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Abstract
Secondary forests are increasingly recognized for conserving biodiversity and mitigating global climate change, but these and other desired outcomes can only be
achieved after decades of regeneration, and secondary forests are frequently recleared
before they recover to predisturbance conditions. We used a time series of aerial photographs (1947-2014) to evaluate multidecadal persistence of secondary forests across
a 320 km2 landscape in southern Costa Rica. Secondary forests had relatively short
lifespans, with 50% recleared within 20 years and 85% recleared within 54 years of
when they were ﬁrst observed. Larger forest fragments and forests near rivers had a
lower reclearance hazard, but forest persistence did not diﬀer over time, indicating
that regional forest regeneration may be generally ephemeral. Costa Rica has made an
international commitment to restore 1 million ha of degraded land by 2020. Depending on how this is achieved, only half that target may remain forested by 2040.
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I N T RO D U C T I O N

Secondary tropical forests play a pivotal role in virtually all
visions for a sustainable global future. These young forests
now constitute more than half of extant tropical forests
(Chazdon, 2014) and scientists and policy-makers alike anticipate that secondary forests will contribute signiﬁcantly to
preventing extinctions, mitigating climate change, and providing goods and services in the 21st century (Chazdon
et al., 2016; Houghton, Byers, & Nassikas, 2015; Strassburg et al., 2016; Wright & Muller-Landau, 2006). Indeed,
all three United Nations framework conventions on environmental policy now include the creation of secondary forests
through restoration as a critical tool to address biodiversity loss, desertiﬁcation, and climate change (UNCBD, 2012;
UNCCD, 2015; UNFCCC, 2015), and these aspirations are

buoyed by observations that the area of secondary tropical
forests is increasing in several countries (Aide et al., 2013;
Asner, Rudel, Aide, Defries, & Emerson, 2009; Rudel, 2005).
Implicit in all of these goals is the assumption that secondary forests will persist over an appreciable time period
without being recleared for agriculture or other human land
uses. While the pace of natural forest recovery is highly variable (Norden et al., 2015), several global meta-analyses ﬁnd
that species abundance, species diversity, and ecosystem functioning require several to many decades to recover to predisturbance conditions (Dent & Wright, 2009; Meli et al., 2017).
For example, regenerating tropical forests typically take
∼50 years to recover tree species richness to predisturbance
levels, ∼80 years to recover above-ground biomass, >80 years
to recover below-ground biomass, and >100 years to recover
predisturbance vascular epiphyte diversity (Martin, Newton,
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& Bullock, 2013). As such, the degree to which secondary
forests will conserve biodiversity and perform ecosystem
functions like storing carbon will depend on how long secondary forests persist.
We conceptualize secondary forest persistence to be the
maximum age that a secondary forest attains before being converted to a nonforest land cover (Reid et al., 2017). Several
studies provide insights about how long and under what conditions secondary forests may persist, but prior research has
been limited by short time windows (≤28 years), small sample sizes (≤54 patches), and/or coarsely resolved spatial data
(≥30-m pixels; Fagan et al., 2013; Reid et al., 2017; Schwartz,
Uriarte, DeFries, Gutierrez-Velez, & Pinedo-Vasquez, 2017).
Existing works suggest that the factors that could inﬂuence
secondary forest persistence may include stakeholder preferences and capabilities, environmental attributes, and the
rules of governance that inﬂuence human-environment interactions (Reid et al., 2017). For example, forests may persist
longer when landowners have secure land tenure (Le, Smith,
Herbohn, & Harrison, 2012), when forests are relatively inaccessible or agriculturally marginal (Cropper, Puri, & Griﬃths,
2001; Helmer, Brandeis, Lugo, & Kennaway, 2008; Schwartz
et al., 2017, but see Sloan, Goosem, & Laurance, 2015), or
when government regulation prohibits deforestation (Fagan
et al., 2013). However, it is unclear how these dynamics may
change over multidecadal time scales and across large, ﬁnely
resolved landscapes.
Here, we extend our knowledge of secondary forest
persistence spatially, temporally, and conceptually using a
67-year time series of forest coverage across 320 km2 in
southern Costa Rica (1947-2014). This high resolution (10 m)
data set allows us to analyze the fates of both large and small
forest patches in relation to ﬁne-scaled topographic features,
such as locally steep slopes and riparian zones.

2
2.1

METHOD S
Study area

We evaluated secondary forest persistence in Coto Brus
County, Puntarenas, Costa Rica (Figure 1). The study area was
deﬁned by a 13-km radius around the Las Cruces Biological
Station (LCBS; 8◦ 47′ 7″ N; 82◦ 57′ 32″ W), excluding land in
Panama (8 km away) and low-lying areas below 700 m.a.s.l.
The remaining area ranged from 701 to 1,583 m.a.s.l. This
region receives 3.5-4.0 m of annual rainfall (LCBS), with
a pronounced dry season from December to March. Mean
annual temperature at LCBS is ∼21◦ C. The native forest type
is at the boundary between tropical premontane wet forest
and rain forest zones (Holdridge, Grenke, Hatheway, Liang,
& Tosi, 1971), and two-thirds of this forest was cleared for
coﬀee cultivation between 1947 and 1980 (Zahawi, Duran, &
Kormann, 2015).

FIGURE 1

Secondary forest persistence across a 320 km2
landscape in southern Costa Rica (1947-2014)
Note: Polygon colors denote the year of observed reforestation, and
darker shades denote longer secondary forest persistence. Inset A
illustrates the positive relationship between distance to a river and the
proportional hazard of secondary forest reclearance.

2.2

Data processing

We used forest cover layers from ﬁve time slices (1947,
1960, 1980, 1997, and 2014) to designate patches with unique
reforestation/deforestation histories. Forest cover layers were
based on orthorectiﬁed, high-resolution aerial and satellite
images that were hand-classiﬁed as forest or nonforest in a
prior study (Zahawi et al., 2015). To ensure data quality, each
candidate reforestation patch was manually reinspected. Coffee plantations and early successional vegetation were classiﬁed as nonforest. Reforested patches were identiﬁed as areas
that were deforested in one set of aerial images but were
forested in a subsequent set of aerial images. After excluding patches that were never deforested, were never reforested,
or were reforested only in the ﬁnal time slice (precluding temporal analysis), our sample was composed of 1,750 secondary
forest patches ranging from 0.1 to 29.2 ha and representing a
total area of 17.3 km2 .
For each reforested patch, we measured forest persistence as the maximum age attained before the patch was
recleared, or the time from reforestation to the ﬁnal time
slice (2014) in the case of patches that were not recleared.
Thus, a patch that was nonforest in 1947, was reforested
by 1960, and retained forest until it was recleared in 2014
had an observed persistence of 54 years, with a potential
age range of 37-67 years given that reforestation could have
occurred at any time between 1947 and 1960, and deforestation could have occurred at any time between 1997 and 2014
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Observed persistence and potential ages (years) of secondary forests by reforestation cohort and year of reclearance
Year recleared

Year reforested

1960-1980

1980-1997

1997-2014

>2014

1947-1960

20 (0-33)

37 (20-50)

54 (37-67)

>54 (>54-67)

1960-1980

17 (0-37)

1980-1997

(Table 1, Figure S1). For patches that were reforested and
deforested multiple times (<1% of patches), only the ﬁrst
instance was analyzed due to sample size limitations. This
indicates that contemporary, regional forests are not characterized by repeated clearing cycles typical of some tropical forest
regions.
We calculated the following potential predictors of
secondary forest persistence for each reforested patch: (1)
minimum distance to the nearest road, (2) mean distance to
the nearest river, (3) mean elevation, (4) maximum terrain
ruggedness (Riley, DeGloria, & Elliot, 1999), (5) patch
area, and (6) mean distance to the nearest protected area.
Distance to the nearest road represents potential access
to a forest patch and is an important predictor of tropical
deforestation (Cropper et al., 2001; Laurance et al., 2002).
Distance to the nearest river may also represent logging
access in some landscapes (Wyman & Stein, 2010), though in
this premontane landscape river corridors are often too steep
for agriculture and frequently remain forested (Mendenhall,
Sekercioglu, Brenes, Ehrlich, & Daily, 2011). Elevation
and terrain ruggedness were both calculated from a digital
elevation model with 5-m resolution (LCBS), and these two
variables represent independent components of suitability for
agriculture, the most important competing land use in this
region (Zahawi et al., 2015). Slope was strongly correlated
with terrain ruggedness (Pearson's coeﬃcient = 0.82), and
we used the latter because it had a stronger relationship with
forest persistence. We expected that forest persistence would
be greater in protected areas, however, we had an insuﬃcient
sample size (ﬁve patches) to address this prediction. Instead,
we used mean distance to the nearest protected area as
a predictor.
We also addressed the potential impact of the Costa Rican
Payment for Ecosystem Services (PES) program on forest persistence by calculating the minimum distance from each patch
to the nearest PES project. This was done using point (19962001) and polygon (2003-2014) data on PES project locations obtained directly from the Costa Rican government. Our
expectation was that being in or near a PES project would
increase a forest's persistence. We considered patches with
a distance <10 m from the nearest PES project to be inside
of the PES program (N = 128). We included both forest protection and forest restoration PES projects, recognizing that
either could contribute to encouraging and maintaining secondary forest regeneration.

2.3

34 (17-54)

>34 (>34-54)

17 (0-34)

>17 (>17-34)

Data analysis

We evaluated the associations between secondary forest patch
persistence and geographic predictors using Cox proportional
hazards models (Therneau & Grambsch, 2000), with number
of years until deforestation as the dependent variable. Patches
that were not deforested by the ﬁnal time slice, 2015, were
censored. Starting with a full model including all six predictors, we used backward, stepwise elimination to remove
predictors with an insignifcant contribution (P > 0.05). We
used AIC model selection to determine the most parsimonious combination of the remaining predictors. An assumption of Cox models is that predictors are proportional, that
is, their eﬀect on survival does not vary over time. We tested
this assumption using Shoenfeld residuals with the cox.zph
function. To test for spatial autocorrelation in the residuals of
the best-ﬁt model, we calculated Moran's I. Proportional hazards models were implemented in the survival package and
Moran's I in the ape package in R version 3.4.3 (R Development Core Team, Vienna, Austria). Geographic analyses
were performed in ArcGIS version 10.5 (ESRI, Redlands, CA,
USA).
To test whether inclusion in or distance from PES projects
inﬂuenced secondary forest persistence, we used logistic
regression. Only patches with observed reforestation in 1997
were included, reﬂecting the initiation of the national PES
program in the same year. We used logistic regression rather
than a Cox model because with only one subsequent observation in 2014, the only possible outcomes were deforestation
or none, so right censoring was unnecessary.
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RESULTS

Of 1,750 secondary forest patches that regenerated between
1947 and 1997, 50% were recleared within 20 years, 78%
within 37 years, and 85% within 54 years of when they were
ﬁrst observed (Figure 2, Table S1). Given the decadal spacing
of observations, the most conservative interpretation is that
50% of forest patches were cleared within 0-37 years, 78%
within 17-54 years, and 85% within 37-67 years of when they
were ﬁrst reforested (Table 1). The rate of secondary forest
loss by area ranged from 2.2% to 3.5% per year (Table S2).
Secondary forest patches persisted for longer periods of
time when they were larger and close to rivers (Tables S3
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FIGURE 2

Secondary forest persistence in southern Costa Rica

(1947-2014)
Note: Error bars denote 95% conﬁdence intervals.
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FIGURE 3

Estimated proportional hazard of secondary forest
reclearance as a function of distance to the nearest river and patch size
Note: Shaded area denotes 95% conﬁdence intervals. Hazard values >1
indicate an increased risk of deforestation at a proportion that is
consistent over time. For example, a secondary forest >200 m from the
nearest river has approximately 150% the risk of reclearance compared
to a secondary forest immediately adjacent to a river.

and S4, Figure 3). For example, secondary forest patches
200 m from the nearest river were approximately 1.5× more
likely to be recleared than forests immediately adjacent to
rivers, and patches that were 14 ha were approximately 0.5×
as likely to be recleared as patches that were only 0.1 ha.
Two other hypothesized predictors, elevation and distance to
protected area, had weak relationships with secondary forest persistence (Table S3, Figure S2), but others, including
year of observed reforestation, were not signiﬁcantly correlated with forest persistence (Figure 4). Also, neither inclusion nor proximity to PES projects aﬀected secondary forest persistence (P ≥ 0.08). We found no evidence of spatial
autocorrelation in the residuals of the most parsimonious Cox
model (Moran's I; P = 0.13). Schoenfeld residuals indicated
that the proportionality assumption was met for all predictors
(cox.zph; P ≥ 0.17).
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FIGURE 4

Secondary forest persistence by reforestation cohort
over 17-20 years (left) and 34-37 years (right)
Note: Error bars denote 95% conﬁdence intervals.

4
3.0

100
90
80
70
60
50
40
30
20
10
0

Forest patches persisting 34−37 yrs (%)

Forest patches persisting 17−20 yrs (%)

Forest patches persisting (%)

4 of 7

DIS CUS S IO N

Our results indicate that secondary forests in southern Costa
Rica generally persisted for far less time than is needed to
recover old growth levels of biomass or biodiversity. With
the vast majority of new forests persisting <54 years, regenerating forests in this region could appropriately be termed
ephemeral. We also determined that secondary forest persistence was not stochastic. Rather, which forests persisted for
longer periods of time was predictable based on their size and
their location relative to rivers. We expect that these historical trends are representative of contemporary forests beyond
southern Costa Rica. To the extent that our observations can
be generalized, there are several implications for biodiversity
conservation, climate change mitigation, and large-scale forest restoration initiatives.
Our analysis indicates that approximately 2.2%-3.5% of
secondary forest was cleared each year in southern Costa Rica
from 1960 to 2014. This rate is congruent with the attrition
of tropical forest restoration plots in the same area (2.8%3.3% per year in 2004-2016; Reid et al., 2017), and it is lower
than the ranges of secondary forest clearing rates observed
in northeastern Costa Rica (3%-10% per year in 1985-2011;
Fagan et al., 2013) and central Peru (3%-23% per yearin 19852013; Schwartz et al., 2017). More cases are needed, but from
these few studies it appears that secondary forests elsewhere
in Latin America may persist for even shorter intervals than
we observed in southern Costa Rica.
If an average secondary tropical forest persists for only
20 years, meta-analytical models predict that it typically would recover ∼40% of predisturbance carbon stocks
and <80% of predisturbance bird, reptile, amphibian, tree, and
epiphyte species before being cleared again (Dent & Wright,
2009; Martin et al., 2013). Speciﬁc levels of recovery can
be much lower and will vary widely depending in part on
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landscape context, prior land use history, and other factors
(Meli et al., 2017; Norden et al., 2015). If forest persistence
in southern Costa Rica is typical of secondary forests in Latin
America, regional carbon sequestration estimates for 20082048 could be constrained to ∼0-1 Pg out of a possible 8.510.5 Pg, with a high potential for net carbon loss due to secondary forest clearing (Chazdon et al., 2016).
Whereas secondary forests in southern Costa Rica were
generally short-lived, under some conditions the hazard of
reclearance was much lower. Longer-lived secondary forests
were concentrated near rivers, possibly because of the 1050 m riparian buﬀer stipulated by the ﬁrst Costa Rican forest
law (1969) and landowners seeking to protect water sources,
but also potentially due to once-arable lands eroding, subsiding, and becoming agriculturally marginal following initial deforestation (Cole-Christensen, 1997). Larger secondary
forests also persisted longer than smaller ones, suggesting that
large, riparian forests should be prioritized in future conservation and landscape restoration eﬀorts.
Several other geographic factors were expected to correspond to secondary forest persistence and did not. For example, secondary forests that were associated with Costa Rica's
national PES program were not more likely to persist than
forests not aﬃliated with the program, consistent with the
ﬁndings of Sierra and Russman (2006). Also, prior studies
have found that the risk of deforestation is lower and the emergence of secondary forests is greater in relatively inaccessible
or agriculturally marginal areas, such as those far from roads
and at high elevation (Aide et al., 2013; Asner et al., 2009;
Cropper et al., 2001; Laurance et al., 2002; Rudel, 2005; but
see Sloan et al., 2015). We did not ﬁnd this, but we expect
that these factors may be predictive of secondary forest persistence over a larger spatial scale than was available for our
study. Similarly, social studies may be needed to learn about
the speciﬁc motivations for landowners conserving or converting secondary forests.
The stability of secondary forest reclearance rates over time
suggests that we should not expect contemporary forests to
persist longer than the historical ones described here. Secondary forests that appeared in the period from 1980 to 1997
had equivalent chances of persisting for over two decades as
compared to secondary forests that appeared in 1947-1960 or
1960-1980. This consistency occurred despite major changes
in government policy and dominant land use practices during
the interceding years, including the removal of tax penalties
on uncultivated land in 1977, the conversion of many coﬀee
plantations to cattle pasture in the wake of the 1989 coﬀee crisis, and the criminalization of deforestation in 1997 (Evans,
2010; Rickert, 2005).
If secondary forests in southern Costa Rica are generally
ephemeral, with only a small proportion ﬁltering through
to maturity, this raises an important dilemma for largescale forest restoration. Should governments count natural
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forest regeneration detected by remote sensing toward their
national restoration commitments? Costa Rica has committed to restore 1 million ha of degraded land by 2020 (IUCN,
2017), and natural regeneration has been proposed as an
inexpensive and often eﬀective strategy to meet this target
(Chazdon, 2017; Holl 2017). Between 2001 and 2010, approximately 162,800 ha of new woody vegetation were detected in
Costa Rica via remote sensing (Aide et al., 2013), potentially
representing >16% of Costa Rica's commitment. However,
if new forests generally behave as those in southern Costa
Rica, only 50% (81,400 ha) of this forest cover will persist
until 2040, and only 15% (24,420 ha) will persist until 2074.
At the scale of the Bonn Challenge and New York Declaration on Forests, which aim to restore 350 million ha by
2030 (IUCN, 2017), an 85% attrition over 54 years would
aﬀect 297.5 million ha, an area more than one-third the size
of Brazil.
A related question is whether governments could commit to
more ambitious restoration targets, such as restoring a million
hectares of 100-year-old forest by 2120 instead of a million
hectares of young and likely ephemeral forest by 2020. Secondary forest persistence may be determined by stakeholder
preferences, environmental constraints, and governance of
human-environment interactions. As such, planning for forest
persistence may entail prioritizing restoration of lands with
minimal opportunity costs (Latawiec, Strassburg, Brancalion,
Rodrigues, & Gardner, 2015), engaging and organizing local
stakeholders (Lazos-Chavero et al., 2016), creating long-term
economic incentives (Galatowitsch, 2009), and promoting stable land tenure systems (Le et al., 2012). Without a plan to
ensure persistence, we cannot assume that secondary forests
will persist long enough to accrue the environmental beneﬁts
that we require.
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