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Scale dependency of the effects of landscape structure and stand age 
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The structure and diversity of plant communities respond to changes in land-
scape structure and vary with spatial scale, stand age and plant size. There-
fore, it is important to identify the scale (grain size and extent) at which sec-
ondary forest attributes of large and/or small plants and landscape structure 
are more closely associated. We performed multi-scale analyses in which dif-
ferent grain sizes and extents were assessed to determine the most appropri-
ate spatial scale for assessing the association of large/small tree aboveground 
biomass and species richness with successional age and landscape structure 
using regression analysis. AGB and species richness were more strongly associ-
ated with landscape structure when large grain sizes (500 m2) were used, with 
R2 values between 0.31 and 0.43. Variation in AGB and species richness was 
explained primarily by successional age and landscape structure, respectively. 
At large extents, successional age was related to the AGB of large trees (R2  = 
0.43); at intermediate extents, landscape structure was related to the species 
richness of large trees (R2 = 0.31). The approach and results of this study may 
facilitate the identification of appropriate areas and scales for the mainte-
nance or restoration of tree diversity, carbon storage, and the provision of 
ecosystem services in tropical dry forests.

Keywords: Scale Effect, Grain, Spatial Extent, Multi-scale Analysis, Secondary 
Succession, Landscape Metrics.

Introduction
Tropical dry forests (TDF) are one of the 

most extensive ecosystems on earth, cov-
ering about 40% of the tropical forests of 
the  world  (Portillo-Quintero  et  al.  2015). 
They provide a variety of important ecosys-
tem services, such as climate change miti-
gation  and  regulation  of  biogeochemical 
cycles (Ocon et  al.  2021).  TDF are consid-
ered the most threatened and deforested 
forests worldwide due to their intense ex-
ploitation  and  transformation  over  hun-
dreds of years from different types of natu-
ral  and  anthropogenic  disturbances  (Por-
tillo-Quintero et al. 2015). However, when 
the disturbance ceases, forests are gener-
ally  able  to  regenerate  naturally  and  re-
cover their structure, diversity, and compo-

sition  of  tree  species  to  the  pre-distur-
bance state through secondary succession, 
which in turn contributes to recovering the 
ecosystem services provided by these for-
ests (Chazdon 2014). Since secondary for-
est succession takes several decades, chro-
nosequence or time for space substitution 
in  a  landscape  is  the  most  widely  used 
method of studying this process (Chazdon 
2014).  Several  studies  have  documented 
the effect  of  successional  age on vegeta-
tion structure and species diversity in TDF 
(Dupuy  et  al.  2012,  Derroire  et  al.  2016, 
Poorter et al. 2016). However, few studies 
have evaluated how this  effect  varies  ac-
cording to plant size (Saenz-Pedroza et al. 
2020).  This  is  important  because  large 
plants  are  generally  better  at  competing 

for and exploiting limiting resources (Der-
roire  et  al.  2016),  making  up  the  forest 
canopy and contributing disproportionate-
ly to the recovery of aboveground biomass 
(AGB)  during  succession  (Dupuy  et  al. 
2012). On the other hand, small plants are 
vital  for  the  regeneration  of  tropical  for-
ests due to their high recruitment and turn-
over rates (Memiaghe et al. 2016) and con-
tribute more than large plants to the recov-
ery of species diversity during succession, 
due to their higher density and distinct mi-
cro-environmental conditions in the under-
story (Dupuy et al. 2012).

The  frequency,  intensity,  and  extent  of 
disturbances,  both  natural  (hurricanes, 
tree-fall  gaps)  and  anthropic  (land-use 
changes)  determine  the  structure  of  the 
landscape,  in  terms of  both composition, 
that is the types of land cover (patches of 
different successional  age and vegetation 
structure/composition), and configuration, 
that is their spatial distribution. Landscape 
structure  can  be  described  and  studied 
through  metrics  relating  to  the  number, 
size,  isolation,  similarity,  or  contrast  be-
tween  patches  considered  individually  or 
grouped by habitat type (McGarigal et al. 
2012). These metrics are suitable predictors 
of  the  vegetation  structure  and  diversity 
attributes of  tropical  forests  (Amici  et  al. 
2015, Nicasio-Arzeta et al. 2021).

Landscape structure is generally assessed 
using land cover maps of different habitat 
types, obtained from remotely sensed data 
(Reyes-Palomeque  et  al.  2021),  and  de-
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pends on the observed scale,  i.e., it varies 
with scale (Amici et al. 2015). In landscape 
ecology, scale refers to the spatial dimen-
sion at which the ecological process of in-
terest  occurs.  The  scale  concept  involves 
two  fundamental  components:  grain  and 
extent. Grain is the minimum unit of study, 
either the size of a plot or a pixel in an im-
age; extent refers to the area covered by 
the whole study (Turner & Gardner 2001). 
The  grain  should  be  of  sufficient  size  to 
capture the variability of the attribute stud-
ied and in accordance with the resolution 
of the satellite imagery used. Large grains 
(1000 m2  or more) have been reported to 
capture greater variability in vegetation at-
tributes such as species richness of trees, 
abundance  of  individuals,  AGB,  or  basal 
area (Hernández-Stefanoni  et al.  2018). In 
contrast, very small grain sizes (tens of m2) 
cannot  capture  this  variability,  thus  over- 
or  underestimating the  attribute of  inter-
est, depending on the local conditions sam-
pled. On the other hand, setting large sam-
pling plots requires a lot of effort and re-
sources,  which imposes  limits  to  the size 
and  number  of  plots  established  and, 
therefore,  the  representativeness  of  the 
spatial variation present in heterogeneous 
landscapes.

The  spatial  extent  of  a  landscape  com-
prises  different  land  cover  classes  that 
serve as habitats for species potentially en-
hancing  species  richness  (Fahrig  et  al. 
2011). Different types of habitats covering a 
wide  range  of  environmental  conditions 
foster the coexistence of different species 
through niche partitioning (Moreira  et  al. 
2015).  Similarly,  a  patchy  landscape  has 
been reported to reduce biomass because 
large trees may suffer high rates of dam-
age and mortality in response to microcli-
matic changes at patch edges (Laurance et 
al. 2006). This benefits lianas and pioneer 
species (Magnago et al.  2017) which tend 
to have lower biomass than forest interior 

trees.  The  identification  of  the  extent  at 
which  these  relationships  are  strongest, 
known as the scale effect, can be used for 
landscape  management,  as  species  re-
spond differently  to  landscape conditions 
(Martin 2018).

The  effects  of  scale  on  the  relationship 
between landscape structure and different 
vegetation attributes have generally been 
studied  considering  only  one  component 
of scale. Some studies have evaluated this 
effect by varying the grain size in a given 
extent (Sanaei et al. 2018, Luo et al. 2019), 
while  others  have  used  different  extents 
for the same grain size (Cudney-Valenzuela 
et al. 2021). The present study is pioneer in 
evaluating both scale dimensions, i.e., con-
sidering different grain sizes and spatial ex-
tents at the same time. To this end, it is im-
portant  that  landscape  structure  metrics 
take into account the different grain sizes 
of plots since landscape metrics are sensi-
tive  to  variations  in  the  pixel  size  of  im-
agery. Therefore, it is necessary to identify 
an optimal pixel size that best fits the sam-
pling plot size, as this will yield accurate in-
formation on landscape metrics (Wang et 
al. 2021).

In recent years, there has been a growing 
interest in understanding the influence of 
landscape  structure  on  vegetation  attrib-
utes (Melito et al. 2021, Nicasio-Arzeta et al. 
2021)  and  knowing  the  spatial  scale  that 
best  captures  the  association  between 
vegetation attributes and landscape struc-
ture. This information can advise adequate 
strategies and plans for  conserving biodi-
versity  and  the  ecosystem  services  pro-
vided by  tropical  forests.  The  TDF  of  the 
Yucatan  Peninsula  have  a  long history  of 
land cover  changes  (Sioui  2019).  As  a  re-
sult, most of the landscape is now a mosaic 
of a large number of patches of vegetation 
at different successional stages (De Araujo 
et al. 2021), making them an ideal study sys-
tem to  evaluate  the effects of  stand age 

and landscape structure on key attributes 
such  as  aboveground biomass  (AGB)  and 
species richness.

In  this  study  we investigated how land-
scape structure of patch types of different 
ages affects forest recovery (biomass and 
diversity)  and evaluated the  role  of  both 
grain size and spatial extent. The main ob-
jective of this study was to identify a spa-
tial scale (grain and extent) that optimizes 
the relationships of AGB and species rich-
ness  of  small  plants  (1-5  cm  diameter), 
large  plants  (>5  cm),  and  all  individuals 
with landscape structure and forest stand 
age. We used a multi-scale analysis consid-
ering different tree size categories and dif-
ferent  grain  sizes  (50,  200,  and  500  m2) 
across different spatial extents (1, 5 and 10 
km2).  In  terms  of  the  grain  size,  we pre-
dicted  that:  (1)  the  largest  grain  size  will 
yield the strongest associations of AGB and 
species  richness  with  landscape structure 
and  successional  age,  since  larger  grain 
sizes include greater variability in AGB and 
can better represent tree species diversity 
(Sanaei et al. 2018); (2) in terms of the spa-
tial  extent,  the relationships of  landscape 
structure with  the response variables  will 
vary both between the response variables 
and between the plant  size  classes.  Plot-
level AGB is strongly influenced by the local 
environmental conditions, such as the oc-
currence  and extent  of  forest  edges  and 
open areas within short distances (Melito 
et  al.  2021).  Therefore,  (2A)  AGB  will  be 
more  closely  associated  with  landscape 
structure at small and intermediate spatial 
extents  than  at  larger  ones.  Conversely, 
species  richness  is  strongly  influenced by 
seed dispersal, which can occur at interme-
diate and long distances and is strongly in-
fluenced  by  landscape-level  connectivity 
(Miguet et al. 2016). Therefore, (2B) in gen-
eral,  we  expect  species  richness  to  be 
more  closely  associated  with  landscape 
structure at intermediate (5 km2) to large 
(10 km2) extents. However, we also expect 
that the relationship between species rich-
ness and landscape structure will vary with 
plant  size.  In particular,  (2C)  species rich-
ness of large plants will be more strongly 
associated  with  landscape  structure  at 
larger extents than small plants since large 
plants have lower densities and therefore 
require larger  extents  to  adequately  cap-
ture the variability in their species richness 
as well  as  the association of  this  variable 
with landscape structure.  As for the rela-
tive contribution of the independent vari-
ables to explain variation in the effect  of 
scale, the main driver of AGB is plant size, 
which  is  directly  and  closely  associated 
with successional age (Poorter et al. 2016), 
while the main driver of species richness is 
the diversity of habitats and niches, which 
is  mainly  associated  with  environmental 
heterogeneity (Nicasio-Arzeta et al.  2021). 
Therefore, (3) we predict that successional 
age  will  be  the  variable  explaining  the 
largest proportion of the variation in AGB, 
while metrics related to environmental het-
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Fig. 1 - Location of the landscape studied in the Yucatan Peninsula (a) and map of land 
cover types including three stand age categories of semi-evergreen tropical dry forest  
and low flooded forest (b).
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Scale-dependent effects on AGB and species richness in tropical dry forests

erogeneity will explain the largest propor-
tion of the variation in species richness.

Materials and methods

Study area
The study area is a landscape dominated 

by  semi-evergreen  tropical  dry  forest  lo-
cated  in  the  Yucatan  Peninsula,  Mexico 
(Fig. 1a, Fig. 1b). This site comprises a total 
area of 351 km2, has a warm sub-humid cli-
mate with a dry season from December to 
May and a rainy season from June to No-
vember.  The mean annual  temperature is 
26  °C,  and the mean annual  precipitation 
ranges  from  1100  mm  to  1400  mm.  The 
study area includes forests of different suc-
cessional ages following the abandonment 
of  cattle  grazing and some areas  of  land 
previously used for slash-and-burn agricul-
ture. The forest canopy is approximately 15 
to 25 m high, and the most abundant tree 
species  include  Manilkara  zapota (L.)  P. 
Royen (Sapotaceae),  Piscidia piscipula (L.) 
Sarg.,  and  Lonchocarpus  rugosus Benth. 
(Fabaceae), Bursera simaruba (L.) Sarg. and 
Guettarda  combsii Urb.  (Rubiaceae), 
among  others  (Reyes-Palomeque  et  al. 
2021).

Field data collection and calculation of 
vegetation attributes

The biomass and tree diversity data were 
obtained from field  data  collected during 
the 2008 and 2009 rainy seasons from 86 
sampling  units  established  in  a  stratified 
random  design  (Reyes-Palomeque  et  al. 
2021). The sampling plots were set to cover 
the  range of  environmental  conditions  in 
the landscape, including low flooded forest 
(LFF)  and  three  stand  age  categories  of 
semi-evergreen  TDF.  The  sampling  units 
consisted of nested plots including a 500 
m2 circular plot with two concentric circular 
subplots of 200 m2 and 50 m2. In each plot, 
all trees were identified to species, and the 
diameter at breast height (DBH, measured 
at  1.30  m  above  the  ground)  and  height 
were measured. In the 500 m2 and 200 m2 

plots,  all  individuals  with  a  DBH  greater 
than 5 cm were recorded; only in the 50 m2 

plot, individuals with a DBH between 1 cm 
and 5 cm were sampled.

The aboveground biomass (AGB) was es-
timated in Mg ha-1 and the species richness 
in each 50 m2, 200 m2, and 500 m2 plot was 
recorded.  AGB  was estimated  using  local 
and  regional  allometric  equations.  These 
equations take into account DBH, height, 
wood  density,  and  growth  form  (trees, 
palm trees, or lianas). The equations used 
are  reported  by  Chave  et  al.  (2003) for 
lianas, Frangi & Lugo (1985) for palm trees, 
and Guyot (2011) and Ramirez et al. (2019) 
for trees (see Tab. S1 in Supplementary ma-
terial). Wood density values of the species 
used in allometric equations were obtained 
from  previous  research  conducted  in  the 
study area or sites with similar conditions 
(Hernández-Stefanoni et al. 2020). The veg-
etation  attributes  (AGB  and  species  rich-

ness)  were  calculated  for  three  different 
plant-size categories: small trees (DBH be-
tween 1 cm and 5 cm), large trees (DBH >5 
cm) and all sizes (small plus large trees).

Since small  trees  were  not  measured in 
the 200 m2 and 500 m2 grain sizes, we used 
the information from 50 m2 plots to calcu-
late  a  correction factor  for  the AGB esti-
mated  for  the  200  m2 and  500  m2  grain 
sizes. For species richness, the number of 
individuals expected in the 200 m2 and 500 
m2 plots was estimated,  and richness val-
ues were estimated using individual-based 
rarefaction  curves  with  interpolation  and 
extrapolation.  These  curves  were  con-
structed  using  the  iNEXT  package  in  R 
(Hsieh et al. 2016).

Calculation of landscape structure 
metrics

Landscape  structure  metrics  were  ob-
tained from a categorical map of the differ-
ent  land  cover  classes  representing 
patches of semi-deciduous TDF at different 
successional  stages,  LFF,  and  other  land 
covers (Fig. 1b). These classes were chosen 
because:  (i)  the aim of  this  study was to 
know  how  landscape  structure  of  patch 
types of different ages affects forest recov-
ery; (ii) the spatial arrangement of habitats 
at a certain time is the result of past habi-
tat  loss  and  fragmentation;  and  (iii)  this 
habitat arrangement can reflect the inter-
action between species and the landscape 

structure  (Villard  &  Metzger  2014).  The 
map was constructed using a  SPOT-5  im-
agery with 10 m of spatial resolution, in a 
two-stage  image  classification  procedure, 
using  segmentation  and  Random  Forests 
with  an  accuracy  assessment  of  91%.  For 
further details about the map classification 
methods  refer  to  Reyes-Palomeque et  al. 
(2021).

To assess the effect of grain size and ex-
tent on the relationship of AGB and species 
richness with landscape structure, the pixel 
size of the land cover map was changed to 
7, 14, and 23 m in order to match the differ-
ent plot sizes used as a grain in this study: 
50, 200, and 500 m2 (Fig. 2). To change the 
pixel size a resampling procedure was per-
formed  using  the  nearest-neighbor  algo-
rithm, which assigns a value to each modi-
fied pixel  from the nearest  original  pixel. 
This  procedure has  the advantage that  it 
preserves  the  original  values.  In  other 
words, this resampling method is appropri-
ate for categorical data as it assigns to the 
output pixel a value corresponding to the 
value  of  the  nearest  pixel  in  the  input 
raster  without  modifying  it.  In  this  way, 
each modified pixel will maintain the origi-
nal land cover type value.  This procedure 
allowed matching the sizes of observation 
units  with  pixels  in  categorical  maps,  so 
that the areas covered by 7 m, 14 m, and 23 
m pixels would represent approximately 50 
m2, 200 m2, and 500 m2 plots, respectively.

iForest 16: 234-242 236

Fig. 2 - Categorical land cover maps resampled to obtain an optimal pixel size to ana -
lyze the extent and the respective grain size. Solid red lines indicate the size of sam-
pling plots; dotted black lines indicate the corresponding grain size (resampled pixels 
at the chosen grain).
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On  the  other  hand,  based  on  previous 
studies  and to evaluate the effect  of  the 
extent and include a wide variability of cov-
erages, we considered 3 different extents: 
1, 5 and 10 km2 (Amici et al. 2015,  Nicasio-
Arzeta et al. 2021 – Fig. 3).

As most landscape metrics are highly cor-
related, this study considered indices com-
monly  used  in  landscape  studies  and 
proven  to  be  good  predictors  of  vegeta-
tion structure and diversity attributes (Her-
nández-Stefanoni  et  al.  2011,  Amici  et  al. 
2015, Xu et al. 2020). A total of 4 landscape 
metrics  at  the  class  level  were  selected, 
which reflect the configuration of a partic-
ular patch type and yielded the lowest cor-
relation between them with Pearson’s cor-
relation coefficient (McGarigal et al. 2012). 
The FRAGSTATS software version 4.0 was 
used to calculate the metrics. The selection 
of the metrics was made considering both 
metrics commonly used in landscape stud-
ies that have proven to be good predictors 
of vegetation structure and species diver-
sity attributes (Hernández-Stefanoni et al. 
2011,  Amici  et  al.  2015,  Xu et al.  2020), as 
well as metrics that include different com-
ponents such as area, number of patches, 
edge,  isolation  and  contrast.  The  indices 
considered in this study were the percent-
age of habitat as a proportion of each cov-
erage (percentage of landscape – PLAND), 

patch density (PD), edge density (ED) and 
total edge contrast index (TECI). For a de-
scription  and formulas  of  landscape met-
rics, refer to Tab. S2 in Supplementary ma-
terial.

The  calculation  of  the  TECI  metric  re-
quires a  contrast  matrix.  This  matrix  was 
constructed using the inverse of  the Jac-
card  similarity  index  (-1),  which  assesses 
the proportion of species that are shared 
between each  pair  of  vegetation  classes. 
Since  landscape  metrics  are  sensitive  to 
the scale considered (grain and extend), in-
stead of calculating a single value of each 
metric,  we  obtained  the  metric  for  each 
grain size and extension in order to charac-
terize  landscape  patterns  at  different 
scales  (Wu et  al.  2002).  In  total,  we ana-
lyzed a set of 144 landscape metrics at the 
class  level  to  obtain  metrics  associated 
with  each  land  cover  class  (forest  stand 
age categories: 3-16 years, 17-50 years, >50 
years and LFF). Each set of metrics was cal-
culated in the three extents of interest (1, 5 
and 10 km2) using each grain size (7, 14, and 
23 m per pixel).

Data analysis
First, the mean AGB and species richness 

values  were  calculated  for  each  succes-
sional age of the semi-evergreen TDF and 
the LFF. Then, to assess the relationships 

between  vegetation  attributes  (AGB  and 
species richness) and landscape structure, 
multiple  linear  regression  analyses  were 
performed  using  vegetation  attributes  as 
response variables  and landscape metrics 
and stand age as explanatory variables.

Multiple  linear  regression  models  were 
performed for the three plant-size classes 
(small,  large, and all  trees) for each grain 
size (50, 200, and 500 m2) at each extent (1, 
5 and 10 km2). This was performed consid-
ering  the  landscape metrics  according  to 
the  categorical  maps  resampled for  each 
grain size. Grain sizes and extents were an-
alyzed to explore the effect of the scale of 
the  extracted  landscape  metrics  on  the 
biomass and species richness observed at 
each scale.

Multiple linear regression models used a 
subset-based procedure, which selects the 
best model from several potential  sets of 
non-correlated explanatory variables.  This 
procedure was performed using the “reg-
subsets” function of the “leaps” package 
in R (Lumley 2015). The best models (con-
sidering  grain  size  and  extent)  were  se-
lected based on the coefficient of determi-
nation  (R2).  The  coefficient  of  determina-
tion is appropriate to compare different re-
sponse  variables  (AGB  and  species  rich-
ness) due to its fixed range (from 0 to 1), 
compared to the Akaike Information Crite-
rion  (AIC),  the  values  of  which  depend 
among  other  factors,  on  the  sum  of 
squares of the error of the dependent vari-
able (Burnham & Anderson 2002). We are 
aware that AIC is an appropriate criterion 
to select models differing in the number of 
parameters  for  one  response  variable 
(Burnham & Anderson 2002). However, for 
all of our comparisons we selected models 
with the same number of parameters (3).

Data  were  tested  for  normality,  homo-
scedasticity,  and error independence,  and 
the  response  variables  (AGB  and  species 
richness) were transformed to square root 
(x) to meet the linearity assumption of the 
data. Additionally, the semi-partial correla-
tion of each explanatory variable was cal-
culated  to  determine  the  contribution  of 
each  variable  to  the  total  variation  ex-
plained by the regression model.

Results

Estimation of AGB and species richness 
by grain size

The  results  obtained  from  86  plots  for 
each grain size show that mean AGB values 
for the three plant-size categories consis-
tently decreased as the grain size increased 
(Tab. 1, Fig. 2). In contrast, species richness 
values  increased  with  grain  size  for  the 
three plant-size categories and were con-
sistently  higher  for  small  trees  than  for 
large trees (Tab. 1, Fig. 2)

Mean species richness peaked at the in-
termediate  successional  stage  (17  to  50 
years),  and  showed  high  values  in  low 
flooded forests (LFF – Fig. 4). The densities 
of small trees and all trees decreased with 
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Tab. 1 - Mean values (± standard error) of the AGB density and species richness found 
for each group (small, large and all trees) and grain size.

Attributes
Grain size

(m2)
Small trees
(Mean ± SE)

Large trees
(Mean ± SE)

All trees
(Mean ± SE)

AGB (Mg ha-1)

50 28.94 ± 1.82  117.70 ± 11.84   146.64 ± 11.78

200 23.11 ± 1.25 113.03 ± 9.24   136.21 ± 10.49

500 20.50 ± 1.17 100.49 ± 8.63 120.99 ± 9.44

Species richness

50 15 ± 1    6 ± 1   18 ± 1

200 27 ± 1  12 ± 1   31 ± 1

500 33 ± 2  18 ± 1   37 ± 2

Fig. 3 - Plot sizes corresponding to the chosen grain sizes and spatial extents consid-
ered in this study. Solid red lines indicate grain size (a); solid blue lines mark the differ -
ent spatial extensions (b).
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successional age, while the density of large 
trees tended to increase toward the inter-
mediate successional age (17 to 50 years) 
and then decreased in the oldest age (>50 
years), and showed relatively high values in 
the flooded forest (Fig. 4).

Effects of scale and importance of 
landscape structure and stand age on 
AGB and species richness

The regression analyses indicated statisti-
cally significant relationships between the 
dependent variables (AGB and species rich-
ness) and the explanatory variables (stand 
age and landscape metrics) for the differ-
ent  grain  sizes  and  spatial  extents  ana-
lyzed.

The  coefficients  of  determination  (R2) 
were higher  for  the large grain  size (500 
m2)  considering AGB and species richness 
(Tab.  S3  in  Supplementary  material).  The 
exception  to  this  pattern  was  the  50  m2 

grain size, which showed a stronger associ-
ation of landscape structure with AGB and 
species richness of small and all individuals. 
Tab.  2 shows the best  regression models 
(those with the highest  R2 values) for the 
different grain sizes and extents.

The  association  between  response  and 
explanatory variables differed considerably 
among the three extents evaluated (Tab. 2, 
Fig. 5). The AGB of large trees, small trees 
and all individuals showed the strongest as-
sociations  with  landscape  metrics  and 
stand age  in  the  largest  extent  (10  km2). 
Species richness of large trees showed the 
strongest association at an intermediate (5 
km2) extent, while for small and all individ-
uals this association occurred at the small-
est (1 km2) extent (Fig. 5).

The best multiple regression models indi-
cated  that  the  biomass  of  large  and  all 
plants  was  positively  related  to  succes-
sional age. This was the variable that con-
tributed most to explaining AGB variability, 
with a semi-partial correlation of 0.35 and 
0.30 for large trees and all size categories, 
respectively. On the other hand, AGB of all 
plant  size classes responded positively to 
the  increase  in  percentage  of  landscape 
(PLAND) covered by the stand age class 17 
to 50 years, indicating that the biomass is 
positively  correlated  with  the  increase  in 
the percentage of landscape covered by in-
termediate-aged forests (Tab. 2).

The best multiple regression models indi-
cated that species richness of large trees 
was  positively  correlated  to  successional 
age.  However,  the  percentage  of  land-
scape  (PLAND)  and  the  patch  contrast 
(TECI)  were important metrics to explain-
ing the variability in species richness, with 
semi-partial  correlations  of  0.10,  0.05 and 
0.04  for  large  trees,  all  plant-size  cate-
gories  and  small  trees,  respectively.  The 
species  richness  of  large  trees  increases 
when  the  percentage  of  landscape 
(PLAND) of intermediate-aged forest (17 to 
50 years) increases. In contrast, the species 
richness  of  small  trees  responded  posi-
tively  to  increases  in  the  patch  contrast 
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Fig. 4 - Mean 
AGB, species 
richness, and 
number of 
trees of large 
trees, small 
trees and all 
individuals in 
each stand 
age category 
and the low 
flooded forest 
(LFF) in each 
grain size. 
Boxes in the 
upper and 
lower three 
graphs repre-
sent AGB and 
species rich-
ness, respec-
tively; solid 
lines and 
points indicate 
the number of 
individuals, 
points indicate 
the number of 
individuals.
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Tab. 2 - Best multiple linear regression models between response variables (AGB and 
species richness) and explanatory variables (landscape metrics and age) for different  
plant-size categories at  different  grain  sizes  and spatial  extensions.  These models 
were selected considering the coefficient of variation (R2). (*): P < 0.05; (**): P < 0.01; 
(***): P < 0.001.

Response
variable

Size of
trees

Grain 
size
(m2)

Extent
(km2)

Explanatory
variables β R2

Semipartial
correlation 

(R2)

A
G

B 
(M

g 
ha

-1
)

Small 50 10

PD_3-16 years* 0.20

0.27

0.05

PD_17-50 years *** -0.58 0.22

PLAND_17-50 years *** 0.51 0.18

Large 500 10

Age forest *** 0.57

0.43

0.35

ED_>50 years ** 0.26 0.11

PLAND_17-50 years ** 0.23 0.08

All 500 10

Age forest *** 0.53

0.39

0.30

ED_>50 years ** 0.28 0.11

PLAND_17-50 years * 0.22 0.06

Sp
ec

ie
s 

ri
ch

ne
ss

Small 50 1

PD_>50 years * -0.19

0.16

0.03

PLAND_ LFF * -0.17 0.03

TECI_17-50 years * 0.22 0.04

Large 500 5

Age forest *** 0.55

0.31

0.28

PLAND_17-50 years ** 0.30 0.10

PLAND_>50 years * -0.17 0.03

All 50 1

PD_>50 years * -0.17

0.16

0.03

PLAN D_LFF * -0.15 0.02

TECI_17-50 years * -0.24 0.05
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(TECI) of patches aged 17 to 50 years, indi-
cating  an  increase  in  species  richness  of 
small trees when the patch contrast of in-
termediate-aged forest is lower (Tab. 2).

Discussion
Finding a spatial scale (grain and extent) 

that  optimizes  the  relationships  of  AGB 
and species richness with landscape struc-
ture and successional age may help to indi-
cate the appropriate spatial scale for devel-
oping conservation and land-use strategies 
and  identifying  landscape  configurations 
that could increase plant diversity, carbon 
storage or forest regeneration in restora-
tion activities  (Nicasio-Arzeta  et  al.  2021). 
We found that the relative contribution of 
landscape  metrics  and  stand  age  to  ex-
plaining variation in AGB and species rich-
ness in the TDF studied varied with grain 
size and extent.

Regarding grain size, the largest plot (500 
m2)  showed the strongest associations of 
the  explanatory  variables  with  AGB  (R2 = 
0.43 and 0.39 for large trees and all individ-
uals, respectively) and species richness (R2 

= 0.31 for large trees). This finding supports 
in  part  our  first  hypothesis  and  suggests 
that  large  grain  sizes  allow  capturing  a 
greater  degree  of  variability  in  AGB  and 
species richness, which allows stronger as-
sociations of AGB and species richness with 
landscape structure and stand age. AGB es-
timates using large grain sizes are more ac-
curate because these sizes better capture 
the variability in vegetation structure since 
they  include  a  larger  number  of  trees  of 
different sizes, both small  and large (Her-
nández-Stefanoni et al. 2018,  Sanaei et al. 
2018). This minimizes errors in AGB values 
estimated  in  the  field  (Jones  et  al.  2017, 
Hernández-Stefanoni et al.  2018), because 
large trees are rare and have a heteroge-
neous  spatial  distribution,  so  larger  plots 
are more likely to adequately reflect their 
true frequency.

Our results on species richness also con-
tribute to support in part our first hypothe-
sis.  In  general,  the  strongest  association 
between this variable and the explanatory 
variables corresponded to the largest grain 
size. This size is probably more representa-
tive of the floristic diversity of forests, es-
pecially regarding large trees, and thus fa-
cilitates the detection of a stronger associ-
ation.  However,  the  species  richness  of 
small  trees  and  all  plant-sized  individuals 
showed the  opposite  behavior,  as  it  was 
more closely associated with the explana-
tory variables in the smallest grain size (50 
m2, R2 = 0.16, for both classes). This may be 
due to two reasons. First, small trees tend 
to  show  a  clumped  distribution  at  small 
spatial scales. Other studies have reported 
that  it  is  possible  to  accurately  estimate 
the species richness of  small  tree species 
with small sample units (Sanaei et al. 2018). 
Second, small trees were sampled only in 
the smallest grain and there may be errors 
in the estimation of their species richness 
for  the  other  grain  sizes  using individual-
based rarefaction curves.

Soil  properties, microclimatic conditions, 
and  biotic  interactions  play  an  important 
role defining which species arrive and es-
tablish in regenerating forests at the local 
(grain size) level (Chazdon 2014). However, 
these factors may change at the landscape 
(extent) level. In landscapes with low lev-
els of (human) disturbance dominated by 
forest matrices, biomass and species rich-
ness  are  expected  to  be  strongly  associ-
ated  to  environmental  factors.  While  in 
heterogeneous landscapes that have been 
affect by disturbance, such as in this study, 
in addition to the environment, vegetation 
structure and composition will depend on 
landscape  structure  and  configuration, 
which affect the dispersion of propagules 
(Arroyo-Rodríguez et al. 2017).

The results of the present study also sup-
port  our  second  overall  hypothesis  that 

scale effects will vary according to the de-
pendent  variable  and  the  plant  size.  The 
effect  of  extent  varied  between  both  at-
tributes  evaluated (AGB and species  rich-
ness)  and  across  plant-size  categories 
(large, small and all  trees), as reported in 
previous  studies  (Hernández-Stefanoni  et 
al. 2011,  Amici et al. 2015, Nicasio-Arzeta et 
al.  2021,  Cudney-Valenzuela  et  al.  2021). 
However, we found only partial support for 
our specific predictions.

Contrary to prediction 2A, we found that 
AGB of large, small and all plants was most 
strongly  associated  with  landscape  struc-
ture and successional age at the largest ex-
tent  (10 km2).  The majority  of  biomass  in 
tropical  forests  is  stored  in  large  mature 
trees. Many large trees have a life history 
characterized  by  slow  growth,  which  in-
creases  their  vulnerability  to  drastic 
changes in the immediate surrounding en-
vironment (Jones et al. 2018). For example, 
forest  fragmentation can reduce biomass 
along  forest  edges  (Melito  et  al.  2021), 
where  tree  mortality  is  higher  and  this 
edge effect extends from less than 100 m 
up to 3 km into forest interiors (Laurance 
et al. 2006). Thus the amount of large trees 
tends to be reduced in the edges of forest 
fragments generally restricting them to the 
interior (Laurance et al. 2006). However as 
the area of a patch-type increases, the pro-
portion  of  interior  conditions  also  in-
creases.  In  addition,  habitat  amount  is 
strongly  related  to  habitat  configuration, 
as this may restrict or expand the range of 
habitat  amount,  impeding  or  facilitating 
the movement of species among patches 
(Villard & Metzger 2014). In this study, the 
intermediate and the oldest stages of suc-
cession have a large proportion of the cov-
erage that correspond to the tropical dry 
forest with larger patches (Fig. 1);  this  in-
creases interior conditions and may be the 
reason  underlying  the  strongest  associa-
tions of AGB with landscape structure oc-
curred  at  the  largest  extension.  On  the 
other  hand,  small  plants  are  particularly 
abundant  in  early  successional  stages, 
which  tend  to  be  dominated  by  pioneer 
species with high capacity to disperse their 
seeds over long distances and rapidly colo-
nize,  grow  and reproduce  in  open areas. 
This could help explain why the closest as-
sociations of AGB of small trees with land-
scape metrics also occurred at a largest ex-
tent.

The results of the associations of species 
richness with landscape structure generally 
support our specific predictions 2B and 2C. 
Species richness of large plants was most 
strongly  associated  with  landscape  struc-
ture at intermediate extents (5 km2) com-
pared to small and all plant-sized individu-
als (1 km2 in both cases). Different studies 
have  reported  that  the  association  be-
tween  species  richness  of  different  plant 
sizes and landscape structure varies across 
landscape extents (Hernández-Stefanoni et 
al. 2011,  Amici et al. 2015). The variation in 
the effect of scale on species richness may 
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Fig. 5 -  Plotted values of R2 vs. extent for the best regression models between the 
response (AGB and species richness) and explanatory (landscape metrics and succes-
sional age) variables for different plant-size categories. These models were selected  
considering the coefficient of variation (R2).
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be  due  to  the  relationship  between  tree 
size and density. For example, large trees 
have low density values, so large to inter-
mediate  extents  are  required  to  ade-
quately  capture  the  variability  in  their 
species richness (and, therefore, the asso-
ciation  of  this  variable  with  landscape 
structure).  Conversely,  small  trees  have 
higher  density  values  and  all  plants  have 
even  higher  density,  so  the  variation  in 
species richness can be captured in small 
extents.

Stand age was the most important vari-
able  explaining  variation  in  AGB  of  large 
trees  and all  individuals.  This  finding sup-
ports  our  third  hypothesis  and  suggests 
that stand age strongly influences biomass 
accumulation as shown by different studies 
(Hernández-Stefanoni et al. 2011,  Ma et al. 
2021). Our results suggest that AGB recov-
ers rapidly  with time after abandonment, 
reaching similar  values  in  the  17-50  years 
and >50 years age classes. A rapid AGB re-
covery in Neotropical forests has been re-
ported  (Poorter  et  al.  2016).  In  addition, 
our results confirm the central role of large 
trees  in  the  accumulation  of  AGB  in  the 
forests  studied  (Fig.  4d-i),  as  it  has  also 
been reported for  forest  functioning and 
ecosystem services in general (Ali & Wang 
2021). Large trees regulate resources such 
as light, water, and mineral nutrients, influ-
ence  the  growth  of  small-  and  medium-
sized trees and provide habitats for many 
other species (Ali et al. 2018).

On the other hand, species richness was 
more  closely  associated  with  landscape 
structure than with successional age; this 
finding supports our third hypothesis and is 
consistent  with  previous  studies  (Hern-
ández-Stefanoni  et  al.  2011,  Amici  et  al. 
2015, Nicasio-Arzeta et al. 2021). Landscape 
structure  is  a  central  factor  in  explaining 
plant species diversity at local and regional 
scales (Rocha-Santos et al. 2016). This is be-
cause the diversity of habitats and niches, 
which can be captured by landscape met-
rics of environmental heterogeneity, is the 
key driver of  species richness (Nicasio-Ar-
zeta et al. 2021).

In relation to low flooded forests areas, 
the  results  of  the  present  study  indicate 
this land cover type has relatively low val-
ues of AGB but high values of species rich-
ness. In flooded forests, periodic flooding 
during the rainy season represents an addi-
tional stress to dry-season drought (Carne-
vali et al. 2010), especially for large trees, 
which  may  explain  the  low  AGB  values 
found  in  these  forests.  Most  of  these 
forests have not been converted to other 
land uses, so they must be mature forests. 
However, the high species richness is sur-
prising given the particularly stressful con-
ditions faced by plants inhabiting flooded 
forests,  suggesting  that  several  species 
have developed adaptations to these con-
ditions. These results also indicate the im-
portance of these forests, which cover the 
largest proportion of the study area, being 
distinctive of the Yucatan Peninsula and es-

sential  for biodiversity conservation (Pala-
cio et al. 2002).

Low flooded forests are considered key 
habitats for various species because their 
proximity to non-flooded forests favors the 
seasonal provision of fruits to a large num-
ber of animals (Silvestre et al.  2020), and 
due  to  their  distinct  floristic  composition 
and phenology (Carretero & Defler 2016). 
Few studies have described the structure 
and  floristic  diversity  of  low  flooded  for-
ests (Chiquini  et  al.  2017).  However,  their 
characteristics  and  spatial  distribution  in 
the Yucatán Peninsula endow them with a 
high  conservation  value.  Therefore,  low 
flooded  forests  should  also  be  evaluated 
and considered in  conservation and man-
agement plans (Silvestre et al. 2020).

Finally, one of the important factors influ-
encing the effect of grain size and extent 
on vegetation attributes that is rarely con-
sidered in landscape ecology studies is the 
pixel size of images. The pixel size of a clas-
sified map plays a central role in quantify-
ing landscape structure because landscape 
metrics  are  sensitive  to  the  spatial  varia-
tion of pixels in the categorical maps from 
which they are extracted (Tian et al. 2019, 
Wang et al. 2021). Therefore, to effectively 
capture the effect of landscape structure, 
it is also necessary to evaluate the most ap-
propriate pixel  size (Teng et  al.  2016).  To 
the best of our knowledge, this is the first 
study to jointly analyze the effects of the 
two components of spatial scale (grain size 
and extent) on the associations of AGB and 
tree species richness with landscape struc-
ture,  which required resampling the pixel 
size of the classification map to match the 
grain size.

Conclusions
This study shows that the effects of land-

scape  structure  and  successional  age  on 
aboveground biomass and the species rich-
ness of tree species in the TDF studied de-
pend on scale. The AGB of TDF responds to 
factors largely associated with successional 
age  at  large  grain  sizes  (500  m2)  and  at 
large extents (10 km2).  This demonstrates 
the strong influence of successional age at 
these spatial scales on the recovery of AGB 
in  landscapes  previously  used  for  tradi-
tional agriculture and that contain vegeta-
tion  patches  of  different  stand  ages.  On 
the other hand, species richness seems to 
be more strongly influenced by landscape 
structure at small and large grain sizes at 
small and intermediate extents, depending 
on the size of the trees and their density. 
Larger trees have lower tree densities so 
landscape structure is most closely associ-
ated with species richness at intermediate 
and  maybe  larger  extents.  These  results 
highlight the importance of evaluating the 
effect  of  both  components  of  scale  for 
each vegetation attribute considering dif-
ferent plant-size categories.

The  high  deforestation  and  fragmenta-
tion  rates  of  tropical  forests  involve 
changes  in  the  landscape  structure  and 

successional  age  of  vegetation.  In  turn, 
these affect the structure and diversity of 
forests and their capacity to provide eco-
system services, including the mitigation of 
climate change through the sequestration 
of atmospheric CO2 in forest biomass and 
various  services  associated  with  biodiver-
sity.  Understanding the grain size and ex-
tent at which landscape structure and suc-
cessional  age are most  closely  associated 
with key vegetation attributes is essential 
for  proposing  conservation,  sustainable 
use, restoration activities or management 
strategies to increase the biodiversity and 
maintain  the  provision  of  environmental 
services at the landscape level.

Finally, the present study stresses the im-
portance of multi-scale analyses as a  tool 
for  assessing  the  relationships  between 
landscape  structure  and  vegetation  at-
tributes  to  select  the  most  appropriate 
scale  for  each attribute,  according to the 
plant  size  category  considered.  This  re-
quires  adjusting  the  spatial  resolution  or 
pixel size of categorical maps to match the 
sample size or plots to effectively capture 
the landscape metrics.
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