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Abiotic and biotic filters may play differential roles in the plant community organization along forest succession
in abandoned fields. However, little is known about how life stage-specific filters influence species replacement
during succession. We approach this issue by analyzing changes in community attributes (abundance, species
density, species diversity, species composition) and the phylogenetic structure of shrubs and trees at different life
stages during the old-field succession of a seasonally tropical dry forest (TDF) in Western Mexico. We raised two
main questions: (1) How different are the trajectories of change in community attributes and phylogenetic
structure along succession for shrub and tree species at different life-stages? (2) Do different stage-specific tra
jectories result from differential filtering mechanisms? We used a chronosequence of abandoned pastures and
forest sites, classified in five successional categories (with three sites each): Pasture (< 1.5 years fallow age),
Early (3.5–5.5 y), Mid (6–8 y), Advanced (13–15 y), and Old-Growth Forest. Identity and abundance of species
were recorded at five life stages: seeds in the top soil layer, seedlings (plants emerged from seeds, 10–100 cm
height), resprouts (plants emerging from buds in roots or stumps, 10–100 cm height), juvenile [shrubs and trees
> 100 cm height and < 2.5 cm diameter at breast height (DBH)], adults (shrubs and trees with DBH ≥ 2.5 cm).
Additionally, we quantified the phylogenetic mean parwise distance (MPD) among species, and analyzed the
phylogenetic community structure, for each successional category and life stage. We found that early in suc
cession the resprout stage was more abundant and diverse than the seedling stage, while the inverse occurred late
in succession. Along the first 15 years of succession, the seedling stage showed a clumped phylogenetic structure
(with a strong dominance of legume species), while the resprout stage tended to have an overdispersed one (with
species from a wide range of clades). Also, community attributes of the juvenile and adult stages approached
those of the old-growth forest, and in both stages the phylogenetic structure changed from clustered to random.
Overall, our results suggest that the assembly of shrub and trees communities along succession resulted from a
combination of abiotic filtering processes, operating mostly on seedlings (selecting primarily legume droughttolerant species), and biotic filtering processes, operating mostly in resprouts (generating a taxonomic and
phylogenetically diverse regenerative pool). The implications of these results for the management of secondary
TDF in human modified landscapes are discussed.
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Gei et al., 2018). A previous study (Bhaskar et al., 2014), conducted in
the same TDF successional system we used in the present study, exam
ined the range of variation in functional trait (specific leaf area, wood
density, leaf nitrogen content) values among shrub and tree species at
different successional stages, and while some evidence supported the
shift of the relative importance of abiotic and biotic filters along suc
cession, the effect of abiotic filtering in early stages was not consistently
observed for all functional traits (but see Maza-Villalobos et al., 2020).
The authors speculated this was in part due to the mix of remnant adult
trees and resprouting individuals found in early stages. Thus, a better
understanding of how abiotic and biotic filters operate on distinct life
stages through the course of TDF succession is needed (Lai et al., 2009;
Norden et al., 2009; Hu et al., 2012). Special attention is required for
understanding the role of these filters on the two main recruitment
strategies: resprouts and seedlings. Resprouts are an important source of
TDF regeneration in abandoned fields and along succession, and could
respond differently than seedlings to abiotic filters as resprouts are
connected to large root systems (Poorter et al., 2010; Maza-Villalobos
et al., 2013, 2020). Resprouts can result from legacies for the agricul
tural period, but also from the period before agricultural use, especially
in recently opened-up forest areas (Jakovac et al., 2015).
In this study, we explored assembly mechanisms driving old-field
TDF succession. Specifically, we analyze changes in community attri
butes (abundance, species diversity, composition) and the phylogenetic
structure of shrub and tree species at different life stages (seed, seedling,
resprout, juvenile, adult), across a chronosequence of abandoned cattle
pastures and old-growth TDF sites in Western Mexico. We approach the
following questions: 1) how different are the trajectories of change in
community attributes and phylogenetic structure along succession for
communities of tree and shrub species of different life stages? 2) Do
different life-stage specific trajectories result from differential filtering
mechanisms?
We predict abundance, species diversity, and species dissimilarity to
increase as TDF succession unfolds as a result of strong abiotic filtering
process (promoting high species similarity) in early stages, and an
increasing role of biotic filters (promoting species dissimilarity) in later
successional stages. For the different life stages, we predict strong
abiotic filtering of species at the seed to seedling transition, especially
during the first years of succession, when few closely related droughttolerant species are expected to establish successfully as seedlings. We
also predict that species undergo a stronger abiotic filtering at the
seedling than at the resprout stage, because resprouts have greater
maternal resources than seedlings to cope with harsh environmental
conditions. Consequently, under the assumption of niche and corre
sponding trait conservatism, we expect that the seedling stage will show
higher phylogenetic clustering than the resprout stage, and that the
phylogenetic structure will change from clustered to overdispersed as
succession advances. Shifts in phylogenetic structure should be noted
mostly in assemblages of the juvenile and adult stages, as they result
from operation of filtering processes at earlier life stages (seed, seedling,
resprout).
Given that TDF are widely distributed but severely threatened
(Dexter et al., 2018; Powers et al., 2018), for management purposes (e.
g., conservation of biodiversity and ecosystem functions and services,
restoration, and sustainable harvesting of timber and non-timber forest
products), it is fundamental to understand how TDF plant communities
are structured along old-field succession (Quesada et al., 2009). Thus, in
a final section, we discuss our findings in the context of their relevance
for the management of TDF in human-modified landscapes (Mora et al.,
2016; Fremout et al., 2020).

1. Introduction
Understanding the mechanisms underlying secondary forest succes
sion has historically been a central area of study in ecology (Cowles,
1911; Connell and Slatyer, 1977; Bazzaz, 1979; Finegan, 1984; Pickett
et al., 1987). Such understanding is important for the advance of ecology
as science per se, but also provides the bases for the management
(conservation, restoration, and sustainable use) of forest ecosystems,
their biodiversity, and their contributions to the wellbeing of people in
human modified landscapes (Quesada et al., 2009; Chazdon 2014).
Some hypotheses propose that succession results from species being
filtered depending on functional traits related to dispersal, survival,
growth, and reproduction (Li et al., 2015; Arroyo-Rodríguez et al.,
2017). Over the course of succession, changes in these trait-based filters
are expected. One hypothesis proposes that abiotic filters may have a
major role in determining the structure and composition of plant com
munities early in succession, while biotic filters (i.e., biotic interactions
such as competition, predation, mutualism, diseases) increase in rele
vance late in succession (e.g., Letcher et al., 2012).
The relative importance of abiotic and biotic filters along succession
can be inferred by assessing the evolutionary relatedness among species
of a biotic community, an approach known as phylogenetic community
analysis (Whitfeld et al., 2012; Li et al., 2015; Maza-Villalobos et al.,
2020). Under the assumption that species conserve their niches and
related ecological traits across space and times (i.e., niche conservatism
concept), a clustered phylogenetic community structure (i.e., when
species are more closely related than expected by chance) is suggestive
of abiotic filters (Webb et al., 2002), whereas an overdispersed phylo
genetic structure (i.e., when species are less related than expected by
chance) could be indicative of the operation of biotic filters (Kraft and
Ackerly, 2010; Götzenberger et al., 2012). The two types of filters can
operate simultaneously, and can generate random phylogenetic struc
tures (i.e., when phylogenetic distance among species are not different
from that expected by chance; Cadotte and Tucker, 2017) along suc
cession (Maza-Villalobos et al., 2020). Also, a random structure can be
generated by stochastic processes (such as probabilistic seed dispersal)
or by neutral assembly mechanisms (Hubbell, 2011; Stegen et al., 2012,
Swenson et al., 2012).
While clustered phylogenetic structures can easily be attributed to
the operation of abiotic filters (but see Cadotte and Tucker, 2017),
overdispersed structures might not be attributable necessarily to biotic
filters. For example, overdispersion will be observed as a result of abiotic
filters if the relevant trait attributes arise repeatedly in distantly related
species (Willis et al., 2010; Cadotte and Tucker, 2017). Also, environ
mental modification during succession generally decreases the strength
of abiotic filtering and may increase the carrying capacity of the local
habitat, which could facilitate the colonization of the species with
different functional traits (Li et al., 2015). In such case, the increase of
phylogenetic overdispersion during succession could result from the
colonization of distant relatives, rather than from the operation of
antagonistic biotic interactions, such as competition (Li et al., 2015;
Maza-Villalobos et al., 2020).
Understanding the mechanisms structuring plant communities, spe
cifically those driving secondary succession of tropical dry forests (TDF)
in abandoned fields (i.e. old-field succession), is an open area of research
(e.g., Lebrija-Trejos et al., 2010a; Chazdon et al., 2011). TDF occur in
regions with low annual rainfall (250–2000 mm) and dry seasons with
several months of duration (Bullock et al., 1995). It has been proposed
that the low water availability and harsh microclimate conditions (e.g.
high irradiance, temperature, and evaporative demands) prevailing
early in TDF succession select for drought-tolerant species, particularly
legumes with small leaflets in the neotropics (Lohbeck et al., 2015; Gei
et al., 2018), and that biotic filtering become an important mechanism
of community assembly later on succession, when shaded and humid
environmental conditions appear in the understory during the rainy
season (Lebrija-Trejos et al., 2010b, 2011; Maza-Villalobos et al., 2013;

2. Materials and methods
2.1. Study region
The study region is located in the municipality of La Huerta, which
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includes the Chamela-Cuixmala Biosphere Reserve, in western Mexico
(19◦ 29′ N, 105◦ 01′ W; Fig. S1). The climate is warm and sub-humid, with
a mean annual temperature of 25.6 ◦ C and a mean annual rainfall of
800.4 mm. There is a strong and long dry season (with virtually no rain)
from November to May, and a wet season, normally between July and
October (Maass et al., 2018). The dominant vegetation is seasonally
tropical dry forest (mean canopy height around 8 m), while medium size
semi-deciduous tropical forest is found along the arroyos (Durán et al.,
2002). Since the 1970s, the forest outside the reserve has been partially
converted to agriculture. Today, the region is covered by a mixture of
cattle pastures, crops, and secondary forests, although old-growth for
ests still cover >50% of the region (Sánchez-Azofeifa et al., 2009; FloresCasas and Ortega-Huerta, 2019).

towards the end of the dry season, when the seed production and the
abundance and diversity of the soil seed bank peaks (Bullock and SolísMagallanes, 1990; Grombone-Guaratini and Rodrigues, 2002; Martins
and Engel, 2007). We separated seeds ≥ 1 mm in diameter by sieving
and inspecting samples under a stereoscopic microscope. Seeds were
separated into unequivocal morphospecies that were identified to the
lowest taxonomic level whenever possible. Seeds of unidentified mor
phospecies were germinated in a greenhouse to obtain seedlings for
taxonomical identification. Structural attributes and species composi
tion per site were quantified for a lumped pool with all seeds recorded
from the 20 soil samples per plot (for more details see Maza-Villalobos
et al., 2011b). Considering the fallow age of the plots in May 2004, this
data were assigned to the Pasture, Early, Advanced, and OGF succes
sional categories, while the Mid category had no data (Table S1).

2.2. Study system

2.2.2. Seedling and resprout sampling
Seedlings and resprouts were sampled in all study plots, following a
regular spatial arrangement of 48 subplots of 1 m2 each (3 m apart) per
plot. Individuals of 10–130 m height were recorded, tagged and iden
tified at the end of the rainy season in October 2004. Data collected on
this date corresponded to the Pasture successional category (Table S1).
We did another sampling three years later (October 2007) in all plots.
Considering the fallow age of the plots in that date, we assigned the
collected data to the Early, Mid, Advanced and OGF successional cate
gories (Table S1). Records from the 48 subplots were lumped to analyze
the structural attributes and species composition of seedling and
resprout stages per plot (for more details see Maza-Villalobos et al.,
2013).

In October 2004, we established a chronosequence of nine aban
doned cattle pasture sites (with 0–12 years of abandonment) and three
old-growth forest sites, across an area of about 100 km2 (Fig. S1). All
sites were located in moderate south-facing slopes to control as much as
possible for topographic differences in water and light availability
among sites (Maza-Villalobos et al., 2011a). At each site, a permanent
20 × 50 m (0.1 ha) plot was established. The plots are permanent and
the vegetation within has been surveyed along time to accomplish
different studies on TDF succession (e.g., Maza-Villalobos et al., 2011a,
b, 2013, 2020; Mora et al., 2015). Although plots were small, and some
rare species could have been missed, all plots were of same size, which
enabled us to approach our questions and predictions.
We did take advantage of the repeated data gathered from the plots,
to establish a chronosequence of five successional categories (with three
plots each; see details in Table S1, supplementary information). These
resulted in the following fallow ages (years): Pasture (< 1.5), Early
(3.5–5.5), Mid (6–8), Advanced (A, 13–15), and Old-Growth Forest
(OGF, forest sites without signs of human disturbance). In other studies,
we have shown that our Advanced category shares similar structural and
compositional attributes than the old-growth forest category, when
considering regenerative plants (≤1 m height; Maza-Villalobos et al.,
2011a,b) or stems ≥ 1 cm DBH of shrub and tree species (Mora et al.,
2015).
We considered five life stages: seed in the top soil layer (hereafter
“seed”), seedling (plants 10–100 cm height), resprout (plants with stems
10–100 cm height, emerged from older broken or cut stems or with roots
clearly connected to other plants), small trees and shrubs [hereafter
called “juveniles”, plants with a height >100 cm and a diameter at
breast height (DBH) < 2.5 cm], and large trees and shrubs (hereafter
called “adult”, DBH ≥ 2.5 cm). The last stage included both immature
and mature adult plants, and even saplings in the lower DBH limit of this
category. The resprout stage was included as a separate life stage due to
their importance for forest regeneration in TDF (Vieira and Scariot,
2006) and to explore the operation of filters on them. Although shrubs
(woody plants with several stems emerging from the ground) and trees
(wood plants with a single stem at the ground level) differ in several
aspects of their biology, studies conducted in our chronosequence sys
tem show that recruitment, survival and growth rates of small shrubs
and trees behave similarly among successional categories in response to
environmental conditions (Maza-Villalobos et al., 2013). This de
mographic similarity between shrubs and trees gives us confidence to
group them in our analyses.
Our plots have been used to collect data from shrubs and trees using
different sampling protocols. Data collection for each life stage varied as
described below.

2.2.3. Juvenile and adult sampling
Juveniles were recorded, identified, and measured in DBH in half of
each 0.1 ha plot, while adults were recorded, identified, and measured
in DBH in the entire plot. Data for all these plants were obtained in
October 2004, which were assigned to the Pasture successional cate
gory, and in October 2007 (for more details see Mora et al., 2015), which
were assigned to the Early, Mid, Advanced, and OGF successional cat
egories (Table S1).
2.3. Data analysis
2.3.1. Structural community attributes
Four structural attributes were evaluated per successional category
and life stage: abundance (measured as plant density: seeds or plants per
unit area), species density (number of species per unit area), species
diversity of order 1 [Hill number q1, interpreted as the number of
common species and calculated as the exponential of the Shannon di
versity index (Chao et al., 2014)], and species dominance (species with
highest relative abundance).
To test for differences in the trend of change of these response var
iables among successional categories and across life-stages, we used a
two-step approach. First, we tested for differences among successional
categories by fitting independent general linear models for each variable
and each life stage using raw data. In this analysis, a Poisson error and a
log-link function was set as all response variables were of count nature.
Secondly, for each response variable, we assessed if differences among
successional categories were dependent on life stage, i.e., by the life
stage × successional category interaction. Because of the differences in
sampling effort for different life stages, we standardized each structural
variable into a 0–1 range, taking as 1 the maximum value of the variable
recorded across all plots. Then, we fitted linear mixed-effect (lme)
models including the effects of successional category, life stage, and the
life stage × successional category interaction. Site was included as a
random factor to account for the non-independence of observations from
the same site. The standardized response variables were logittransformed to conform the normality assumptions of the models
(Warton and Hui, 2011). Model fitting was done using the “lmer”

2.2.1. Seed sampling
In May 2005, twenty cylindrical soil cores (10 cm diameter, 15 cm
depth) were randomly taken in each one of our 12 studied plots (total
sampling area of 0.16 m2 per plot) to sample seeds. This was done
3
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function in the lme4 package (Bates et al., 2015); significance of the
terms was assessed using the “ANOVA” function in the car package (Fox
and Weisberg, 2011). Post hoc Tukey tests were performed to evaluate
differences among successional categories within each life stage using
the lsmeans package (Lenth, 2016).

overdispersion. Finally, we analyzed changes in clade composition
among life stages and successional categories, assigning species to
taxonomic orders and major clades following the phylogenetic tree in
Soltis et al. (2018).
3. Results

2.3.2. Species dominance
Changes in species dominance among life stages and successional
categories were analyzed using rank-abundance curves (Magurran,
2004). We generated one single curve per successional category and life
stage, by combining data from the three sites of the same successional
category, to calculate species relative abundance. Then, we plotted
species relative abundance (in log scale) vs. species rank (in a decreasing
order of relative abundance) for each life stage and successional cate
gory, and fitted the data to geometric (semi-log) or Zipf (log–log) models
(Wilson, 1991). The best-fitted models were those explaining the higher
proportion of total variance (R2). The two species with the highest
relative abundance, in each life stage and successional category, were
considered as the dominant species. Finally, we used ANCOVA to test for
differences in evenness (slope of the rank-abundance curves) among life
stages and successional categories. A stepper slope indicates lower
evenness or higher dominance. In this analysis, log (relative abundance)
was the dependent variable, species rank the regressor, and life stage
and successional category were two factors with five levels each. In
teractions between these independent variables were used to assess
changes in evenness among life stages and successional categories.

3.1. Structural community attributes
Different trajectories of change in structural attributes across suc
cessional stages occurred for the different life stages (Fig. 1). The seed,
seedling and adult stages showed lower values of plant density, species
density, and species diversity in the three earlier successional categories
and these increased in the Advanced and OGF categories, showing a Sshape of successional change. The juvenile stage showed a progressive
increase from the earlier to later successional categories for these at
tributes. In contrast, the resprout stage showed a U-shape pattern for all
structural attributes. Finally, species diversity did not change across
successional categories in the seed and resprout stages.
A significant interaction between life stage and successional cate
gory, considering the standardized values (Fig. S3), was detected only
for species diversity (F16,40 = 3.31, P = 0.011). This occurred because
while in the seed and resprout stages species diversity did not change
among successional categories, in all the other life stages this attribute
increased from earlier to later successional categories.
3.2. Species dominance

2.3.3. Species composition
To assess changes in species dissimilarity among successional cate
gories and life stages we used Non-metric Multidimensional Scaling
(NMDS) and permutational MANOVA (PERMANOVA) analyses. First,
Morisita-Horn similarity matrices (S) based on relative species abun
dances and corrected for unseen species were calculated both across
successional categories within each life stage, and across life stages
within each successional category, using the ‘SimilarityMult’ function of
the ‘SpadeR’ library for R (Chao et al., 2016). Then, dissimilarities
matrices were calculated as 1-S and subjected to NMDS ordination using
the ‘metaMDS’ function of the ‘vegan’ library for R (Oksanen et al.,
2019). Finally, to test for differences in species composition among
successional categories within each life stage, or among life stages
within each successional category, we ran PERMANOVA based on the
dissimilarities matrices using the function ‘adonis2’ in the ‘vegan’ li
brary (Oksanen et al., 2019). In all cases, we probed that the variance
among groups was homogeneous, as required by PERMANOVA.

Dominance and evenness changed among life stages and across
successional categories (Fig. 2) as indicated by the significant interac
tion among species rank × life stage × successional category (F16,612 =
6.14, P < 0.0001). The highest dominance occurred in the seed or
seedling stages in all successional categories (steeper slopes of rankabundance curves), while the higher evenness occurred in the juvenile
stage in the Advanced successional category (least steep slope). Overall,
geometric (exponential regression model) rank-abundance curves were
more frequent in the seed, seedling and resprout stages for the majority
of the successional categories (except the OGF), while Zipf (log–log,
power regression model) curves were more frequent in the juvenile and
adult stages, mainly in the OGF category.
Almost 60% of all dominant species across life stages and succes
sional categories belonged to the Fabaceae family (Fig. 2). However,
within each life stage, the identity of the dominant species was different
among successional categories, except in the seedling stage for which
Croton roxanae dominated in the two older successional categories and
in the resprout stage for which Coccoloba liebmanii was dominant in the
Mid and OGF categories (Fig. 2). Also, within successional categories,
overall, we found that the identity of dominant species changed among
life stages, although there were some exceptions to this pattern (Fig. 2).

2.3.4. Phylogenetic structure
To address the possible mechanisms acting upon the assembly of
shrub and tree communities, a phylogenetic approach was employed
(Webb et al., 2002). We used a phylogenetic tree trimmed from the
conserved phylogeny available in the BIEN package (Maitner et al.,
2018). To test the prediction that phylogenetic clustering occurs early in
succession and overdispersion later on in succession, we used the
phylogenetic mean pairwise distance metric (MPD). This was done
under the assumption that species conserve their niches and related
ecological triats across space and time. The MPD metric measures the
average distance between species across the phylogeny (Webb, 2000;
Swenson, 2014; Tucker et al., 2017). MPD was calculated for each life
stage, separately, combining species abundance data from the three
plots per successional category. To test if the MPD values were different
to those from a null model, we calculated the standardized effect size
(SES.MPD; Swenson, 2014). We used the null model “Richness” (Miller
et al., 2017), which shuffles species abundances randomly within a
successional category while maintaining species richness and total
abundance of that category. Negative SES.MPD values (significantly
different from zero) indicate phylogenetic clustering, while positive
values (significantly higher than zero) indicate phylogenetic

3.3. Species composition
Dissimilarity in species composition among successional categories
tended to increase from the younger to the older life stages, as shown by
the NMDS and PERMANOVA analyses (Fig. 3a). The earlier life stages (i.
e., seed, seedling, and resprout) showed the smallest dissimilarity
among successional categories, while the juvenile and adult stages
showed the largest one. Species composition was more similar among
life stages at the earlier successional categories than it was at the later
ones (Fig. 3b). In the Advanced and OGF categories the highest
dissimilarity among life stages occurred, with the younger life stages
being dissimilar to the oldest ones (Fig. 3b).
3.4. Phylogenetic structure
The mean phylogenetic distance among species (MPD) tended to
4
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Fig. 1. Successional changes in plant density, species
density, and species diversity (number of common
species) among successional categories and life cycle
stages of shrub and tree assemblages at Chamela,
western Mexico. For each life-stage and community
structure variable, letters indicate significant differ
ences (P ≤ 0.05) among successional categories ac
cording to general linear models and post-hoc Tukey
tests. Successional categories: P = Pasture, E = Early,
M = Mid, A = Advanced, OGF = Old-Growth Forest.

increase from Pasture to later successional categories in most life stages
(Fig. 4a). The exception was the seed stage that showed maximum MPD
in the Early successional category.
A change from clustered to random phylogenetic community struc
ture was observed along succession for most life stages (Fig. 4b). For
resprouts and juvenile stages, the phylogenetic community structure
showed a clustered pattern in the Pasture category, flipping to random
in the following successional categories. A similar pattern was found for
adults, switching from clustered in the Pasture and Early categories to
random in the following categories. In contrast, the seedling stage
showed a clustered structure in most categories, except in the OGF
category where it was random. The seed stage exhibited a random
structure across all successional categories.
One clade (Eurosid I), in particular the Fabales order and the Faba
ceae family were strongly dominant both in abundance and in number of
species in the early successional category for all life-cycle stages (Fig. 5).
In the latter successional categories such dominance decreased and the
evenness in abundance and diversity increased among clades from
different phylogenetic linages.

In contrast, the U-shape successional change exhibited by resprouts
(Fig. 1) suggests the operation of multiple processes. The high plant
density and species density of resprouts in the Pasture category resulted
from roots and stumps remaining after field abandonment. The capacity
of resprouting is a common trait of TDF woody species and represents an
adaptation to strong disturbances, such as severe droughts and physical
and biotic damages (Bellingham and Sparrow, 2000; Poorter et al.,
2010). Resprouts endure better than seedlings the harsh environmental
conditions prevailing in recently abandoned fields (Miller and Kauff
man, 1998). Large root systems and higher amounts of stored C reserves
(in roots and stems) confer resprouts higher survivorship rates than
seedlings, which have, on average, lower amounts of maternal reserves
(Poorter et al., 2010; Maza-Villalobos et al., 2013). After an initial wave
of resprouts early in succession, the density and diversity of resprouts
decreased in the Early successional category, likely reflecting that the
initial bank of resprouts had been exhausted. Later on, in the Advanced
and OGF categories, the resprout stage increased both in plant density
and species density (Fig. 1), likely because a proportion of the increasing
number of shrubs and trees establishing during succession suffered
damages and resprouted. Considering that in the earliest successional
categories the density of plants and species of the resprout stage was
higher than those of the seedling stage (Fig. 1), we infer that resprouts
were relatively more important than seedlings as a source of regenera
tion at the beginning of succession. In contrast, in the latest successional
categories, the seedling stage was denser in plants and species than
resprouts. Therefore, we infer that seedlings (and hence seeds) increased
in importance as a source of regeneration late in succession (Fig. 1).
The S-shaped successional change of plant density and species den
sity observed in the adult stage has been reported in other TDFs (LebrijaTrejos et al., 2008; Chazdon et al., 2011; Williams-Linera et al., 2011).
Such pattern likely resulted from a few remaining isolated trees in the
recently abandoned pastures, as well as from the time needed for newly
recruited trees and shrubs to grow into adult sizes (≥2.5 cm DBH).
Previous hypotheses suggested that a S-shaped successional change
could be indicative of an early dominance of shrubs (which generally are
smaller than trees), and their replacement by trees as successional pro
gresses. However, trees were more abundant and richer in species than
shrubs across all successional categories, which do not support such idea
(Fig. S2). Instead, we think that the few isolated trees that people usually
leave in their pastures, as a source of shade or food for cattle (OteroArnaiz et al., 1999; Mora et al., 2015), explain the low density and di
versity of adult plants in the Pasture and Early categories. Adult plants
increased in the Advanced successional category (12–15 years after field
abandonment; Fig. 1), indicating that more than ten years are needed for
the new colonizing shrubs and trees to attain large sizes (≥2.5 cm DBH).

4. Discussion
4.1. Successional patterns for different life-cycle stages
What successional trajectories do assemblages of shrubs and trees
follow along TDF succession? Are such trends similar comparable among
all life-cycle stages?
While our results parallel the increase in plant density and species
diversity along succession documented in other studies (Ruiz et al.,
2005; Lebrija-Trejos et al., 2008; Bhaskar et al., 2014, Mora et al., 2015),
we found noticeable variants for some life stages.
An S-shaped successional change was observed for plant density and
species density at the seed and seedling stages. A very low density and
species density of seeds in the soil and seedlings in recently abandoned
fields represent a bottleneck for forest regeneration (Griscom and Ash
ton, 2011). Several ecological processes could produce such bottleneck,
e.g., dispersal limitation, high seed predation, or a very low seedling
emergence and survival (Rico-Gray and García-Franco, 1992; GarcíaOrth and Martínez-Ramos, 2008; Maza-Villalobos et al., 2013). Also, the
slash-and-burn practices have been shown to produce a severe reduction
in the density and diversity of the seed bank of shrubs and trees in
recently abandoned pastures (Miller 1999). All of these factors can
explain the poor seed bank and seedling density we recorded in the early
successional categories (Fig. 1). As succession advances, the increase in
forest complexity and in resources for animals (e.g., food items, perches,
nesting sites) promotes the arrival of seeds being dispersed by seeddispersing frugivores (Chazdon et al., 2011; Almazán-Nuñez et al.,
2015). Also, the increasing forest biomass and foliage cover reduce the
harshness of environmental conditions (Lebrija-Trejos et al., 2011; Mora
et al., 2018), which might favor seedling recruitment (Maza-Villalobos
et al., 2013). In addition, an increasing number of maturing shrubs and
trees during succession would enhance the abundance and richness of
the local seed rain, and hence of seedlings, especially late in succession
(Fig. 2).

4.2. Life stages, filtering and succession
Do plants from different life stages cope with distinct ecological fil
ters during succession? If so, such filtering processes can help us to
better understand the old-field TDF succession?
Our results suggest that ecological filters differed among life-cycle
stages during succession. Two evidences suggest that abiotic filters
played an important role in assembling communities of trees and shrubs
6
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Fig. 2. Change in rank-abundance curves for different life-cycle stages during the old-field tropical dry forest succession at Chamela, western Mexico. Species names
of the two dominant species for each life stage and successional category are: ACMA = Acacia macrantha, ACFA = Acacia farnesiana, APPA = Apoplanesia paniculata,
BAPA = Bauhinia pauletia, CACA = Caesalpinia caladenia, CAER = Caesalpinia eriostachys, CESC = Caesalpinia sclerocarpa, CNSP = Cnidoscolus spinosus, COGL =
Cordia globulifera, COEL = Cordia eleagnoides, COLI = Coccoloba liebmanii, CRPS = Croton pseudoniveus, CRRO = Croton roxanae, CRSU = Croton suberosus, HEPA =
Heliocarpus pallidus, JUCA = Justicia candicans, JAPU = Jacquinia pungens, LOCO = Lonchocarpus constrictus, LOMA = Lonchocarpus magallanensis, LOMU = Lon
chocarpus mutans, MIAC = Mimosa acantholoba, MIAR = Mimosa arenosa, PLLA = Platymiscium lasiocarpum, RUFO = Ruellia foetida, SEES = Senna estipula, ZAFO =
Zapoteca formosa. Acronyms in bold correspond to species in the Fabaceae family. Curves best fitted to power regression models (Y = A*X− B, discontinuous lines)
correspond to Zift (log–log) rank-abundance curves, while those best fitted to exponential regression ones (Y = A*exp− B, continuous lines) correspond to geo
metric curves.

early in succession, especially in the seedling stage. First, assuming
species niche and trait conservatism, the strong clustered phylogenetic
structure observed in most life stages in the earliest successional cate
gory is suggestive of abiotic filtering (Webb et al., 2002; Letcher, 2009).
Second, while in the seed stage a random phylogenetic structure was
found along the first 15 years of succession, a clustered structure was

observed in the seedling stage (Fig. 4b). The seed stage comprised spe
cies from a wide range of clades, whereas the seedling stage comprised
species mostly from the Fabales order (Fig. 5). As a result, species
composition of the seed stage was different from that of the seedling
stage in most successional categories (Fig. 3b). These results suggest that
the harsh environmental conditions, prevailing during the early years of
7
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Fig. 3. NMDS ordination of sites based on species
dissimilarity (Morisita-Horn index) among: (a) suc
cessional categories within a given life stage, and (b)
among life-cycle stages within a given successional
category. Data from the tropical dry forest of Cha
mela, western Mexico. In each panel, dots and ovals of
same color correspond to same successional category
or life stage. Ovals not overlapping are significantly
different (P ≤ 0.05). Inset each panel, Values of NMDS
stress and PERMANOVA statistics are shown.

succession (Lebrija-Trejos et al. 2011; Pineda-García et al., 2013), sift
species from the seed bank so that mostly species of Fabales get estab
lished as seedlings. Legumes species have been repeatedly identified as
stress-tolerant and resilient to drought (Pineda-García et al., 2013; Gei
et al., 2018, Maza-Villalobos et al., 2020). In fact, in Chamela, legume
pioneer tree species have been found to show a higher foraging capacity

for soil water than late successional species, by producing long root
systems that grow deeply into the soil (Paz et al., 2015).
We also found three lines of evidence to support the idea that biotic
filters increase along succession. First, in contrast to the seedling stage,
the tendency for an overdispersed structure of the resprout stage in the
successional categories other than the Pasture one suggests the
8
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Fig. 4. Phylogenetic changes among successional
categories at different life stages of shrubs and trees of
the tropical dry forest of Chamela, western Mexico. a)
Phylogenetic mean parwise distance (MPD), an indi
cator of community phylogenetic diversity. b) Stan
dardized effect size of MPD; Negative values infer
clustering, positive values indicate overdispersion;
Red dots indicate cases where the observed phylo
genic community structure was different from a
random structure (P < 0.05). Successional categories:
P = Pasture, E = Early, M = Mid, A = Advanced, OGF
= Old-Growth Forest. (For interpretation of the ref
erences to color in this figure legend, the reader is
referred to the web version of this article.)

operation of biotic filters (Fig. 4). The resprout stage comprised species
from several distantly related clades (Fig. 5), suggesting that assembly
mechanisms other than, or in addition to, abiotic filtering influence the
structure of resprout communities. Resprouting is a plant adaptation
that evolved in different lineages of woody plant communities subjected
to strong disturbances (Vesk and Westoby, 2004). Therefore, we infer
that species belonging to several distant related clades get established
during succession via resprouts, because resprouts withstand better than
seedlings the long and severe dry season typical of TDF localities. Using
our study system, other study has been shown that, although seedlings
have 30% higher recruitment rate than resprouts, resprouts survive at
rates twice as high as seedlings (Maza-Villalobos et al., 2013). Thus,
while species from several orders other than Fabales were impeded to
regenerate from seedlings, resprouts represented for them an important
source for regeneration.
Second, from the Pasture to the OGF successional categories, within
each life stage (especially in the adult stage), the rank-abundance curves
changed from a geometric type to a Zipf one (Fig. 2). A geometric curve
is commonly found for plant communities colonizing sequentially an
open space, while a Zipf curve is interpreted as resulting from a process
of niche partitioning among ecologically differentiated species
(Magurran, 2004). Such change was paralleled by an increase in the
diversity of taxonomic orders as succession advanced, which was
observed in all life stages (Fig. 5). Third, MPD increased from the earliest
to later successional categories in most life stages (Fig. 4a), which in
dicates that a larger number of distantly related species (purportedly
ecologically different) become members of the community as succession
advances.
Forth, during succession the phylogenetic community structure

changed from clustered to random in most life stages. A random
phylogenetic structure could result when abiotic and biotic filters
operate in the community (Kembel and Hubbell, 2006; Mayfield and
Levine, 2010; Ndiribe et al., 2013; Chai et al., 2016). A combination
between abiotic filtering operating mostly in the transition of the
seedling stage to further life stages, and biotic filtering becoming more
important in the transition of the resprout stage to further life stages,
could result in the random phylogenetic structure observed in the ju
venile and adult stages (Fig. 4). In concordance with this idea, in the
Advanced and OGF categories the higher species dissimilarity occurred
between the regenerative stages (seed, seedling, resprout) and the ju
venile and adult stages (Fig. 3b), which suggests that species-specific
natural enemies (such as seed predators, herbivores, or pathogens) can
impede self-regeneration of species dominating the site, favoring the
regeneration of non-prey plant species (Janzen, 1970; Connell, 1971;
Martínez-Ramos and Soto-Castro, 1993). This reasoning is in line with
the expectation that biotic filters play an important role in the mainte
nance of species diversity late in succession.
4.3. Implications for TDF management in human modified landscapes
The study region in the Pacific coast of Mexico is representative of
the human modified landscapes arising from the TDF conversion to
agriculture in Mesoamerica (Quesada et al., 2009). A major socio
ecological challenge in such landscapes is to find ways to conserve TDF
biodiversity, its functions, and services while producing the food
demanded by an increasing human population, supporting the liveli
hoods of the local small holders, and addressing the differential burdens
and benefits experienced by different stakeholders (Harvey et al., 2008;
9
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Fig. 5. Changes in clade composition for
assemblages of shrub and tree species at
different life stages during old-field tropical
dry forest succession, in Chamela, western
Mexico. Each color represents a taxonomic
order; in parenthesis is indicated the clade
where each order is located in the phyloge
netic tree constructed for angiosperms by
Soltis et al (2018). Panels in the left column
indicate the relative abundance (%) of each
order in each life stage and successional
category. Panels in the right column indicate
percentage of species of each order recorded
for in a given life stage and successional
category. OGF corresponds to Old-Growth
Forest category. Relative values are based
on totals calculated from three plots per
successional category. Note the dominance
of Fabales (purple color) in most panels. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)

Chazdon et al., 2009; Gardner et al., 2009; Quesada et al., 2009; Mora
et al., 2015; Lazos-Chavero et al., 2016). The results of the present study
provide important insights to inform the management of TDF (whether
aimed at biodiversity conservation, restoration, sustainable use of wood
and other forest products, or landscape restoration), which can be
summarized into the following principles.

dispersed species in the landscape, and for maintaining and possibly
upgrading forested corridors and stepping-stones in the landscape.
• Agricultural land-use regimes. At the field level, addressing the
negative impacts of high-intensive agricultural land-use regimes on
early regeneration is also relevant (Kennard et al., 2002; ZermeñoHernández et al., 2015; Chazdon and Guariguata, 2016; Lohbeck
et al., 2020; but see Pérez-Cárdenas et al., 2021). For example, slashand-burn practices, which are essential for the maintenance of
extensive cattle pastures (Trilleras et al., 2015; Sánchez-Romero
et al., 2021) but have negative impacts on the seed bank and seedling
stocks (Miller 1999), could be replaced to give rise to other land uses.
Agricultural practices limiting fire (such as controlled burning,
plowing after harvest, Rodríguez-Trejo, 2008; Rodríguez-Trejo et al.,
2011), combined with more selective weeding leaving a wide gamma
of useful species, could conserve the forest regeneration potential
and, at the same time, provide a wide array forest products for
people. The conversion of cattle pastures into silvopastoral or agro
forestry systems, based on second-growth forests with high abun
dance of “useful” species, would be an option to reduce such impacts.
Second-growth forests provide diverse and nutritious fodder sources
for cattle, but also provide other provisioning and regulating

• Landscape management. Seeds and seedlings were found at very low
densities and species densities in recently abandoned pastures. To
cope with this potential bottleneck for forest regeneration and suc
cession, management at the landscape scale would ensure that
enough forest in the matrix remains to function as a source of species
(see more details in Pérez-Cárdenas et al., 2021). The high preva
lence of wind-dispersed species in old-growth and secondary TDFs
(Vieira and Scariot, 2006; Ceccon and Hernández, 2009; Hilje et al.,
2015), which can disperse over long distances (Green and Johnson,
1995), enhances the important role of remaining old growth and old
secondary forests in the landscape and thereby the strong function of
the landscape matrix. Additionally, the relatively low numbers of
animal-dispersed species in TDFs call for active protection of animal-
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ecosystem services of high relevance for local communities (Naime
et al., 2020; Cortés-Calderón et al., 2021). For example, a study
carried out in our chronosequence system found that 53% of 177
registered woody species have one or more real or potential uses as
livestock fodder (e.g., Brosimum alicastrum), food for people (e.g.,
Spondias purpurea), medicine (e.g., Amphipterygium adstringens),
timber (e.g., Tabebuia rosea), firewood (e.g., Acacia farnesiana), ar
omatic resin (e.g., Bursera excelsa), ornamental plants (e.g., Cae
salpinia pulcherrima), materials for construction (e.g., Cordia
alliodora), among others (Godínez-Contreras, 2011). Of course, the
conversion of pastures to silvopastoral or agroforestry systems in
TDF regions require agreements and management strategies within a
complex interplay of societal, economical, political, and biophysical
factors (Sánchez-Romero et al., 2021).
• Management practices to accelerate the gain of forest biomass and
foliage cover along succession. This action is critical to reduce the
harshness of environmental conditions (Lebrija-Trejos et al., 2011;
Mora et al., 2018), and favor seedling recruitment and survival
(Maza-Villalobos et al., 2013). The transplanting of seedlings of
Fabaceae pioneer species should help to this purpose. Legumes were
most prominent in the early stages of succession in our study region,
having survived the harsh abiotic filters operating in recently
abandoned fields. Such legume prominence has been shown to be a
general pattern across young secondary dry forests in the Neotropics
(Gei et al., 2018). Legume species have also been shown to resist
severe management legacies, and play a key role as fodder for cattle
(Romero-Duque et al., 2007; Mora et al., 2016; Sánchez-Romero
et al., 2021). Actively accelerating the gain of forest biomass should
increase the value of secondary forest for programs promoting forest
restoration to capture and storage atmospheric carbon, such as
REDD+ (Paquette et al., 2009; Naime et al., 2020).
• Management of resprouts, seedlings, and biotic filters. Resprouts
were shown to be critical for the development of secondary forests.
Therefore, enriching secondary forests by transplanting resprouts
from a wide set of distantly phylogenetically related species could
enhance the recovery of diverse secondary forests. Resprouts can be
developed from cutting branch tips (Itoh et al., 2002), and cuttings in
dry systems have been shown to work reasonably well, both in
Mexico (Castellanos-Castro and Bonfil 2013) and elsewhere (Haile
et al., 2011). Farmer-management of resprouts has also been prac
ticed for the restoration of TDFs (Chazdon 2014; Weston et al., 2015;
Reij and Garrity 2016; Lohbeck et al., 2020). Once a forest cover has
been developed, seedlings of valuable (e.g., timber) species could be
transplanted to enrich the diversity and value of the second-growth
TDFs (Vieira and Scariot, 2006; Paquette et al., 2009). Addition
ally, attracting seed-dispersing frugivores (Quesada et al., 2009;
Chazdon et al., 2011; Almazán-Nuñez et al., 2015), and the enrich
ment with species of interest to local inhabitants, should enhance the
already rapid recovery of the secondary forests observed here, and
provide motivation to the people to keep and promote enriched
secondary forests (Mora et al., 2016; Lazos-Chavero et al., 2016).

succession advances. Abiotic filters, related to low water availability and
the harsh microclimate conditions (high irradiance, temperature, and
evaporation demands) prevailing at the beginning of the succession,
select mostly for species of drought-tolerant legumes, while biotic filters
(related to plant-plant, plant-animal and plat-microbe interactions),
select for species from a wide range of families and orders as harsh
conditions reduce later in succession. The role of the gradient of low to
higher water availability as a driver of successional changes in TDFs
contrast with the role of high to low light gradient driving succession in
tropical wet forests (Lohbeck et al., 2015; Gei et al., 2018; Poorter et al.,
2019). Therefore, drought tolerance, rather than light acquisition, be
comes a critical strategy for colonization during the old-field TDF suc
cession. Our study represents a first step to incorporate chronosequence
and plant life stages to the ecological analysis of old-field TDF succes
sion. However, future long-term studies combining phylogenetic, de
mographic, and functional trait perspectives (e.g., Norden et al., 2012;
Muscarella et al., 2017; Martínez-Ramos et al., 2018) could strengthen
the findings here reported. This study also provides knowledge useful for
the management of second-growth TDFs in human modified landscapes,
including the selection of propagules (seedlings, resprouts) of shrub and
tree species to foster forest regeneration in abandoned fields, and to
enrich secondary forest with species offering a wide array of forest
products and other ecosystem services.
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