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1. Introduction
Secondary forests have become a characteristic feature of humanmodified tropical landscapes. These forests, defined as those regener
ating spontaneously after clearance of the original old-growth forest
(Chazdon, 2014; FAO and UNEP, 2020), are increasingly dominating
tropical regions due to the continued advance of the agricultural frontier
and the subsequent abandonment of those lands (Wright, 2010). In spite
of the problems that the loss of old growth forests poses for global
environmental issues, like climate change and biodiversity loss, sec
ondary forests may represent a promise to reconcile tropical forest
conservation and human benefits derived from them (Chazdon, 2014).
As secondary forests develop, biodiversity, ecosystem functions, and
ecosystem services are recovered, providing resources for the liveli
hoods of local inhabitants such as timber, forage provision for cattle, and
firewood (Cortés-Calderón et al., 2021) as well as benefiting global
stakeholders (Matos et al., 2019). However, only until recently the sci
entific community and society in general have become aware of the
relevance of advancing knowledge on tropical secondary forests.
Unique insights on the dynamics of tropical secondary forests have
emerged from their long-term monitoring across the tropics. One of
these monitoring initiatives, the MABOTRO-RESERBOS program, was
established in 2004 and has provided since a wealth of understandings
on the ecological aspects of forest recovery and the social contexts it
occurs. The project has concentrated on two contrasting sites in Mexico:
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a wet forest site in the Lacandon forest, and a dry forest site on the
Pacific Coast. The first part of the project named MABOTRO (after
Manejo de Bosques Tropicales, in Spanish), was implemented in
2004–2008 and focused on characterizing the patterns of secondary
growth and the processes underlying them. The second part named
RESERBOS (Recuperación de Biodiversidad, Funciones y Servicios en
Bosques Tropicales, by its initials in Spanish), was implemented
2009–2020 and concentrated on the evaluation of the recovery of
ecological functions and ecosystem services, as well as the advance of a
deeper understanding of the socioeconomical context and drivers under
which forest regeneration occurs.
This special issue on social ecological dynamics of tropical secondary
forests provides an overview of the insights gained from the MABOTRORESERBOS program. In this introductory editorial paper, we start by
describing the project, its conceptual framework and overall products.
Then we explore the specific social-ecological conditions that have
fostered secondary forests, with emphasis on those in Mexico. Then we
assess what we have learned about the recovery of biodiversity and
ecosystem functions along secondary succession. Furthermore, we re
view key insights that emerged for the management of tropical forest
landscapes. We then highlight the tools that have been critical to attain
the above insights. To finalize, we discuss how this special issue con
tributes to a wide literature on tropical forest management.
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2. Long-term monitoring of contrasting tropical secondary
forests: the MABOTRO-RESERBOS project

Consejo Nacional de Ciencia y Tecnología (CONACYT, by its initials in
Spanish), opened its first call ever for interdisciplinary projects aimed at
addressing environmental issues. Since then, the MABOTRO-RESERBOS
program built from those favorable circumstances until today (MartínezRamos et al., 2012). The two sites are now part of the 2ndFOR network,
a large network of tropical secondary forests research encompassing
around 75 sites, 85 researchers from 16 countries (https://sites.google.
com/view/2ndfor/about-us?authuser=0). Several lateral collaborations
have been established with a variety of adjacent projects funded directly
to the different co-authors of this editorial and the special issue.
The scope and research questions of the projects, originally
focused on the contrasting dynamics of tropical dry and moist
secondary forests, have expanded over the past two decades to a
social-ecological perspective. The choice of two very contrasting
forests, a moist one in the Lacandon Forest, Chiapas (Chajul), and a dry
one in the Pacific Coast of Mexico, Jalisco (Chamela) resulting from the
above historical process, strategically allowed us to assess the role of
biophysical drivers on tropical secondary forest dynamics. As the project
evolved, we increasingly paid attention to the role of management leg
acies and landscape context on such dynamics (Pérez-Cárdenas et al.,
2021; Wies et al., 2021). Such efforts also led to a growing emphasis on
the tradeoffs emerging from secondary succession, especially on the
ecosystem services provided both to local smallholders and to the planet
at large (Mora et al., 2016; Naime et al., 2020). The exploration of the
enablers and constraints that individual smallholders face in their
management decisions, led to the need to consider underpinning drivers
at the global and local level (Fig. 1).
The MABOTRO-RESERBOS program has produced a very rich
body of knowledge on the social-ecological dynamics of tropical
secondary forests. As many as 94 papers and 81 dissertations (under
graduate, masters and doctoral) have been published by the programs
since 2004 (Fig. 2). While an important fraction of the productivity has
focused on the ecological aspects of secondary succession and pro
jections of forest recovery (structure and function), social-ecological
approaches have been increasingly incorporated.

Interdisciplinary place-based long-term approaches provide
unique insights on the ecology and management of tropical sec
ondary forests by small holders. Understanding the societal drivers
and motivations associated to these forests (Tauro et al., 2018), the ways
in which they are managed (Monroy-Sais et al., 2016; Sánchez-Romero
et al., 2021), and the dynamics of their biodiversity (Gavito et al., 2021a;
Marroquín-Páramo et al., 2021; Martínez-ramos et al., 2018; PérezCárdenas et al., 2021) ecosystem functions and services (CortésCalderón et al., 2021; Gavito et al., 2021b; Siddique et al., 2021) re
quires the intertwining of a range of social and ecological disciplines.
The long-term monitoring of secondary forest plots, with different
management histories and landscape contexts, provides a wealth of in
formation on these dynamics. By emphasizing the importance of sitebased social ecological drivers and conditions for such dynamics,
robust ecological data can be linked to the enabling conditions and
obstacles faced by forest managers. We focus on smallholders who
manage plots often smaller than 2 ha. Small holders contribute at least
30% of global agriculture and 80% of that in Latin America, but face
poverty and food insecurity (Ricciardi et al., 2018). We provide key
insights that allow us to understand their decisions and needs.
A visionary project was created back in 2004 due to the
convergence of particularly favorable enabling circumstances.
Long-term ecosystem research in the Pacific Coast of Mexico was kick
started by the National Autonomous University of Mexico (UNAM)
around 1980, with a strong emphasis on the ecosystem ecology and the
management of the tropical dry forest in the Pacific Coast of Mexico,
with an increasingly interdisciplinary social-ecological perspective
(Maass et al., 2005). Analogous research initiatives were also launched
by UNAM in the tropical humid areas of the Lacandon forest in 1985,
focused on the dynamics of the vegetation, and involved a large inter
national collaboration involving the University of Connecticut (USA)
and Wageningen University (The Netherlands) aimed at understanding
tropical humid secondary forest dynamics since 1994 (Chazdon et al.,
2007; Norden et al., 2015). In 2004, the Mexican science agency, the

Fig. 1. The conceptual framework of the
RESERBOS project. Secondary forest succes
sion is influenced simultaneously by drivers
at global to local scales. These drivers can be
anthropic, associated with economic, gover
nance or institutional factors, among others
(blue) or environmental, such as biotic,
geological or climatic factors (green). In
addition to these, successional forests are
also influenced by management, which may
be mostly communal (local) but also occurs
at landscape scales. These drivers and man
agement can interact to define the recovery
of biodiversity in successional forests, as well
as ecosystem functions and services. These
services can benefit only the owners of the
land, or be private, or benefit many stake
holders, such as those that are global. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Scientific productivity of the MABOTRO-RESERBOS program on the social ecological dynamics of two secondary tropical forests of Mexico. Chamela is a dry
forest site located in the Pacific Coast of Mexico and Chajul is a humid forest site in the Lacandon area. (a) Cumulative production of articles in ISI journals; (b) Areas
of knowledge addressed by these papers, ranging from a range of ecological aspects to social ecological ones.

2.1. Landscape dynamics of tropical secondary forests and critical drivers

early 1970s, the federal government invested in transportation and
irrigation infrastructure, and agriculture prospered (Villa-Issa, 1990).
The governmental program “March to the Sea” in 1953–58 redistributed
rural land to extend settlement in western states (Castillo et al., 2005),
creating the ejidos near the Chamela dry forest research site. A later
National Program of Deforestation and Livestock Production (Programa
Nacional de Desmontes y Ganaderización, 1960–74) promoted the
expansion of livestock production on improved pastures (Castillo et al.,
2005). The state of Chiapas, where the Chajul site is located, experi
enced an important migration wave in the early 1980s of people
escaping from the civil war in Guatemala (Castillo and Toussaint, 2015).

The creation of ejidos and the policies to develop tropical re
gions have driven the dynamics of Mexico’s tropical forests. The
secondary tropical forests of Chamela and Chajul sit within ejidos, which
were originally (the onset of the 20th century in Mexico) conceived as
semi communal land tenure regimes. Until the Mexican Revolution of
the 1910s, land ownership in the country was highly concentrated, with
97% of rural land owned by only 830 people (Villa-Issa, 1990). The
national government began widespread land redistribution in the 1930s,
initially in the more densely settled central highlands. From 1940 to the
3
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The state-level Plan Chiapas of 1983–86 sought to secure the border
with Guatemala by distributing land to create new population centers
and encouraging agricultural, timber, and fishing production, including
the ejidos in the Marqués de Comillas municipality where the Chajul
rainforest research site is located. The policies that distributed forested
land to ejidos during this period triggered major deforestation to enable
crop and livestock production. Yet at the same time, the semi-communal
nature of the ejidos contributed to the maintenance of some forested
lands under communal management.
National policies to subsidize industrial agriculture have
undermined the economy of small holders and led to the regrowth
of tropical secondary forests. Starting in the 1980s, the decline of
traditional maize and cattle agriculture accelerated as the Mexican
government actively integrated into the global economy by joining
major global trade pacts (General Agreement on Tariffs and Trade
[GATT]/World Trade Organization [WTO]) in 1986 and the North
American Free Trade Agreement in 1994). Exposure to competition from
highly efficient and subsidized U.S. agriculture reduced prices, under
mining Mexico’s traditional grain crop and beef cattle production sector
(Villa-Issa, 2008). Many rural people responded by emigrating to cities
or to the United States. The new Agrarian Reform Article 27 of 1992,
which allowed ejido members to sell their land, probably accelerated
this trend. Ecologically, rural emigration enabled the regrowth of sec
ondary forests in both the Chamela and Chajul regions.
Policies to protect biodiversity but also to privatize ejidos have
resulting in mixed impacts on tropical forests. The Mexican gov
ernment protected tracts of remaining forest by creating biosphere

reserves in Montes Azules near Chajul (Carabias et al., 2015) and in
Chamela-Cuixmala in 1993 (Maass et al., 2005). Since 2000, growing
concern over climate change and loss of natural resources has prompted
the national program of Payment for Ecosystem Services (Per
evochtchikova and Beltrán, 2012) and the United Nations program to
reduce emissions from deforestation and forest degradation (REDD+)
(Morales-Barquero et al., 2014). At the same time, decisions at the ejido
level have become more and more individual (Schroeder and Castillo,
2013), as a result of the weakened ejidal governance of common pool
resources due to the legal reforms in the early 1990s. The tensions be
tween individual and communal interests, and the tradeoffs among local
and global ecosystem services and stakeholders are driving the current
decisions to either keep successional dynamics or transform land back to
agriculture (Lazos-Chavero et al., 2016).
Tropical secondary forests are increasingly dominating the
tropical landscapes. Young secondary forests in Chajul and Chamela
result from the relatively recent colonization (Fig. 3). Farmers from
different parts of the country established there in the 70 s, and they
transformed these forests extensively into pastures and croplands (Cas
tillo et al., 2005; de Vos, 2002). Secondary forests have formed as part of
the slash and burn agricultural cycle, following an accelerated increase.
A 30-years lapse analysis (1970–2010) shows that by 2010, in the
Chamela region, the dominant land cover was secondary forest (38%,
2010s) in place of old growth forest (62%, 70 s), which went down to
25% (2010s). Pastures have steadily increased over the same period and
changed from 11% to 23% of the land cover. The secondary forest has
increased from 20% to 42%. In Chajul, in the 70 s, only two land cover

Fig. 3. Landscape dynamics and the creation of secondary forests in two tropical contrasting sites. The transitions among land use changes were identified in a joint
workshop and then confirmed using official land cover maps of Mexico Serie I (70 s), Serie III (90 s) and Serie V (10 s) (Instituto Nacional de Estadística y Geografía
https://www.inegi.org.mx) reclassified into eight categories by the co-authors of the article. The reclassified maps were cut to the edge of the polygon of munici
palities of La Huerta (for the case of Chamela) and Marqués de Comillas (Chajul). Then, categories were rasterized and compared within different epochs using
Geographical Information System tools for calculating the matrix of classification and parameters for accuracy assessment of the result. The circle representing each
land cover type is proportional to the area it occupies in the municipalities.
4
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were reported: old growth forest (97%) and late secondary forest (3%).
Old growth forests have been reduced to 36%, and pastures are now the
dominant (37%) land cover. Secondary forest (early and late) increased
up to 26% (2010s) with minor changes observed from late secondary
forest to pasture.
Contrasting biophysical conditions drive moist and dry sec
ondary forest succession dynamics. The total amount of rainfall and
its temporal patterns strongly differ between the two studied forests.
Abundant rainfall (3000 mm) and relatively constant humidity
contribute to a dense and moist forest in which the tropical forests as
well as crops and pastures develop rapidly and competition for light is a
major driver (Martinez-Ramos et al., 2009). Instead, scarce rainfall (800
mm) with up to 6 months of severe drought and a strong interannual
variability (Maass et al., 2018), contribute to short and slow growing
forests, and severely limits crop and cattle yields. Geology, topography
and soils also play a major role in producing heterogeneous conditions in
terms of water and nutrient availability in both sites, and therefore
vegetation structure (Jaramillo et al., 2003; Navarrete-Segueda et al.,
2018).

forests and biodiversity under anthropized landscapes (Chazdon, 2014).
Findings from our project coincides with others indicating that key
components of vegetation structure, such as species richness, standing
biomass, and key functions such as primary productivity and soil organic
matter tend to recover within the first 25 years of succession in both dry
and humid areas (Lohbeck et al., 2012; Poorter et al., 2016; Rozendaal
et al., 2019; Mora et al., 2018; Gavito et al., 2021a,b; Pérez-Cárdenas
et al., 2021). This clearly contrasts to species composition projections
which span several centuries, according to a multi-site study across the
Neotropics (Rozendaal et al., 2019). In principle, these results suggest
that an important fraction of old-growth forest specialists do not
contribute much to the ecosystem functions, particularly to those related
to carbon cycling. The role of biodiversity on the recovery of ecosystem
functioning is discussed later in this paper.
The successional dynamics is contrasting between the dry and
the wet forests. The forest recovery rates are likely affected by rainfall
gradients. For example, when comparing 48 forests regions across the
Neotropics Poorter et al. (2016) and Rozendaal et al. (2019) demon
strated that above-ground biomass and tree species richness, accumulate
faster in regions with less water deficit, although the proportional re
covery relative to old-growth forests is likely the same in both envi
ronments. Recovery of species diversity appears to be fostered in dry
forests by resprouting of remnant individuals (Martínez-Ramos et al.,
2021), but also by the smaller regional species pool relative to those of
wet forests (Rozendaal et al., 2019).
Plant community structure seems to be driven by biotic and
abiotic filters whose importance varies depending on local forest
factors. Understanding the mechanisms driving plant species assembly
along secondary succession provides important bases for the sustainable
management of forest ecosystems and their conservation in benefit of
local and non-local people (Martínez-Ramos et al., 2021). Studies in our
wet forest site support the hypothesis that at early successional stages
abiotic filters are more important in shaping the woody community
structure, while the opposite occurs towards advanced succession
(Lohbeck et al., 2015b, 2013). However, two studies conducted in our
dry forest site have yielded inconsistent results. Clumped phylogenetic
arrays have been found at early stages and over dispersion in later ones
(Maza-Villalobos et al., 2020), as well as a wide variance in the
dispersion arrays depending on the particular functional trait consid
ered, overall suggesting no clear shift of drivers across succession, or
different mechanisms operating at wet or dry forests (Maza-Villalobos
et al., 2020; Bhaskar et al., 2014). In this issue, Martínez-Ramos et al.
(2021) make an important step forward by disentangling the patterns of
species phylogenetic dispersion across life stages in a dry forest. Of
particular interest is the discovery that the assembly of the woody
community along succession resulted from a combination of abiotic
filtering processes, operating mostly on seedlings, and biotic filtering
processes, operating mostly on resprouts. This novel study is the first one
to demonstrate that two routes of recruitment (seedlings and resprouts)
can determine differences in the assembling mechanisms between the
dry and wet forests.
Biodiversity and ecosystem functioning recover in parallel to plant
standing biomass and other structural variables. A principal hypothesis
to explain how biodiversity and ecosystem functions recover along
secondary succession is that as species are replaced through time and
organisms with different life histories accumulate, complementarity or
higher structural complexity increase, enhancing the cycling efficiency
and the resilience of the forest (Ali et al., 2016; Grigulis et al., 2007;
Lavorel et al., 2011). Alternative hypotheses propose that ecosystem
processes are driven by changes in the dominant functional traits (not
their diversity), or simply by the progressive accumulation of plant
biomass, independently of species traits (Finegan et al., 2015; Lohbeck
et al., 2015a, 2016. Joint efforts by MABOTRO - RESERBOS and 2ndFOR
have shed important advances to test these hypotheses. First, functional
diversity clearly increases parallel to species richness along succession in
the wet forest of Chajul (Lohbeck et al., 2012), but less clearly in the dry

3. Recovery of biodiversity and ecosystem processes along
secondary succession
Recovery rates are highly heterogeneous among groups of or
ganisms and functions. Within the MABOTRO-RESERBOS program,
the simultaneous monitoring of multiple groups of organisms besides
plants, namely soil microbes, insects, amphibian, reptiles, birds, bats
and terrestrial mammals, constitutes a unique effort towards under
standing integrative recovery rates in secondary forests in wet and dry
regions. As expected, recovery rates are highly heterogeneous among
groups of organisms and sites. In the dry forest site, microbes (CarrilloSaucedo et al., 2018; Gavito et al., 2021a), lepidopterans (Hernández
et al., 2014) reptiles, anurans (Marroquín-Páramo et al., 2021; SuazoOrtuño et al., 2015a) and birds (Martínez-Ramos et al., 2012) showed a
community structure that hardly varies across succession. In contrast,
species diversity of beetles declined (Manrique-Ascencio, 2010), while
that of trees (Mora et al., 2015) and bats (Avila-Cabadilla et al., 2009)
increased along succession, approaching the values observed in the oldgrowth forest in less than 15 years. Similarly, in the wet site, the species
diversity of most studied groups (trees, ants, amphibians, reptiles, bats
and terrestrial medium-mammals) increased during the first 20 years of
succession, approaching the values observed in the old-growth forest (de
la Peña-Cuéllar et al., 2012; Rocha-Ortega et al., 2018; van Breugel
et al., 2006). The rapid recovery of secondary tropical forests has led to
the hypothesis that low habitat differentiation may allow for the con
servation of rich animal communities in landscapes (Boege et al., 2019;
Suazo-Ortuño et al., 2015b). However, the finding that resilience to
repetitive hurricanes greatly differs among some of these groups (Mar
roquín-Páramo et al., 2021), and the fact that other groups of animals as
bats, exhibit large sensitivity to human and natural disturbances (AvilaCabadilla et al., 2009), suggest that opportunities for conservation of
animal communities in secondary landscapes may be idiosyncratic to
different groups, as in fact a recent meta-analysis has shown (AcevedoCharry and Aide, 2019). A wide disparity of recovery rates has also been
observed among ecosystem functions. Intriguingly while above-ground
carbon stocks, soil organic matter, microbial activity and microclimate
either resist or recover quickly in the dry forest site (within 15–30
years), some key nutrients, such as soil P, recover very slowly and have
not recovered after 35 years (Gavito et al., 2021b; Mora et al., 2018).
Because soil P is one of the most limiting factors in tropical forests, its
slow pace is expected to slow down the recovery of diverse soil and
vegetation processes during secondary succession.
Tropical secondary forests rapidly recover biomass, woody plant
richness, key soil and above ground functions, but the recovery of
composition is rather slow. Whether the recovery of secondary forests
occurs rapidly or not is a crucial question for the conservation of tropical
5
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forest of Chamela (Bhaskar et al., 2014). Second, dominant woody plant
strategies effectively change across secondary succession but in
opposing directions depending on the forest type, from acquisitive to
conservative species in the wet forest, and the other way around in the
dry forest (Lohbeck et al., 2013; Pineda-García et al., 2015; Poorter
et al., 2019). From these patterns of functional composition, potential
changes in ecosystem processes have been invoked regarding functions
such as carbon fixation and stocks across succession. Third, explicit tests
for the three alternative hypotheses (functional diversity, functional
dominance and biomass) linking biodiversity and ecosystem function
across secondary succession, detected that in both wet and dry forest
regions, variables involved in carbon cycling, as biomass accumulation
and decomposition rates are affected by plant biomass, but not by
functional dominance, nor by functional diversity (Chazdon et al., 2016;
Lohbeck et al., 2015b; Mora et al., 2018). In the present special issue,
two papers contribute with direct measurements of key soil ecosystem
processes and productivity in our dry forest, detecting more complex
patterns of co-variation between traits and processes along succession
than previously expected. Gavito et al. (2021a) find that litter quality is
not associated to successional age, while contrary to expected, litter
decomposition rates show only a weak age signal, decreasing from
pastures and early sites to mature forests. The authors conclude that
litter decomposition rates in the dry forest are quite resilient to forest
cover type, being forest age a poor predictor. On the other hand, Sid
dique et al. (2021), tested an a priori model of causal relationships be
tween multiple vegetation variables and three ecosystem variables
(plant biomass, litter carbon stock, soil compaction), incorporating the
main drivers reported in the literature to date. Their findings indicate
that species richness and turnover, but not functional diversity, directly
or indirectly affect the three ecosystem variables considered. This opens
the question on which traits should be used to capture the diversity of
ways of living in species rich tropical communities. To our knowledge,
still very few attempts have been done to test the links between biodi
versity and ecosystem function during secondary succession in the tro
pics (Finegan et al., 2015; Lohbeck et al., 2015a, 2016; Prado-Junior
et al., 2016; van der Sande et al., 2017; Mora et al., 2018;Teixeira
et al., 2020; Siddique et al., 2021), making it difficult to derive general
patterns.
More studies are needed to disentangle the causal link between
plant functional diversity and ecosystem functioning in secondary
forests. An interesting research direction points to the role of functional
diversity at the landscape level. While a few dominant species may
control ecosystem processes within particular forest patches, the spatial
and temporal heterogeneity of dominants among patches may play a
role on forest resilience and stability (Lohbeck et al., 2016). Yet, a
counterintuitive result is that response diversity, i.e. the diversity of
species responses to disturbances like hurricanes, showed a negative
correlation with rates of recovery of basal area after a hurricane impact
(Bhaskar et al., 2018). Better conceptual models considering synergies
and feedbacks, and the measurement of critical traits and variables are
most needed. In addition, efforts to understand the linkage between
biodiversity and ecosystem functioning other than nutrient and carbon
cycling, for example water cycling, are mostly pending. Work on water
relations of multiple species have been conducted, both in wet
(Schönbeck et al., 2015) and in dry forests (Méndez-Alonzo et al., 2013;
Pineda García et al., 2013), but upscaling to community and systems
level is largely unexistent.

Rodríguez et al., 2015; Maza-Villalobos et al., 2011a,b; Mora et al.,
2015). The forest composition of the surrounding area (forest cover
relative to non-forested area) has been proposed as a key driver, because
it affects propagule availability and seed arrival to successional sites,
impacting thus temporal trajectories of species recruitment, turnover
and functional composition (Fahrig, 2013). By superimposing a land
scape composition gradient over the classic chronosequence approach
(followed by most of the studies in the present issue), Pérez-Cárdenas
et al. (2021) supported such hypothesis by detecting that forest pro
portion positively affects species richness recovery, while pasture cover
negatively affects forest standing biomass recovery. Similar effects have
also been detected in our wet forest site (Wies et al., 2021), overall
suggesting that landscape composition surrounding a given plot of sec
ondary forest impacts its successional pathway. Conceptual models of
secondary forest recovery need thus to explicitly incorporate landscape
configuration (Crk et al., 2009; Fahrig, 2013; Maza-Villalobos et al.,
2011a, 2011b; Mora et al., 2015) to enhance our ability to contribute
towards conserving landscape quality as a paramount aspect to enhance
forest recovery (Robiglio and Sinclair, 2011) and also to maintain both
biodiversity and ecosystem services (Arroyo-Rodríguez et al., 2020).
Management history affects the rate of recovery of secondary for
ests. Tropical forests frequently recover spontaneously when slashing
and burning stops, even if the land is still used for resource extraction or
cattle browsing (Trilleras et al., 2015; Zermeño-Hernández et al., 2015;
Sánchez-Romero et al., 2021, but see Suazo-Ortuño et al. (2015a,
2015b) for exceptions under extremely degraded soils). Yet, land-use
history and intensity can filter out species recruitment, due to landuse legacies (Zermeño-Hernández et al., 2016; Jakovac et al., 2016).
The recovery rate of biomass can be predicted from the intensity of
forest management in the wet forest (Zermeño-Hernández et al., 2015),
and from legacies in species diversity and composition in the dry forest
(Romero-Duque et al., 2007). However, studies assessing the relative
importance of successional time, landscape composition and land-use
legacies on forest regeneration are still scarce (Mora et al., 2015;
Robiglio and Sinclair, 2011). In the present issue, Pérez-Cárdenas et al.
(2021) tested such factors, and contrary to expectations, found that past
land-use intensity only weekly explained vegetation diversity. The
observed effect of landscape composition on species richness and
aboveground biomass recovery confirms the importance of reconciling
forest conservation and agricultural management.
Synergies emerge along secondary succession between functions
and ecosystem services. Ecological processes related to plant growth
and carbon productivity can rapidly recover through natural regenera
tion in young forests of relatively high plant diversity, even lacking
many of the old-growth forests specialists (see above). Synergies be
tween species richness, basal area, carbon stocks, and soil properties
such as soil penetration along succession have been found (AyalaOrozco et al., 2017; Siddique et al., 2021). In addition, the supply of
ecosystem services such as the availability of useful species, microcli
mate regulation and contributions to climate change mitigation
increased, as documented by three papers in this special issue (CortésCalderón et al., 2021; Naime et al., 2020; Siddique et al., 2021). These
papers indicate clear synergies between several functions and services
that are linked to increases in above ground biomass. Yet, the wide
variation in recovery rates of biodiversity components and ecosystem
functions across secondary succession, point to the need for indicators of
integrative recovery or coupled synergistic functions and components
(see below).
Tradeoffs between services are associated to the transformation of
old-growth and secondary forests into agricultural land uses, and viceversa. Tradeoffs between regulating services, such as carbon capture
and storage that benefit many stakeholders beyond the managed site,
and provisioning services that support the livelihoods of local farmers
are documented in this issue (Cortés-Calderón et al., 2020; Naime et al.,
2020). Main tradeoffs occur between services that provide private
benefits at local scales for the plot managers, such as the provision of

4. Managing tropical secondary forest succession
Landscape configuration is a key determinant of biodiversity and
functional forest recovery. The spatial context where secondary forest
plots develop has been historically recognized as a relevant driver of
forest recovery (Pickett et al., 1987; Meiners et al., 2015). Secondary
succession at any given plot may follow multiple recovery pathways
subject to multiple factors spatially structured in the landscape (Arroyo6
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forage for cattle, which under current management strategy entails
forest clearance to foster the growth of light-demanding grasses, and
services that provide global public services, such as carbon storage and
biodiversity conservation (Trilleras et al., 2015; Mora et al., 2016,
2018). Additional tradeoffs occur at landscape scales between economic
activities, such as luxury tourism and agricultural production, as both
depend on water availability and both sustain local livelihoods (FloresGutierrez et al., 2020; Maass et al., 2005; Riensche et al., 2015). These
tradeoffs are nevertheless not perceived homogenously among local
farmers. Initial settlers of our dry site, who were supported by govern
mental incentives to transform the forests into agriculture in the 1960s,
mostly emphasize provisioning ecosystem services, while those born in
areas adjacent to the forests, who had more access to education, more
diverse livelihoods and had been influenced by the presence of aca
demics in the region, recognize the importance of regulating and cul
tural services (Tauro et al., 2018).
Tradeoffs among functions, services and stakeholders can be
overcome through agroecological management that take stock of
existing synergies. Most conventional management schemes based on
intensive management of pastures have exacerbated tradeoffs between
pastures that are devoid of woody species and conserved forests in re
serves (Lazos-Chavero et al., 2016; Mora et al., 2016). Yet, this special
issue identifies ways to take advantage of the multiple useful species and
the key regulating ecosystem services that are provided by older sec
ondary forests (Cortés-Calderón et al., 2021; Naime et al., 2020;
Sánchez-Romero et al., 2021). Enriching secondary forests with useful
species through silvopastoral practices may make the most of succes
sional forests and allow for multiple uses (Sánchez-Romero et al., 2021).
Leveraging tradeoffs among ecosystem services by providing a monetary
compensation to landholders losing provisioning benefits could be
desirable, considering that the opportunity costs are highest in early
stages of secondary forest succession (Naime et al., 2020).

program and the 2ndFOR network, provide unique insights on the
social-ecological dynamics of secondary tropical forests. The long-term,
interdisciplinary approaches used allowed to integrate multiple disci
plines, with multiple funding opportunities and products, into a
comprehensive understanding of such dynamics. Yet, while the con
ceptual framework developed by the team aims at interconnecting the
different social-ecological components, most of the contributions of the
team and of this special issue dwell on ecological process, on the man
agement of secondary forests, and much less on the drivers of such
management.
Our results not only point to the need for reconciling conservation,
agriculture and livelihoods, but also provide guidance on how to do it.
We present (1) the ecological information about synergies and tradeoffs,
(2) the tools to assess recovery, and (3) the policy options that contribute
to leverage the tradeoffs of different management alternatives. For
example, secondary forests favorable for regeneration could be included
in conservation programs for fast recovery of species richness and di
versity within landscapes. High potential for carbon storage and
sequestration of young secondary forests can be reconciled with the slow
recovery of old-growth forest species composition. Promoting agroeco
logical management of multiple ecosystem services in secondary forest
landscapes, is a promising strategy to reduce the conflicts between local
and global, or particular and social interests on the land. Alternatively,
schemes such as payments for ecosystem services could foster the re
covery of secondary forests to provide alternative sources of income to
local stakeholders while at the same time increasing the much-needed
climate services.
The special issue and other results of the projects show how resilient
these tropical secondary forests are. Yet, as more intense, and frequent
events stemming from climate change, biodiversity is further lost, and
land degradation is exacerbated, tipping points may be reached and
threaten their long-term maintenance.
This special issue results from unique circumstances that have
fostered interdisciplinary collaborations and have resulted in very
diverse and comprehensive contributions over the last 18 years. While
this understanding has been built on research and education realm, with
joint papers, joint theses, and collaborations with several parallel
research initiatives, increasingly our emphasis is moving towards more
transdisciplinary collaborations, towards the co-development of solu
tions with local stakeholders. For the tropical dry forest site, a long-term
joint monitoring of the social ecological dynamics of the secondary
forests with plot owners is well underway. For the tropical moist forest
site, collaborations with creatives to enable the co-development of new
alternatives towards more sustainable food systems are also well
advanced (Kooi and Martinez, 2021). Together with all these new
partners and new knowledge developing directions, we add to the
world’s available information on increased understanding of the pro
cesses involved in more sustainable management of the world’s sec
ondary forests.

5. Tools to assess and manage tropical secondary forest
succession
Multi-species allometric models and indicators of integrative re
covery are key to assess forest dynamics and inform their management.
Management actions to accelerate the recovery of ecosystem processes
and services urgently depend on the design of innovative tools for rapid
assessment of secondary patches. Time under succession is likely not a
reliable measure of the recovery process in actively managed landscapes
(Chazdon, 2014). Instead, measurable properties that integrate the ac
tion of natural regeneration and disturbances, natural and human, are
likely more reliable indicators of forest state of recovery. Two papers in
this special issue present progress on the design or refinement of better
tools. First, Bojórquez et al. (2020) developed multi-species allometric
models to estimate standing biomass and thus carbon stocks in sec
ondary forests in a tropical dry region. Specifically developed for sec
ondary forests (see Chave et al., 2014), this tool predicted local carbon
stocks better than the most commonly used global models. On the other
hand, Gavito et al. (2021b, this issue) assessed the integrated response of
other key ecosystem components as soil and microclimate, and found
that standing basal area, is the best indicator, in concordance with
previous efforts and studies showing how vegetation, soil and micro
climate are strongly linked (Bardgett and Van Der Putten, 2014).
Interestingly, Gavito et al. (2021b) discovered that also standing litter
biomass is much easier to assess and allows for understanding its syn
ergistic links with other ecosystem components from a point-shot
measurement.
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12, 58–69.
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