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Objective  This study aimed to determine the land-
scape scale of effect governing the α and β diversities 
of woody species in a highly fragmented, semidecidu-
ous tropical forest.
Methods  We recorded the diversity of woody spe-
cies in 19 plots scattered across a highly fragmented, 
semideciduous tropical forest landscape. Then, we 
used CART algorithms to evaluate the effects of land-
scape attributes on the α and β diversities of such spe-
cies across 100 scales (10–1000  m) and tested con-
tinuous effects with generalized additive models.
Results  The shape and size of habitat patches in the 
range of 250–470 m determined α diversity. As for β 
diversity, nestedness was affected by the shape of for-
est patches at 510 m, whereas landscape heterogene-
ity affected species turnover within 100 m buffers.
Conclusion  While a previous study in a similar 
habitat reported effects at 800  m, the number, size, 
and shape of habitat patches in the current study 
accounted for the diversity of the focal plots within 
100–510 m. Furthermore, CART effectively screened 
100 scales, revealing which landscape attributes cor-
related the most with the diversity of woody plants. 
The findings provide valuable guidelines for conser-
vation, restoration efforts, and public policies.

Keywords  Fragmented landscape · Multiscale 
analysis · Connectivity · Machine learning · 
Seasonally dry tropical forests

Abstract 
Context  Most tropical forest landscapes are highly 
fragmented, have habitat patches varying in size and 
shape, and display different degrees of perturbation, 
but with high conservation values. Therefore, a major 
goal of landscape ecology is to discover the actual 
spatial scale at which landscape composition and 
structure affect biological processes and biodiversity.
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Introduction

The loss and fragmentation of tropical forests have 
drastically modified the configuration of natural land-
scapes and the functions of ecosystems worldwide 
(Fischer and Lindenmayer 2007; Taubert et al. 2018). 
At present, the majority of tropical landscapes are 
characterized by habitat patches of varied sizes and 
shapes at different levels of disturbance and connec-
tivity (Gardner et al. 2009; Pozo et al. 2011). None-
theless, most tropical landscapes harbor a consider-
able portion of the original biodiversity of plants 
and some animal groups (Laurance 2008; Wheatley 
and Johnson 2009). The capacity of the taxa to move 
through the transformed habitat correlates with sev-
eral factors, including their functional traits, the pres-
ervation of biotic interactions, and the spatial array 
of habitat patches in the landscape (Ricketts 2001). 
Therefore, the scale at which landscape properties 
(e.g., forest cover, the number and distribution of 
habitat patches, and mean patch size and shape) affect 
biodiversity also varies among taxa or functional 
groups (Tishendorf et al. 2003; Falcucci et al. 2007; 
Fletcher and Fortin 2018; Miguet et al. 2016).

The number of forest patches (a simple estimate of 
fragmentation) and their shape are landscape attrib-
utes that are most frequently associated with the 
diversity of biological communities. In particular, the 
shape of habitat patches informs their geometric com-
plexity (Patton 1975), along with the environmental 
influence of the transformed matrix on the habitat, as 
edge effects reduce the quality-habitat areas of such 
patches (Laurance 1991). Edge effects are more sig-
nificant in patches of complex shapes, such as forest 
patches along streams, than in forest patches of sim-
pler geometries (e.g., circles). Therefore, the number 
of forest patches and their shape serve as surrogates 
of quality-habitat areas and have been shown to have 
a positive relationship with the α diversity of different 
taxa (Saunders et al. 1991; Ewers and Didham 2007; 
Fischer and Lindenmayer 2007; Keppel et al. 2010). 
Furthermore, landscape heterogeneity and habitat 
patch connectivity correlate positively with α diver-
sity because highly heterogeneous landscapes tend to 
harbor species-rich communities rather than homog-
enous landscapes (Morelli et  al. 2013; Perović et  al. 
2015). In addition, more connected habitat patches 
facilitate movement (gene flow) across the trans-
formed matrix (McCluskey et al. 2022). Regarding β 

diversity, recent evidence has shown the significant 
positive effects of habitat fragmentation and the shape 
of habitat patches (Nicasio-Arzeta et al. 2021). Such 
effects can be attributed to different patches harbor-
ing different elements of biodiversity and the fact that 
forest patches of simple geometry are likelier to host 
both habitat specialists and rare species (Jamoneau 
et al. 2012).

Among the myriad landscape metrics believed to 
influence biological processes, a pivotal question in 
landscape ecology concerns the scale at which land-
scape properties exert their impact on biological 
processes and biodiversity—referred to as the “land-
scape scale of effect.” Historically, most studies have 
yielded inconclusive evidence regarding the reported 
scale of effect, primarily due to predefined scales 
often failing to encompass the actual scale of effect, 
and because a limited number of scales have been 
examined so far (Jackson and Fahrig 2015).

In the current study, we investigated the landscape 
scale of effect in the α and β diversities of woody 
species of highly fragmented, semideciduous tropi-
cal vegetation in the central Gulf of Mexico Low-
lands. We tested 100 scales encompassing two orders 
of magnitude and four landscape metrics of up to 
seven land use types. We aimed to answer the fol-
lowing questions: (1) What spatial scales and land-
scape attributes govern the α diversity (species rich-
ness, Shannon, and Simpson true diversity estimates) 
of woody plants in forest remnants within a highly 
fragmented semideciduous tropical forest? (2) What 
spatial scales and landscape attributes govern the β 
diversity components (species turnover and nested-
ness) of woody plants in forest remnants within a 
highly fragmented semideciduous tropical forest? and 
(3) Are β diversity components (species turnover and 
nestedness) affected at the same spatial scales and by 
the same landscape attributes?

Theoretically, the scale at which landscape prop-
erties affect biological processes and biodiversity is 
intimately linked to the dispersal limitations of the 
taxa involved. Natural communities of tropical trees 
are known to be structures, partly due to the disper-
sal limitations to gene flow (movement of seeds and 
pollen), as discussed by Hubbell and Foster (1986) 
and Chave et  al. (2002). Bats and birds are among 
the main disperser agents of woody species in the 
tropics (Howe and Smallwood 1982; Fleming and 
Kress 2011), whereas medium- and small-bodied 
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mammals serve as secondary dispersers (Seidler and 
Plotkin 2006). Therefore, considering the mobility of 
birds (Cueto 2006; Jordano et al. 2007; Boscolo and 
Metzger 2009; Sica et al. 2020) and bats (Ripperger 
et al. 2015), along with previous reports on the land-
scape scale of effect in the diversity of tropical plant 
communities (Nicazio-Arzeta et al. 2021), we expect 
that landscape attributes will have significant effects 
on the diversity of woody plants at scales between 
100 and 800 m. Specifically, because the area of habi-
tat patches correlates positively with species richness 
(Cayuela 2006; Wies et  al. 2021), we predict that α 
diversity would increase with the number and area 
of forest patches, as well as in landscapes with forest 
patches with simple geometries (e.g., circles). These 
specific patches have a smaller perimeter-to-area 
ratio than geometrically complex patches, thus maxi-
mizing the quality habitat at the core of the patches 
(Ewers and Didham 2007). We also predict that the 
nestedness component of the β diversity of focal 
plots is likely to increase with landscape heterogene-
ity (Nicazio-Arzeta et al. 2021). This is because het-
erogeneous landscapes tend to harbor subsets of the 
community of woody plants in remnant forest patches 
(Cook et al. 2005; Jamoneau et al. 2012). In addition, 
focal plots located within landscapes featuring pre-
dominantly geometrically simple forest patches (e.g., 
square-like) are likely to host habitat specialist taxa 
and potentially rare species, thus making significant 
contributions to β diversity through species turnover 
(Jamoneau et  al. 2012). Due to the reduced likeli-
hood of habitat-specialist species moving through the 
transformed matrix, we also expect that the landscape 
scale of effect on the turnover component of β diver-
sity will occur at shorter spatial scales than the nest-
edness component, wherein habitat-generalist species 
are the primary contributors.

Methods

Study site

The study site was in the coastal plains of the Gulf 
of Mexico within the municipality of Tlalixcoyan in 
Veracruz State (extent, 14Q; longitude = 770,354.4 
and 818,914.4; latitude = 2,058,615 and 2,097,975, 
Fig. 1). The municipality of Tlalixcoyan has an area 
of 974.71 km2 and an average elevation of 10  m 

above sea level. The weather is classified as Aw (i.e., 
tropical with summer rains) (Kottek et al. 2006), with 
an average mean temperature of 25.9  °C. The accu-
mulated annual precipitation averages 1,400 mm. The 
amount of rainfall peaks between June and October, 
while the dry season generally occurs from November 
to May (García 1988). The soil in the municipality is 
vertisol, which is a type of fertile soil with a highly 
expandable clay content, resulting in cracks that open 
and close due to changes in humidity (FAO 2014).

Given that most natural vegetation in the munici-
pality has been transformed, it is not easy to estab-
lish the original type of vegetation in the area (López 
and Dirzo 2007). However, some vegetation remnants 
and old secondary growth in abandoned lands reveal 
the structure of evergreen and semideciduous tropical 
forests, with canopy trees as high as 10–25  m. The 
following are representative canopy species in the 
area: Ficus spp., Tapirira mexicana, Cordia stellifera, 
Sabal mexicana, and Cedrela odorata. In the lower 
strata, Coccoloba barbadensis, Pithecellobium dulce, 
and some species of Vachellia and Randia were com-
mon (Juárez-Fragoso et  al. 2017). According to the 
Instituto Nacional de Estadística y Geografia (INEGI 
2016), land use in the municipality includes pasture 
(62%), agriculture (34%), secondary tropical forest 
(2.5%), water bodies (0.8%), urban centers (0.6%), 
and other tropical vegetation forms, such as savanna 
(0.1%).

Study design

This study was designed according to a classification 
of land-use types in the municipality of Tlalixcoyan 
(Fig.  1). The supervised classification was based 
on the maximum likelihood method applied over a 
Sentinel 2B satellite image collected by the sentinel 
mission of the European Space Agency with a 10 m 
resolution, less than 10% cloudiness, dated July 2020 
(ESA 2015). The classified image shows seven land 
use types: (1) semideciduous tropical forest, (2) water 
bodies, (3) crops, (4) pastures, (5) pastures with small 
forest patches and isolated trees, (6) savannas, and (7) 
urban areas. The overall classification accuracy was 
76% (Juárez-Fragoso et al. 2023). For this study, we 
defined 19 sampling sites across the classified image. 
All sites were immersed in forest vegetation, although 
the sizes of the forest fragments containing the focal 
plot varied.
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The mean (± standard deviation, SD) distance 
between the focal plots was 19,561 ± 9,490  m, and 
the nearest pair of focal plots was 1,337 m apart. We 
generated 100 buffers around each focal plot from 
a radius of 10–1,000  m (i.e., every 10  m). We used 
10 m increments in the radius of buffers because the 
classified image resolution was 10 × 10  m, and the 
study site had a long history of transformation charac-
terized by ca. 15% of forest patches with an area less 
than 1000 m2 (Juárez-Fragoso et al. 2023). Thus, set-
ting the 10 m radius increments allowed the gradual 
inclusion of tiny forest patches, which in many other 
studies were often excluded because of the selected 
grain size and the focus on medium to large forest 
patches (Zhang et al. 2020; Weis et al. 2021). In our 

study, buffers around a pair of focal plots overlapped 
when the radius was above 660  m. The maximum 
overlap (1000 m radius) was 21% of the buffer area, 
and the overlap at the upper limit of the predicted 
scale of effect (800  m) was less than 8% (Fig. S1). 
However, this fact is a minor concern because the 
overlap does not affect the response variable (e.g., 
plant diversity estimated in the focal plots), and com-
puter simulation studies have shown that overlapping 
buffers do not affect the autocorrelation patterns of 
landscape metrics (Zuckerberg et al. 2012).

For each buffer size (10–1000  m radius), we 
evaluated one metric at the landscape level, as well 
as (1) landscape heterogeneity (the Shannon Index) 
and three metrics at the class level; (2) the number 

Fig. 1   A Location of the study area in the municipality of 
Tlalixcoyan, Veracruz. B Classified image of the study site 
showing the location of 20 plots and 1000 m radii buffers. C 

Example of a focal plot with 10 buffers spaced every 100 m for 
illustration purposes; the study considered 100 buffers spaced 
every 10 m
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of habitat patches; (3) the mean area of habitat 
patches; and (4) the overall shape of the habitat 
patches (see Table S1 for the detailed calculation). 
The numerical expression of the shape of habitat 
patches was based on the ratio between the perim-
eter of a circle and the perimeter of a habitat patch 
of equal areas. In this way, values close to 1 indi-
cate simple geometries, while values close to zero 
indicate complex geometries (i.e., highly irregular 
patches). The selected landscape metrics have been 
described in the literature as determiners of seed 
and seedling diversity (Hernández-Ruedas et  al. 
2018; San-José et  al. 2020; Nicasio-Arzeta et  al. 
2021) and include animal populations, such as 
birds (Villard et al. 1999), bats (Ethier and Fahrig 
2011), and terrestrial mammals (Thornton et  al. 
2011). The maximum buffer size analyzed in this 
study complied with a previous study (Jackson and 
Fahring 2012), which proposed that the scale of 
the effect of ecological processes should be inves-
tigated in buffers no smaller than 0.3–0.5 times the 
expected dispersion distance.

For each buffer size, the landscape units were 
defined according to the rule of four neighbors 
(Rook’s case contiguity) (Lloyd 2010). All metrics 
were calculated by using the spatial analysis pack-
ages Raster 2.9–5 (Hijmans and Elith 2019) and Terra 
1.5–17 (Hijmans 2023), as well as following the for-
mulas in the R Landscapes package (Hesselbarth 
et al. 2019). We calculated all metrics using the pro-
gramming R language environment.

Field data collection

In the field, we marked a 10 × 10 m plot in each site 
and recorded all woody individuals with a diam-
eter at breast height (DBH) equal to or greater than 
2.5 cm. The size of the plots allowed us to minimize 
the so-called edge effects (30–50 m from the border) 
(Benitez-Malvido et al. 2018), particularly for plots in 
small forest patches. Based on our research group’s 
previous experience in the study site, the 10 × 10  m 
plots are sufficient to record the local composition 
of woody species with DBH ≥ 2.5 (c.f., López and 
Dirzo 2007; Juárez-Fragoso et  al. 2017). All regis-
tered woody individuals were identified in the field 
to the species level, taking as references a floristic 
list (Juárez-Fragoso et  al. 2017) and the ecological 

works carried out on the study site by our research 
group (Hernández-Hernández 2010; López and Dirzo 
2007).

Data analysis

Diversity

To assess the completeness of the recorded sample of 
woody species, we used the sample coverage estimate 
proposed by Chao and Shen (2010). Sample coverage 
represents the proportion of individuals in a commu-
nity belonging to any species included in the sample. 
The closer the sample coverage is to one, the more 
significant the fraction of the actual community rep-
resented in the model (Chao and Jost 2012).

For each 10 × 10 m plot, we calculated the species 
richness (0D), and the effective number of equiva-
lent species 1D (eH, Shannon), and 2D (the inverse 
of Simpson, 1/Simpson) representing the effective 
number of species (Jost 2006). We also included the 
Shannon evenness index, as suggested by Cao and 
Hawkins (2019). Next, we calculated β diversity by 
partitioning the contribution of species turnover (i.e., 
changes in species composition with balanced abun-
dances) and nestedness (i.e., abundance gradients of 
shared species) (Baselga 2010). Then, based on the 
distance matrix, we averaged the β diversity of each 
focal plot compared with all the other plots. To obtain 
the α diversity (Shannon and Simpson) and β diver-
sity (Sørensen similarity) estimates, we used the R 
packages Vegan (Oksanen et  al. 2020) and betapart 
(Baselga et al. 2021), respectively. All analyses were 
performed in R 4.1.1 (R Core Team 2021).

Scale of effect

We used machine learning classification and regres-
sion trees (CART) algorithms to determine the 
scale at which the landscape attributes showed the 
highest correlation with the diversity metrics (α 
and β). CART creates a recursive partition of a sin-
gle response variable (e.g., α diversity) based on 
explanatory variables (i.e., landscape attributes esti-
mated in buffers from 10 to 1,000 m in radii scaled 
up every 10  m). Although the procedure is compu-
tationally exhaustive, each partition obtained is the 
best possible partition based on the set or subset of 
data (De’Áth and Fabricius 2000). For each diversity 
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metric, the response variable, we used a CART model 
that tested the whole set of predictor variables (three 
metrics of up to seven and-use types and one at buffer 
level, landscape diversity (Shannon), and all metrics 
estimated in 100 scales). The actual number of pre-
dictor variables was 769. CARTs are nonparametric 
models with no prior assumptions regarding data 
distribution and are robust enough to handle con-
tinuous linear/nonlinear relationships and threshold 
responses (Kallimanis et al. 2007). In addition, there 
is no penalization or limitation of predictor variables 
because the procedure is computationally exhaustive, 
and every predictor variable is dealt with individu-
ally in each partition. The sample size in our study 
(N = 19) limited the number of potential partitions, as 
no partition can have less than five observations (Bre-
iman et al. 1984; Loh 2014). Then, we used a Monte 
Carlo test (Roff 2006) to establish whether the divi-
sion of the CART model was statistically significant. 
The response variable was randomly shuffled and fit-
ted to the model (random CART: rCART) using only 
those variables selected by the initial CART model. 
We repeated this procedure 1,000 times and evaluated 
whether the divisions in each of the rCART models 
reduced the residual deviance in a greater or an equal 
amount as in the initial model. This was done with 
the function tree in the R package of the same name 
(Therneau and Atkinson 2022) in R 4.1.1 (R Core 
Team 2021).

Next, we tested whether the diversity metrics 
responded in a linear/nonlinear way to the landscape 
metrics at the scales defined by the CART models. 
To this end, we used general additive models (GAM) 
to describe the potentially linear and nonlinear rela-
tionships (De’Ath and Fabricius 2000) of the diver-
sity metrics with the landscape metrics at the scales 
defined by the CART models. In all cases, the GAM 
was fitted with a thin plate spline smoother (k = 3), 
which allowed linear and simple nonlinear responses, 
such as growth reaching a plateau. The GAM were 
fitted in the R package mgcv (Wood 2011) in R 4.1.1 
(R Core Team 2021).

Results

Floristic richness

In the 19 plots, we registered 427 individuals, 
67 species, and 60 genera of woody species with 
DBH ≥ 2.5  cm throughout Tlalixcoyan (Table  S2). 
The most representative families were Leguminosae 
(15 species, 22%), Rubiaceae (six species, 9%), and 
Moraceae (five species, 7%), while the most repre-
sentative genera were Ficus and Randia, with four 
species each. In addition, the most abundant species 
were Guazuma ulmifolia, with 52 individuals; Coc-
coloba barbadensis, with 48 individuals; and Par-
mentiera aculeata, with 32 individuals. The sample 
coverage estimate was 0.72 (i.e., the sampled species 
represented 72% of the woody stem, with DAP ≥ 2.5 
at the study site). In the plots, the average mean spe-
cies richness was 8.16 species, a standard deviation of 
2.97 species, and a range between 3 and 14 species of 
woody plants with DAP ≥ 2.5 cm.

Species richness

The CART model accounted for over 75% (P = 0.007) 
of the total deviance in the first division (Fig. 2A, B). 
On average (± standard error), the species richness 
of focal plots (10.86 ± 0.91 species, n = 7) was 42.3% 
higher than the mean species of plots in landscapes 
with more irregular forest patches (7.6 ± 0.91 species, 
n = 12) at a scale of 470  m. The second division of 
the CART model occurred in plots with fewer regular 
forest patches (a reduction of 13% of the total devi-
ance), but this was not significant (P = 0.058). The 
GAM accounted for 40.1% of the observed devi-
ance, indicating that species richness was positively 
correlated with the shape of forest patches (F = 7.04, 
d.f. = 2, P = 0.004) on a scale of 470 m (Fig. 2C).

Diversity and evenness

The CART models showed similar responses to the 
exponentials of Shannon’s and Simpson’s inverse 
diversity indices (Figs.  3A, B and S2A, B, respec-
tively). The first division of the models accounted for 
80.3% (P = 0.004) and 86.9% (P = 0.005) of the total 
deviance of the eH and 1/D, respectively. At a scale 
with a radius of 320 m, the respective diversities of 
the focal plots (eH = 8.14 ± 0.95; 1/D = 6.9 ± 0.86; 
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n = 8) were 70 and 85% higher when the land-
scape included no fewer than three forest patches 
than when the landscape had fewer forest patches 

(eH = 4.81 ± 0.81; 1/D = 3.74 ± 0.59; n = 11). The sec-
ond division of the CART models accounted for an 
additional 10.3% in both models, but the division was 
likely to occur by chance (P = 0.091 and P = 0.073 for 
eH and 1/D, respectively).

Regarding the exponentials of Shannon’s and 
Simpson’s reciprocal indexes, the GAM accounted 
for 55.6 and 56.2% of the total deviance, respectively. 
Furthermore, the diversity increased along with an 
increase in the number of forest patches in the land-
scape (F = 3.55, d.f. = 2, P = 0.029 for the Shannon 
index and F = 4.15, d.f. = 2, P = 0.026 for the Simpson 
index) (Figs. 3C and S2C).

For evenness, the CART model reduced total 
deviance by 84.7% in the first division (P = 0.01) 
(Fig.  3D, E). The community of woody species 
was more evenly composed (0.91 ± 0.02; n = 8) in 
landscapes (660  m) with forest patches of regu-
lar shape (shape = 0.66) than in those communities 
(0.81 ± 0.03) of plots in landscapes with less regular 
forest patches (shape = 0.6). Meanwhile, the second 
division of the CART model reduced deviance by 
an additional 10.3%, but the division likely occurred 
by chance (P = 0.064). For evenness, the GAM 
accounted for 30.6% of the total deviance, revealing 
that evenness increased as forest patches on the land-
scape had simpler geometric forms (Fig. 3F).

Beta diversity

Total β diversity ranged from 0.71 to 0.93, with 
an average of 0.8. The first division of the CART 
model on the nestedness component of the β diver-
sity (unidirectional abundance gradients, βgra) 
reduced deviance by 87%. Plots in landscapes (buffer 
510  m) with irregularly shaped forest patches of 
(shape < 0.51) had the highest values of nestedness 
(βgra = 0.084 ± 0.008, Fig.  4A, B), while nested-
ness was 55.6% lower (βgra = 0.035 ± 0.006) in plots 
where the landscape included regularly shaped for-
est patches (shape > 0.65). Although the second divi-
sion of the CART model reduced deviance by an 
additional 21.8%, this division likely occurred by 
chance (P = 0.173). Meanwhile, the GAM accounted 
for 36.3% of the total deviance and showed that βgra 
correlated negatively with the shape of forest patches 
(F = 4.45, d.f. = 2, P = 0.0054) (Fig. 4C).

Regarding species turnover (balanced variation in 
abundance, βbal) (Fig. 4D, E), the first division of the 

Fig. 2   The landscape scale of effect on the species rich-
ness of the woody species of a highly fragmented subcadu-
cifolious tropical forest. A Classification and regression tree 
(CART) showing the main divisions of the dataset caused by 
the shape of forest patches in 470  m radii buffers and a sec-
ondary division caused by the number of forest patches within 
340 m. B Summarized species richness, mean ± standard error 
in each branch of the CART model (vertical correspondence); 
n = number of observations in each branch. In A and B, black-
colored lines and symbols correspond to significant branches 
of the CART model, while those in gray color correspond to 
branches that likely occurred by chance. C The continuous 
effect of the mean shape of forest patches in 470 m radii buff-
ers on species richness based on the general additive model 
(GAM)
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CART model was statistically significant (P < 0.001), 
accounted for 93% of the total deviance, and revealed 
that plots in heterogeneous landscapes (i.e., the Shan-
non index at the scale of 100 m, H′ = 1.8) had higher 
species turnover (βbal = 0.85 ± 0.018) than those plots 

(βbal = 0.70 ± 0.023) in less variegated landscapes 
(H′ = 1.2). The GAM also showed that βto correlated 
positively with landscape heterogeneity, account-
ing for 27.7% of the total deviance (F = 2.77, d.f. = 2, 
p = 0.019) (Fig. 4F).

 

Fig. 3   The landscape scale of effect on the diversity (eH, 
Shannon) and evenness of the woody species of a highly frag-
mented subcaducifolious tropical forest. A and D CART model 
showing the main divisions of the dataset caused by the num-
ber of patches of subcaducifolious tropical forest in 320 m radii 
buffers and the shape of forest patches in 600 m radii buffers 
for eH and evenness, respectively. The diagram also shows sec-
ondary divisions caused by the shape of forest patches and the 
extent of agricultural land for eH and evenness, respectively. B 
and E Summarized diversity and evenness, mean ± standard 

error in each branch of the CART models (vertical correspond-
ence); n = number of observations in each branch. In A, B, D, 
and E, black-colored lines and symbols correspond to signifi-
cant branches of the CART models, while those in gray color 
correspond to branches that likely occurred by chance. C and F 
The continuous effect of the number of forest patches in 320 m 
radii buffers and the mean shape of forest patches in 600  m 
radii buffers on diversity and evenness, respectively, based on 
the GAM
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Discussion

In this study, we assessed the corresponding rela-
tionships between landscape attributes and the α and 
β diversities of woody species in a highly modified 

habitat covered by patches of semideciduous tropi-
cal forest and other tropical vegetation variants 
(López and Dirzo 2007; Juárez-Fragoso et al. 2017). 
In general, the scale at which the landscape configu-
ration defined the diversity of woody species in the 

Fig. 4   The landscape scale of effect on β diversity compo-
nents (nestedness and turnover) of the woody species of a 
highly fragmented subcaducifolious tropical forest. A and D 
CART model showing the main divisions of the dataset caused 
by the mean shape of forest patches in 510 m radii buffers and 
the heterogeneity of the landscape (Shannon diversity) in 100 
radii buffers for nestedness and species turnover, respectively. 
The diagram also shows the secondary divisions caused by the 
area of forest patches for both components of the β diversity. 
B and E Corresponding summarized nestedness and species 

turnover (mean ± standard error) in each branch of the CART 
models (vertical correspondence); n = number of observa-
tions in each branch. In A, B, D, and E, black-colored lines 
and symbols correspond to significant branches of the CART 
models, while those in gray color correspond to branches that 
likely occurred by chance. C and F The continuous effect of 
the mean shape of forest patches in 510  m radii buffers and 
the diversity of the landscape (Shannon) in 100 m radii buffers 
on nestedness and species turnover, respectively, based on the 
GAM
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sampling plots varied from 100 to 660 m, confirming 
our prediction that significant effects of the landscape 
attributes would be observed at scales between 300 
and 800 m. In addition, the landscape scale of effect 
for species richness, Shannon and Simpson diversi-
ties, and evenness occurred between 320 and 660 m. 
In accordance with our predictions, the scale of effect 
for the turnover component of the β diversity (100 m) 
was over five times shorter than the observed scale of 
effect on the nestedness component (510 m).

Overall, the observed scale of effect was smaller 
than previously reported for woody plants in other 
tropical forests, which was approximately 800  m 
(Nicasio-Arzeta et al. 2021). Several factors may have 
contributed to this discrepancy in the scale of effect 
observed between the current study and other studies 
done in the tropical forests of Mexico. First, regard-
ing our methodology, we assessed the scale of effect 
across two orders of magnitude, buffers from 10 and 
up to 1,000  m in radius with 10  m increments. In 
contrast, Nicasio-Arzeta et  al. (2021) analyzed buff-
ers that were 13 scales across one order of magnitude 
(from 300 and up to 1500 m with 100 m increments). 
The ten-fold buffer size increment (100) compared 
with our study (10  m) limited the number of scales 
(300–600 or 700) within the range of scales of effects 
observed in this study and restricted the opportunity 
to find effects in the same range. Nonetheless, the 
reported scale of effect of 800 m is only 21% higher 
than the uppermost scale of effect observed in our 
study (660 m for evenness). On the other hand, some 
effects were observed at 100 m (βbal), a scale not con-
sidered by Nicasio-Arzeta et al. (2021).

Second, our study site harbors remnants of a sem-
ideciduous tropical forest, with over 80% of the veg-
etation cover transformed into agricultural and cattle 
ranching practices (Juarez-Fragoso et al. 2023) across 
an area with a size of 970 km2. In contrast, Nicasio-
Arzeta et  al. (2021) analyzed a tropical rainforest 
landscape with up to 60% of land cover transformed 
into farming and cattle ranching (Carabias et al. 2015) 
in an area less than 50 km2. Thus, the observed differ-
ences in the scale of effect may depend on the type of 
landscape. Nonetheless, as Jackson and Fahrig (2015) 
pointed out, a low number of scales leads to imprecise 
results, while there are no conceptual limitations to 
evaluating a large set of scales. Therefore, our analy-
sis of 100 scales across two orders of magnitude may 
have produced more accurate results than previous 

studies. As such, we highlight the need to replicate 
our research in other tropical forest landscapes to 
disentangle methodological issues, landscape his-
tory and transformation, and vegetation cover types. 
To this end, the R code in the supplementary mate-
rial will significantly benefit those willing to test 100 
scales (or more).

Third, due to the extent of transformation of the 
vegetation in our study site, most of the forest rem-
nants are of secondary semideciduous tropical forest, 
with few well-conserved original vegetation cover, 
which contrasts with other studies wherein the land-
scape still harbors significant patches of relatively 
well-conserved tropical forests (San-José et al. 2019, 
2020; Nicasio-Arzeta et al. 2021). These characteris-
tics may have narrowed the scale of effect compared 
with those observed in studies performed in land-
scapes with well-conserved forest patches, mainly 
because the vegetation at our study site had gradually 
regenerated by germplasm from the few neighboring 
forest patches and isolated trees and palms (Villicaña-
Hernández et al. 2020). The observed scale of effect 
(100–660 m) may indicate dispersal limitations (van 
Breugel et al. 2019), which is congruent with copious 
evidence of landscape ecology indicating that habitat 
transformation and fragmentation limit the movement 
of individuals between forest patches. These affect, 
aside from ecological interactions (Debinski and Holt 
2000), the gene flow among populations (Kwak et al. 
1998; Sork et  al. 1999; Coulon et  al. 2004; Wang 
et  al. 2011; Jackson and Fahrig 2014) that, in the 
case of plants, occurs in the form of seed dispersal 
and pollen movement. However, some studies have 
shown that the impacts of fragmentation on gene flow 
(mobility of individuals and gametes) are low or even 
null in highly mobile organisms (McCulloch et  al. 
2013; Jackson and Fahrig 2014).

Fourth, our study considered seven land-use cat-
egories (i.e., semideciduous tropical forests, pas-
tures with scattered wooden vegetation, pure pas-
tures, savanna, agricultural land, water bodies, and 
urban centers). Three metrics were calculated for 
each type of land use, and one metric character-
ized the landscape (i.e., landscape heterogeneity). 
All metrics were assessed every 10 m from the 10 
to 1,000 m radius buffers. Thus, we tested over 500 
predictor variables (landscape attributes on different 
scales) in the CART models. Consistent with pre-
vious studies, the relevant metrics used to account 
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for the diversity of woody species in the focal plots 
included shape, size, the number of forest patches 
in the landscape, and overall landscape heterogene-
ity (the Shannon index) at scales ranging from 100 
to 660 m. Overall, our findings align with those of 
Hu et al. (2011), who observed that large and sym-
metrical islands in Thousand Island Lake in south-
east China harbored a high diversity of plants (Wil-
son et al. 2020). In addition, our findings are in line 
with those of other studies that analyzed the effects 
of landscape configuration on the α and β diversities 
of plants (Arroyo-Rodríguez et  al. 2009; Nicazio-
Arzeta et al. 2021), birds (Villard et al. 1999), and 
mammals (Arroyo-Rodríguez and Días 2010; Saldí-
var-Burrola et al. 2022).

A positive relationship between the shape of for-
est patches and species richness has been observed 
in tropical forests (Stanton et  al. 2013). Meanwhile, 
forest edges are considered challenging environments 
for mature forest species (Hill and Curran 2003). For 
example, temperature and light availability increase 
toward forest edges, whereas air and soil humidity 
decrease (Murcia 1995). Therefore, tree mortality is 
usually higher on the edges than on the interiors of 
forest patches (Laurence et al. 2000). According to a 
simple geometric principle, in symmetrical patches 
(e.g., circles), the ratio of the perimeter over the 
squared root of the area equals a constant (2π). The 
percentage increases rapidly as irregularity increases 
(Feder 1988). Therefore, regularly shaped forest 
patches are likelier to harbor species-rich assembles 
than irregular forest patches, where environmen-
tal filters may operate along extensive borders, thus 
increasing overall mortality while favoring the sur-
vival of some light-demanding species (Poorter et al. 
2008).

In addition, our results showed that α diversity 
increased along with the increase in the number and 
area of forest patches, which was also observed in pre-
vious studies (Fahrig 2003; Watson et al. 2005; Laur-
ance 2008). In line with our results, Nicasio-Arzeta 
et  al. (2021) also found that the species richness of 
seedlings in tropical rainforests increased when the 
landscape included large and highly aggregated forest 
patches. They concluded that connectivity was one of 
the leading landscape elements that promoted high 
species richness. In contrast, we observed no effect 
of overall landscape fragmentation, which comple-
mented connectivity.

Similar to α diversity, the nestedness compo-
nent of β diversity was influenced by the shape and 
size of the forest patches in the landscape. Nested-
ness was higher when irregularly shaped patches 
predominated in the landscape at a scale of 510 m. 
In contrast, regarding species turnover, the scale of 
effect occurred at 100 m and was determined by the 
heterogeneity of the landscape. Thus, species turno-
ver increased as landscape heterogeneity increased. 
This finding supports the idea that substantial dis-
persal limitations exist in highly anthropized land-
scapes, such as those investigated in our study (Jac-
quemyn et al. 2001). In such landscapes, germplasm 
sources are primarily found on nearby vegetation 
remnants, and a variegated neighbor can potentially 
support different species (Arroyo‐Rodríguez et  al. 
2017). This finding also emphasizes the importance 
of secondary patches of tropical forests as reservoirs 
of biodiversity (Arroyo‐Rodríguez et  al. 2017). In 
particular, we detected 67 species in 60 genera in 
our focal plots. Despite the predominance of species 
characteristics of early successional stages, such as 
Guazuma ulmifolia, Vachellia cornigera, Piscidia 
piscipula, Sabal mexicana, and Coccoloba bar-
badensis, we observed some species that are also 
typical in mature forests, such as Spondias mombin, 
Machaerium lindenianum, Cedrella odorata, and 
Malpighia glabra.

The role of small patches of secondary forests 
as reservoirs of woody species diversity was also 
observed in Hernández-Ruedas et  al. (2014), who 
reported that a set of managed forest patches har-
bored as much plant diversity as mature forest 
plots in southern México. Thus, our findings dem-
onstrated that secondary forests can also be sig-
nificant reservoirs of plant communities (Laurence 
et al. 2000). Moreover, our results align with those 
of Chazdon et al. (2009) and Martinez-Ramos et al. 
(2016), who proposed that, in some regions, the 
conservation of small and managed forest patches 
could be more effective in preserving the diver-
sity of vegetation and, potentially, some groups of 
fauna. As described above, very little primary veg-
etation was identified at the study site. Therefore, 
future conservation efforts in the region must focus 
on small secondary forest patches, as well as resto-
ration, to increase landscape connectivity (Juárez-
Fragoso et al. 2023).
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Conclusion

The results of this study showed the spatial distri-
butions of semideciduous tropical forest patches 
in terms of the shape, size, and number of forest 
patches. These results helped us understand the spa-
tial distributions of the α and β diversities of woody 
species in a highly anthropized region. We analyzed 
100 scales (10–1,000) with 10  m increments to 
determine the scale of effect, which was a signifi-
cant improvement over previous studies that used 
only a few broadly spaced scales with little biologi-
cal justification. However, our study relied on the 
traditional approach of arbitrarily defining a maxi-
mum buffer size and searching for the scale of effect 
within this boundary. Nonetheless, our methodol-
ogy enabled us to detect significant scale effects 
halfway through the tested scales, thereby suggest-
ing that our results were not limited or biased by the 
a priori definition of minimum and maximum buffer 
sizes. However, it remains to be determined whether 
the hierarchy of effects detected in this study 
(between 200 and 660 m) could be applied to other 
systems where remnants of conserved forests occur. 
Finally, although secondary forest patches predomi-
nantly characterized our study site, our findings pro-
vide valuable guidelines for conservation and res-
toration in other study sites and the formulation of 
public policies to encourage landowners to practice 
conservation.
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