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A B S T R A C T

Natural regeneration of secondary forests can be an important source of recovery of ecosystem services (ES)
critical for humanity, especially for climate change mitigation and adaptation goals. However, natural re-
generation entails synergies and trade-offs across ESs and across stakeholders. To evaluate these trade-offs, we
assessed the economic value of four ESs along the course of a natural regeneration process of tropical dry forests
of the Pacific Coast of Mexico, and examined how this can inform the design of Payment for Ecosystem Services
(PES) schemes incentivizing forest restoration. We estimated the monetary value of two provisioning ESs –forest
products and fodder for calves–, using contingent valuation and direct market valuation methods, and two
regulating ESs –carbon stocks and carbon sinks– using the voluntary carbon market prices and the social cost of
carbon. We assessed these ESs in four natural regeneration stages: pasture, young secondary forest (0 to 12 years
of natural regeneration), intermediate secondary forest (between 12 and 25 years of natural regeneration), and
old-growth forest (more than 25 years of natural regeneration or primary forests).

Results indicate that throughout the course of the natural regeneration process, there are changes in the
magnitude of the trade-offs between regulating and provisioning ESs. We find a clear trade-off between reg-
ulating and provisioning ESs in the early stages of natural regeneration. However, as secondary forests grow
older provisioning ESs recover, creating synergies rather than trade-offs in later stages of natural regeneration.
Our results suggest a PES aiming to increase climate regulation services should focus on the carbon sink potential
of young and intermediate secondary forests, as this would provide the greatest additionality and mitigation. We
also showed the relevance of using a portfolio of economic valuation methods that can include a wider range of
values for understanding landholders’ preferences. While with direct market valuation methods we found that
young secondary forests have the lowest economic value as compared to other natural regeneration stages,
contingent valuation showed that landholders value young secondary forests the most because of their potential
– future – land use (i.e. the possibility of converting it back to pasture).

1. Introduction

The world today is struggling to keep global temperature rise below
the 1.5 °C target. Natural Climate Solutions are the set of available
practices to mitigate climate change by increasing carbon sinks and
reducing greenhouse gas emissions from the agriculture, forestry and
land use sector (Griscom et al., 2017). These solutions comprise con-
servation, restoration, and improved land management activities and
are increasingly perceived as necessary to meet climate change targets
because of their carbon dioxide removal potential (Chazdon et al.,

2017; Seddon et al., 2019). Indeed, all the pathways proposed by the
Intergovernmental Panel on Climate Change (IPCC) to meet the 1.5 °C
target require carbon dioxide removal strategies (IPCC, 2019a).

Natural regeneration is a restoration strategy that includes the
spontaneous recovery of forest cover in abandoned cropland and pas-
tures (Crouzeilles et al., 2017), and resulting in the development and
expansion of secondary forests. Natural regeneration has an important
role among the set of restoration strategies available to mitigate climate
change: forests that develop following the total or partial abandonment
of human activities – secondary forests – can have a net carbon uptake
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of 3.05 Mg C ha−1 yr−1, eleven times more than old-growth forests
(Poorter et al., 2016). In addition, it potentially offers a low cost and
effective solution to forest scarcity, biodiversity conservation, and land
degradation (Rey Benayas et al., 2009; Chazdon and Uriarte, 2016;
Chazdon et al., 2016; Meli et al., 2017) as it often requires little or no
human intervention and has higher ecological success than active re-
storation (Crouzeilles et al., 2017). Furthermore, secondary forests
emerging from natural regeneration provide ecosystem services (ESs) to
local stakeholders, including provisioning, cultural and regulating ser-
vices (Lazos-Chavero et al., 2016; Wilson et al., 2017; Tauro et al.,
2018). Thus, natural regeneration and secondary forests provide ben-
efits at the global, public level as well as at the regional and local scale.

Given that natural regeneration results in the establishment of tro-
pical secondary forests at the expense of croplands and pastures, there
are potential trade-offs between the public benefits received from in-
creasing climate regulating services and the private losses of provi-
sioning services. Indeed, natural regeneration can involve costs to local
stakeholders if they lose the provisioning ESs that they receive from
agricultural land uses (Chazdon and Guariguata, 2016; Lazos-Chavero
et al., 2016; Wilson et al., 2017; Kearney et al., 2017). In such cases, a
policy intervention is needed to manage the trade-offs and incentivize
natural regeneration. Among the set of policies for managing ESs trade-
offs, Payment for Ecosystem Services (PES) can be an effective tool
(Bullock et al., 2011; Miteva, Pattanayak and Ferraro, 2012). Broadly
defined, PES is a “positive economic incentive where environmental
services providers can voluntarily apply for a payment that is condi-
tional either on ES provision or on an activity clearly linked to ES
provision” (Engel, 2016). PES has been the cornerstone policy goal of
Reduced Emissions from Deforestation and forest Degradation (REDD
+) strategies across the world. Most PES and REDD+ schemes have
focused on reducing deforestation, while there has been much less at-
tention for incentivizing forest enhancement strategies such as natural
regeneration (Skutsch et al., 2017). Efficient and effective PES policies
for natural regeneration require a clear understanding of the magnitude
and nature of the ES provided and their potential trade-offs (Naeem,
et al. 2015; Alexander et al. 2016; Guariguata and Balvanera 2009).

Despite the growing literature on ESs and their trade-offs (Howe,
2014; Raudsepp-Hearne et al., 2010), the empirical, ‘on-the-ground’
knowledge of how to manage ESs trade-offs during restoration practices

is still scarce (Chazdon and Guariguata, 2016; Chazdon et al., 2017).
Few studies have coupled the analysis of ESs trade-offs to their eco-
nomic valuation and the specific policies to manage them at the local
level (Pandeya et al., 2016; Cord et al., 2017; Marre and Billé, 2019).
Such knowledge can contribute to adequately managing and leveraging
the associated trade-offs, and the identification of suitable policies or
compensation schemes. A useful research tool to evaluate ESs trade-offs
is economic valuation (De Groot et al., 2010; Pandeya et al., 2016;
Müller, Knoke and Olschewski, 2019), which consists of assigning a
monetary value to the services supplied by an ecosystem.

This paper examines the ESs trade-offs that emerge during the
process of natural regeneration on former pastures of a tropical dry
forest (TDF), focusing on conflicts between climate regulating ESs that
provide public, global benefits, and provisioning ESs that provide local,
private benefits. We valued ESs at four distinct stages of the natural
regeneration process of a tropical dry forest on the Pacific coast of
Mexico, using multiple economic valuation methods to better capture
different components of the Total Economic Value (TEV) of an ES
(Pearce, Atkinson and Mourato, 2006). We consider two provisioning
services locally relevant to the landholders –forest products and fodder
for calves –, and two regulating services critical for climate change
mitigation, globally relevant – carbon stocks and carbon sinks –. Each
ES was valued at each of four stages of a natural regeneration process:
pasture, young secondary forest (0 to 12 years of natural regeneration),
intermediate secondary forest (between 12 and 25 years of natural re-
generation), and old-growth forest (secondary forest older than
25 years or primary forests). Considering the findings, we discuss the
implications of the economic valuation for the management of ESs
trade-offs, focusing on the design of a PES program aiming to in-
centivize natural regeneration. The conceptual framework followed for
the study is summarized in Fig. 1.

2. Methods

2.1. Site description and natural regeneration stages

The study was carried out in six localities, or ejidos, of the munici-
pality of La Huerta, in Jalisco, Mexico, where the dominant vegetation
is tropical dry forest (TDF). The region has a marked seasonality of

Fig. 1. Conceptual framework for the economic valuation of four ecosystem services along the course of natural regeneration of tropical dry forests.
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rainfall and water availability, where mean annual rainfall is 800.4 mm
and 86.8% of yearly precipitation occurs between the months of June
and October (Maass et al., 2018). An important land cover change
process has occurred in the region during the last decades, with an
overall reduction of 22% for TDF and 45% for tropical semi-deciduous
forest (TSDF) between 1970 and 2012. As a result, by 2012 about 49%
of the land was covered by old-growth TDF, 11% by secondary TDF, 9%
by TSDF and almost 20% were pastures or croplands (Flores-Casas and
Ortega-Huerta, 2019).

Three reasons make this region relevant to the study of natural re-
generation. First, as a result of the land cover change process there is
diversity of land uses, ranging from croplands and pastures to sec-
ondary forests and primary forests (Flores-Casas and Ortega-Huerta,
2019). Second, the site has been studied for more than 30 years and
there is extensive ecological but also socioeconomic information re-
garding secondary forest succession and ES provision (Maass, 2005,
2016, Maass et al., 2018). Third, the rate of deforestation in the area is
low and has been decreasing over time (Sánchez-Azofeifa et al., 2009;
Flores-Casas and Ortega-Huerta, 2019) and natural regeneration has
been identified by local stakeholders as one of the most feasible refor-
estation strategies available (Lazos-Chavero et al., 2016).

Based on previous research about tropical secondary forest succes-
sion on former pastures in the site (Mora et al., 2015, 2016), the process
of natural regeneration was classified into four distinct stages: pasture,
young secondary forest, intermediate secondary forest, and old-growth
forest. Each natural regeneration stage differs in its ecology as well as in
its management and use by local landholders. Pasture is the most in-
tensively managed land use, dominated by planted grass for the pro-
duction of fodder for cattle (Trilleras et al., 2015), and has the least
biodiversity, plant and tree cover as compared to the other natural
regeneration stages (Mora et al., 2016). Landholders in the region
practice rotational grazing and have on average 2 or 3 animals per
hectare. The main livestock income of landholders comes from the sale
of calves to larger enterprises for fattening purposes (Trilleras et al.,
2015, Ugartechea 2015). Young secondary forests are fallow lands un-
dergoing secondary forest regrowth for up to 12 years. They are char-
acterized by shrubby vegetation, generally thorny bushes, and show the
highest rates of aboveground biomass growth and carbon capture in the
region (Mora et al., 2018). These forests are also a potential source of
forest grazing by livestock and extraction of forest products (Trilleras
et al., 2015; Cortés-Calderón, Sánchez-Romero). Intermediate secondary
forests are the fallow lands undergoing secondary regrowth for more
than 12 years and up to 25 years. Its species richness is slightly lower or
comparable to that of the old-growth forests but with a different com-
position (Cortés-Calderón). These forests are an important source of
firewood, fencing posts and, to a lesser extent, can provide fodder
(Cortés-Calderón). Old-growth forests are the ones that have never been
deforested or in which there is no evidence of intensive management in
the last 25 years. They have the highest biodiversity and the largest
carbon stock compared to the other natural regeneration stages (Mora
et al., 2018). Landholders recognize that they are a source of multiple
useful forest products as well as regulating services (Sánchez-Martinez,
2016; Tauro et al., 2018).

2.2. The ecosystem services

In each natural regeneration stage, we assessed four ESs: two pro-
visioning services, 1) forest products and 2) fodder for calves, and two
regulating services, 3) carbon stocks and 4) carbon sinks. Forest products
include all the products from the ecosystem that can be used by land-
holders, including medicinal, edible, fuel, or construction uses (Cortés-
Calderón). Given that the most common forest products are firewood
and wood for fencing posts (Rendón-Carmona et al., 2009; Godinez,
2011; Cohen, 2014; Ugartechea, 2015; Sánchez-Martinez, 2016), we
only used those for the economic valuation. Fodder includes all the
plant tissues of aerial biomass that are edible for livestock (Trilleras

et al., 2015), whether leaf, seed, or stem, from grass or woody species
(Cortés-Calderón et al.). We consider the yearly benefits of the fodder
for calves only, and not livestock in general, given calves constitute the
main source of income from livestock activities. Carbon stock was de-
fined as the amount of CO2 equivalents (CO2-eq) stored in tree above-
ground biomass, per hectare. Carbon sink refers to the average change in
the amount of CO2-eq stored in the aboveground biomass per hectare
and per year. Both carbon stocks and carbon sinks are global ESs,
providing climate regulation and climate change mitigation benefits
that are non-excludable. The distinction between carbon stocks and
carbon sinks is key for effective and efficient REDD + and climate
mitigation projects. Carbon sinks relate to ‘negative emissions’, i.e.
carbon dioxide removal from gases that are already in the atmosphere,
while carbon stocks relate to reducing emissions as compared to a
baseline projected deforestation. The drivers of change, the monitoring
and baseline procedures, as well as the policy strategies to conserve
carbon stocks or enhance carbon sinks are different (Herold and
Skutsch, 2011; Skutsch et al., 2017).

We selected these four ESs based on theoretical as well as metho-
dological considerations. First, the main trade-off in ES provision in the
region occurs between biomass for regulating services, such as carbon
regulation, and biomass for provisioning services, mainly fodder for
cattle production (King et al., 2015; Mora et al., 2016; Cortés-Calderón
et al.). Second, fodder and the forest products related to cattle activities
are the two provisioning ESs that are most commonly recognized by
landholders (Castillo, 2005; Maass, 2016; Sánchez-Martinez, 2016;
Tauro, 2018). Third, long term studies in the region provide high-
quality data for the supply of all four ecosystem services (Cortes-
Calderon et al.) as well as the management practices associated to their
use (Maass et al., 2005; Cohen, 2014; Trilleras et al., 2015; Ugartechea,
2015; Sánchez-Romero et al.). While there is information about how
other ecological and biodiversity attributes change along the course of
natural regeneration in the region, such as fungal or insect diversity
(Boege et al., 2019; Carrillo-Saucedo et al., 2018), functional diversity
(Gei et al., 2018), or species richness and composition (Rozendaal et al.,
2019), there is less understanding about how they impact human well-
being and thus are not included in this study.

2.3. Economic valuation methods

The choice of the economic valuation method depends on both the
type of ES considered as well as on the objective of the valuation (De
Groot, Wilson and Boumans, 2002). We used two complementary ap-
proaches for assessing the economic value of ESs. These were different
for regulating and provisioning services.

2.3.1. Economic valuation of regulating ecosystem services
We first calculated the carbon stock and carbon sink of young sec-

ondary forests, intermediate secondary forests, and old-growth forests
as the key input to assessing their economic value. We excluded pas-
tures in our carbon measurements since we considered that they have
negligible aboveground biomass (Mora et al., 2016). To calculate the
carbon stock and carbon sink, the diameter at breast height (DBH) of
trees with a diameter higher than 5 cm was measured in 50 plots of
secondary and primary forests. Sites were selected across the study
region to represent major gradients in biophysical and land use con-
ditions known to cause major variations in aboveground carbon stocks
and species diversity: forest age (5–45 years of abandonment), topo-
graphic position (hills and valleys), and previous land use (from
clearing without use to use as pastures for several years). See Mora et al.
(2015) and Mora et al. (this issue) for further details. Tree aboveground
biomass was calculated using an allometric equation specific to the
region (see Bojórquez et al.) and re-scaled to provide an estimation in
hectares. The carbon stock in each plot was calculated by multiplying
the biomass by the carbon coefficient specific to the region (Jaramillo
et al., 2003) and transforming it to CO2-eq following IPCC guidelines
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(IPCC, 2006, 2019b). A detailed description of carbon measurements is
found in the Supplementary Materials (section SP1).

To calculate the carbon sink, the CO2-eq stock of each plot was di-
vided by the respective age of the plot. This represents the average rate
of CO2-eq sequestration. This method may overestimate the carbon sink
potential - in particular for old-growth forests - since it assumes that
CO2-eq sequestration is linear and constant over time. While stock
change methods would be more precise because they measure the
change in carbon stocks between two time periods (IPCC 2006), we
believe we have a good approximation for the purposes of our study, as
they are comparable with those obtained from long term carbon sink
measurements (see Cortés-Calderón et al.).

We used two prices to assign an economic value of regulating ser-
vices because we consider they are complementary in nature. First, we
considered the average selling price reported in the voluntary carbon
markets in 2016 for the forestry and land use sector, in particular the
prices reported for avoided unplanned deforestation and reforestation/
afforestation projects (Hamrick and Gallant, 2017). Second, we con-
sidered the social cost of carbon estimated by the Environmental Pro-
tection Agency (EPA). All prices were adjusted for inflation to 2019
prices.

The advantage of using the carbon price from the voluntary markets
is that it is based on observed market behaviour and reflects the average
economic income that forest owners could obtain from selling carbon
offsets in the market, assuming there are no transaction costs. To value
the carbon stocks, we used the average price for avoided deforestation
projects, equal to $4.2/tCO2-eq and to value the carbon sinks, we used
the average price for afforestation and reforestation projects, equivalent
to $7.5/tCO2-eq (Hamrick and Gallant, 2017). The voluntary carbon
market price does not reflect the social value and benefits of avoiding
carbon emissions, but is rather dependent on voluntary commitments or
policy goals (Convery and Redmond, 2007; Wegner and Pascual, 2011;
Hamrick and Gallant, 2017). The social cost of carbon can better cap-
ture the marginal value of the societal damage from carbon dioxide
emissions since it is estimated using integrated assessment models.
Thus, we consider that it is a better welfare measure than the voluntary
carbon market price. However, the social cost of carbon is highly sen-
sitive to assumptions and parameters selected for the model -such as
discount rates, damage functions, or the projected emissions (Tol, 2009;
Pezzey, 2019). The social cost of carbon estimated by the EPA is $42/
tCO2-eq (EPA, 2016). This value is in the lower range of the estimates of
the social cost of carbon, which can reach values higher than $200/
tCO2-eq (Pindyck, 2019).

2.3.2. Economic valuation of provisioning ecosystem services
To value provisioning ESs, we used two methods: direct market

prices and contingent valuation. The direct market approach relied on
existing markets and prices for valuing the ESs. Contingent valuation
elicited people’s Willingness to Accept (WTA) monetary compensation
for the loss of an ES (Pearce, Atkinson and Mourato, 2006; Pascual
et al., 2010). Our survey asked respondents to state their WTA a com-
pensation for the loss of the provisioning ESs provided by secondary
forests.

The main advantage of direct market price valuation is that it is
relatively easy and direct to implement, while its main drawback is that

when markets are distorted, prices do not reflect the true or ‘shadow’
value of the ES (Pascual et al., 2010). In this case, the economic values
will be biased. On the other hand, the strength of the contingent va-
luation method is its flexibility: it is applicable to practically all non-
marketed and marketed goods, and it allows capturing of all types of
benefits from an ES, including ‘option values’ and ‘non-use values’
(Pascual et al., 2010). Option value refers to the future use value of an
ES (Díaz et al., 2015; IPBES, 2015), and non-use values refer to the
preference towards an ES, without having to use it or experience it
(Pascual et al., 2017). The weakness of contingent valuation is that it is
highly sensitive to the survey design and implementation, and it can
entail a hypothetical bias, limiting the generalizability of the results
(Pearce, Atkinson and Mourato, 2006).

Both economic values were obtained by conducting a survey
structured in three parts. The first part consisted of hierarchical pre-
ference questions (Chambers, 1985; Klain and Chan, 2012; Rey-Valette,
Mathé and Salles, 2017) to obtain the quantity extracted of each ES in
each natural regeneration stage, along with its market value. The
second part consisted of the contingent valuation, and the final part
contained follow-up and sociodemographic questions. The survey was
carried out with 30 landholders practicing rotational grazing and in-
terchanging grazing in the pasture with short periods of grazing in the
forest (Trilleras et al., 2015; Ugartechea 2015). The sample was de-
signed to include the greatest possible differences among individuals, in
terms of age, education, occupation, and quantity of cattle. Survey pi-
lots were conducted in January 2014 and final surveys were conducted
in June 2014 (see Supplementary Materials SP2 for the entire survey
and summary statistics of landholders in Table 1 of SP3).

a) Market value elicitation survey

Hierarchical preference methods were used to obtain the quantity of
fodder for calves and forest products obtained from each natural re-
generation stage. First, we asked the respondent to draw a schematic
map of his plots and indicate to which natural regeneration stage they
belonged to. During the survey, we used a visual support –a photo-
graph– for each natural regeneration stage (see Supplementary
Materials SP4) which helped minimize possible errors regarding dif-
ferent perceptions of natural regeneration stages across respondents.
Second, we asked for the total quantity of forest products and fodder. In
the case of fodder, our indicator variable was the total number of calves
sold in the previous year, and their average weight1. In the case of
forest products, we asked landholders for the total amount of firewood
and fencing posts they extracted during the year, in kg and units, re-
spectively. After this, we asked the respondent to distribute 50 beans in
the schematic map, considering how much were forest products ex-
tracted and fodder grazed from each natural regeneration stage (see
Supplementary Materials SP5 for illustrative pictures). The proportion

Table 1
Mean economic value of carbon stock (USD ha−1) and carbon sink (USD ha−1yr−1) across natural regeneration stages. Letters indicate statistical differences among
categories from Bonferroni post-hoc tests. Standard errors are shown in parenthesis.

Ecosystem service Valuation method Young secondary forest Intermediate secondary forest Old-growth forest

Carbon stock (USD ha−1) Voluntary carbon markets 210.99a (38.75) 438.46b (39.02) 682.60c (30.97)
Social Cost of Carbon (SCC) 1,982.5a (364.1) 4,119.8b (366.7) 6,413.6c (290.9)

Carbon sink (USD ha−1yr−1) Voluntary carbon markets 42.09ab (8.82) 44.59a (3.46) 29.69b (1.97)
Social Cost of Carbon (SCC) 221.2ab (46.4) 234.3a (18.2) 156.1b (10.4)

1 Given that fodder is an input to livestock production, it cannot be directly
measured or valued (Boyd and Banzhaf, 2007), so its economic value was de-
termined from the economic value of the final product (Yahdjian, Sala and
Havstad, 2015), which is the price of one kilogram of calf. This is the type of
livestock that is most commercialized in the region (Cohen 2014; Ugartechea
2015).
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of beans placed in each natural regeneration stage determined the total
quantity of each provisioning ES (see further details in Sánchez-
Martinez, 2016).

The economic value of the two ESs was obtained by multiplying the
quantity extracted by the reported price in the local markets. Firewood
is seldom exchanged in the local market, as it is mostly used for do-
mestic consumption. When traded, it is usually sold in large quantities.
The price of the firewood registered was $16.122 for 500 kg. For fencing
posts, the average price was $2.8±0.6 per post3. As for fodder, at the
time of the study the regional price of a calf was $2.85 per kg, according
to the regional union of cattle ranchers4. All prices were adjusted for
inflation to 2019 prices.

b) Contingent valuation survey

To obtain the WTA of landholders, we presented the following hy-
pothetical scenario: each ejidatario was asked to imagine that a non-
governmental organization was interested in giving him a yearly fi-
nancial compensation for every hectare he decided to enrol in a PES
program5. The non-governmental organization would offer him a pay-
ment depending on the natural regeneration stage enrolled (e.g. pas-
ture, young secondary forests, intermediate secondary forests, or old-
growth forests). Similar to PES programs in Mexico, we specified that
for five years this organization would give an annual cash payment for
each hectare of land they chose to enrol in the program. There was no
minimum land requirement to participate in the program. We also
emphasized that they would not incur the costs of monitoring and in-
frastructure (i.e. fences). To incentivise interviewees to reveal their true
preferences, we asked them to imagine that the funds available were
limited and that only landholders offering the best price would receive
the payments.

We presented landholders with two PES conditions. The first con-
dition was that the landholder could continue to use his land for live-
stock grazing, but that if enrolled, he would not be able to extract any
product from the forest, including firewood and fencing posts. The
second condition was more restrictive. In addition to not being able to
extract any forest product, the landholder could no longer introduce his
livestock. Thus, the first condition elicited the WTA of forest products,
while the second condition elicited the WTA for the bundle of provi-
sioning services, both fodder and forest products.

For each enrolment condition and natural regeneration stage, we
presented a set of prices to which the landholder had to give a di-
chotomous answer (yes/no). The set of prices presented was (in
USD ha−1 year−1): $12.5, $25, $40, $50, $75, $100, $125, $1506. The
minimum price was chosen based on the minimum payment offered by
the national PES program, which is $16 (Pronafor, 2013), and the
maximum payment was chosen considering yearly cattle earnings. The
bidding always started at the price of $12.5 to avoid starting point bias.
During the survey, there was a visual support for each price. Qualitative
answers and justifications for their answers were recorded.

In the follow-up questions of the survey we asked respondents what

they were planning to do with their plots in the next five years and why.
In particular, for each natural regeneration stage, we asked if they were
planning to: 1) deforest their plots and transform them into pasture (in
the case of young secondary forest, intermediate secondary forest, and
old-growth forest), 2) conserve it as it is, or 3) allow the forest to regrow
(in the case of pasture), and why. These answers were used to under-
stand differences in the economic values of ESs across natural re-
generation stages.

2.4. Data analysis

To assess how economic values of ESs vary in relation to the natural
regeneration stage, we conducted one-way ANOVA tests for the reg-
ulating services and Kruskal-Wallis tests for the provisioning services.
For the provisioning ESs we conducted additional multivariate regres-
sions that allowed us to control for socio-economic covariates of the
landholders, as robustness tests to our estimations. We complemented
the statistical analyses with the qualitative answers obtained during the
survey.

To examine ESs trade-offs, we evaluated the relative importance of
each ES in each natural regeneration stage, focusing on the ESs that
provide yearly benefits: fodder for calves, forest products, and carbon
sinks. We also compared the average economic values of the carbon
sink – obtained with both voluntary carbon market prices and the social
cost of carbon – with the median WTA obtained from the contingent
valuation survey. The median WTA is the value at which the majority of
the landholders would be sufficiently compensated to allow for natural
regeneration to take place, which is a more useful indicator for policy
making than the mean WTA (Pearce, Atkinson and Mourato, 2006). We
considered only carbon sinks since it is the ES relevant for the purposes
of negative emissions and natural regeneration.

3. Results

3.1. Economic value of regulating ecosystem services

We found significant differences across natural regeneration stages
for both carbon stocks (F(2,47) = 35.81, p < 0.001) and carbon sinks
(F(2,47) = 3.39, p = 0.04). Young and intermediate secondary forests
offer the largest carbon sink benefits, while old-growth forests were the
ones offering the largest carbon stock benefits (Table 1). This indicates
that there is a complementary relationship between natural regenera-
tion stages for providing carbon stocks and carbon sinks. The carbon
dioxide removal services (i.e. carbon sinks) are mostly provided by
secondary forests, while old-growth forests are the most important for
reducing emissions from deforestation.

The economic value of the carbon stocks and sinks was higher when
using the social cost of carbon than when using the voluntary carbon
market price (Table 1). Bonferroni post-hoc tests indicated that there
were significant differences in the economic value of carbon sinks be-
tween intermediate secondary forests and old-growth forests only. We
note that for carbon sinks, the variation within stages is higher for
secondary forests than for old-growth forests (Supplementary Materials
SP6, Fig. 1). For carbon stocks, we found significant differences be-
tween every natural regeneration stage.

3.2. Economic value of provisioning ecosystem services

We found significant differences in the value of provisioning ESs
across natural regeneration stages (Table 2), but the trend differs de-
pending on the ES considered and the economic valuation method. The
highest economic value for fodder was obtained in pastures, equivalent
to $165.98 ha−1 yr−1 with direct market method and a corresponding
mean WTA of $111.52 ha−1 yr−1. Landholders confirmed that there is
little fodder in young secondary forests: “no animal enters here, it is only
thorny bushes”, while intermediate secondary forests and old-growth

2 Exchange rate of 20 MXN/USD is used for all prices (December 2019).
3 The variation in the price of the fencing post depended on its biological

characteristics. For example, the minimum sale price was $1.88 USD, however a
good quality fencing post (straight and from dense timber) could cost up to $3.7
USD.

4 Unión Ganadera Regional de Jalisco, accessed December 2018 (http://
www.ugrj.org.mx/index.php?option=com_content&task=view&id=167&
Itemid=325)

5 The framing was done with a non-governmental organization in order to
reduce institutional uncertainty and bias: pilot surveys indicated that previous
negative experiences with government agencies could bias the willingness of
participants to participate and respond.

6 In MXN, this corresponds to 250, 500, 800, 1000, 1500, 2000, 2500, 3000,
at an exchange rate of 1 USD= 20 MXN
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forests, provide fruits and seeds for cattle: “There are little fruits that
cattle eat, and people say they are good for proteins”. In turn, old-growth
forests were the most important source of forest products, providing an
average value of $49.55 ha−1 yr−1 and a corresponding mean WTA of
$32.39 ha−1 yr−1. In general, landholders recognized the greater im-
portance that old-growth forests have in providing fencing posts, as
shown by this quote: “I am keeping old-growth forests to get fencing posts
from there” or “you have to have old growth forest for when it is needed, so
you can find a pole or some timber to make a house”.

Furthermore, when considering the bundle of provisioning ESs, the
results of the market price valuation indicate that young secondary
forests provide the lowest benefits, but as natural regeneration pro-
gresses, provisioning ESs recover. This is mainly driven by an increase
in the value of forest products (Table 2 and Fig. 2). However, the
contingent valuation indicated the opposite pattern. Young secondary
forest was the stage with the highest WTA, second only to pastures,
while intermediate secondary forests and old-growth forests had the
lowest mean WTA. This contrasting pattern between economic valua-
tion methods originates from the fact that the contingent valuation
survey is able to capture the option value of an ES, while market prices
captured the actual use value only. Indeed, when asked about their
deforestation plans in the next five years for each of the natural re-
generation stages, all of the respondents answered that they were
planning to clear their young secondary forests to transform them into
pasture, while only 31.8% were planning to clear the intermediate
secondary forests, and none were planning to clear old-growth forests.
This is compatible with the existence of a higher option -future use-
value of young secondary forest as opposed to intermediate secondary
forests and old growth forests. Our results are consistent even after
controlling for socioeconomic characteristics of landholders (see

Supplementary Materials SP7).

3.3. Trade-offs and synergies between ecosystem services

We found that overall, the economic value of regulating services is
higher than that of provisioning services in all stages except pastures
(Fig. 3). This is mainly driven by the high social value of the carbon
stock. Furthermore, while there is a strong trade-off between provi-
sioning and regulating ESs in the transition from pasture to young
secondary forests - as most of the fodder is lost -, provisioning ESs in-
crease together with regulating ESs at later stages of the natural re-
generation process. Thus, there is synergy rather than a trade-off be-
tween regulating and provisioning ESs. However, the value of
provisioning ESs never reaches the initial value obtained in pastures (of
$168.49 ha−1yr−1). If only the ESs that provide a yearly flow are
considered (i.e. leaving out the carbon stocks), the economic value of
young and intermediate secondary forests is dominated by the carbon
sink, while the carbon sinks of the old-growth forests are of secondary
importance as compared to the provisioning ESs (Fig. 3). This highlights
two important points. First, that natural regeneration stages comple-
ment each other for supplying provisioning and regulating ESs, and
second, the need to conserve young and intermediate secondary forests
to obtain the largest benefits from the carbon capture and removal
provided by the carbon sinks.

Indeed, the public, global, benefits obtained from the carbon sinks
of secondary forests outweigh the private costs borne by landholders for
losing provisioning ESs. The value of the carbon sinks considering the
social cost of carbon was always higher than the WTA demanded by
landholders (Fig. 4). Furthermore, we found that the voluntary carbon
markets can provide enough compensation to incentivize secondary

Table 2
Mean economic value of forest products (USD ha−1yr−1) and fodder (USD ha−1yr−1) and Willingness to Accept (WTA) across natural regeneration stages. Standard
errors are shown in parenthesis. P-values correspond to a Kruskal-Wallis rank test with χ2(3,27).

Ecosystem service Valuation method Pasture Young secondary forest Intermediate secondary forest Old-growth forest p-value

Forest Products (USD ha−1yr−1) Direct market prices 2.51 (1.46) 2.25 (1.17) 7.59 (2.79) 49.55 (19.93) <0.001
Contingent Valuation (WTA) 19.20 (2.45) 21.76 (2.89) 23.50 (2.89) 32.39 (7.15) 0.063

Fodder (USD ha−1yr−1) Direct market prices 165.98 (21.86) 14.24 (6.42) 24.71 (6.40) 29.99 (9.37) <0.001
Contingent Valuation (WTA) 111.52 (9.72) 69.07 (10.46) 51.73 (9.84) 51.12 (9.87) <0.001

Fig. 2. Mean market value and mean Willingness to Accept (WTA) for the bundle of provisioning services (forest products and fodder) for each natural regeneration
stage.
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forest conservation and the continuation of natural regeneration for the
majority of the landholders. This is especially true for intermediate
young secondary forests: the average compensation landholders would
receive from the sale of carbon sinks in the voluntary carbon markets,
equivalent to $44.59 ha−1yr−1, is higher to the median WTA required
to compensate for the loss of provisioning ESs, equivalent to
$30.25 ha−1yr−1. When considering the young secondary forests and
old-growth forests, the compensation offered by the voluntary carbon
markets is roughly the same as the compensation requested by the
majority of the landholders (Fig. 4).

4. Discussion

4.1. Economic value of ecosystem services at different stages of the natural
regeneration process

Our results indicate that the economic value of regulating ESs
provided by secondary tropical forests comes at the expense of provi-
sioning ESs, in particular, fodder. This is consistent with literature
highlighting the existence of trade-offs between regulating and provi-
sioning ESs (Howe, 2014; Mora, 2016; Pohjanmies, 2017; Polasky,
2011; Raudsepp-Hearne et al., 2010). Our study complements other
studies identifying ESs trade-offs in the region (King et al., 2015; Mora
et al., 2016), and contributes with the empirical quantification of these
trade-offs throughout the course of the natural regeneration process of
secondary forests.

Fig. 3. The average economic value of provisioning services and regulating services obtained with direct market methods, for each natural regeneration stage.

Fig. 4. Comparison of median Willingness to Accept (WTA) for the bundle of provisioning ESs and the economic value of the carbon sinks with market prices and
with the social cost of carbon.
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Our results further show that trade-offs change at different stages of
the natural regeneration process. While we find a strong trade-off be-
tween regulating and provisioning services at the start of natural re-
generation, since pasture clearly gives the farmer the greatest returns
per hectare, in later stages provisioning ESs recover, creating synergies
rather than trade-offs between regulating and provisioning ESs.
Furthermore, there are complementarities between natural regenera-
tion stages for overall ESs provision. Intermediate secondary and old-
growth forests have the highest economic value for regulating ESs and
forest products, which is associated with their higher biomass and di-
versity (Mora et al., 2018). Indeed, the higher diversity in the compo-
sition of species increases the number of useful species (Cortés-Calderón
et al.). Young secondary forests are the ones providing the lowest
economic benefits. The high prevalence of thorny bushes in early stages
of natural regeneration (Mora et al.) make young secondary forests
difficult to access and manage (Burgos and Maass, 2004), which ex-
plains why landholders gain little in the way of provisioning services.
However, in this study we argue they are most important because of
their carbon sink potential.

In addition, our results highlight the importance of using a portfolio
of methods to provide sound estimations for the valuation of nature.
Focusing only on single-value and direct use value methodological
approaches can provide an incomplete and erroneous picture of the
overall value of an ecosystem (Jacobs et al., 2016; Pascual et al., 2017).
Our economic values obtained with contingent valuation were in gen-
eral higher than the ones obtained with market methods, given that this
method can encompass a wider range of values. Their difference was
particularly relevant for understanding the value of young secondary
forests: direct market methods showed that they provided the lowest
economic benefit, while contingent valuation showed that they were
the most valued by landholders, second only to pasture. We argue that
the differences in the economic valuations stem from the existence of a
higher option (i.e. future use) value of young secondary forests, while
recognizing that option values and non-use values are hard to measure
precisely (Pascual et al., 2010). To our knowledge, this is the first study
to directly compare two economic valuation methods on the same
ecosystem service, showing the relative advantages for policy making of
using economic valuation methods that include a wider range of use
and non-use values. By using such a portfolio of methods, we could
identify different facets of the trade-offs at stake.

4.2. Payments for ecosystem Services: A policy tool for natural
regeneration?

Our results have two implications relevant to policy making. First,
in spite of the fact that the carbon stocks are likely to be underestimated
in this study since we only considered aboveground biomass, the high
economic value obtained for carbon stocks indicates that avoiding the
deforestation of secondary and old-growth forests is necessary to obtain
the largest societal benefits in land use management activities. Other
important carbon pools like litter, topsoil or tree roots would increase
the carbon stocks of secondary and old-growth forests (Mora et al.,
2018; Quijas et al., 2018).

Second, the economic value of carbon sinks shows that there are
potentially large societal benefits from promoting natural regeneration.
However, the spontaneous development of secondary forests is hin-
dered because it involves a loss of provisioning ESs obtained from
pastures (of $168.49 ± 22.07 ha−1 yr−1) – which were similar to the
opportunity costs estimated in the region (Borrego and Skutsch 2014) –
and because landholders receive few benefits from the conservation of
young secondary forests. Thus, to promote natural regeneration, PES
can be useful policy to compensate the landholders losing provisioning
ESs (Montagnini and Finney, 2011) and fill the mismatches between the
private loss of pastures and the public gains of regulating ESs from the
secondary forests. We found that current voluntary carbon market
prices could offer enough economic compensation to landholders. Such

a program could involve government, individuals, or private enterprises
compensating the landowners who allow natural regeneration, but it
would involve various challenges. First, the trends in livestock and CO2-

eq prices suggest that incentivizing natural regeneration and secondary
forest conservation can be hard to maintain over time: the price of
cattle in the region has been rising since 2009, while the price of CO2-eq
tends to decrease (Hamrick and Gallant, 2017). This hints at the ne-
cessity of government intervention, rather than a PES involving only
‘market’ actors. Second, such a PES is likely to have high transaction
costs in terms of monitoring and enforcement, particularly given the
high variability we found in the carbon sinks of secondary forests (see
also Cortés-Calderón et al.). Transactions cost could decrease by in-
volving local stakeholders in the monitoring process: participative
monitoring can be easy to implement and a reliable source of in-
formation (Danielsen et al., 2011; Skutsch et al., 2017). Third, our re-
sults showed that few landholders plan to deforest intermediate sec-
ondary forests or old-growth forests in the next five years, which means
a PES payment targeting avoided deforestation of old-growth forest – as
they are often implemented – would have little additionality and
moreover, it could crowd out their intrinsic motivation to conserve
these forests (Muradian et al., 2013; Rode, Gómez-Baggethun and
Krause, 2015). Rather, our results suggest that a PES scheme focused on
the conservation of young and intermediate secondary forests based on
their carbon sink potential would provide the greatest additionality and
thus the largest climate benefits. Our results show that shifting the focus
of PES program to carbon sinks, rather than the loss of carbon stocks,
could be enough to provide the necessary incentives for the conserva-
tion and regeneration of tropical forests. While the REDD + strategy
has been devoted to the issue of reducing the loss of carbon stocks
(Herold and Skutsch, 2011; Skutsch et al., 2017), strategies focusing on
carbon sinks may be more relevant. We note however that our results
are contingent on the consideration of other carbon sink sources, such
as heterotrophic respiration, which could mitigate the benefits con-
siderably (Quijas et al., 2018).

5. Conclusion

Throughout the course of the natural regeneration process, there are
changes in the magnitude of the trade-offs between regulating and
provisioning ecosystem services. While there is a significant loss of
provisioning services in the transition from pasture to young secondary
forest, there are synergies between regulating and provisioning ESs at
later stages of natural regeneration. Pastures provide the greatest eco-
nomic benefits to landholders while the young secondary forests are the
ones that offer the lowest benefits. Nevertheless, landholders’ value
young secondary forests because of their potential – future – land use
and potential transformation into pasture. Old-growth forests are the
most important to maintain carbon stocks, while young secondary and
intermediate secondary forests are the most important for carbon sinks.
Furthermore, we found that young secondary forests face a higher de-
forestation risk than old-growth and secondary forests. Taken together,
these results suggest a PES aiming to increase climate regulation ser-
vices should focus on the carbon sink potential of young and inter-
mediate secondary forests, as this would provide the greatest ad-
ditionality and mitigation. This is in contrast with the way
REDD + strategies and PES payments have been designed in many
tropical countries. For an effective PES design, our results suggest at
least two areas requiring further research. One is the need to evaluate
the equity implications of implementing a PES program targeted at
young secondary forests. If the ownership of secondary forests amongst
landholders is highly unequal, then negative distributional implications
may arise. The second area for future research is to evaluate large-scale
implications of incentivizing natural regeneration at the local scale.
General equilibrium economic effects might entail leakage of cattle
activities into other areas and mitigate the positive impacts of the local
efforts to increase natural regeneration.
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