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ABSTRACT

Integrated conservation and development efforts in low- and middle-income countries have emphasized the
devolution of forest management to local communities. This approach is posited to benefit both communities and
conservation, but those benefits may depend on community capacity to capture value added, e.g., by processing
forest products. In Mexico, most forests are under community management, but only some communities have
vertically integrated their wood products supply chain through the establishment of community sawmills. The
different timing of sawmill construction allows us to test the hypothesis that vertical integration of the wood
products supply chain under community management is protective of forests. We use detailed, spatially explicit
panel data from southern Mexico that allow us to examine impacts on land use change (deforestation and forest
regrowth) separately from temporary changes in tree cover within forest areas. We find that vertical integration,
as indicated by the presence of community sawmills and corroborated by a government classification of ejidos,
reduced deforestation while increasing forest regrowth. Our findings, thus, have a somewhat counter-intuitive
policy implication: programs that increase financial resources for communities to invest in forestry operations
could improve forest protection and restoration, with regional and global benefits for climate, biodiversity, and

other ecosystem services.

1. Introduction

Integrated conservation and development efforts in low- and middle-
income countries have emphasized the devolution of natural resource
management to local communities as a conservation strategy in recent
decades (Rights and Resources Initiative, 2018a). Early syntheses of
empirical work on this strategy (Bowler et al., 2010; Bowler et al., 2012;
Miteva et al., 2012; Samii et al., 2014) found inconclusive and mixed
evidence, based on the small number of studies that attempted to control
for potential confounding variables. More recent research has suggested
that community management can generate significant income to
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communities while protecting forests, although the impacts are het-
erogeneous (e.g., Alix-Garcia et al., 2015; Burivalova et al., 2016; Bocci
et al., 2018; Fortmann et al., 2017; Blackman and Villalobos, 2020;
Vélez et al., 2020).

Previous theoretical work has suggested that the community man-
agement of natural resources can be a successful conservation strategy
under certain conditions. These include the profitability of community
managed resources (as shaped by the accessibility and predictability of
markets as well as the size of the resource endowment) relative to
agriculture, tenure security, the ease of monitoring the resource, and
characteristics of the community such as heterogeneity in terms of
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ethnicity, religion, and collective history, and the number of decision-
makers (Ostrom, 1990; Bromley, 1992; Baland and Platteau, 1996;
Agrawal, 2007; Agrawal and Angelsen, 2009; Cox et al., 2010; Poteete
et al., 2010). Previous work on community forestry has identified po-
tential benefits of vertical integration including higher profits (Cubbage
et al., 2015) and lower transaction costs (Antinori and Rausser, 2008;
Vega and Keenan, 2014). In Mexico, the community managers of more
vertically integrated CFEs are permitted to apply a wider scope of forest
management activities (Antinori and Bray, 2005). Because these all
make forest management more competitive with agriculture, greater
vertical integration is hypothesized to reduce forest degradation and
forest conversion to other uses (e.g., Molnar et al., 2008; Perez-Verdin
et al., 2014; Romero et al., 2015).

There is also a small empirical literature on the relationship between
vertical integration and the conservation of community forests in
Mexico. Using a sample of 60 CFEs (including ejidos and communi-
dades)' in Oaxaca, Antinori (2005) finds that vertical integration is
associated with larger areas for reforestation, forest conservation, and
non-timber forest products. Barsimantov (2009) finds that vertical
integration is associated with more forests, although there is heteroge-
neity across study regions. Perez-Verdin et al. (2014) find a statistically
insignificant impact of vertical integration on discrete forest outcomes>
in ejidos. Using a cross-sectional dataset of 183 ejidos, Ellis et al. (2017)
find lower forest loss rates in more vertically integrated ejidos in the
state of Quintana Roo. Barsimantov (2009), Perez-Verdin et al. (2014),
and Ellis et al. (2017) all utilize cross-sectional data that do not allow
them to account for the endogenous nature of vertical integration.
Torres & Magana (2006) model deforestation in Mexican ejidos with a
generalized method of moments model including vertical integration,
profits from timber and non-timber harvest, level of education, and road
density within municipalities. Using a sample of 76 ejidos and data on
deforestation between 1994 and 2000, they find that higher vertical
integration led to lower deforestation.

We advance the empirical literature on vertical integration by
applying new identification methods for panel data to estimate the effect
of vertical integration on deforestation and forest regrowth across 224
forestry ejidos in the state of Quintana Roo in Mexico between 1996 and
2008.%> We use two proxies for vertical integration- the presence of a
community sawmill and a government classification based on whether
communities sell stumpage, roundwood, or processed wood products.
We apply recently developed panel data estimators—specifically, a
synthetic difference-in-difference estimator and large-sample staggered
difference-in-difference estimators as robustness checks. We find that,
on average, the presence of a community sawmill reduces the fraction of
forest converted to other uses and increases the fraction of forest
regrowth. These patterns do not seem correlated with changes in pop-
ulation density.

We build upon prior studies in two main ways. First, unlike the
handful of prior studies that utilized community-level multi-year panel
data to estimate the impact of vertical integration on conservation
outcomes, we separate longer-term forest cover loss (i.e., deforestation
associated with conversion to commercial agriculture like sugarcane,
soybean, and cattle pasture) from temporary forest cover loss (i.e., due
to logging, fires, hurricanes, or traditional small-scale shifting agricul-
ture). Similarly, we also consider forest regrowth on previously

! Communidades are comprised of indigenous groups and have emerged
before the Spanish, whereas ejidos may be comprised of non-indigenous
households, with the first ejidos settled after the passing of the 1915
Agrarian Law (USAID, 2025)

2 The article tests the association between vertical integration and a dis-
cretized state of the forests in ejidos, specifically if the ejido is considered
forested, deforested, recovered, or degraded, with each of these treated as
discrete levels and not continuous variables.

3 There are no communidades in the study area.
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deforested land. Second, we employ a new generation of panel data
methods suited to a context where the treatment is introduced at
different times in different ejidos. Further, by using data from one of the
12 megadiverse regions in the world in terms of biodiversity (Vega and
Keenan, 2014) and one of the sixth largest tropical countries in terms of
natural climate solutions (NCS) mitigation potential (Griscom et al.,
2020), we provide insights on interventions that can potentially be used
to deliver on both local demands (for greater control over and profits
from their forests) and global demands (for conservation of biodiversity
and carbon rich forests).

2. Methods
2.1. Study area

2.1.1. Forestry in Quintana Roo

About 50-60 % Mexico’s forests are under community management,
with only about 15 % of ejidos with forest resources managing forests for
timber (Bray, 2010; Cubbage et al., 2015; Madrid and Deschamps, 2014;
Madrid et al., 2009). We focus on the ejidos in the state of Quintana Roo
on the Yucatan Peninsula (Fig. 1). The state has been the second largest
producer of valuable tropical hardwood species (e.g., Mahogany and
Spanish Cedar) and the fourth in other tropical timber in Mexico (Ellis
et al., 2015). About 80 % of the state’s area is under forests, with
approximately 62 % of the forests falling under ejido management (Ellis
etal., 2015). While the forests of the Yucatan peninsula have been under
de jure community ownership since the mid-twentieth century, logging
rights and profits were largely controlled by a parastatal logging com-
pany (MIQRO) until they were conferred to communities by the 1986
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Fig. 1. Ejidos with new sawmills between 1996 and 2008.
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Forest Law (Ellis et al., 2015).

For the past several decades, the region has been characterized by
clear and secure property rights over forests, land management orga-
nized at the community level (Maya, mestizo, or Mayan-mestizo com-
munities), and the possibility of vertical integration of wood products
supply chains under community control. The forests include valuable
timber species like Mahogany and Spanish Cedar. There are few non-
forestry employment opportunities; local and national governments
and non-governmental organizations actively support forest manage-
ment (Antinori and Rausser, 2008; Wilshusen, 2005; Ellis et al., 2015).
These characteristics have been listed as some of the preconditions for
successful community forestry management in Mexico and elsewhere
(Baland and Platteau, 1996; Antinori and Rausser, 2008; Ellis et al.,
2015). Unlike other parts of Mexico, very few ejidos in Quintana Roo
have divided their community-managed forests into individual parcels
(Barsimantov et al., 2010; DiGiano et al., 2013).*

2.1.2. Vertical integration

Since 2004, Mexico’s National Forestry Commission (Comisién
Nacional Forestal (CONAFOR)) has classified forestry ejidos into Type I,
which are potential timber producers with sufficient forest area and
timber stocks but no active forest management plan and, hence, no
permit to engage in commercial forestry in a given year; Type II, which
sell stumpage (rights to harvest timber) to external logging companies
that harvest the trees without community participation in the harvesting
operations and timber processing; Type III, which harvest and sell
roundwood (e.g., logs); and Type IV, which have a timber processing
mill on site or nearby” and sell processed roundwood (e.g., sawn wood
and finished products)6 made from the harvested timber (Ellis et al.,
2015a). The classification is based on site visits by CONAFOR
personnel.” Ten of the forestry ejidos in Quintana Roo also had volun-
tary Forest Stewardship Council (FSC) forest management certification
at some point during the study period. The ejidos not classified by
CONAFOR and not part of our sample have livelihoods based on agri-
culture (cattle or crops), tourism, or employment in urban areas
(Barsimantov et al., 2010); we refer to these as “non-forestry ejidos” in
the text. Forestry ejidos may also engage in these other activities (e.g.,
the ejidos of Tres Garantias, Guadalajara, Noh Bec in our sample).
Pooled data from the available forest management plans active as of
2013 suggest that the more vertically integrated ejidos adopt more forest
protecting practices, such as pest management, fire prevention, and
directional felling (Table 1).% However, these data correspond to cutting
cycles between 1999 and 2013 and, hence, present a limited and non-
random snapshot of forest management practices of the different types
of ejidos.

4 Between 1993 and 2017 only about 2 % of the total ejido land in Quintana
Roo has been formally parceled, with individual rights over forests created
(RAN, 2018).

5 Ejidos may process timber using a neighboring mill (S. Proust, personal
communication; Reuters, 2010).

% Note that in this paper, we lump ejidos producing sawn wood and finished
products together to correspond to the CONAFOR classification. Previous
studies have suggested differences in the forest area, harvesting practices, and
profitability between these two types (e.g., Antinori, 2005).

7 Note that while the CONAFOR typology started in 2003, the categories
originated under the Forest Resources Conservation and Sustainable Manage-
ment Project (PROCYMAF) in the late 1990s; ejido types existed long before
those—ejidos began harvesting timber in the late 70s and 80s.

8 The management plans were authorized between 1999 and 2013 and active
as of 2013. Note that this is not a random sample or a census, because some
management plans were not accessible. We use the data from the management
plans for illustrative purposes only.
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Table 1
Forest management practices by CONAFOR type (2013).
Forest management Type II Type III Type IV
category N mean (sd) N mean (sd) N mean (sd)
Total area under
forest
management plan 6171.74 17,562.06 38,014.04
(ha) 19 (2980.29) 20 (17,188.01) 8 (22,124.73)
Area of permanent 2177.88 5662.35 22,565.69
forest (ha) 19 (1128.50) 20 (4716.62) 8 (14,562.39)
2181.27 5420.77 7348.38
Use area (ha) 19  (994.21) 20  (8444.75) 8 (7334.29)
Authorized cutting 8802.04 28,447.80 57,690.96
volume (m®) 19 (5835.53) 20 (25,439.83) 8 (40,305.69)
1 if vine cutting 0.05 0.05 0.38
treatment 19 (0.23) 20 (0.22) 8 (0.52)
1 if prescribed 0.05 0.25 0.25
burning 19 (0.23) 20 (0.44) 8 (0.46)
1 if forest
restoration 0.53 0.40 0.63
treatment 19  (0.51) 20  (0.50) 8 (0.52)
1 if removal of 0.05 0.10 0.25
shrubs 19 (0.23) 20  (0.31) 8 (0.46)
1 if pruning 0.05 0.05 0.13
treatment 19 (0.23) 20 (0.22) 8 (0.35)
1 if thinning 0.63 0.55 0.75
treatment 19  (0.50) 20  (0.51) 8 (0.46)
1 if directional 0.63 0.80 1.00
felling 19  (0.50) 20  (0.41) 8 (0.00)
0.74 0.95 1.00
1 if fire prevention 19 (0.45) 20 (0.22) 8 (0.00)
0.79 0.85 1.00
1 if pest control 19  (0.42) 20 (0.37) 8 (0.00)

Note: Based on submitted Forest Management Plans (PMF) 2013. While this is a
non-random sample, it captures more than half of the forestry ejidos in the study
area.

2.1.3. Ejido organization, forest management, and timber harvesting
decisions

Management and user rights to the forests are given to a fixed
number of households, who are the registered members within an ejido;
these are known as ejido members or ejidatarios. While the rights to the
forests may also be purchased (Ellis et al., 2015), the number of ejida-
tarios remains constant (Barsimantov et al., 2010; Ellis et al., 2015). The
ejidatarios make decisions about the management of the forest, are
responsible for the monitoring and enforcement of restrictions, and
directly profit from it. The rest of the households living within a forestry
ejido do not have rights to harvest trees but may obtain indirect benefits
in the form of public goods (such as electricity or health posts) financed
by timber revenues, or training and employment in logging, wood
processing, reforestation, or tree nurseries (Alix-Garcia et al., 2005;
Antinori and Rausser, 2008). They may also benefit from non-timber
forest products (e.g., Antinori, 2005).

To harvest timber commercially, the forestry ejidos need to apply for
and obtain timber harvesting permits. Every five years, each forestry
ejido must submit a forest management plan that complies with the
annual maximum allowable harvest by species, determined by the forest
inventory and authorized by the government (Ellis et al., 2015). While
clearing forest for crops or cattle pasture without a permit is technically
illegal,” that restriction may not be enforced (Roman-Danobeytia et al.,
2014). Government subsidies for cattle ranching and farming may also
encourage forest clearing (Bray and Duran-Medina, 2014).

2.1.4. Deforestation drivers in Quintana Roo
All forests in the study area are moist broadleaf (Ellis et al., 2015).

° Specifically, the law prohibits removing vegetation cover spanning more
than 4m? of basal area without a permit or in communal forested areas outside
an agricultural zone.
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Forest loss can be either temporary (e.g., due to fires, hurricane damage,
logging, subsistence-based shifting cultivation, called “milpa”, or other
subsistence agriculture) or permanent (e.g., due to urbanization, legal or
illegal conversion to pastures or large-scale commercial agriculture).
According to Krylov et al. (2019), most of the forest cover loss (54 %) in
the Yucatan peninsula between 2000 and 2012 was temporary and
attributed mostly to subsistence agriculture; 36 % was considered per-
manent and driven primarily by conversion to cattle pastures; the
remaining 10 % was associated with fires, agricultural plantations,
hurricanes, logging, and urbanization. Fires have been identified as an
important driver of forest degradation in the region (Ellis et al., 2021).
Logging in the study area is typically highly selective and rarely leads to
detectable tree cover loss — for example, due to the construction of large
log landings and roads (Ellis et al., 2015; Hernandez-Gomez et al., 2019;
Miteva et al., 2019).

Field studies in a few selected ejidos have found that logging damage
to the forest in vertically integrated ejidos is negligible relative to the
damage that external logging companies can inflict on forests
(Barsimantov, 2009; Vega and Keenan, 2014; Ellis et al., 2019). While
limiting damage to the remaining forest protects the future timber value
of the forest, selective logging also removes valuable tree species,
thereby lowering the immediate value of the remaining forest and, thus,
potentially encouraging permanent conversion to agriculture. In our
analysis, we focus on the permanent conversion of forest to commercial
agriculture (crops and cattle pasture) and regrowth of forest in those
areas, excluding temporary fluctuations in tree cover associate with
logging, hurricanes, fire, or small-scale traditional shifting agriculture
(milpa) (Ellis et al., 2020; Lawrence et al., 2019).

2.1.5. Theoretical model

Here we provide the intuition and testable hypotheses of the impact
of vertical integration on ejido forests. We model ejido decisions as the
optimal allocation of land between forest and commercial agriculture.
From forests, the ejido receives benefits including income from timber or
processed wood products, tourism, and non-timber forest products like
honey, as well as subsistence use of those forest products and subsistence
shifting agriculture. We do not model any interactions between subsis-
tence agriculture and forestry, because our data do not allow us to
distinguish changes in forest cover due to logging from changes due to
subsistence agriculture. Thus, we assume a steady state in forest use. In
addition to the traditional production and transportation costs, forests
also entail monitoring and enforcement costs. In contrast, we assume
there are no enforcement and monitoring costs associated with
agriculture.

In a steady-state setting, the optimal land use allocation decision
balances the marginal net benefits from forests with the marginal net
benefits from commercial agriculture.'® In other words, land remains
under forest if the marginal benefit from forests exceeds the marginal
benefit from land in commercial agriculture. We assume that the total
land endowment, L, can be allocated to only two uses-forest (X) and
agriculture (AG). We can write the net benefits from forest as

10 The first order conditions from a dynamic optimization model yield qual-
itatively the same predictions. That is, we define the Hamiltonian as H = p,u —
cy(u) + bX — ce(X) + pagAG — cag + AMG(X) — u— d(u) — AG, where u is the
amount harvested, G(X) is an intrinsic forest growth function, and d() is a forest
damage function; the rest of the parameters are defined as in the static model.
We normalize the value of the forest damage for the other ejidos relative to
those selling stumpage: that is, for the other two types of vertical integration,
we assume that the damages to the forest are negligible relative to Type II (e.g.,
Vega and Keenan, 2014). The first order conditions become (p, —
c,(w))/(d,(w)) = pac — Cac'(AG). These also imply higher conversion to agri-
culture in less vertically integrated ejidos.
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I =pof(X) = G (f(X) ) +bX = Co(X) — [Pac(L. —X) = Cag(L—X)] 2 0
€Y)

where X is the area of forest and f(X) the amount of timber harvested.
The timber price, p,, and timber cost function, Cy(.), vary by the level of
vertical integration v. b is a non-timber benefit from a unit area of forest,
and C.(.) is the cost of monitoring and enforcing timber harvesting re-
strictions. pag is the price of agricultural produce, AG -the agricultural
area is equal to L-X, and Cag(.) — a cost function for agricultural pro-
duction. We assume that timber and agricultural prices are exogenous to
the ejidos. Cy() includes both production (e.g., cost of labor and ma-
chinery) and transportation costs. The cost of monitoring and enforce-
ment depends on both the forest area as well as the share of ejidatarios to
non-ejidatarios (e.g., Alix-Garcia et al., 2005). The agricultural pro-
duction function depends on precipitation and slope.
The first order condition becomes:

pf (X) = C/(f(X) )f (X) +b— C,(X) > pac — Cac (AG) ®3)

Vertical integration increases the value of the timber products sold
(e.g., Antinori, 2005; Antinori and Bray, 2005; Barsimantov, 2009; Vega
and Keenan, 2014). It also reduces damage to the remaining forest, or
residual stand, relative to the outcomes when stumpage is sold and
harvested by external contractors relative to when the timber is pro-
cessed within the ejido (e.g., Vega and Keenan, 2014). Given these, after
rearranging Eq. 2 and using implicit functions, it can be seen the forest
area increases with the price of timber products and the benefits from
forests and decreases with the net marginal revenue from agriculture.
Since the highest vertically integrated ejidos receive the highest price for
timber, Eq. 2 suggests that they should have more forest, ceteris paribus.
Because of the lower price for stumpage, we expect that the less verti-
cally integrated ejidos will have more deforestation and less forest
regrowth, ceteris paribus. Conversely, we expect the most vertically in-
tegrated ejidos to have the lowest level of deforestation and higher rates
of forest regrowth. These are the hypotheses we test empirically.

2.2. Data

2.2.1. Sample

Our dataset includes all ejidos in the state of Quintana Roo between
1996 and 2016, with data on the CONAFOR classification of the level of
vertical integration available for 2004 to 2016 and data on the estab-
lishment of timber mills available for 1996-2008. We exclude ejidos that
are partially or fully spanned by protected areas (a total of 81 obser-
vations across the full panel). Most of these are Type I (n = 20) and non-
forestry ejidos (n = 18). Types II, III, and IV include 7, 1, and 2 ejidos
within protected areas, respectively. While excluding these ejidos re-
duces our sample size, it is necessary due to the potential displacement
of forest cover loss from the protected to the unprotected parts of the
ejidos (e.g., Miteva et al., 2019). Finally, we exclude ejido Bacalar due to
its changing boundaries and the settlement of Mennonites with very
different agricultural practices (Mongabay, 2023). The remaining
dataset used for the analysis contains data on 281 ejidos; of these 223
can potentially produce and sell timber.

2.2.2. Treatment

We use two definitions of vertical integration: the CONAFOR clas-
sification (Bray and Duran-Medina, 2014) and the presence of commu-
nity sawmills located within an ejido or immediately adjacent to a given
ejido. During the study period, the CONAFOR criteria used to classify
ejidos into each of the vertical integration categories remained virtually
unchanged. Most of the ejidos (~66 % of the sample) in Quintana Roo
are listed as potential producers or Type I (SI Table 2). Type II and III
comprise about ~13 % and 15 % of the sample, respectively, whereas
Type IV—only about 4 %. Most ejidos did not change their CONAFOR
types during the study period.
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Fifty-one ejidos changed their CONAFOR type at least once between
2004 and 2016. Of these, 9 ejidos moved from Type II to Type I, 4 ejidos-
from Type I1I to Type I, 2 ejidos from Type III to Type II, and 1 ejido from
Type IV to Type I. Five ejidos switched from Type I to Type II and 7-from
Type I to Type III. Only 1 ejido transitioned from Type II to Type III and
1-ejido-from Type III to Type IV. The rest of the ejidos (n = 21) changed
categories more than once. The number of non-forestry ejidos remained
the same throughout the study period.

We also use the presence of community sawmills, considering saw-
mills located in an ejido or any immediately adjacent ejido as a proxy for
vertical integration. We utilize data, spanning 1996 to 2008, on the year
of establishment of new sawmills. Our data do not include mobile
sawmills which may also be used to process timber (Flachsenberg and
Galetti, 1998)."" We consider an ejido “treated” if it had a timber pro-
cessing mill within its boundaries or was immediately adjacent to an
ejido with a mill (SI Table 3).

2.2.3. Outcomes

To calculate forest areas, we employ the dataset by Vancutsem et al.
(2021). Spanning 1990 to 2020, the dataset provides at 30-m resolution
annual information on degraded forest (forest that is cleared for 2.5
years or less and then allowed to recover), deforestation (forests that
remain as another land use for more than 2.5 years), forest regrowth
(areas deforested for at least 2.5 years and allowed to regrow after), and
undisturbed tropical forests. We focus on deforestation and forest
regrowth regardless of whether they occur in areas zoned for agriculture
or forestry in the ejido (Bray et al., 2004; Ellis and Porter-Bolland, 2008).
We exclude degradation as it captures both traditional slash-and-burn
agriculture and temporary changes in the forest due to logging and
logging road construction, fires, and hurricanes. Similarly, we exclude
the “undisturbed forest” category as the forests in the area have been
logged for a very long time (Snook, 1998).

We calculate the outcomes used in the estimation as the deforested
area in a given year divided by the total forest area 1996; we construct
an analogous variable for regrowth. We define total forest in 1996 as the
sum of the four forest categories in Vancutsem et al. (2021).

2.2.4. Covariates

We consider covariates impacting the profitability of forests like the
proximity to markets (proxied by the distance to ports and large urban
areas), ejido area, average slope within ejidos, tourism potential
(proxied by the distance to archaeological sites) as well as the area under
water within an ejido. We use Euclidean distances as we do not have
time-varying data on logging and paved roads; the area is also flat with
no major physical barriers. The data sources for the variables are given
Appendix Table S1.

2.2.5. Estimation

In our case, the propensity to vertically integrate is a function of an
ejido’s characteristics, including its resources, proximity to markets, and
institutional arrangements. The timing of vertical integration is also
affected by idiosyncratic exogenous factors, such as the supply chain for
equipment and biophysical conditions like rainfall that affect the prof-
itability of forestry relative to agriculture.

Because of the limited temporal variability in the CONAFOR typol-
ogy, we cannot use large-sample panel data estimators to obtain the
causal impact of vertical integration on forests. For this reason, we first
estimate a random effects model with year fixed effects using suitable
covariates that are not collinear with each other: total ejido area and the
water area within an ejido, mean slope, proximity to ports and

11 Based on the authors’ personal observations from Quintana Roo: Portable
sawmills are not considered as productive as a standing sawmill. The band saw
blades do not function well with tropical hardwood and once they are damaged,
people stop using them.
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archaeological sites, and year fixed effects.'” The reason we exclude
collinear variables is the loss of degrees of freedom and larger standard
errors. We also exclude ejidos that permanently or temporarily switched
their CONAFOR typologies during the study period as well as potential
producers (Type I) and non-forestry ejidos. While not necessarily causal
without additional assumptions, the model presents a useful first step.

To estimate the causal impact of vertical integration, we use two
different treatments: the adjacency to timber processing mills and the
CONAFOR typologies for ejidos that experienced permanent change. In
the first case, we define the treatment as 1 for ejidos either having a mill
or being immediately adjacent to an ejido with one in a given year and
0 otherwise. Since the mills were built in different years, the treatment is
staggered. Because we do not have data on whether mills ceased oper-
ation during the study period, our treatment is weakly increasing: That
is, the number of ejidos with treatment = 1 increases over time as new
mills are built. Our sample consists of 78 ejidos that received the
treatment over time and 145 forestry ejidos that were never treated
during the study period (SI Table 3).

As an alternative treatment, we utilize the ejidos that permanently
switched to a higher CONAFOR type during 2004-2016 and compare
them to ejidos of the same initial type that did not change their CON-
AFOR typology. In Quintana Roo, only two met this criterion: one ejido
that transitioned from Type II to Type III and one-to Type III to Type IV,
respectively. For these, we consider two sets of analyses: In one, the
control group consists of Type II ejidos that did not change their CON-
AFOR type; we examine the impact of switching to Type III relative to
Type II. Analogously, we consider the impact of a Type III ejido
switching to Type IV, relative to other Type III ejidos that did not change
their CONAFOR type during the study period.

Because the treatment group is small regardless of whether we use
the presence of mills or CONAFOR type as the time-varying treatment,
we apply a synthetic difference-in-difference estimator (Arkhangelsky
et al., 2021). The estimator can be used for both small and large sample
sizes. The average treatment effect on the treated (ATT) is given by

i

N T
ATT = arg min,,,,,a,/,{ > (Yu—p— o — p, — Dyt)* @i } 3
=1

t=1

where the outcome for ejido i at time t is given by Yj;, the binary
treatment -by Dj;, and the average treatment effect-by 7. o; and g, are
ejido and time fixed effects, respectively, and y is a constant. @; is an
ejido-level weight that aligns the pre-exposure trends in the outcome for

the treatment and control observations. 4, is a time weight that balances
pre- and post-exposure time periods. N is the total sample size and T-the
number of time periods. More weight is given to similar (based on past
outcomes) observations; similarly, more weight is given to periods that
are, on average, similar to the treatment group pre-trends. The weights
are estimated from the data to ensure balanced pre-trends in the out-
comes of the treatment and control observations. Note that without the

weights w; and J¢, the estimator collapses to a Two-Way Fixed Effects
(TWFE) model (Arkhangelsky et al., 2021).

The weights are calculated from the sample. With a staggered
treatment, the estimator performs a series of TWFE regressions for each
year of the treatment. For example, given observations that were treated
in 1997 and others-in 1998, the synthetic difference-in-difference esti-
mator will run two weighted regressions, comparing the observations
treated in 1997 to untreated observations and observations treated in

12 We use a Value Inflation Factor (VIF) of 10 as a cutoff for multicollinearity.
We also exclude covariates that have pairwise Pearson correlations>0.5 with
those already included in the model. The exclusion of relevant covariates due to
multicollinearity may lead to biased and inconsistent estimates in a random
effects model. However, in our data, the sign and significance of the estimated
coefficients remain the same when the potentially multicollinear variables are
included.



D.A. Miteva et al.

1998 to untreated observations. The ATT is an average of individual
treatment year effects. Because the estimator requires a balanced panel
and no treated observations at the baseline, we exclude from the sample
the 10 ejidos with mills in 1996.

The synthetic difference-in-difference estimator allows for only time-
varying exogenous covariates to be included in the model. The only
covariate that meets this criterion is precipitation. We present results
with and without that covariate.

Because of the small sample size of the treatment group, we use a
placebo estimator to calculate the standard errors under the assumption
of homoscedasticity (Arkhangelsky et al., 2021). For the presence of
mills treatment, we also present results from a bootstrap procedure that
independently resamples ejidos (Arkhangelsky et al., 2021). In all
specifications based on the presence of mills as the treatment, we use
1000 replications; for the CONAFOR typologies-we use 500. We use the
sdid package in Stata (Clarke et al., 2023). In all specifications, we
cluster the standard errors at the ejido level (Abadie et al., 2022).

2.2.6. Robustness checks

For the presence of mills treatment, we compare the results from the
synthetic difference-in-difference estimator with the estimators pro-
posed by de Chaisemartin & D’Haultfeeuille (2024) and Callaway &
Sant’Anna (2021). The first estimator generally employs a series of 2 by
2 TWFE models and aggregates impacts; it computes analytical standard
errors (de Chaisemartin and D’Haultfeeuille, 2024). Identification there
is based on the number of ejidos that switch into the treatment, with the
control group being ejidos not treated in a given year. We report the
results from the non-normalized event study estimator, in order to be
able to compare the results with the rest of the models.'® The second
estimator combines regression adjustments and inverse probability
weighting. Specifically, it uses time-invariant characteristics to
construct a propensity score, the inverse of which is used to weigh ob-
servations in a series of weighted regression models corresponding to
each year of the treatment adoption (Callaway and Sant’Anna, 2021).
For the untreated observations for a given period, the estimator also
regresses on the baseline covariates the difference in outcomes at the
baseline and a given time period. Finally, the estimator combines the
inverse probability weighting with the differences in the outcomes be-
tween the treated and never treated observations and the differences
from the regression model. The advantage of the doubly robust esti-
mator is that the estimated coefficients are unbiased even if either the
propensity score, or outcome equation is mis-specified (Callaway and
Sant’Anna, 2021). The control group we use is the forestry ejidos that
did not switch their treatment throughout the study period. In both
models, we improve the pre-trends by using the average slope within
ejidos, the distance to archaeological sites, distance to ports, the ejido
area (highly correlated with baseline forest area (p =0.88,p < 0.001) as
well as the area under water within an ejido. We exclude the covariates
that are correlated with the ones we retained. In these models we do not
use precipitation as the mean precipitation for 1996-2008 is highly
correlated with the distance to ports variable included in the model (p =
-0.50, p < 0.001).**

Finally, we present the results from a two-period TWFE model using
only 1996 as the baseline and 2008 as the end year. We modify the
adjacency to mills treatment to equal 1 if an ejido built a mill or became
adjacent to an ejido with a mill during our study period. The control
group includes ejidos that were not adjacent to mills throughout the
study period.

As in the main specifications, we cluster the standard errors at the
ejido level for all robustness checks (Abadie et al., 2022).

13 The normalized estimator reports the average causal impact divided by the
number of periods a unit has been treated (de Chaisemartin and D’Haultfeeuille,
2024).

14 However, the models with precipitation yield very consistent results.
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For the two treatments based on the CONAFOR typologies, we pre-
sent the results from a synthetic control estimation (Abadie and Gar-
deazabal, 2003). It differs from the synthetic difference-in-difference
model in the lack of time weights only (Arkhangelsky et al., 2021). We
are not aware of other recent estimators appropriate for very small
treatment groups.

Vertical integration may arise to improve efficiency by minimizing
transaction costs and maximizing investment (e.g., Williamson, 1971;
Williamson, 2010). This means that vertical integration is endogenous
(i.e., driven by the characteristics of the ejidos and, hence, non-random).
Previous studies have highlighted the role of biophysical and social
factors like the forest endowment and ejido governance in determining
the degree of market insertion and vertical integration (Wilshusen,
2005; Forster et al., 2014). Proximity to markets (population centers),
mechanical expertise, parastatal history as well as the area and quality
of forests for timber harvesting have been highlighted as crucial based
on empirical work (Antinori, 2005; Antinori and Rausser, 2008). The
internal organization of ejidos is believed to be correlated with the size
of forest endowment: Larger and more commercially viable ejidos are
more likely to have incentives to foster strong internal governance
related to forests, with stronger governance likely to emerge over longer
time periods, ceteris paribus (e.g., Baland and Platteau, 1996). In Quin-
tana Roo, the larger and more vertically integrated ejidos were estab-
lished prior to 1945 with the intent of rubber tapping, whereas the
smaller ones-post 1964 with the intent of agriculture and cattle ranching
(Forster et al., 2014). Because the characteristics of the ejidos are un-
likely to vary significantly over time and the CONAFOR criteria
remained unchanged during the study period, we model this potential
endogeneity as a time invariant omitted variable that is controlled for by
fixed effects. Further, the estimators we use rely on parallel trends for
the treatment and control ejidos. In other words, in our estimation the
propensity of an ejido to become vertically integrated is a function of
pre-determined time-invariant characteristics; we estimate the effect of
idiosyncratic variation in the timing of mill establishment, which is
effectively random.

2.2.7. Examining changes in population density as a potential rival
explanation

In general, changes in forest cover may be due to improved timber
management practices and reduced conversion to agriculture or out-
migration decreasing the demand for agricultural land. Further, moni-
toring and enforcement costs depend on the share of the ejidatarios
relative to non-ejidatarios. Given that the former is constant, changes in
the population density can change the monitoring and enforcement
costs. For example, a significant influx of new migrants is likely to
severely diminish the capacity of an ejido to monitor and enforce re-
strictions (e.g., Baland and Platteau, 1996; Alix-Garcia et al., 2005).

To examine correlations between changes in the population density
and vertical integration, we use the same the synthetic difference-in-
difference estimators as well as the estimators by de Chaisemartin &
D’Haultfeeuille (2024) and Callaway & Sant’Anna (2021). We obtain the
annual data on population density from the LANDSCAN datasets (Bright
et al., 2009). The data are available annually from 2000 to 2017 at a
resolution of approximately 1 km. Because the mills data were available
until 2008, we limit the analysis to 2000-2008 for that treatment.

3. Results
3.1. Descriptive statistics

On average, the ejidos with sawmills present (in or immediately
adjacent) are larger and have a larger forest area, suggesting that ver-
tical integration is associated with economies of scale (Gnych et al.,
2020) (Table S5). While these ejidos had a larger absolute area of forest
loss during the study period, it represented a smaller fraction of the total
forest. These ejidos also experienced a net forest growth, whereas the
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ejidos not adjacent to a sawmill, an overall net decrease in the forest area
between 1996 and 2008.

Results from the pooled regression model suggest that CONAFOR
Type IV ejidos are associated with significantly lower deforestation
relative to the ejidos selling stumpage (Type II) (Table 2). While the
coefficient for the ejidos selling roundwood is negative as expected, it is
not statistically significant. In terms of forest regrowth, the coefficient
on Type IV ejidos was positive but statistically insignificant. The coef-
ficient on the Type III ejidos was negative but also statistically
insignificant.

3.2. Results from synthetic difference-in-difference estimation

3.2.1. Presence of sawmills as treatment

We consider the results from the synthetic difference-in-difference
model with a placebo variance estimator and no covariates (i.e., pre-
cipitationls) to be our main model (Table 3 top row). The pre-trends of
the treated and control observations appear parallel (Fig. 2 & 3). There
are few influential observations for a few of the treatment years (Figs. S1
&S2). The assumption of homoskedasticity of the error terms appears
supported (Fig. S3).

Our preferred model indicates that, on average, the adjacency to
mills reduced deforestation by about 3.6 percentage points relative to
similar control ejidos. The average impact is significant at the 5 % level.
The presence of mills also increased forest regrowth by about 0.3 per-
centage points, significant at the 1 % level.

The results appear consistent with the large-sample estimators we
use as a robustness check. For the deforestation outcome, all coefficients
are negative but are statistically significant only with the synthetic
difference-in-difference and the de Chaisemartin & D’Haultfeeuille
(2024) estimators. There are two potential explanations for the
increased standard errors and resulting statistical insignificance: First,
these estimators assume a large sample, with sufficiently large group of
treated observations. The small number of treated observations is likely
to lead to lower statistical power. Second, not all estimators appear to
balance the pre-trends between treated and control observations. For
example, the Callaway & Sant’Anna (2021) estimator did not result in
parallel trends for all of the pre-treatment years (Fig. S5). Further, in the
TWFE model we could not test for parallel pre-trends. The unbalanced
parallel trends are likely to introduce bias (Roth, 2022; Rambachan and
Roth, 2023).

Table 2

Pooled regression estimates for the relationship between CONAFOR type and
deforestation/total forest (column (1) and new forest/total forest (columns 2)
for 2004-2016 (standard errors in parentheses). The comparisons are relative to
Type II; the data exclude potential producers (CONAFOR Type I), non-forestry
ejidos as well as ejidos that changed their CONAFOR type between 2004 and
2016. Both models include covariates that did not result in multicollinearity:
total ejido area and the water area within an ejido; proximity to urban centers,
towns, archaeological sites, and large roads; variability in the slope; and year
fixed effects.

CONAFOR Type [1] [2]
—-0.01 —0.001
Type III (0.06) (0.005)
—0.24%** 0.00008
Type IV (0.08) (0.008)
Outcome Forest loss/forest in 1996 Forest regrowth/forest in 1996
N 816 816
#ejidos 84 84

Significance levels: *** 1 %, **5 %, *10 %.

15 The model with precipitation as a time-varying covariate yields very similar
results (Table 3).
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Table 3

Summary of the causal estimates from various estimators for the proximity to
mills treatment (standard errors in parentheses). The forest variables are
calculated as the area in a given year divided by the forest area in 1996 (our
baseline). Unless specified otherwise, the standard errors are clustered at the
ejido level. Negative values of the coefficients indicate a reduction, and positive-
an increase in the outcome due to the presence of sawmills. The population
density specifications use data from 2000 to 2008 only.

Estimator Deforestation ~ Reforestation  Population
density
Synthetic difference-in- —0.036** 0.003%** —0.74
difference, placebo standard (0.016) (0.0004) (0.97)
errors, no covariates
Synthetic difference-in- —0.036%** 0.003%** -0.71%*
difference, bootstrap standard (0.010) (0.001) (0.32)
errors
Callaway & Sant’Anna (2021) -—0.026 0.003** —1.75%**
(0.03) (0.001) (0.65)
Synthetic difference-in- —0.036** 0.003%*** -0.71
difference, placebo standard (0.016) (0.0004) (0.97)
errors, precipitation as
covariate
de Chaisemartin & —0.023%** 0.002%** —0.66%*
D’Haultfeeuille (2024) (0.008) (0.0005) (0.30)
Before-After TWFE —-0.014 0.004+** —0.69
(0.018) (0.001) (0.99)

Significance levels: ***1 %, **5 %, *10 %.

For the reforestation outcome, all estimators yield comparable in
magnitude and significance results. While there are few influential ob-
servations (Fig. S2), the parallel trends assumption appears supported in
all specifications (Figs., S4B, S5B).

While the average impact on deforestation is negative, there appears
to be some heterogeneity of the impacts based on when the sawmills
were established. For example, ejidos adjacent to mills established in
2002 and 2005 had higher deforestation than control ejidos (Fig. 2).
Similarly, while the average impact on reforestation is positive, we find
heterogeneity based on when mills were established, with mills estab-
lished in 2002 and 2005 having lower levels of reforestation than control
ejidos (Fig. 3). The event-study estimators by Callaway & Sant’Anna
(2021) and de Chaisemartin & D’Haultfceuille (2024) also suggest het-
erogeneity though time (Figs. S4&5, Tables S7 &8), but these effects are
not directly comparable with the plots in Figs. 2 & 3.

3.2.2. CONAFOR typologies as treatment

We find a consistent negative coefficient on the impact of advancing
the CONAFOR type on deforestation: The average treatment effects on
the treated (ATTs) are —0.02 (st. error = 0.07) and — 0.07 (st. error =
0.11) for the switch from Type II to Type III and Type III to Type IV,
respectively (Table S9). However, neither of these estimates is statisti-
cally significant. The ATTs on reforestation are negative but also insig-
nificant: —0.002 (st. error = 0.04) and — 0.01 (st. error = 0.02).

There are two likely explanations for the insignificant results-stat-
istical power and heterogeneity through time. For example, the esti-
mation using the switch from Type II to Type III uses 16 control and 1
treated ejido. Similarly, the estimations using the switch from Type III to
Type IV uses 24 control and 1 treated ejidos. Further, there appear to be
a few very influential observations (Fig. S6). For this reason, while
consistent with the main results, these should be interpreted with
caution. Second, for the deforestation outcome, it appears that the im-
pacts are increasing over time, with avoided deforestation increasing as
the time since treatment increases (Fig. 4 left panels). Similarly, refor-
estation seems to increase a few years after the switch to a Type III ejido
(Fig. 4 top right panel), but the average increase during the study period
is statistically insignificant because of the temporal heterogeneity.
Reforestation in the Type IV ejido seems to be increasing, but less than in
similar control ejidos. However, the estimate is based on four very
influential observations (Fig. S6 bottom right panel).
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The results from the synthetic control estimation are consistent, with
ATTs equal to —0.001 (st. error = 0.08) and — 0.01 (st. error = 0.11) for
the switch from Type II to Type III and Type III to Type IV, respectively,
and deforestation as the outcome. For reforestation, the ATTs become
—0.03 (st. error = 0.03) and — 0.02 (st. error = 0.02) the switch from
Type II to Type III and Type III to Type IV, respectively. However, these
are based on a smaller set of control observations, with a few influential
observations (Fig. S7).

3.2.3. Changes in population density as a potential explanation

In our preferred specification (Table 3 top row), we find a negative
but insignificant coefficient on population density. This suggests that the
decreased deforestation and increased forest regrowth do not seem
correlated with a decline in population relative to observationally
similar controls. The coefficients on most models we use as a robustness
check are consistent in magnitude but differ in statistical significance.
The reason is that the variance in these models assumes large samples,
which is not the case here. The coefficient from the Callaway & San-
t’Anna (2021) estimator is much larger than the rest but it appears it is
driven by unbalanced pre-trends (Fig. S5C).

4. Discussion and conclusions

Previous work has highlighted local governance quality and demand
for cleared land in shaping the impact of timber harvesting permits on
forest cover in Mexico (Blackman and Villalobos, 2020). Building on
these insights, we test another mechanism: vertical integration that al-
lows communities to capture more value added from their timber. We
find robust empirical support that vertical integration was protective of
forests in Quintana Roo between 1996 and 2008, suggesting that gov-
ernment and non-governmental organizations (NGO) support for this
strategy can potentially deliver on both local demands (for greater
control over and profits from their forests) and global demands (for
conservation of biodiversity and carbon rich forests).

The global scaling potential of such findings is large. Avoided forest
conversion is the largest natural climate solution in the tropics, with
nearly 3 GtCO; yr_l of cost-effective potential (Griscom et al., 2020).
Much of this potential occurs in the 521 million hectares of forests (~15
% of the world’s forests) legally titled to indigenous peoples and local
communities, often located at the forest frontier (Rights and Resources
Initiative, 2018a, 2018b), as well as the larger areas with traditional
community rights that are not yet legally titled. Under community forest
tenure regimes, communities have management and extractive rights for
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timber and non-timber forest products that support over 1.5 billion
people in rural economies (FAO, 2018). The links between the large
climate mitigation potential of protection, restoration, and improved
management of ecosystems and a range of sustainable development
goals have been much discussed and debated (Smith et al., 2019; Gris-
com et al., 2019); however, robust evidence of specific interventions
that cause sustained positive links between local human well-being,
biodiversity conservation, and enhanced ecosystem carbon storage are
limited (Burivalova et al., 2016; Jayachandran et al., 2017; Pagiola
et al., 2016).

Questions remain. First, we need to understand why some ejidos
decide to integrate vertically whereas others do not, as well as what
motivates some ejidos to switch vertical integration categories year to
year. Previous work based on a handful of case studies from Mexico has
suggested the fluctuation in vertical integration may be due to chal-
lenges with the internal organization of ejidos, including raising the
money to operate a mill, timber prices, and the type of buyers (e.g.,
Wilshusen, 2005).

NGOs may play important roles in helping ejidos become and remain
vertically integrated successfully (Vega and Keenan, 2014; Miteva et al.,
2022). For example, (Barsimantov, 2010) claims that NGOs that pro-
mote community development and provide technical assistance with
timber harvesting are crucial for vertical integration; strong internal
governance in the ejidos by itself is necessary, but often not sufficient.

NGOs can help ejidos with voluntary forest management certification
and increase the demand for certified timber (Miteva et al., 2022).
Government initiatives can also provide technical and monetary assis-
tance to ejidos (e.g., Wilshusen, 2005).

Second, it is important to understand why and through what channels
vertical integration reduces forest loss. Our analysis suggests no statis-
tically significant reduction in the population density in ejidos due to
vertical integration. This result suggests that the impacts on forests are
likely due to improved forest management and avoided conversion to
agriculture. However, future work needs to provide rigorous evidence
on how forest management changes with vertical integration. Previous
studies have emphasized the importance of understanding transaction
costs as a factor determining the level of vertical integration and forest
outcomes (e.g., Antinori, 2005).

Third, it remains to be seen how generalizable and scalable the re-
sults are to other locations. Relative to other areas in Mexico, the ejidos
in Quintana Roo are characterized by more or less existing and stable
markets for timber, native forests with valuable timber resources, secure
tenure and rights to the forest, high legal levels of timber extraction,
topography contributing to easy harvesting, market accessibility, polit-
ical stability, low levels of ejido parcelization, and high political and
NGO support (Ellis et al., 2015; Bray et al., 2004). Therefore, the ejidos
in Quinata Roo may represent an outlier in low- and middle-income
countries. For this reason, we cannot easily extrapolate our results to
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other locations in Mexico and beyond. The issue of scalability and
generalizability needs to be examined in future work.

Fourth, it remains unclear how the level of vertical integration in-
teracts with forest benefits and policies like agricultural subsidies, pol-
iciles aimed at reducing transportation costs, and payments for
ecosystem services (PES). For example, there are ongoing efforts to
improve connectivity between cities on the Yucatan Peninsula by
expanding the railroad network (Tren Maya, 2025). The expanded
railroad is likely to reduce transportation costs for timber but may in-
crease the demand for urban or agricultural land. Which effect is likely
to dominate needs to be addressed by future work.

Previous work has suggested that agricultural subsidies may increase
forest conversion to livestock and commercial maize production (Ellis
et al.,, 2017). The provision of forest ecosystem services is likely to
reduce forest cover loss. The available data on forest management plans
from 2013 indicates that ejido Types III and IV also may derive addi-
tional benefits like non-timber forest products (NTFP) and charcoal: For
example, none of the Type II ejidos reported the production of charcoal
in 2013, whereas 45 % and 25 % of Types III and IV, respectively, re-
ported the production of charcoal. Forty-two percent of the Type II

10

ejidos reported the collection of NTFP, while the percentage for Type IV
ejidos was 63 %.

We only have data on the Payments for Ecosystem Services (PES)
allocated to ejidos between 2008 and 2011. Within that time period, on
average, 23 ejidos received PES each year. Most of the instances
involved ejidos with CONAFOR Type I (potential producers, n = 56) and
II (selling stumpage, n = 18), while there are only 11 instances of Type
III and 3 Type IV ejidos receiving PES, during the entire 4-year period.
Consistent with our model, we expect that PES make the forest more
valuable and, thus, are likely to deter forest loss (Gnych et al., 2020).
Because of the temporal mismatch between the available mills and PES
data, we do not control for PES in the estimation. However, previous
work has suggested that the impact of PES in the Yucatan peninsula may
be short-lived (Le Velly et al., 2017).

Our study provides rare empirical evidence on the effects of vertical
integration in forest products using rigorous statistical methods and
detailed geospatial data. We find robust evidence that vertical integra-
tion can help avoid deforestation in, at least, one middle-income country
setting. Our findings suggest that communities are more likely to protect
and restore forests when they are more directly engaged in the harvest
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and when they capture more value added from forest products. Our
findings, thus, have a somewhat counter-intuitive policy implication:
Programs that increase financial resources for communities to invest in
forestry operations could improve forest protection and restoration,
with regional and global benefits for climate, biodiversity, and other
ecosystem services.'®
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