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ABSTRACT. While tropical forests are undergoing rapid transformation as a result of direct human impacts, many deforested areas
are reverting to forest through natural or human-assisted regeneration. This situation provides a window of opportunity to implement
forest management strategies to achieve environmental objectives while promoting social development and contributing to local
livelihoods. Successful forest management policy, however, depends on how well we can appraise environmental consequences as well
as on the value of ecosystem services that these regrowing forests provide. Here, we review the published literature to synthesize the
ecosystem services provided by three types of forest transitions: naturally-regenerated secondary forests, agroforestry systems, and tree
plantations, in the coastal, Andean, and Amazonian regions of Peru. We then discuss the potential of these regrowing forests as nature-
based solutions that can help in the adoption of policies that promote their sustainable use and conservation. Our literature analysis
reveals that forest transitions provide significant services in offsetting carbon emissions, providing habitats for biodiversity, and
regulating hydrological services. However, the amount and importance of ecosystem services vary depending on the forest transition
type. Secondary forests offer multiple services, representing a low-cost, immediate, and highly effective strategy in mitigating the climate
and biodiversity crises and ultimately providing vital ecosystem services to society, such as water provision. In contrast, exotic tree
plantations have negative effects on water regulation services. We highlight the potential of secondary forests for land management
that supports multiple and integrated environmental initiatives. This framework can guide policy decisions to choose appropriate
options on forest transition types most suitable to achieve specific end goals at local and regional scales, considering both ecosystem
services and disservices to avoid trade-offs in which the achievement of one goal is detrimental to another.
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INTRODUCTION

Tropical mature forests store large amounts of carbon and host
high biodiversity, but they are undergoing rapid transformation
as a result of direct human impacts and changing environmental
conditions (Hansen et al. 2013, Colorado Zuluaga and Rodewald
2015, FAO 2020). This context of forest degradation in Peru is
not much different from that in other countries. In its recent report
on deforestation, the Peruvian National Forest and Wildlife
Service (SERFOR) revealed that between 2017 and 2019, the rate
of forest loss in the Peruvian Amazon averaged 128,069 ha/yr and
had increased compared to the previous 10 years (https:/geo.
serfor.gob.pe/visor/). Similarly, other studies have shown
increasing forest disturbance rates in many areas of the Andes
and coastal regions (Aide et al. 2019, FAO 2020). The main causes
of forest loss are related to the expansion of agriculture and
pasture in response to growing demand for food and other basic
products. In addition, deforestation by gold mining is also
responsible for a significant extent of forest loss (Tovaretal. 2013,
Caballero Espejo et al. 2018, Csillik and Asner 2020). Immediate
and observable economic benefit provided by this change in land
use outweighs, in the near term, the loss of ecological benefits
from forests that are often intangible to human perception
(D’Almeida et al. 2007, Giam 2017, Moomaw et al. 2019).

Many areas deforested for timber extraction, agriculture, or
pasture are reverting to forest through natural or human-assisted
regeneration (i.e., by planting trees; Chazdon et al. 2020). These

“new forests” or “reforests” that recover their forest cover in an
increasing trend, commonly following a period of deforestation
in line with socioeconomic changes, are known as “forest
transitions” (Wilson et al. 2017, MacDonald and McKenney
2020). Naturally regenerating forests on abandoned deforested
lands (i.e., secondary forests) are increasingly expanding in many
regions and are likely to be a dominant feature of tropical forests
in the near future (Poorteretal. 2016, Wilsonetal. 2017). Recently,
it has been estimated that secondary forests represent half of the
remaining forest in tropical regions (McGee et al. 2020).
Approximately 2.6-8 million ha have been reported as secondary
vegetation in the Peruvian Amazon (MINAM 2015, Smith et al.
2021). Published reports have shown that secondary forests often
rapidly accumulate aboveground biomass and thus sequester
carbon dioxide at even higher rates than mature forests (Asner et
al. 2010, Poorter et al. 2016, Chazdon et al. 2016). In addition to
carbon sequestration, secondary forests also host high biological
diversity and generate critical provisioning ecosystem services
such as water, timber, or food (Poorter et al. 2016, Jones et al.
2019). Despite these and other important benefits, secondary
forests are still undervalued, both ecologically and economically,
and are therefore largely neglected in forest management policies.

In addition to secondary forests, tropical landscapes are also
increasingly being occupied by agroforestry systems and tree
plantations (Horgan 2009, Socolar et al. 2019). Although these
sytems are not naturally regenerated forests, many studies
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advocate the potential for these human-managed tree-covered
areas to deliver important services and benefits (Ehrenbergerova
et al. 2016, Zavala et al. 2018, Jezeer et al. 2019). However, they
are ecologically distinct from each other and from the original
land cover (i.e., mature forest; Wilson et al. 2017), and the
environmental consequences, as well as the value of the ecosystem
services that they ultimately provide, are still poorly understood
(Barbier et al. 2010, Wilson et al. 2017, MacDonald and
McKenney 2020). For example, the expansion of certain types of
forest plantations (e.g., exotic tree plantations) provides
important provisioning and supporting services, but can also
degrade other services such as water- and soil-related services
(Raboin and Posner 2012, Vallet et al. 2016, Bonnesoeur et al.
2019). When the real benefits of forests are unknown, it also leads
to unclear forest policy. In this sense, a simultaneous analysis of
changes in forest cover type, structure, function, and services can
provide valuable information for the design of appropriate land
management strategies (MacDonald and McKenney 2020).
Therefore, estimating the ecological and social benefits provided
by distinct forest types is a necessary first step.

Given the growing awareness about the impacts of climate and
land-cover change, a number of international and national
initiatives have been proposed to protect intact forests, reduce
deforestation, and restore degraded lands through natural or
assisted forest regeneration (Shukla et al. 2019). The forest and
landscape restoration agenda that seeks to limit global climate
change by removing carbon dioxide from the atmosphere through
the growth of trees is an example of such initiatives that are
currently being adopted (Shukla et al. 2019, Chausson et al. 2020,
Soto-Navarro et al. 2020). One such activity is the Bonn
Challenge, an international commitment to restore 350 million
ha by 2030 (Holl and Brancalion 2020; https:/www.
bonnchallenge.org/). Under Initiative 20x20 (Buenos Aires
Declaration 2019: https://initiative20x20.org/news/buenos-aires-
declaration-restoration), Peru has pledged to restore 3.2 million
ha, targeting 2 million ha for commercial tree plantations and the
remaining 1.2 million ha aimed at land under different
degradation modalities (overgrazing, salinity, water erosion, soil
pollution, and soil compaction; Roman et al. 2018, Cerrén et al.
2019). However, these strategies face significant challenges.
Afforestation and reforestation carry significant costs in time and
money for both implementation and long-term monitoring.
Indeed, long-term monitoring is often not in place, and short-
term successes of afforestation and reforestation do not translate
into durable and effective forest recovery (Cerronet al. 2017,2019,
SERFOR 2018). In contrast, naturally regenerating secondary
forests could be a more suitable approach to optimize the
provision of multiple ecosystem services because these forests are
recovering in areas where environmental conditions allow it,
bypassing problems of water supply and changing climate that
can affect the establishment of human-led afforestation and
reforestation efforts on degraded land (Chazdon and Guariguata
2016). Deciding which forest transition types can provide multiple
and effective services in the short term is of extreme importance
in the context of finding effective tools for mitigation and
adaptation to climate change and in supporting integrated,
sustainable, land-use management (Chazdon and Guariguata
2018).

To help improve decision-making on naturally regrowing forests
and their management in Peruvian landscapes, we examined the
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available literature concerning different tree-based approaches for
restoring degraded land. We focused only on forested transitions
because the multiple services they provide are considered a win-
win situation compared to other agricultural options under the
current challenges of climate change, biodiversity loss, and
desertification. Here, we analyze three different forest transitions
(secondary forests, agroforestry systems, and tree plantations) and
their provision of three key ecosystem services (carbon
sequestration and storage, habitat for biodiversity, and water
regulation) in Peru’s three main regions (coastal, Andean, and
Amazonian). We also provide information on the ecosystem
services offered by mature native forests to provide a reference
state for comparison with those provided by these forest
transitions. More specifically, we address the following key
questions: What ecosystem services might we expect from
secondary forests and other post-deforestation forest transitions?
What is the relative importance of these systems in each region?
And, how can this information help in designing effective social
and environmental policies?

STUDY CONTEXT AND DATA SOURCES

Study context

Peru hosts an ample variety of ecological zones, with a total of
84 of the 104 ecological regions in the world, and 28 different
climates (Escobal and Torero 2003, MINAM 2014). The
heterogeneous habitats of Peruvian landscapes sustain high
biodiversity and provide critical services to society.
Approximately 22% of the Peruvian national economy is linked
to biodiversity and the trade of biodiversity products, which
represents > $200 million USD (MINAM 2014). At the same
time, Peru is identified as the world’s most vulnerable country to
climate change and is subject to high pressure of land-use change
(MINAM 2015, 2016, Gobierno del Peru 2020). Thus, because
of its varied geographical characteristics and nature-dependent
economic activities, Peru faces serious challenges from the effects
of global change. In this context, forests will play crucial roles in
the efforts to preserve biodiversity and mitigate climate change
and its associated effects.

Amazonian forests: Peru’s vegetation covers 103 million ha, with
72 million ha corresponding to forests, mostly in lowland Amazon
(MINAM 2015) below 500 m elevation (Fig. 1A). This region is
the least populated area of Peru but is responsible for the greatest
amount of forest extraction. As of 2017, 17% of the original forest
area in the total Amazon basin had been cleared (Bullock et al.
2020), and 6.9% in the Peruvian amazon (Smith et al. 2021). The
average annual forest loss in the Peruvian lowland Amazon forest
was 128,764 halyr for the period 2000-2020 (FAO 2020).
Agriculture and gold mining are expanding at an unprecedented
rate in the Amazon, and these activities are the main trigger of
deforestation in Peru (Caballero Espejo et al. 2018, Manoli et al.
2018, Csillik and Asner 2020). For example, the expansion of oil
palm plantations in the last two decades in the northeastern
Peruvian Amazon increased dramatically, from 15,000 ha in 2000
to > 108,000 ha in 2019, resulting in 2.8 Pg of carbon emissions
(Escobedo Grandez 2021). Oil palm plantations account for
approximately 11% of the deforestation from agricultural
expansion from 2007-2013 (Vijay et al. 2018). In contrast, gold
mining was responsible for 1.12 Tg/yr of carbon emissions (Csillik
and Asner 2020), and its influence is largely growing in Peru,
particularly in Madre de Dios (Caballero Espejo et al. 2018,
Alvarez-Berrios et al. 2021).
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Fig. 1. (A) Map of Peru showing the coastal, Andean, and
Amazonian regions. Photographs showing mature forest (B),
secondary forest regrowth following tea plantation (C), and a
tea agroforestry system (D), all located in the Huayopata
District, Cuzco region (indicated by an asterisk in panel A). (E)
Photograph of coastal dry secondary forest located in the
Mangamanguilla Private Conservation Area, Piura region, in
northwestern Peru (indicated by a triangle in panel A).

Andean forests: The Andean region (27% of the country)
comprises a longitudinal mountain range that crosses the region
from north to south (Fig. 1A). It ranges from 2000 m above sea
level in the dry western slopes and 500 m above sea level in the
humid eastern slopes to alpine regions with glaciers > 6000 m
above sea level. With 12.2 million ha in 2011, forests in the Andes
represent ~21% of the total forested land in the country (MINAM
2015, 2016). These forests hold a disproportionate importance in
providing hydrological services and supporting biodiversity, but
rapid land-use change poses an increased threat to both
biodiversity and ecosystem services availability. Thus, coffee,
cocoa, and tea plantations (Fig. 1B-D), as well as fire and
afforestation and reforestation with exotic tree species, are
increasing the pressure on Andean natural land cover (Tovar et
al. 2013, FAO 2016, Oliveras et al. 2018). In 2018, shade coffee
agroforestry occupied approximately 5% (608,332 ha) of the total
extent of the Andes (FAO 2020). By 2012, > 1 million ha of
Andean nonforested areas (natural grasslands and degraded
lands) were reforested with plantations (FAO 2016). Most of these
plantations have tended to focus on exotic Eucalyptus and Pinus
species because of their fast growth and economic profitability in
short periods (FAO 2016, Cerrén et al. 2017, SERFOR 2018). In
the Cajamarca region, for example, Eucalyptus and Pinus
plantations replacing natural grasslands increased by 12.3%/yr
during the period 1987 to 2007 (Tovar et al. 2013). In addition to
human impacts, climate is rapidly changing in the Andes, with
rising temperatures that lead to glacier melt, altered weather
patterns, and associated long-term droughts (Vuille et al. 2008,
2018).

Dry coastal region and seasonally deciduous forests: Covering
11.7% of Peru’s total area, this region is a narrow longitudinal
strip that extends from the Pacific Ocean to 2000 m above sea
level in the dry western Andean slopes (SERFOR 2019; Fig. 1A).
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Despite its water constraints, this region is home to ~55% of the
human population (MINAM 2016), with the Peruvian capital,
Lima, settled in a western coastal desert. Although few studies
have estimated the rate of dry forest deforestation in Latin
America and Peru, deforestation is indeed a serious problem in
Peruvian coastal forests (Whaley et al. 2010, Pécastaing and
Chavez 2020). In the Piura region, for instance, it was estimated
that between 15,000 and 40,000 ha of dry forest are lost annually
(Pécastaing and Chavez 2020). Urban demand for firewood and
charcoal, combined with agriculture and livestock expansion, are
the main threats to the conservation of dry forests (Whaley et al.
2010, Bennett-Curry et al. 2013, SERFOR 2019). These human
activities potentiate impacts from enhanced climate variability,
such as El Nino—-Southern Oscillation-related events (Pécastaing
and Chavez 2020), which, in northern Peru, manifest in the form
of increased coastal precipitation and flooding (El Nifio-
Costero), and in the south, as severe drought (Bourrel et al. 2015).

Data sources
We ran the search string for both English and Spanish
publications in the Google Scholar database up to September
2020 and conducted a review and analysis of published peer-
reviewed articles, master’s dissertations, doctoral theses, and
research reports on the topic of ecosystem services for our three
selected forest transitions: secondary forest, tree plantations, and
agroforestry systems. In the tree plantation category, we included
commercial, monoculture, and exotic tree plantations. In the
agroforestry systems category, we included tree intercropping
systems, tree-shaded perennial systems, windbreaks, and live
fence systems. We focused on ecosystem services that are essential
to nature and human well-being, considering current and future
environmental change conditions. Thus, we reviewed publications
that assessed at least one of the following three ecosystem services:
carbon stocks and sequestration, habitat for biodiversity, and
water regulation. We used a combination of different key words
(“secondary forests”, “second ground forests”, “agroforestry”,
“tree plantation”, “natural regeneration”, etc.) to identify
literature related to our research interests. Despite initially
focusing on peer-reviewed journal articles, we extended our
literature search to “gray literature” (i.e., master’s or doctoral
theses, research reports) to identify all available data related to
the review topic. Because of the large number of papers retrieved
in the search, we performed a first round of screening based on
a review of titles and abstracts to select the articles most related
to our goals. A total of 163 abstracts were initially identified as
meeting the inclusion criteria, but further screening resulted in a
total of 76 papers that were included in this review. Only studies
conducted in Peru were considered.

9 <

RESULTS AND DISCUSSION

Forest ecosystem services

In forest transition theory (i.e., switch from deforestation to
increasing forest cover), forests are often simply defined as forest
cover and, an increase in forest cover is assumed to improve
ecosystem services (Barbier et al. 2010, Garcia et al. 2020).
However, forests deliver unique sets of services with varying
quality and quantity depending upon their type, characteristics,
and environmental conditions. This situation occurs because
different pathways and drivers of forest recovery combined with
different ecological characteristics, distributions, and trajectories
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Fig. 2. (a) Carbon stocks and (b) biodiversity values in secondary forests and in two human-assisted post-deforestation
regrowth forests (tree plantations and agroforestry system) in the Amazon region. In Fig. 2b, percent of species
represents a percentage compared to a mature forest baseline. MF: mature forest. Data used for these figures are in the
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lead to different suites of ecosystem functions and forest services
(Barbier et al. 2010, Vallet et al. 2017, Wilson et al. 2017, Garcia
et al. 2020, MacDonald and McKenney 2020).

Through the literature analyses, we found empirical evidence
showing that regenerating forests provide important carbon
sequestration sinks and habitats for a wide taxonomic range of
wildlife (Box 1-3, Figs. 2 and 3). Forest cover recovery also has
positive or negative effects on hydrology, depending on specific
characteristics of the forest type and region (Box 1-3). As
expected, the amounts and values of ecosystem services provided
by secondary forests, agroforestry systems, and tree plantations
vary among the forest types and regions.

Amazonian forest ecosystem services

Amazonian forests are the largest remaining terrestrial carbon
stock (e.g., Saatchi et al. 2007, 2011, Asner et al. 2010). Peruvian
lowland Amazon forests, in particular, have the potential to store
> 150 Mg/ha of carbon in their aboveground biomass (Asner et
al. 2014). Across the Peruvian Amazon, a recent study reported
2.6 million ha of secondary forest, and this forest recovery resulted
in an accumulation of 73.8 Tg of carbon (Smith et al. 2021).

Our literature review reveals that Amazonian secondary forests
are promising pathways to mitigating climate warming while
protecting biodiversity (Box 1, Fig. 2A). Higher productivity in
secondary forests suggests up to 11 times faster growth and carbon
uptake in secondary forests than in mature forests (Poorter et al.
2016). Recent research, however, suggests that this enhanced
growth is severely affected by repeated droughts, and secondary

forests’ uptake can be overestimated (Smith et al. 2020).
Compared to other forest pathways, studies suggest that carbon
stocks in secondary forests recover at a faster rate than in tree
plantations and agroforestry systems (Box 1, Fig. 2A). Thirty-
year-old secondary forests in the Peruvian Amazon stored 50—
60% of mature forest values (Malaga et al. 2021), and 50-year-
old secondary forests store comparable amounts of carbon to
mature forest (Chuquizuta et al. 2016; Box 1, Fig. 2A). Although
agroforestry systems and tree plantations store important
quantities of carbon, they still result in high proportions of
carbon losses compared to mature forest conversion, particularly
when plantations are fast-growth, low wood-density exotic species
(Box 1, Fig. 2A). These findings support the claims made by
previous studies (Wilson et al. 2017, Lewis et al. 2019).

In addition to the carbon sequestration potential, secondary
forests harbor a substantial amount of biodiversity (Box 1, Fig.
2B). For example, 30- to 50-year-old secondary forests host 80—
100% of the bird, mammal, and reptile species occurring in nearby
mature forests (Whitworth et al. 2016) and are especially
important habitats for large-bodied animals (Zapirus terrestris,
large primates, Priodontes maximus) and for several threatened
species (e.g., Puma concolor; Gavin 2004). In contrast,
agroforestry systems and tree plantations have much simpler
structure than in secondary forests and provide habitats for
smaller species (Box 1, Fig. 2B). The recovery of dung beetle and
termite species was higher in agroforestry systems than in
secondary forests, and a high proportion of insect species recovery
was also reported in agroforestry systems and tree plantations
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Fig. 3. Carbon stocks and (b) biodiversity values in secondary forests and in two human-assisted post-deforestation
regrowth forests (tree plantations and agroforestry system) in the Andean region. In Fig. 3b, percent of species
represents a percentage compared to a mature forest baseline. MF: mature forest. Data used for these figures are in the
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(Box 1, Fig. 2B). Some compositional and structural 2012, Sosa Castillo 2016). Total carbon stock ranges from 155.6—

characteristics of human-managed forests can improve the
occurrence of some species. In the Brazilian Amazon, for example,
high numbers of mature forest bat, epigeic arachnid, lizard, and
dung beetle species were found in areas of exotic tree plantations
with an understory of native shrubs, similar to those occurring
in secondary forests (Barlow et al. 2007). The value of conserving
the biodiversity is not only to maintain species and genetic
diversity, but also for the benefits and services they bring to
humans. Accordingly, many of these wild trees and animals
occurring in naturally regenerating areas also provide important
food sources and additional income for local inhabitants (Gavin
2004, 2007, Fitts et al. 2020).

Box 1: Amazonian region summary

Here, we summarize the main findings for three key ecosystem
services provided by secondary forests and post-deforestation
forest transitions (agroforestry systems and tree plantations) in
the Amazonian region of Peru. For a complete list of studies
reviewed and their carbon stock values and species occurrences
see Appendix 1 and 2.

Carbon stocks
Mature forest

The reported aboveground carbon stock in the lowland Amazon
ranges between 107.6 and 335.1 Mg/ha (Martel and Cairampoma

632.4 Mg/ha (Barbaran 1998, Martel and Cairampoma 2012).
Secondary forest

Studies report that both aboveground and total carbon stocks
increase with forest age (Fig. 2). For instance, aboveground
carbon stocks in early (1-5 years old), young (15 years old), and
old (50 years old) secondary forests are 2.4-42.1, 121-184.4, and
~282.8 Mg/ha, respectively (Alegre et al. 2003, Chuquizuta et al.
2016). Similarly, total carbon stock is 40.5-95.8, 153.3-239.1, and
396.8 Mg/ha in early, young, and old secondary forests,
respectively (ICRAF 1998, Alegre et al. 2003, Chuquizuta et al.
2016). On average, 30-year-old secondary forests store 50-60% of
the value of mature forests (Malaga et al. 2021), whereas 50-year-
old secondary forests store similar amounts of carbon as mature
forests (Chuquizuta et al. 2016).

Agroforestry systems

Many agroforestry systems in the lowland Amazon are
Theobroma cacao or Coffea arabica shaded by two to six tree
species. The most common species used in agroforestry are Inga
edulis, Guazuna crinite, Calycophyllum  spruceanum, C.
spruceanum, Cedrela odorata, Mariosousa willardiana, Cajanus
cajan, Schizolobium amazonicum, and Leucaena leucocephala.
Aboveground carbon stock ranges from 2.9-4.4 Mg/ha in 1-year-
old agroforestry systems to 27-32.4 Mg/ha in 20-year-old
agroforestry systems, whereas total carbon content ranges from
334-37.2 to 1689 Mg/ha in l-year-old and 10-year-old
agroforestry systems, respectively (Concha et al. 2007, Villogas
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Ventura 2013, Timoteo et al. 2016). However, the amount of
carbon stock in agroforestry systems depends on the tree species,
so these values may vary (Appendix 1).

Tree plantations

Aboveground carbon stocks in tree plantations vary from 9.5 Mg/
hain 1-year-old Guazuma crinita plantations (Baltazar Penia 2011)
to 66.6 Mg/ha in 30-year-old Hevea brasiliensis plantations
(Alegre et al. 2003). Total carbon stock is 152.3-152.6 Mg/ha in
30-year-old Hevea brasiliensis plantations (ICRAF 1998, Alegre
et al. 2003).

While not forest, 6- and 30-year-old Bactris gasipaes plantations
were reported to contain 72.2 and 90.9 Mg/ha of carbon in their
total biomass, respectively (Chuquizuta et al. 2016, Cuellar
Bautista and Salazar Hinostroza 2016).

Habitats for biodiversity maintenance
Secondary forest

Several studies showed high biodiversity in naturally regenerating
forest, especially in old secondary forests; 30-50-year-old
secondary forests host 73-95% of amphibian, 81-98% of bird,
79-81% of mammal, and 88-110% of reptile species found in
nearby mature forest (Whitworth et al. 2016). In contrast, young
secondary forests (915 years old) contain 74-83% of dung beetle,
36.8% of termite, and 47% of tree species found in surrounding
mature forest (Horgan 2009, Culot et al. 2011, Gonzalez et al.
2014, Vebrova et al. 2014, Duran-Bautista et al. 2020; Fig. 2B,
Appendix 2).

Agroforestry systems

Inlowland Amazon, agroforestry systems contain a high diversity
of dung beetles (87%) and insects (71-79%), but few tree (23—
24%), termite (47%), and bird (14-16%) species (Horgan 2009,
Lojka et al. 2011, Vebrova et al. 2014, Perry et al. 2016, Aerts et
al. 2017, Duran-Bautista et al. 2020; Fig. 2B, Appendix 2).

Tree plantations

Tree plantations host less biodiversity than mature forests,
secondary forests, and agroforestry systems. Forest tree
plantations host 66.7% of insects and 30-39% of dung beetle
species compared to those occurring in mature forest (Horgan
2009, Lojka et al. 2011, Aerts et al. 2017; Fig. 2B, Appendix 2).

While not true forest plantations, oil palm (Elaeis guineensis)
plantations contain 60.5% of termite and 42.6% of bird species
found in nearby mature forest (Srinivas and Koh 2016, Duran-
Bautista et al. 2020).

Hydrological services

Water infiltration and soil moisture: While deforestation may
decrease local precipitation, inducing drier soils and decreases in
evapotranspiration (Marengo 2006, D’Almeida et al. 2007),
natural regeneration by native tree species improves rainfall and
infiltration and increases available moisture (Brandon 2014).
Natural regeneration can rapidly (in 5-10 years) reverse the effects
on water regulation (Holscher et al. 2005). In cacao agroforestry
systems, accumulation of plant litter produced by shade trees
(Inga sp., Macrolobium acaciafolium, Calycophyllum spruceanum,
Cedrelinga cateaniformes, and Vitex pseudolia) allows greater
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rainwater infiltration, preventing soil moisture loss and increasing
soil water-holding capacity (Arévalo-Gardini et al. 2015).
However, plant-available water is significantly lower in
agroforestry soil (10.6-11.7%) than in 30-year-old secondary
forest soil (12.3-13.4%; Arévalo-Gardini et al. 2015).

Water flow regulation and quality: Tropical mature forests provide
a high degree of water infiltration with little erosion or surface
runoff and improve water quality by preventing some
sedimentation and erosion (Marengo 2006, D’ Almeidaetal. 2007,
Brandon 2014). Amazon mature forests use more water and have
higher evapotranspiration and infiltration than human-modified
vegetation types (tree plantations or agriculture; Bruijnzeel 2004).
Evapotranspiration is a key process in this humid Amazon region,
representing 28% of total local inputs to precipitation (Ellison et
al. 2012). Contrastingly, young tree plantations have high
evapotranspiration (similar to mature forest) but lower
infiltration, reducing groundwater recharge (Brandon 2014).
Similarly, timber plantations replacing mature forests lead to
increases in evaporative losses, resulting in decreases in annual
stream flow (Scott et al. 2005).

Oil palm plantation expansion has boomed over the last decades,
generating ecosystem degradation (Butler and Laurance 2009,
Srinivas and Koh 2016). Young oil palm plantations significantly
decrease ecosystem evapotranspiration (—40%  without
understory, —20% with ground cover) and infiltration rates, and
strongly increase runoff (up to 40% without understory; Manoli
et al. 2018). These changes in water flow cause hotter and drier
local climate (i.e., changes in water yield). Nevertheless, mature
tree plantations (> 8 years old) have higher gross primary
productivity and transpire more water (up to 7.7% more water
than the forests they replaced), and thus reduce water runoff
(Manoli et al. 2018).

Deforestation in the lowland Amazonian region causes severe
impacts on the local water cycle by decreasing local precipitation
and increasing drought intensity (Marengo 2006, D’Almeida et
al. 2007). Forest regrowth can reverse these effects by providing
important services in local and regional hydrological processes,
improvinginfiltration, rainfall, and moisture (Box 1). Studies have
shown that Amazonian secondary forests improve the quality,
yield, and delivery of fresh water at multiple scales, from
groundwater to rivers and rainfall, and also sink atmospheric
moisture and prevent floods (Box 1). Agroforestry also improves
rainwater infiltration and thus increases water-holding capacity
(Box 1). Tree plantations, in contrast, can have negative effects by
increasing water costs and reducing infiltration, lowering
groundwater recharge and annual stream flow (Box 1). For
example, timber plantations (e.g., Eucalyptus, Pinus, Hevea)
replacing old-growth forests lead to an increase in evaporative
demand, resulting in a decrease in annual stream flow (Scott et
al. 2005). In general, we highlight the potentially deleterious
consequences on hydrology of the large-scale monospecific
commercial plantations that are expanding in this high-
biodiversity region with vital ecosystem services for society and
the environment (Box 1).
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Andean forest ecosystem services

The Andean region is exceptionally rich in biodiversity and has
been highlighted as a hotspot of global biodiversity, with high
endemism (Myers et al. 2000). It offers significant carbon storage
in its soils, particularly water-logged ones (Roman-Cuesta et al.
2011), and it is a fundamental regional water provider for both
Andean slopes: the dry western Pacific coast (Beresford-Jones
2004, Whaley et al. 2010) and the eastern coast, whose Amazon
river is sourced by Andean streams (Clark et al. 2014, Doornbos
2015).

Biomass in tropical Andean forests in Peru shows high variability
related to variable environmental and topographic conditions.
However, studies show that the aboveground biomass of the three
transitions displays relatively similar values during the first
decades of forest cover recovery, with tree plantations having the
highest stocks (Box 2, Fig. 3). For example, ~10-year-old
secondary forests, agroforestry systems, and tree plantations,
respectively, contain on average 43, 54, and 72 Mg/ha of carbon
in their aboveground biomass, representing approximately 20, 27,
and 33% of the stock in mature forest (Box 2, Fig. 3). In the high
Andes, cloud montane forests have low growth rates, and ~30-
year-old secondary forests store only 32% of the mature forest
carbon in their aboveground biomass (Oliveras et al. 2018).
Contrastingly, these montane cloud forests can have relatively
high rates of soil carbon accumulation due to the abundance of
mosses (particularly Sphagnum) that store water and prevent litter
decomposition (Oliveraset al. 2018). Soil restoration in secondary
forests in the Andes can occur more rapidly than in other human-
managed forest systems (Oliveras et al. 2018, Walentowski et al.
2018).

Box 2: Andean region summary

Here, we summarize the main findings for three key ecosystem
services provided by secondary forests and post-deforestation
forest transitions (agroforestry systems and tree plantations) in
the Andean region of Peru. For a complete list of studies reviewed
and their carbon stock values and species occurrences see
Appendix 1 and 2.

Carbon stocks
Mature forest

The aboveground carbon stock in Peruvian montane forests is
52.4-485.3 Mg/ha (Lapeyre et al. 2004, Oliveras et al. 2018), and
the total carbon stock is 154.3-398.8 Mg/ha (Chuquizuta te al.
2016, Oliveras et al. 2018).

In the high-elevation Andes, forest patches dominated by
Polylepis and Escallonia species store lower amounts of carbon
than other montane forests, ranging from 4.8-40.1 Mg/ha in
aboveground biomass and from 23.8-148.7 Mg/ha of total carbon
stock (Cuellar Bautista and Salazar Hinostroza 2016, Gurmendi
Porras and Orihuela Izaguirre 2019).

Secondary forests

Aboveground carbon stock in early (1-5 years old) secondary
forests is 26.1 Mg/ha, while young (~10 years old) and old (~30
years old) secondary forests store roughly equivalent amounts of
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carbon, at 43.2 and 36.6-42.3 Mg/ha, respectively. On
average, ~30-year-old secondary forests store only 32% of carbon
in aboveground biomass compared to mature forest (Oliveras et
al. 2018, Aragodn et al. 2021). Total carbon stock in these early,
young, and old secondary forests increases with forest age (116.6,
161.1, and 295.3 Mg/ha carbon, respectively).

Agroforestry systems

Aboveground carbon stock in coffee agroforestry shaded by Inga,
Pinus, or Eucalyptus ranges from 19.3-62 Mg/ha, while total
carbon stock varies from 119.9—-177.5 Mg/ha. Variation in carbon
stocks are due to age and species used as shade (Lapeyre et al.
2004, Ehrenbergerova et al. 2016).

Tree plantations

Aboveground carbon stock increases with age in tree plantations,
from 30.1 to 72-72.7 Mg/ha in 5- and 10-year-old Eucalyptus
globulus or Pinus radiata plantations. Similarly, total carbon
stocks in these plantations are 129 and 136.2-142.3 Mg/ha,
respectively (Gamarra Ramos 2001, Cuellar Bautista and Salazar
Hinostroza 2016, Bernachea Jesus 2019). However, Raboin and
Posner (2012) report that a 28-year-old Pinus spp. plantation
stores only 35.7 Mg/ha of carbon.

Habitats for biodiversity maintenance
Secondary forest

Post-fire 10-year-old secondary forests in tropical montane cloud
forest contain 75-93% of plant species found in unburned areas,
and old burned areas (10-28 years) contain 72% more diversity
than nearby mature forest (Oliveras et al. 2014). Similarly,
secondary forests host 66.7% more dung beetle species than
surrounding mature forest (Vélez Quesquén and Saavedra Chavez
2019). In contrast, old secondary forests support 36-105.4% of
bird species occurring in mature forests (Colorado Zuluaga and
Rodewald 2015, Hosner et al. 2015; Appendix 2).

Agroforestry systems

Shaded coffee agroforestry hosts a greater diversity of bird species
(120.3%) than nearby mature forest, but most of the species in
agroforestry systems are generalists (Colorado Zuluaga and
Rodewald 2015; Appendix 2).

Tree plantations

Compared to mature forests, Eucalyptus and Alnus (alder)
plantations host 79-120.8% of shrub and 70.2-84.2% of soil
macrofauna species (de Valenga et al. 2017). Information for other
taxa was not found.

Hydrological services

Water yield and storage: Secondary forests have a slightly higher
capacity to buffer peak flows and to store water in the soil than
exotic tree plantations (estimated odds ratio: 2.22 vs. 2.37;
Bonnesoeur et al. 2019). In contrast, water yield in agroforestry
systems (shaded coffee) and forest tree plantations (in former
pasture) is 11% and 14% lower than in mature forests, respectively
(Quintero et al. 2009). Other studies have shown similar
hydrological patterns for tree plantations. Reforestation with
exotic trees (Pinus patula, FEucalyptus globulus, Cupressus
lusitanica) over 1% of the catchment area resulted in a decrease
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of 20% and 40% water yield if they replaced grazed or natural
grassland, respectively (Bonnesoeur et al. 2019). Similarly, the
oldest pine plantations on high Andean grassland retained up to
63% less water than natural grassland soils (Farley et al. 2004)
and reduced water yields by ~50% or an average of 242 mm/yr
(Buytaert et al. 2007). In contrast, water regulation was only
slightly affected in agroforestry and silvopasture (Eucalyptus
viminalis and Caesalpinia spinosa) on the western slope of the
Andes (Villar Cabeza et al. 2014).

Water infiltration and soil moisture: A 14-20-year-old forestation
on degraded soils improves infiltration rates by eight times, but it
was three times lower than in mature native forests (Bonnesoeur
et al. 2019). Soil moisture content in Polylepis secondary forest
(in a former potato field) was slightly lower (45-53%) compared
to nearby natural grasslands (50-74%), whereas soil in a 20-year-
old pine plantation had significantly lower moisture content (13—
22%) than in natural grassland (Harden et al. 2013).

Water flow regulation: Afforestation with pine and Eucalyptus
species reduces surface runoff by 9-11% and flow volume by 6—
8% in the western Andes caused by higher water use (Krois and
Schulte 2013). Water mean daily flows in Eucalyptus afforested
areas are4—10 times lower than in neighboring natural catchments
(Ochoa-Tocachi et al. 2016, Ochoa-Tocachi 2019).

Air humidity interception: Relative canopy water intercept is 25%
of bulk rainfall in agroforestry, similar to secondary forests and
tree plantations, regardless of tree density (Bonnesoeur et al.
2019).

Water quality: Pine plantations change water quality minimally
(van Dijk and Keenan 2007).

Similar to secondary forests in the Amazonian region, secondary
forests in the Andes host a high diversity of birds, trees, and dung
beetles (Box 2, Appendix 2). In tropical montane cloud forests,
fires occur with relative frequency and cause severe impacts on
biodiversity (Youngand Ledn 2007, Oliverasetal. 2014), but rapid
and vigorous resprouting in burned areas can occur (Roman-
Cuesta et al. 2011, Oliveras et al. 2014, 2018), allowing for rapid
ex-ante species recovery (Oliveras et al. 2014; Box 2, Fig. 3). In
agroforestry systems and tree plantations, managers often employ
techniques to control tree density and diversity and to control
pests and weeds, which affect other species. In addition, some
exotic tree plantations (e.g., Eucalyptus, widely planted in the
Andes) release allelopathic compounds that prevent the
establishment of native species. These are probably some of the
reasons why agroforestry systems and tree plantations contain
fewer or mainly generalist insect species (Box 2).

Our literature review reveals that forests in the Andes have either
positive or negative effects on hydrological services, depending on
the forest type (Box 2). Natural forest regeneration and
reforestation with native species improve water supply and
regulation services, whereas exotic tree plantations have negative
effects on hydrological regulation, especially when they replace
natural grasslands (Box 2). These exotic tree plantations reduce
stream flow and groundwater recharge because they consume
large quantities of water and release it through transpiration. This
situation implies a reduction in water availability for downstream
users, especially during the dry season (Box 2).
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Coastal forest ecosystem services

Although there is little information about dry forests and their
ecosystem services in the coastal Peruvian region, it is well known
that dry forests are extremely important sources of subsistence
and income for local communities (wood, firewood, and food
provided by Prosopis species). Coastal dry forests are threatened
by deforestation despite their sparse tree presence (< 30% cover
in most of the coastal region) and the dominance of algarrobo
species (Prosopis pallida; Leon Caceres 2019). Although dry
forests contain lower carbon stocks than Andean and Amazonian
forests (Box 3), native vegetation regeneration in this ecosystem,
particularly Prosopis species, plays an important role in providing
crucial ecosystem services such as water provision services and
habitats for biodiversity. For example, dry secondary forests
support high endemicity that results in a relatively high diversity
of trees and mammals such as insectivorous bats (Box 3). Prosopis
trees increase soil humidity by up to 28%, absorbing water from
deep soil horizons and capturing a significant volume of water
from atmospheric humidity (Box 3). Because rainfall is almost
nonexistent on the coast during the long dry season, vegetation
provides a significant annual water supply through fog capture
and condensation (Whaley et al. 2010). Coastal dry forest plants
have evolved adaptations (Box 3) to survive these environmental
conditions. Adaptations such as stomatal regulation regulate
water consumption and allow the species to endure drought stress
(Time et al. 2018); small and lignified leaf branches, or
“brachyblats”, capture atmospheric humidity (Whaley et al.
2010); and “inverse hydraulic lift” provides the ability to absorb
atmospheric water at night (Bereford-Jones 2004). A recent study
shows how important these forests are in reducing the
vulnerability of human populations to El Nifo, as the loss of dry
forest cover magnifies the negative effects of drought and
increases local temperatures (Pécastaing and Chavez 2020).

Box 3: Coastal region summary

Here, we summarize the main findings for three key ecosystem
services provided by secondary forests and post-deforestation
forest transitions (agroforestry systems and tree plantations) in
the coastal region of Peru. For a complete list of studies reviewed
and their carbon stock values and species occurrences see
Appendix 1 and 2.

Carbon stocks
Mature forest

Aboveground carbon stocks in coastal dry forest are reported to
be on average 27.6 Mg/ha, and total carbon stocks averaged 44.1
Mg/ha (Cuellar Bautista and Salazar Hinostroza 2016).

Secondary forest

The 25-year-old secondary forests store 4.23 Mg/ha of carbon in
aboveground biomass (~15% with respect to mature forest) and
46.9 Mg/ha of total carbon stock (similar to mature forest; Chavez
Suazo 2018).

Tree plantation

Aboveground carbon stock in Mangifera indica plantations is 8.2
Mg/ha, and total carbon stock is 14.3/ha (Cuellar Bautista and
Salazar Hinostroza 2016).
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Agroforestry systems

We found no data on carbon stocks for agroforestry systems,
suggesting the need for more study in this region.

Aboveground carbon content estimation using LiDAR remote
sensing and including all forest types indicates that coastal
Peruvian dry forests store on average 1-8 £ 2 Mg/ha of carbon
(Asner et al. 2014).

Habitats for biodiversity maintenance
Secondary forests

Peruvian coastal dry secondary forests support 52.2—-70% of tree
species (Rasal Sanchez et al. 2011, Delgado Paredes et al. 2020)
and 166.7% of insectivorous bat species found in nearby mature
forest (Ruiz Romero 2015). However, secondary forests in
northwestern Peru contain only 22.7% of bird species compared
to those in mature forest (Leon Caceres 2019; Appendix 2).

Agroforestry systems

Gossypium and Musa agroforestry systems host 79.6% of bird
species found in mature dry forest (Chavez-Villavicencio 2013).

Hydrological services

In the arid Peruvian coastal region, Prosopis species are the most
representative and common species that play an essential
ecological role in water ecosystem services. This function is
mediated by following mechanisms:

Deep dimorphicroot systems (up to 60 m) of Prosopis obtain
water from deep soil horizons and deposit part of that water
along with their dense superficial root network, increasing
the upper soil (< 35 cm) moisture by up to 28% (Beresford-
Jones 2004, Whaley et al. 2010). This mechanism in which
water absorbed by deep roots moves through the roots and
is released into the upper soil profile at night (called
‘hydraulic lift’) was demonstrated for several other species
growing in arid habitats (Caldwell and Richards 1989,
Caldwell et al. 1998, Time et al. 2018). The hydraulically
lifted water in arid environments forms a buffer supply to
even out water stress during the day for neighboring species
and for the lifting plant itself (Beresford-Jones 2004).

Tiny leaflets in dense clusters of brachyblasts (smallest
lignified leaf branches) of Prosopis are adapted to condense
atmospheric humidity and precipitate it beneath the canopy
(Beresford-Jones 2004, Whaley et al. 2010). For example, a
small P. pallida tree (3 m in height with a crown of 4 m)
captures up to 9 L of water each night (Whaley et al. 2010).
Prosopis also absorbs atmospheric water through its leaves
at night and fixes moisture into the soil (by a mechanism
called “inverse hydraulic lift”; Beresford-Jones 2004). This
mechanism is essential because precipitation is basically
nonexistent in many parts of Peruvian coastal regions, and
fog can represent up to 50% of water flow (Brandon 2014).

Prosopis is an efficient user of available water in hyper-arid
areas. For example, P, juliflora uses approximately 235 mm/
yr of water, which represents only 20% of Eucalyptus
camaldulensis water consumption under the same conditions
(Mahmood et al. 2001, Beresford-Jones 2004).
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Overall, Prosopis generates “islands of humidity” around the
plant and can provide important benefits in water provision,
both in natural and human-modified forest transitions
(Beresford-Jones 2004).

Overall, our synthesis shows that all forest transition types
provide valuable services. However, it is important to consider
the amount and importance of the ecosystem services provided.
Although agroforestry systems and tree plantations provide
carbon stocks and wildlife habitat services, they still result in
high proportions of ecosystem services losses. Moreover, exotic
tree plantations have negative effects on hydrological services,
with a consequent reduction in water availability. In contrast,
we found that secondary forest is a more effective and immediate
forest type to optimize the provision of various ecosystem
services, which we explore further below.

Secondary forests as nature-based solutions

Role of secondary forests in mitigating climate change
Compared to the immense effect of the human footprint on the
Earth’s ecosystems, climate change has so far played a relatively
smaller role. However, the Anthropocene and its human
interference has increased the uncertainty of climate patterns
(e.g., changing rainfall patterns, extreme temperature
fluctuations, higher frequency of extreme events), making it
more difficult to mitigate and adapt to climate change, protect
biodiversity, and secure human well-being (Malhi et al. 2020).
Immediate and ambitious climate change mitigation action is
necessary to reduce the severity of the impacts that societies and
ecosystems must face. To achieve this goal, nature-based
solutions are emerging as integrated approaches that can help
to reduce and protect humans from climate change impacts
while slowing global warming, supporting biodiversity, and
securing ecosystem service provision (Griscom et al. 2017,
Chausson et al. 2020, Seddon et al. 2020). Secondary tropical
forests play essential roles in nature-based solutions such as
natural climate solutions (mitigation potential associated with
secondary forests’ higher sequestration rates compared to more
mature forests), green infrastructure (secondary forests help
prevent erosion and reduce storm impacts), and ecosystem-
based adaptation (water storage due to better soil infiltration
rates and water storing options such as mosses in Andean
forests).

Peru has at least two direct ways to put secondary forests under
nature-based solutions for the United Framework Convention
on Climate Change (UNFCCC). One would be to place
secondary forests’ mitigation potential as a clearly defined
component of the country’s intended nationally determined
contributions. A second way is under Peru’s commitment to
restore 1.2 million ha of degraded land (out of 3.2 million ha
total committed under Initiative 20x20). In September 2015, the
Peruvian government submitted its first intended nationally
determined contributions document to the UNFCCC,
committing to an emissions reduction equivalent to 30% below
the projected business-as-usual level by 2030 (Gobierno del Pert
2016). Peru has displayed greater ambition in its recently revised
resubmission, committing to reduce emissions by 40% in the
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next decade (Gobierno del Perti 2020). Approximately 70% of the
mitigation efforts to achieve this commitment consider changes
in land use and improvements to the forestry sector (including
afforestation and agricultural efficiency; Gobierno del Pert 2016,
Gonzales-Zuiiiga 2018, Gallice et al. 2019). However, the
Peruvian government is still not adopting this strategy (Climate
Action Tracker 2019) and it does not explicitly consider the
potential of secondary forests (Gobierno del Pert 2020). As a
result, Peru’s current climate policy actions are labelled as
“insufficient” and are not consistent with the Paris Agreement’s
limit to 1.5°C (Climate Action Tracker 2019). Estimates suggest
that improving forest management would lead to achieving 32%
of Peru’s current conditional target (Climate Action Tracker
2019). At this time, Peru lacks national policies on secondary
forest management. Secondary forests in the Andean and coastal
region are even more neglected in terms of study, protection, and
sustainable use than Amazonian forests. This lack may be
attributed, in part, to the Peruvian Ministry of the Environment,
which is still locating and quantifying the carbon storage and
mitigation potential of secondary forests across the country. We
highlight the urgent need to make a greater effort to accelerate
the adoption of policies that promote secondary forest
management, standing forest preservation, and inclusion of old-
growth and regrowth forests under payment for ecosystem
services to stimulate their permanence. One of the common
problems with including secondary forests under both nationally
determined contributions and Initiative 20x20 commitments is
that secondary forests are seen only as carbon. However, these
forests offer many more services than only carbon, as shown here
and in other studies (Lewis et al. 2019).

Mitigation activities in Peru and elsewhere in Latin America are
encouraging low-biodiversity afforestation and reforestation
commercial practices with non-native monocultures (Zamorano-
Elgueta et al. 2015, Moomaw et al. 2019, Heilmayr et al. 2020,
Seddon et al. 2020). This approach can result in a maladaptive
practice, especially considering rapid shifts to strategies in which
biodiversity-based resilience is key. The carbon-centric approach
is also detrimental to the preservation of standing forests,
particularly mature old-growth, and places less effort into
promoting forest permanence (Lewis et al. 2019).

We highlight that secondary forests are an important cost-
effective option for land management that supports multiple
environmental commitments that are currently underrepresented
in Latin America (Chazdon and Guariguata 2016, 2018). We offer
three reasons:

1. Trees in secondary forests are already growing and
sequestering and storing carbon at high rates (Asner et al.
2010, Chazdon et al. 2016, Poorter et al. 2016), whereas
newly planted forests require many years before they
sequester carbon dioxide in significant quantities (Box 1-3;
Fig. 2A). Furthermore, secondary forests have greater tree
species diversity and higher rates of carbon sequestration,
whereas plantations are often monocultures and stock and
sequester less carbon more slowly than secondary forests,
particularly in the Amazonian region. Because carbon
dioxide removal rate needs to increase rapidly to meet
temperature limitation goals (IPCC 2018), secondary forests
are a fast route to sequestering atmospheric carbon. More
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frequent droughts, insect pests, and diseases can
compromise the successful establishment of tree plantations
and agroforestry enterprises and their associated benefits.

2. Tree plantations and agroforestry systems are mostly
planted with commercial purposes and are not designed to
result in permanent forest cover. Consequently, these forests
could compromise long-term carbon sequestration because
trees are harvested after a few decades (Farley et al. 2005,
Luzar 2007, Raboin and Posner 2012). In fact, we have not
found any study reporting plantations or agroforestry
systems older than 30 years. Conflicts between
socioeconomic and environmental aspects also influence the
persistence of human-managed forests. For example, in a
rural community of Cusco (Pifiapampa), approximately 80—
90 trucks each week deliver Eucalyptus wood to the town for
use as fuel (thus releasing the carbon dioxide into the
atmosphere), and local inhabitants earn, on average,
$60,000-81,000 USD during a typical logging season (Luzar
2007). Considering the costs and benefits, these values are
much higher than the potential market based on carbon
sequestration (Luzar 2007, Raboin and Posner 2012).

3. Vast land areas are frequently needed to optimize
afforestation and reforestation benefits, which could
potentially result in the destruction of natural habitats and
competition with food production, urban space, and other
land uses. For example, large areas of natural grasslands in
the Peruvian Andes have been forested with exotic
Eucalyptus and Pinus species, which are having negative
effects on hydrological services and biodiversity
conservation (Krois and Schulte 2013, Tovar et al. 2013,
Bonnesoeur et al. 2019).

Secondary forests as habitat for biodiversity conservation

Secondary forests are not only effective and cost-effective natural
absorbers of carbon, but they also provide essential habitat for
many plants and animals, including threatened species that are
often absent from human-managed forests. This function is
particularly important in ecosystems with high endemicity, such
as the Andes and the semideciduous dry forests on the coast. A
naturally regenerating forest is undergoing self-organization and
an increase in structural complexity and diversity over time,
whereas tree plantations and agroforestry systems experience
continuous human intervention. Although better than bare land,
managed forests can have their conservation goals compromised
compared with secondary forests. Biodiversity, in turn, offers
fundamental human services, including reduced risk of zoonosis
(Gibb et al. 2020). Peru has achieved various objectives of its
strategic plan for biodiversity (2011-2020), linked to the Aichi
biodiversity conservation targets under the Convention on
Biological Diversity: for example, target 11, which states that at
least 17% of terrestrial areas must be protected by 2020 (MINAM
2015, Maxwell et al. 2020). The complexity of climate change,
however, requires new perspectives on conservation strategies
involving not only permanent protected areas but also in
combination with corridors and temporary conservation areas to
create flexible networks that provide critical transitional areas to
biodiversity redistributions (D’Aloia et al. 2019). In current
landscapes with mosaics of heterogeneous habitats, secondary
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Fig. 4. (A) Framework showing the relationship between the forest transitions, their relative
ecological outcomes, and their drivers, linking the environmental and socioeconomic systems.
Forest transition is defined as a long period of decline in forest area, superseded by forest recovery.
The “+” and “—” represent the potential amount of each service that would be expected to return
depending on the forest transition type. (B) The relative importance of key ecosystem services
provided by secondary forests in Amazonian, Andean, and coastal regions.
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forests can be fundamental in connecting conservation areas and
may also provide regional habitat heterogeneity and vegetation
structural complexity. Along this line, Horvath et al. (2019)
highlight that the loss in species richness is exacerbated by habitat
loss via connectivity loss, thus reinforcing the importance of
habitat connectivity in biodiversity conservation policy. The
persistence of secondary forests is fundamental to long-term
biodiversity conservation, which in turn helps preserve the
multiple services that biodiversity provides to human beings,
starting by prevention of pandemics and zoonotic diseases.

Role of secondary forests in hydrological services

Water supply is one of the critical issues facing society in the 21st
century. As deforestation and climate change alter weather
patterns and their variability, severe water deficits and floods are
likely to become more frequent. In this context, vegetation
recovery can positively or negatively influence local and regional
water supply and regulation. In the case of Peru, secondary forests
influence local and regional water supplies, which are particularly
important in the Andes. The Andean region is the main water
provider (from rainwater and glacier melt) not only to local
communities, but also to the dry region along the Pacific coast
(Beresford-Jones 2004, Whaley et al. 2010) and the eastern
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Amazonian region (Clark et al. 2014, Doornbos 2015).
Consequently, biodiversity and the livelihoods of millions of
people depend directly on water services provided by Andean
ecosystems (Doornbos 2015). In addition, water is vital to
economically important activities such as agriculture, energy,
fishing, and tourism. In Peru, 70% of the water for hydroelectricity
generation comes from Andean rivers (Doornbos 2015).
Temperatures in the tropical Andes have been increasing, melting
glaciers and increasing downstream water supply (Vuille et al.
2008, 2018). Nevertheless, this water increase is temporary and is
not sustainable. In contrast, future reductions in water availability
for both human consumption and other economically important
activities is expected (Vuille et al. 2018). The imminent impacts
of climate change on water supply motivated the Peruvian
government and nongovernmental organizations to implement a
variety of rainwater harvesting techniques, including forestation
(Somers et al. 2018, Locatelli et al. 2020). Exotic trees (Eucalyptus
and Pinus) planted in large areas of the Andes have negative effects
on hydrological services, reducing stream flow and groundwater
recharge, and thus reducing water availability for downstream
users (Luzar 2007, Ochoa-Tocachi et al. 2016, Ochoa-Tocachi
2019). Furthermore, fast-growing exotic Eucalyptus and Pinus
plantations are established in wetlands or on the margins of
Andean catchments, resulting in the aforementioned negative
effects (Luzar 2007, Ochoa-Tocachi et al. 2016). Thus, redirecting
the national restoration strategies is necessary to achieve the
desired goals. Exotic tree plantations on natural grasslands must
be avoided, and secondary forest persistence and restoration with
native species and mature forest conservation should be favored
to promote their excellent hydrological control in the Andes (Box
2).

Although we tend to highlight the negative effects of exotic tree
species on water yields, if well managed (e.g., implemented in
adequate areas such as degraded land far from watersheds), they
can play an important economic role and help to control erosion
and to stabilize soils against landslides (Guns and Vanacker 2013,
Bonnesoeur et al. 2019). In addition, plantations can indirectly
enhance some ecosystem services by avoiding further logging of
native forests (Bonnesoeur et al. 2019). Finally, it is important to
consider that the improvement of hydrological regulation is a slow
process that may take decades, making outcomes for society and
the environment slow to realize (Bonnesoeur et al. 2019).

CONCLUDING REMARKS

We provide a robust synthesis of published evidence regarding
the ecosystem services and disservices of forest transitions to
encourage the adoption of policies that promote the sustainable
use and conservation of secondary forests in Peruvian landscapes.
In this review, we compiled empirical evidence to provide a
framework for future research and policy decision-making (Fig.
4A). We found that forest transitions provide significant services
in offsetting carbon emissions, regulating hydrological services,
and providing habitats for biodiversity. However, the amount and
importance of ecosystem services vary depending on the forest
transition type. Secondary forests offer multiple cost-effective
services from climate change mitigation and water regulation to
species conservation through the maintenance of landscape
connectivity, regional heterogeneity, and vegetation structural
complexity.
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Our findings highlight the missed opportunity of relying on
secondary forests to implement more ambitious and integrated
environmental initiatives such as the Convention on Biodiversity-
Aichi biodiversity targets, UNFCCC-NDC-REDD+, and
Initiative 20x20 for land restoration. Current commitments
include high-cost strategies, including potential disservices (e.g.,
two million commercial tree plantations under Initiative 20x20).
In contrast, secondary forests are a low-cost, near-term, highly
effective strategy for mitigating the crises in climate and
biodiversity and ultimately providing vital ecosystem services to
society, such as water provision. We urge considering both
ecosystem services and disservices, as well as valuing the relative
importance of different land options for each specific region (Fig.
4) to avoid trade-offs in which the achievement of one goal is
detrimental to another. Policy-makers and practitioners can use
our synthesis to support decisions on which transitions types are
best to achieve specific end goals at local and regional scales in
Peru. Our synthesis can serve to enhance the visibility and
underscore the usefulness of strategies to preserve secondary
forests, as well as mature standing forests. Finally, it is also
important to consider that the persistence of secondary forests is
closely linked to costs and benefits in which the interests of local
people in conserving the forest areas can be decisive (Fig. 4A).
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APPENDIX

Table Al. Above ground (AG) and below ground (BG) carbon stock reported in different forest types and regions.

Forest

AG+BG-C

Region  Forest transition Elevation Species age AG C stok stock Reference

Amazon  Mature forest 250 160.1 360.3 Alegre et al. 2002
Amazon  Mature forest <5007 121.5 2324 Cuellar and Salazar 2016
Amazon  Mature forest 180 - 250 402.8 ICRAF 1998

Amazon  Mature forest 190 - 230 155.6 Barbaran-Garcia 2000
Amazon  Mature forest 190 - 236 135.5 Hinostroza 2012

Amazon  Mature forest 230 - 270 335.1 632.4 Martel and Cairampoma 2012
Amazon  Mature forest 400-1600 196.1 465.8 Callo-Concha et al. 2001
Amazon  Mature forest 1274 Saatchi et al., 2007*
Amazon  Mature forest 107.6 Sosa Castillo 2016
Amazon  Mature forest 158.7 Sosa Castillo 2016
Amazon  Mature forest 161.31 Sosa Castillo 2016
Amazon  Secondary forest 180 40 2411 290 Alegre et al. 2002
Amazon  Secondary forest 180 3 24 40.8 Alegre et al. 2002
Amazon  Secondary forest 180 15 184.4 2391 Alegre et al. 2002
Amazon  Secondary forest 250 3 13.2 54.6 Alegre et al. 2002
Amazon  Secondary forest 250 5 421 95.8 Alegre et al. 2002
Amazon  Secondary forest 250 15 121 172.3 Alegre et al. 2002
Amazon  Secondary forest 500 <50 282.8 396.8 Chuquizuta et al. 2016
Amazon  Secondary forest <5007 15 59.8 150.1 Cuellar and Salazar 2016
Amazon  Secondary forest <5007 8--10 5 91.9 Cuellar and Salazar 2016
Amazon  Secondary forest 160-192 30 71.3 140.9 Mélaga et al. 2021
Amazon  Secondary forest 180 - 250 15 310.8 ICRAF 1998

Amazon  Secondary forest 180 - 250 3 40.5 ICRAF 1998

Amazon  Secondary forest 190 - 230 15 153.3 Barbaran 2000

Amazon  Secondary forest 190 - 230 3 48.3 Barbaran 2000

Amazon  Secondary forest 400-1600 8 67.9 181 Callo-Concha et al. 2001
Amazon  Secondary forest 5 27 65.5 Viena Vela 2010

Amazon  Secondary forest ? 26.45 Saatchi et al., 2007*
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Chuquizuta et al. 2016
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Chuquizuta et al. 2016
Callo-Concha et al. 2001
Jezeer et al. 2019
Angulo Avalos 2017
Bringas 2010

Bringas 2010

Bringas 2010

Pocomucha et al. 2016

Zavala et al. 2018
Zavala et al. 2018
Zavala et al. 2018
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Lucano et al. 2019
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Hinostroza 2012
Baltazar Pefia 2011
Gonzales 2013
Gonzales 2013

27
312
355
12.1
14.2
104 168.9
69.8 1435
68.4 130.9
2.9 33.4
44 36.8
34 372
28.6 78.2
57.3 114.3
0.4 148.8
66.6 152.6
99.2
27 722
78 90.9
152.3
14.7
9.5
64.1
68.3
91.97
102.02
221.1
305.7 398.8
4853

Gonzales 2013
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Cuellar and Salazar 2016
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Maquera 2017
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Bernachea 2019
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Raboin and Posner 2012
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Table A2. Number of species reported in different forest types and regions.

Number of species
Site/Taxa Mature Secondary Agroforestry  Tree Reference
forest forest system plantation

Amazon

Dung beetles 23 17-19 20 7--9 Horgan et al. 2009

Termites 38 14 18 23 Duran-Bautista et al. 2020

Insects 758 81 64 - 540 54 Lojka et al. 2010, Perry et al. 2016

Birds 454-501 406 71 Aerts et al. 2016, Whitworth et al., 2016

Trees 71 16 33 Vebrova et al. 2014

Amphibians 63-82 60 Whitworth et al., 2016

Mammals 47-48 38 Whitworth et al., 2016

Reptiles 60-75 66 Whitworth et al., 2016

Trees 313 241 Gonzales et al. 2014*

Butterfly 147 Jezeer et al. 2019

Andes

Birds 74 5.1and 7.8 8.9 Colorado Zuluaga and Rodewald 2015*

Dung beetles 3 5 Vélez Quesquén and Saavedra Chavez 2019

Shurbs 10.1 12.2-9.8 De Valenga et al. 2017***

Soil acrofauna 11.4 8-9.6 DeValengaetal 2017**

Coast

Birds 44 54 35 Villavicencio 2013, Cruzado-Jacinto et al.
2019

Trees 23-85 6--17 Leal-Pinedo and Linares-Palomino 2005,
Cunningham et al. 2008, Lambayeque,
Delgado-Paredes et al. 2020,

Reptiles 33 1 Venegas 2005, Leon Caceres 2019

Insectivore bats 6 10 Ruiz Romero 2015

Amphibians 6 Venegas 2005.

Mammals 1 Leon Caceres 2019

* Average plot species richness: 108 species ha-1 in mature forest and 43 species ha-1 in secondary forest.

** Number of species per flocks
*** On average
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