 2022). Furthermore, more mobile above-ground taxa may assist in 459 

transporting below-ground taxa and/or their resources across the landscape (Moore et al. 460 

1988); however, this remains highly speculative.  461 

 462 

Tree island age may influence the observed effects of local and metacommunity properties 463 

on taxa diversity. In their early stages, taxa requiring longer maturation periods (e.g,  trees), 464 

or those with delayed responses such as below-ground communities (Mennicken et al. 465 

2020), may depend on land-cover types other than tree islands and scattered trees as 466 

species sources. As they mature, the influence of metacommunity properties is expected to 467 

increase with species reaching reproductive ages and establishing populations. Further, 468 

island age may also influence local biotic or abiotic properties, modifying the influences of 469 

environmental filtering on community assembly. Therefore, a temporal perspective is 470 

necessary considering the multidecadal nature of the restoration process (Holl et al. 2017; 471 

Guerrero-Ramírez 2021) and how effects change over time as the succession occurs.  472 

 473 
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Our results suggest that environmental filters act at local and landscape scales, likely 474 

determining observed taxa responses to landscape properties and spatial extent through 475 

influences on generalist-specialist dynamics. Landscapes may moderate diversity patterns 476 

by selecting functionally relevant traits, thereby reducing functional redundancy and 477 

response diversity following habitat modification (Tscharntke et al. 2012). Forest specialists 478 

are more affected by the loss of primary habitat than generalists, who can use resources 479 

from a wide range of habitats (Pardini et al. 2010; Galán-Acedo et al. 2018; Morante-Filho et 480 

al. 2018).  481 

For example, birds evaluated in this study exhibited a wide range of diets (i.e., granivores, 482 

insectivores, and omnivores) and habitat preferences (i.e., wooded & cultivated areas, 483 

forest gaps & edges, primary & secondary forests) but over 96% showed a preference for 484 

agricultural or disturbed habitats (Figure S9). Since secondary forests comprise only 4% of 485 

the study area, environmental filtering might have already impacted the species 486 

composition (Figure 1). This is particularly significant given the recommendation to maintain 487 

at least 40% forest in a landscape to conserve both forest species and habitat generalists 488 

(Arroyo‐Rodríguez et al. 2020). Therefore, taxa responses to landscape properties and 489 

spatial extent should be interpreted in the context of ecological traits of species in the 490 

landscape. 491 

 492 

The influence of metacommunity and landscape properties on bird diversity are likely 493 

related to high dispersal abilities, which enable easy movement through the anthropogenic 494 

matrix, especially at smaller spatial extents (Knowlton et al. 2017). Specifically, higher bird 495 

diversity is associated with increased density of small but distant tree islands, according to 496 

the multivariate models. These findings suggest these islands play a crucial role in 497 
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facilitating movement by enhancing habitat connectivity. Additionally, small tree islands can 498 

increase ecotone lengths and habitat interspersion/juxtaposition, leading to greater 499 

resource availability and foraging efficiency of birds, especially for omnivores and/or habitat 500 

generalists (Morante-Filho et al. 2018).  501 

Herbaceous plant diversity was influenced by metacommunity properties, increasing with 502 

mean island area, island density, and proximity but decreasing with mean island distance. 503 

Interestingly, this pattern is inverse to that observed in birds. These contrasting responses 504 

underscore the importance of considering taxon-specific responses for conservation and 505 

restoration, and understanding how biotic interactions shape ecological processes across 506 

scales. For instance, decreased plant diversity could result from bird-dispersed invasive 507 

plants dominating herbaceous communities (Sachsenmaier 2018), further reflecting the 508 

implications of a shift towards omnivore-dominant bird populations (Figure S5).  509 

The negative relationship between land-cover richness and arthropod diversity observed in 510 

our study suggests that elements beyond land-cover richness may influence the direction of 511 

this relationship. For example, the size of the regional species pool, patch quality, and 512 

degree of specialization (with specialists less likely to disperse to tree islands) could drive 513 

community assembly in the tree islands. Fewer land-cover types with higher similarity to 514 

tree islands, such as secondary forests and orchards, may act as more important species 515 

sources than other types, such as rubber plantations. This expectation is supported by a 516 

positive relationship between the similarity index and arthropod diversity (Figure S3). 517 

Arthropod preference for specific land-cover types could be related to resource availability, 518 

plant structural complexity, and phenology, among others (Stamps & Linit 1998). 519 

Additionally, simplified plant communities, such as the oil palm matrix, can reduce insect 520 

diversity and promote single-species proliferation, often as pests (Risch et al. 1983; Stamps 521 
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& Linit 1998; Brandmeier et al. 2021). This may explain contrasting relationships between 522 

land-cover richness and arthropod diversity observed in temperate zones, where increased 523 

land-cover richness has been associated with higher arthropod diversity (Gámez-Virués et 524 

al. 2015).  525 

CONCLUSION 526 

Our research reveals scale-dependent responses of multiple taxa during the restoration 527 

process in a monoculture-dominated landscape. We show the importance of not only 528 

individual tree islands but also the tree island metacommunity and other landscape 529 

properties in enhancing biodiversity. We observe that above-ground taxa were generally 530 

influenced more by metacommunity and landscape properties, whereas local or landscape 531 

properties primarily drove below-ground taxa. This accentuates the necessity of considering 532 

these scale-dependent properties for the preservation of not only above-ground but also 533 

below-ground taxa, supporting a shift already advocated for in temperate regions but not 534 

tested in the tropics. Notably, these taxon-dependent responses might be linked to 535 

ecological traits such as mobility, dispersal, and life history. For example, metacommunity 536 

properties greatly impacted taxa with high mobility and dispersal, like birds and herbaceous 537 

plants, while landscape properties were crucial for taxa with overall lower dispersal, such as 538 

understory arthropods and tree species. These patterns might fluctuate with island 539 

maturity, further emphasizing the importance of preserving landscape attributes such as 540 

forests and scattered trees. This underlines that creating and managing tree islands as a 541 

restoration strategy should take a landscape perspective informed by multi-scale analyses. 542 

 543 
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