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ARTICLE INFO ABSTRACT

Keywords: Intensively managed timber plantations represent 7% of global forest cover and may partially compensate for
Forest management deforestation-related biodiversity loss, yet are often criticized as ‘green deserts’ which support limited biodi-
C‘hﬂe ) versity. Growing concerns about the environmental impact of plantations in Chile have prompted numerous calls
Pinus radiata for a new forestry paradigm. Here, we systematically review the literature on biodiversity maintenance or loss in
fjﬁffrftf:y Chilean timber plantations and outline a new framework for biodiversity conservation therein, envisioning

plantations as potential habitat that can be improved through informed management. Our review (N = 67 re-
levant publications) shows a strong taxonomic bias towards plants, mammals, birds, and invertebrates, as well as
biases in the age and species composition of plantations studied. Most studies (78%) examined Pinus radiata
plantations, 48% examined mature stands, and 46% did not specify stand age. Research to date is difficult to
translate into conservation policy, since most studies simply compare biodiversity within versus outside of
plantations, and do not evaluate alternative management options. To better inform conservation, we identify six
critical stages of plantation development during which management decisions may greatly influence biodiversity
outcomes. Within each stage we discuss the effects of specific management practices on Chilean biodiversity,
highlighting opportunities and key knowledge gaps. Strategies which promote structural complexity, understory
cover, and landscape connectivity should help convert plantations into a less hostile matrix that provides ade-
quate habitat for substantial native biodiversity. Given the global proliferation of plantations and their con-

Land-use change

sequences for biodiversity, similar studies are needed in multiple regions of the world.

1. Introduction

Despite recent reductions in the rate of global forest loss, defor-
estation and land-use change persist as primary drivers of current and
future biodiversity change (Dirzo et al., 2014; Pereira et al., 2010).
Highly productive timber plantations have the potential to reduce
pressure on natural forests and provide secondary habitat for biodi-
versity where natural forests are scarce, yet they may also replace
natural forests and are often criticized as ‘biological deserts’ that sup-
port little biodiversity (Brockerhoff et al., 2008; Paquette and Messier,
2010). Timber plantations are increasing in area by 2.5M ha annually
and now represent 7% of global forest cover (Keenan et al., 2015).
Identifying strategies to effectively manage plantations for maintaining
biodiversity is therefore a critical challenge to sustainable forest man-
agement and biodiversity conservation.

Chile contains 2.95 M ha of plantation forests, making it one of the
top 10 countries in the world in terms of area dedicated to timber
plantations (FAO, 2015). Plantation forestry was first promoted in the
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early 1900s to stabilize soils in degraded agricultural areas, and later
rapidly expanded in the 1970s and 1980s during the military govern-
ment of Augusto Pinochet. In addition to implementing neoliberal
economic reforms, Pinochet enacted the Decree Law 701 of 1974 (D.L.
701), which subsidized 75% of the costs of plantation establishment
and remained in effect through 2012 (Niklitschek, 2007). The Chilean
forestry sector now provides about 300,000 jobs, and represents the
country’s second largest export industry, generating US$5.9 billion in
2011 (Salas et al., 2016).

The Valdivian Rainforest Ecoregion (35-48° S) in southern Chile is
recognized as a global biodiversity hot spot due to its rich diversity,
high levels of endemism, and extensive habitat loss (Myers et al., 2000).
Indeed, the rapid expansion of exotic timber plantations in this ecor-
egion during the last four decades has prompted concerns about the
impacts of plantations on native biodiversity and ecosystem function
(Reyes and Nelson, 2014). Ninety-five percent of Chile’s timber pro-
duction comes from intensively managed monoculture plantations of
exotic species such as Monterey pine (Pinus radiata, hereafter ‘pine
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plantations’) and Eucalyptus spp. (INFOR, 2016). Furthermore, nearly a
quarter of all new plantations from 1986 to 2011 were established on
lands that were native forests before 1986 (Heilmayr et al., 2016).
Numerous studies highlight the deleterious effects of plantations on
Chilean biodiversity (Estades et al., 2012), clean water provisioning
(Fierro et al., 2016; Lara et al., 2009), fire risk (Ubeda and Sarricolea,
2016), and rural communities (Andersson et al., 2016). In the austral
summer of 2016-2017, Chile experienced its worst wildfire season in
history, burning 600,000 ha and launching the debate over plantations
into the national spotlight (Kozak, 2017). Several scientists wrote
prominent editorials in national newspapers arguing for a new forest
management paradigm (e.g. Gonzalez et al., 2017), while international
newspapers ran stories tying the fires to the neoliberal economic po-
licies of Chile’s former dictator Pinochet (Kozak, 2017). The mayor of
Valparaiso, Chile’s third largest city, went so far as to call for the re-
moval of all Eucalyptus plantations within the metropolitan area (see
Ahora Noticias, 2017).

The Chilean forestry sector is at a crossroads. Plantation managers
are under increasing public pressure to balance timber production and
environmental stewardship (CONAF, 2017). While 52% of Chilean
plantations are now certified under the Forest Stewardship Council’s
sustainability certification scheme, these environmental standards are
largely implemented in the areas surrounding plantations (in the form
of conservation reserves), and the plantations themselves continue to be
managed using intensive methods (Salas et al., 2016). Despite a sub-
stantial body of research documenting the negative effects of planta-
tions on Chilean biodiversity (e.g. Estades et al., 2012), less is known
about the role of innovative forest management practices in mitigating
or exacerbating these impacts. Some recent studies indicate that ap-
propriately managed plantations may provide important habitat for
native biodiversity, serve as a ‘softer’ matrix than alternative anthro-
pogenic land uses (e.g. pasture), and may even be critical to the con-
servation of some threatened species (Acosta-Jamett et al., 2003;
Estades et al., 2012; Heinrichs et al., 2016). While many studies ex-
amine plantation-associated changes in biodiversity, documentation of
these changes alone provides limited guidance to landowners or policy
makers who may wish to manage plantations for increased biodiversity.
Here, we review the literature of biodiversity maintenance in Chilean
plantations and complement it with insights derived from studies in
plantations from other parts of the world, leading us to outline a new
framework for managing timber plantations for biodiversity in Chile,
but with potential relevance for plantations elsewhere.

This review synthesizes the results of 67 studies of biodiversity in
Chilean timber plantations, with the aim of identifying strategies that
managers can utilize to conserve biodiversity in working plantations.
We begin by conducting a systematic review to identify key trends and
knowledge gaps in the field. We then summarize the literature on the
effects of plantations on Chilean biodiversity, which we analyze in the
context of critical silvicultural decisions made at six stages of plantation
management. We discuss the state of the art regarding the effects of
specific management practices on biodiversity in Chile and throughout
the world, and identify areas where more research is needed to inform
sustainable plantation management. In doing so, we lay out a new
framework for the conservation of biodiversity in Chilean timber
plantations, in which plantations are viewed as potential habitat that
can be improved through informed management. Given the global
proliferation of plantations and the consequences for biodiversity
thereof, our study is of broad significance (Fitzherbert et al., 2008;
Paquette and Messier, 2010).

2. Systematic review: Biodiversity in Chilean timber plantations

We conducted a systematic search of the peer-reviewed literature in
Web of Science on April 4, 2017, using the search terms “plantation OR
pine OR eucalyptus” AND “Chile™” AND “biodiversity OR wildlife OR
animal OR invertebrate OR insect OR vertebrate OR bird OR mammal
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Table 1
Criteria governing inclusion of literature for the systematic database, and data
collected from each study.

Criteria Publication characteristics Data collected
Inclusion ® Empirical studies conducted in 1. Chilean region in which
Chilean Regions V, VI, VII, VIII, study was conducted
11X, X, or XIV%, and 2. Taxa studied
® Peer-reviewed primary research, 3. Species of tree planted
and 4. Stage of stand
® Examine effects of timber development”
plantations on Chilean 5. Control (reference)
biodiversity, or habitats (if any)
® Document biodiversity in Chilean
plantations
Exclusion ® Examine plantations only as driver

of land-use and land cover change,
or

® Only examine effects of
management treatments on pests
or planted trees

@ These seven regions contain > 98% of Chilean timber plantations (INFOR,
2016).

> Stand development stages: mature (> 8 yrs), young (3-8 yrs), new (< 3
yrs), clear cut (harvested but not yet replanted), mature abandoned (abandoned
plantation with trees > 8 yrs), thinned (stand recently thinned), unspecified (no
information provided), and multiple pooled (authors grouped multiple stages
together).

OR reptile OR amphibian OR plant OR tree OR fungus”. Our search
returned a list of 504 results, which we refined using inclusion criteria
presented in Table 1. The resulting database includes 67 studies (Table
A1) published from 1987 to 2017, with 72% being published in the last
decade (Fig. 1).

At least one study took place in each of the seven Chilean regions
included in our analysis, but the studies were unevenly distributed
geographically (Fig. 2). Eighty-four percent of studies (56 of 67) oc-
curred in the Maule or Biobio Regions, which combined contain 64% of
Chile’s timber plantations (INFOR, 2016). Relatively few studies oc-
curred in the Araucania Region, which is Chile’s third largest timber
producing region and also the epicenter of conflicts between the timber
industry and the Mapuche People (Reyes and Nelson, 2014). Eleven
studies simultaneously examined two or more regions.

Plants were the most commonly studied taxa, followed by mam-
mals, birds, and invertebrates (Fig. 3). Very few studies examined other
vertebrate taxa, microbes, or fungi. Most notably, no studies examined
amphibians, although south-central Chile supports a high diversity of
forest-associated frogs, many of which are threatened and/or endemic
to the region (Vidal and Diaz-Pdez, 2012). Most studies focused on
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Fig. 1. Time course of publications (n = 67) examining the effects of timber
plantations on Chilean biodiversity (Regions V-X, and XIV). Vertical bars re-
present the number of publications per year. Line shows the cumulative number
of publications since 1987.
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Fig. 2. Percent of publications and plantation area by Chilean region, ordered
from north to south. Red bars sum to > 100% because some publications ex-
amined multiple regions. Blue bars total < 100% because some plantations
occur in other regions. These seven regions represent > 98% of Chilean timber
plantations. Plantation area data are from INFOR (2016). Publications and re-
gional plantation area are highly correlated (Spearman’s rank correlation,
S =10.593, p = 0.0269). Inset: The seven Chilean regions studied here are
shown in dark grey. Red marker indicates the capital city Santiago.
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Fig. 3. Number of publications by taxa examining biodiversity (including na-
tive and exotic species) in Chilean timber plantations.

native biota, while six studies examined the effects of plantations on the
proliferation of exotic species. Since different taxa respond uniquely to
plantations (e.g. Barlow et al., 2007), these strong taxonomic biases
may hinder the development of holistic management strategies.

In terms of relevance for forest management policy, the most in-
formative studies are those comparing biodiversity across plantations
that differ in tree species composition and/or stage of stand develop-
ment. Only 29 studies (43%) compared biodiversity across plantations
that varied in their habitat or management characteristics (e.g. stand
age, plantation species, understory cover, etc.). Instead, most studies
compared biodiversity found in plantations with that of native forest
(either continuous or fragmented), and a quarter of studies used no
control habitat at all. More broadly, the publications identified in our
search show strong biases in terms of the types and ages of plantations
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selected for study (Fig. 4). Forty-eight percent examined mature plan-
tations and 46% either failed to specify the stand age, or pooled mul-
tiple stages of stand development, thereby reducing their ability to in-
form specific management policies. The large majority of publications
(78%) focus on pine plantations, which represent 59% of Chilean
plantations. Only 18% of the studies examined Eucalyptus spp., al-
though these represent 35% of Chilean plantations (INFOR, 2016). This
mismatch is especially concerning, given the recent and continuing
expansion of Eucalyptus plantations, particularly in the more southerly
regions of Araucania, Los Rios, and Los Lagos (INFOR, 2016).

3. Biodiversity and the silvicultural toolbox

While silvicultural tools are traditionally applied to increase yields
and improve timber quality, these techniques are increasingly used to
manage forests for biodiversity and ecosystem services (Hartley, 2002;
Lindenmayer et al., 2006; Demarais et al., 2017). Managers make de-
cisions at six key stages of plantation management which can result in
the development of vastly different stand conditions and ultimately
affect the plantation’s capacity to support biodiversity (Table 2;
McComb, 2001). Following this framework, we draw on the informa-
tion derived from our review to discuss the current state of knowledge
concerning the effects of silvicultural decisions on biodiversity in Chi-
lean timber plantations. We supplement our literature search with other
relevant publications which our search did not return (i.e. book chap-
ters, dissertations, studies of Chilean biodiversity in native forests), and
we also draw on information from other countries when Chile-specific
data are not available.

3.1. Stage 1: Spatial and temporal planning

The spatial and temporal distribution of habitat fundamentally in-
fluences the diversity, abundance, and identity of species that can exist
in an area. In the context of plantation management, both the proper-
ties of an individual stand and the landscape context in which it occurs
determine the outcomes for biodiversity (Lindenmayer and Franklin,
2002). Managers typically consider properties such as the size and
shape of the harvest, harvest rotation length, site-level properties such
as slope, aspect, elevation, and edaphic conditions, and the distance to
other features such as native forests, riparian areas, and other harvest
areas (Carnus et al., 2006). A substantial body of research explores the
landscape-level effects of plantations on Chilean biodiversity, both
within plantations, and within native forests adjacent to or surrounded
by plantations.

The rapid expansion of plantations has left native forests severely
fragmented throughout south-central Chile. Echeverria et al. (2006)
documented a 67% decline in native forest from 1975 to 2000 in the
coast range of the Maule and Biobio regions, largely due to conversion
to plantations. In 1975, 44% of native forest area was concentrated in
patch sizes greater than 20,000 ha, yet by 2000, 69% of native forest
patches were less than 100 ha, and only 3% of patches were greater
than 1000 ha. Small forest patches generally support reduced wildlife
populations and experience increased edge effects and reduced con-
nectivity (Fahrig, 2003). For example, continuous native forests in the
Maule Region supported greater richness of small mammals than either
forest fragments or pine plantations (Saavedra and Simonetti, 2005).
Alternatively, some species benefit from forest fragmentation. Reptiles,
for example, exhibited the greatest abundance and richness at forest
and plantation edges (Uribe and Estades, 2014). Fragmentation may
also affect species interactions, either by differentially impacting mul-
tiple interacting species, or by reducing interaction rates (Fig. 5).

Plantation-dominated landscapes represent a shifting-mosaic of
habitats, ranging from unplanted clear-cuts to mature plantations
(Demarais et al., 2017). The ability of this mosaic to support biodi-
versity depends on the size of harvest units, the length of rotation in-
tervals, and the connectivity between habitat patches (Acuna and
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Fig. 4. Number of publications examining biodi-
versity in Chilean timber plantations, separated by
plantation age and species. Plantations were classed
into stand development categories using the fol-
lowing criteria: mature (> 8 yrs), young (3-8 yrs),
new (< 3 yrs), clear cut (harvested but not yet re-
planted), mature abandoned (abandoned plantation
with trees > 8 yrs), thinned (stand recently
thinned), unspecified (no information provided),
and multiple pooled (authors grouped multiple
stages together).

- Pinus radiata

. Eucalyptus spp.

. Other

D Multiple pooled

Six stages of plantation management and relevant management considerations that will influence stand conditions and biodiversity conservation. Table adapted from

McComb (2001).

Management stage Spatial and temporal Legacy retention Site preparation Regeneration Vegetation management Thinning and pruning
planning

Management considerations Landscape context Leave trees Burn Species Manual Density
Size Snags Herbicide Density Chemical Spacing
Shape Shrubs Ground scarification ~ Size Duration/Intensity of — Uniform
Slope/aspect Logs Survival management — Variable
Rotation length Riparian buffers Fertilization

Estades, 2011; Wimberly, 2006). Graph theoretic or circuit-based ap-
proaches to modeling landscape connectivity across multiple habitats
may be particularly useful in understanding biological connectivity in
plantation-dominated landscapes. Lander et al. (2011) used one such
circuit-based approach to model reproduction of the endangered tree
Gomortega keule (Gomortegaceae) and found that pollination prob-
ability was lowest across clear-cuts, and varied up to 7-fold depending
on the composition of the landscape mosaic. Alternatively, mature
plantations may serve as suitable (albeit temporary) habitat for many
species. For example, Meynard et al. (2014) found no differences in bat
species richness or abundance between native forest and Eucalyptus
plantations. Similarly, Bustamante-Sanchez et al. (2004) observed
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similar richness and abundance of dung beetles in continuous native
forests and pine plantations. Mature plantations may also represent a
relatively “soft” barrier to wildlife movements compared to other an-
thropogenic land uses, given their structural similarities to forests
(Tomasevic and Estades, 2008). In contrast, clear-cuts are likely to form
a more definite barrier to animal movement and have been shown to
exhibit reduced bat activity and reduced abundance of an understory
bird, relative to native forests and mature plantations (Rodriguez-San
Pedro and Simonetti, 2015; Ramirez-Collio et al., 2017). Managers may
be able to increase connectivity by altering the size and distribution of
harvest units, though this approach has received little attention in the
literature (Pawson et al., 2006).

Fig. 5. Fragmentation of native forests by plan-
tations may disrupt species interactions. Left:
Lapageria rosea (Philesiaceae) experiences re-
duced pollination success in fragmented native
forests due to reduced abundance of its primary
pollinators (the hummingbird Sephanoides se-
phanoides [pictured] and the bumblebee Bombus
dahlbomii; Valdivia et al., 2006). Photo: Juan
Andrés Varas Braun. Right: Avian frugivory of
Aristotelia chilensis (Elaeocarpaceae) was 2.4
times higher in continuous native forest than in
forests fragmented by pine plantations (Valdivia
and Simonetti, 2006). Furthermore, seeds from
forest fragments germinated at less than half the
rate of those from continuous forests, suggesting
a lack of dispersal may be contributing to in-
breeding depression in this species. Photo: Mor-
rana, CC-BY 4.0 license, Wikimedia Commons.
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The historic 2016-2017 wildfire season prompted calls for more fire
breaks within timber plantations to limit the spread of wildfires.
Depending on how they are implemented, fire breaks could provide the
dual benefit of increasing biological connectivity within fragmented
landscapes, or contribute to further habitat fragmentation. Fire breaks
within a Monterrey pine plantation in Argentina did not support higher
richness or abundance of small mammals compared to the plantations,
suggesting that their role as a wildlife corridor was limited in this case
(Lantschner et al., 2011). Another study found that two important birds
[the seed disperser White-crested elaenia (Elaenia albiceps), and the
pollinator Green-backed firecrown (Sephanoides sephanoides)] experi-
enced reduced functional connectivity through an open matrix between
native forest patches as compared to a matrix consisting of shrubs with
interspersed trees (Magrach et al., 2012). Because fire breaks by design
have little vegetation cover, they are unlikely to facilitate connectivity
for forest-associated wildlife. In contrast, Rubio and Simonetti (2011)
observed the highest reptile richness and abundance (including that of
one species of conservation concern: Liolaemus lemniscatus) at the edges
of pine plantations, followed by edges of native forest fragments sur-
rounded by clear cuts and roads. Clear cuts and forest edges may
therefore play a role in the conservation of these and other edge-asso-
ciated species.

Less is known about how plantations may affect Chilean aquatic
biodiversity, though studies from other countries indicate that planta-
tions can reduce runoff and alter stream flow regimes (Farley et al.,
2005; Scott and Prinsloo, 2008). In Chile’s Los Rios and Los Lagos Re-
gions, for example, Lara et al. (2009) estimated a mean increase in total
summer stream flow of 14.1% for every 10% increase in native forest
cover within a watershed. Similar negative effects of plantations on
summer water flows have also been demonstrated within large
(> 10,000 ha) watersheds (Little et al., 2009). Given flow regimes are a
major determinant of physical habitat in streams, and that aquatic
species are generally adapted to specific flow regimes (Bunn and
Arthington, 2002), these changes may have substantial implications for
aquatic biodiversity in plantation-dominated watersheds.

3.2. Stage 2: Legacy retention

During a harvest, managers may retain certain structural compo-
nents of the previous stand. These legacy elements, including standing
trees or snags, downed logs, woody debris, shrub cover, and streamside
riparian buffers, can provide structural heterogeneity that greatly in-
creases the types of habitat features present within a stand (Demarais
et al., 2017; Gustafsson et al., 2010). In selecting what types of legacy
elements to retain, managers might want to consider the habitat pre-
ferences of forest-associated biodiversity in native forests and attempt
to create similar conditions in managed stands (Perera et al., 2004).

Diaz et al. (2005) examined forest bird abundance and richness in
relation to forest structure and composition in old-growth, mid-suc-
cessional, and early successional native forests. Both species richness
and abundance were greatest in old-growth forests and were associated
with large emergent trees, snags, logs, and bamboo cover. These fea-
tures provide important foraging and nesting substrate for many birds,
particularly trunk and branch insectivores, and cavity nesters, both of
which groups are less abundant in plantations than in native forests
(Vergara and Simonetti, 2004). Plantation managers may be able to
emulate these properties of old-growth forests and thereby increase the
habitat suitability for forest birds by leaving legacy structures such as
large standing trees and snags, downed logs, and remnant shrub/
bamboo cover.

Streamside buffer zones of native forest vegetation can help main-
tain stream flows and improve water quality, and are a common
management tool worldwide (e.g. Lee et al., 2004). In Chile, Fierro
et al. (2016) compared water quality and macroinvertebrate assem-
blages between streams with native riparian forest (in the form of a
riparian buffer) and streams with exotic (Eucalyptus spp.) riparian
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vegetation (no buffer). They found that the exotic vegetation sites had
higher concentrations of dissolved and suspended solids, nitrates, and
sulfates, as well as reduced richness and abundance of macro-
invertebrates relative to the native vegetation site. In another study,
Little et al. (2015) measured a 1.4% increase in run-off relative to
precipitation for every meter of increase in native buffer zone width
within Eucalyptus plantations. Additionally, native buffer zones led to
reduced concentrations of total nitrogen (TN), dissolved inorganic ni-
trogen (DIN), and sediments. Buffer widths of 17-22 m for TN and DIN
and =36 m for sediments reduced concentrations to levels comparable
with reference native forest watersheds.

Streamside buffers may have the added benefit of increasing land-
scape level connectivity for mobile animals (Lees and Peres, 2008).
Estades and Temple (1999) found a positive relationship between the
abundance of cavity-nesting birds and the proximity of riparian strips,
and hypothesized but could not confirm that this was due to increased
connectivity via riparian corridors. Studies tracking animal movement
have found little evidence in Chile to support or refute this hypothesis,
but these studies were limited in scope and only considered one gen-
eralist bird, the Austral thrush, Turdus falcklandii (Vergara et al., 2013;
Pérez-Hernandez et al., 2015).

3.3. Stage 3: Site preparation

Prior to replanting, managers may prepare the site using methods
such as mechanical scarification, burning, and herbicide application.
Depending on their intensity, site preparation methods may remove
legacy structures and inhibit shrub development, or induce the
sprouting of new vegetation (McComb, 2001). The choice of site pre-
paration methods will influence the trajectory of plant community de-
velopment and the species a plantation can support (Demarais et al.,
2017).

Site preparation methods which disturb (e.g. soil scarification) or
compact the soil may impact burrowing or ground-dwelling species,
both indirectly through habitat modification, and directly through
mortality events (Demarais et al., 2017). Taxa that may be particularly
vulnerable include ground-dwelling frogs (Eupsophus spp., Alsodes no-
dosus, Rhinoderma darwinii, several of which are threatened), burrowing
mammals, and ground-nesting birds (e.g. species of the Rhinocryptidae
family). To our knowledge, no studies have evaluated this phenomenon
in Chile. Escobar et al. (2015) documented greater than 50% mortality
of one forest specialist mouse (Abrothrix longipillis) due to being crushed
during harvest operations. The authors observed that instead of fleeing
the area, A. longipillis hid in burrows or under forest litter in response to
disturbance, suggesting that this species would also be vulnerable to
mortality from soil scarification.

Chilean clear-cuts and newly established plantations generally
maintain little native vegetation because vegetation is intensively
cleared either mechanically or using controlled burns (Kogan et al.,
2002). Newly established stands typically exhibit a prevalence of exotic
species (Frank and Finckh, 1997). Plant species richness and abundance
generally increase subsequently as the stand develops (Estades and
Escobar, 2005).

Both shrub-associated and understory birds may persist in early-
successional habitat where adequate structure and cover are provided,
suggesting that new plantations and clear-cuts could support sub-
stantial biodiversity if managed appropriately. Des Mur’s Wiretail
(Sylviorthorhynchus desmursii) and Magellanic Tapaculo (Scytalopus
magellanicus), two understory birds, utilize log piles, scattered bamboo
thickets, and shrub patches in native early successional forests, while
shrub-associated species such as the Southern House Wren (Troglodytes
aedon) and Plain-mantled Tit-spinetail (Leptasthenura aegithaloides) are
found in shrub patches and piles of woody debris (Diaz et al., 2005).
Similarly, the understory bird Chestnut-throated Huet-Huet (Pter-
optochos castaneus) is more likely to enter clear cuts that have abundant
shrub cover, especially when adjacent forests or plantations also have
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abundant understory vegetation (Ramirez-Collio et al., 2017). Site
preparation methods which retain legacy elements and promote the
development of early seral vegetation will likely minimize the negative
impacts of clear-cuts on forest biodiversity.

3.4. Stage 4: Regeneration

Managers influence the structure and composition of a developing
plantation through their selection of which tree species to plant and at
what densities (O’Callaghan et al., 2017). Managers may also fertilize
newly planted seedlings, which may affect both terrestrial plant growth
and nutrient loading in nearby streams (Hartley, 2002). Foresters often
plant at very high densities to encourage rapid vertical growth. In-
creasing seedling spacing, however, can increase target tree growth
rates (Hébert et al., 2016), allowing for greater light penetration and
supporting understory regeneration. To our knowledge, no published
studies address the effects of planted seedling density on Chilean bio-
diversity, though stem density and canopy cover are two major de-
terminants of understory growth in plantations (Carnus et al., 2006).

Chilean plantations are typically grown as monocultures of
Monterey pine or Eucalyptus spp. Many foresters and biologists have
called for a re-examination of this practice, arguing that plantations of
native species can better conserve biodiversity and ecosystem services
(Reyes and Nelson, 2014, Salas et al., 2016). A thorough examination of
forestry with native species is outside the scope of the current study, but
Salas et al. (2016; and references therein) suggest that plantations of
native species may be economically feasible and could provide im-
proved habitat for native biodiversity. The conservation benefits of
using native tree species, or mixtures of native and non-native tress
have been thoroughly discussed in the international literature (e.g.
Hartley, 2002). However, local studies often show equivocal results,
and indicate that biodiversity may benefit more from the increased
structural complexity that native or mixed species plantations confer,
rather than from the species composition per se (Oxbrough et al., 2012;
Sweeney et al., 2010). Most studies examining biodiversity in Chilean
exotic timber plantations focus on pine plantations, though Eucalyptus
plantations represent 35% of Chilean plantations (INFOR, 2016). Since
Eucalyptus plantations are generally managed for pulpwood, and
therefore rarely thinned, they likely affect biodiversity very differently
than pine plantations, which generally undergo multiple thinning
treatments and may support a well-developed understory (Estades
et al., 2012). Estades and Escobar (2005) noted that the dense and un-
thinned pine plantations of the 1960s (mostly used for erosion control
and pulp production) supported very few plants and animals, and likely
contributed to the popular image of plantations as “green deserts.”

3.5. Stage 5: Vegetation management

Managers frequently use herbicides and/or mechanical removal of
vegetation to reduce plant competition with the target trees (Kogan
et al., 2002). Vegetation management directly influences plant diversity
and greatly affects the availability of food and cover for wildlife
(Brockerhoff et al., 2008; Carnus et al., 2006; Demarais et al., 2017).
Chilean plantations often develop understory vegetation that is com-
positionally similar to that of secondary shrublands, with common
species including Aristotelia chilensis, Peumus boldus, Cryptocarya alba,
and Rubus spp. (Ramirez et al., 1984, Simonetti et al., 2013). Compared
to native forests, the plantation understory generally contains higher
richness and abundance of exotic species (Becerra and Simonetti, 2013;
Goémez et al., 2009; Heinrichs and Pauchard, 2015), as well as greater
herbaceous cover and less shrub cover (Heinrichs et al., 2016).

Understory cover is a strong predictor of avian species richness and
abundance in mature pine plantations (Estades and Temple, 1999;
Vergara and Simonetti, 2004). Plantations with well-developed un-
derstories may even support some forest specialist birds (Fig. 6). For
instance, understory cover was the best predictor of presence and
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Fig. 6. Plantations which provide adequate habitat structure may support rich
wildlife communities, including strict forest specialists such as the Black-
throated Huet-huet (Pteroptchos tarnii, Rhinocryptidae). Understory cover con-
sisting of native shrubs and bamboo (Chusquea spp.) provides important habitat
for this and other understory birds (Diaz et al., 2005). Photo credit: Fernando
Rosselot.

abundance of three understory, ground-nesting Rhinocryptid birds
(Vergara and Simonetti, 2006). However, the abundance of generalist
small mammals (the primary predators of Rhinocryptid nests) also in-
creases with understory cover (Saavedra and Simonetti, 2005). Conse-
quently, Rhinoctryptid nest predation in pine plantations is double that
of continuous native forest, suggesting that plantations may represent
an ecological trap for these forest specialist birds (Vergara and
Simonetti, 2003).

This positive association with understory cover is consistent among
other taxa. In one manipulative study, medium-sized forest mammals
(kod kod [Leopardus guignal, culpeo fox [Lycalopex culpaeus], hog-nosed
skunk [Conepatus chingal, and Southern pudu deer [Pudu puda]), were
detected 2.5 times less frequently in pine plantations following the
removal of understory vegetation (Simonetti et al., 2013). Even the
arboreal forest specialist marsupial Dromiciops gliroides may use plan-
tations with complex understory vegetation. This keystone seed dis-
perser is generally considered a strict forest specialist, but exhibits si-
milar activity patterns in both native forest and abandoned Eucalyptus
plantations, although nests were exclusively found in native forest
(Salazar and Fonttrbel, 2016). Among terrestrial invertebrates, Cerda
et al. (2015) found that Ceroglossus chilensis (an endemic and flightless
ground beetle) was 5 times more abundant and had higher survival
rates in pine plantations with dense understory vegetation, compared to
pine plantations with little understory vegetation (> 50% vs. < 30%
shrub cover). Understory cover may also influence the persistence of
species interactions, with one study measuring higher avian insectivory
in structurally complex pine plantations (Poch and Simonetti, 2013).
Increased insectivory occurred concurrently with reduced herbivory on
the shrub Aristotelia chilensis, suggesting that plantation structural
complexity mediates a trophic cascade from vertebrate insectivores to
understory plants.

3.6. Stage 6: Thinning and pruning

Managers often thin and prune plantations at least once to promote
rapid tree growth and the production of high quality, knot-free lumber
(Salas et al., 2016). Mid-successional forests, whether planted or nat-
ural, typically exhibit low horizontal and vertical heterogeneity and are
very dense, shading out understory vegetation and providing limited
habitat for forest wildlife (Demarais et al., 2017; Diaz et al., 2005).
Thinning can be a valuable tool for creating habitat complexity for
forest wildlife (Cahall et al., 2013) and increasing light penetration to
support understory growth (McComb, 2001), but may also represent a
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disturbance for some species (Escobar et al., 2015).

Only two studies in our review specifically examined the effects of
thinning on biodiversity in Chile, yet both indicate that increased light
penetration facilitates understory establishment. Frank and Finckh
(1997) observed similar plant species richness in native forest and re-
cently thinned Douglas fir (Pseudotsuga mengziesii) plantations, while
observing reduced plant richness in un-thinned Douglas fir plantations.
Old-growth native forests are characterized by frequent treefall gaps
which support the generation of native bamboo thickets (Chusquea
spp.) and provide habitat for forest specialist birds and mammals (Diaz
et al., 2005; Fajardo and de Graaf, 2004; Fonttrbel et al., 2009). In
general, thinning and pruning techniques that increase horizontal het-
erogeneity and create gaps, such as variable density thinning, may
create additional niche space for plants and animals, increase light
penetration to the understory, and allow for the maintenance of dense
understory (Aukema and Carey, 2008; Lindenmayer and Hobbs, 2004).

4. Principles for supporting biodiversity conservation in
plantations

Based on our review, we have compiled a list of guiding principles
that are likely to support the conservation of forest-associated biodi-
versity in Chilean timber plantations. These strategies may not be ap-
propriate for all species, and may need to be applied differently de-
pending on the type of plantation. This is not an exhaustive list, but
rather a compilation of strategies that are supported by empirical stu-
dies in Chile, or that can be inferred to be relevant given information
discussed from other countries.

e Landscape context. The conservation value of a plantation will de-
pend on the habitat that it replaces and its proximity to native ha-
bitats. Plantations adjacent to native forest are of greater value since
they can serve as supplementary habitat for species in native forest
patches. Plantations that displace native forest will be over-
whelmingly detrimental to conservation outcomes, while those
which replace degraded agricultural or pasture lands will likely be
beneficial. Conversion of shrublands and early-successional habitats
should be avoided since these habitats may mature relatively
quickly into secondary forests, which themselves have significant
conservation value (Chazdon, 2014).

® Remnant forests. Conversion of remnant native forests to plantations
should be avoided, since many species may not persist in planta-
tions. Larger patches of native vegetation provide greater resources,
experience less edge effects, and will be more likely to support vi-
able populations.

e Connectivity. Managers should maintain physical links between
remnant forest patches to facilitate the dispersal and movement of
genes (e.g., seed dispersal or pollen movement via biotic vectors)
and individuals. Loss of connectivity reduces the effective habitat
area of remnant patches, and can result in the disruption of species
interactions and gene flow.

® Riparian buffers. Intact riparian vegetation supports the conservation
of aquatic biodiversity by reducing sedimentation, maintaining
water quality, and stabilizing stream flow. Riparian buffers also
provide important habitat for terrestrial species and may serve as
wildlife corridors. Riparian buffers that are wide and consist of
native vegetation will provide the greatest conservation benefits.

® Legacy structures. Legacy structures such as snags, logs, debris piles,
and large emergent trees provide important foraging and re-
productive habitat for many species. These features increase stand-
level heterogeneity and provide niche space for many species,
especially forest specialists. Legacy structures may take decades to
develop, and should be preserved whenever possible.

o Understory vegetation. Understory cover is consistently identified as
one of the most important predictors of species richness and abun-
dance among Chilean mammals, birds, terrestrial invertebrates, and
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plants. Managers can support the development of understory vege-
tation by retaining shrub and bamboo patches during harvest, em-
ploying site preparation methods that encourage regrowth, planting
seedlings at lower densities, minimizing the application of herbi-
cides, and maintaining an open canopy through thinning and
pruning.

e Stand structure. Heterogeneous stands provide a greater variety of
niches and better emulate the conditions found in native forest
stands. Efforts should be made to increase vertical heterogeneity
through the cultivation of multiple layers of vegetation, and hor-
izontal heterogeneity using variable thinning techniques.

® Species-specific responses. Each species responds uniquely to planta-
tions, depending on its behavior, life-history traits, and species-
specific habitat requirements. The effects of plantations on biodi-
versity may therefore appear idiosyncratic, even among closely re-
lated species. These differential responses may force managers to
make difficult decisions regarding trade-offs between the con-
servation of multiple species. For example, soil scarification is a site
preparation method that can maintain and promote shrub cover, but
may also compact the soil and negatively impact burrowing animals.
The maintenance of stand and landscape heterogeneity can help
compensate for potential trade-offs by providing a wide range of
potential habitats.

5. Knowledge gaps and future research

There is a large and growing body of literature examining the effects
of plantations on biodiversity in Chile. Despite this immense body of
research, a lack of specificity regarding the types and characteristics of
plantations studied hinders the application of this research to solving
Chile’s most pressing forest management challenges. Of the 67 pub-
lications identified in our systematic literature review, 31 (46.3%) ei-
ther did not specify what stage of plantation they examined, or pooled
multiple stages together. Similarly, less than half of the studies ex-
amined the effects of alternative stand conditions or management re-
gimes on biodiversity. Instead, most studies made simple comparisons
between biodiversity in plantations versus other habitat types, despite
the widespread recognition that forest structure and composition
greatly influence the diversity and abundance of forest-associated spe-
cies (Hartley, 2002, Lindenmayer et al., 2006).

Studies which examine specific habitat elements can help to explain
the seemingly incongruent responses that even closely related species
show to plantation establishment, as well as elucidate the underlying
drivers of species responses. For example, in a study comparing habitat
use by four carnivores in pine plantations and native forests, Zuniga
et al. (2009) found suggestive evidence for Leopardus guigna preferring
forests over plantations. However, since the study only compared
plantations and native forest, and not any specific habitat variables,
they had no data to explain the potential association between L. guigna
and native forest. In contrast, Moreira-Arce et al. (2016) studied habitat
use in response to fine-grain habitat structure in both plantations and
native forest. They found that L. guigna increased in abundance with
understory cover regardless of habitat type and only showed a small
preference for native forest per se. To facilitate translation of research
into policy, future studies should evaluate the effects of specific silvi-
cultural treatments on both forest structure and composition, and bio-
diversity outcomes.

To better inform plantation management for biodiversity, future
studies should address six key knowledge gaps:

(1) More comparative studies of Eucalyptus and pine plantations are
needed to understand their differential impacts on biodiversity.

(2) Very few studies examine biodiversity in clear-cuts or young plan-
tations, although clear-cuts likely elicit the most dramatic effects on
forest species, and are the subject of much societal conflict.

(3) Almost no information exists on the effects of site preparation and
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seedling planting decisions on biodiversity within Chilean planta-
tions.

Strong taxonomic biases make it difficult to draw general conclu-
sions about the effects of plantations on Chilean biodiversity. Fish,
reptiles, amphibians, and fungi are particularly underrepresented in
the literature.

Despite several studies examining species interactions, few studies
address the ecosystem-wide implications of plantation-mediated
changes in ecological processes, such as pollination, seed dispersal,
disease transmission, herbivory, nutrient cycling, etc.
Policymakers and conservation practitioners would benefit from the
identification of critical thresholds (i.e. tipping points), such as the
minimum amount of understory cover, legacy elements, or native
forest cover required to maintain biodiversity in plantation land-
scapes.
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6. Conclusions

Chile has experienced growing societal and environmental conflicts
associated with plantation forestry in recent years, leading to numerous
calls for a new forest management paradigm (Conget and Avila, 2010;
Reyes and Nelson, 2014; Salas et al., 2016). While previous authors
advocated for a transition to plantations of native trees, species com-
position is only one aspect of plantation management that affects bio-
diversity outcomes. We argue instead for a comprehensive re-ex-
amination of current management practices and their role in
biodiversity conservation.

Although plantations typically support fewer species than native
forests, a growing body of research in Chile and throughout the world
demonstrates that well managed plantations may support substantial
biodiversity (Brockerhoff et al., 2008; Estades et al., 2012; Lindenmayer
and Hobbs, 2004; Miller et al., 2009; O’Callaghan et al., 2017). Fur-
thermore, there is mounting evidence that protected areas in and of
themselves will be unable to reverse the current global biodiversity
crisis, and that conservation within production landscapes is essential
(Laurance et al., 2012; Lindenmayer and Franklin, 2002; Martinez-
Ramos et al., 2016). Chile’s remaining native forests are already se-
verely fragmented, and existing protected areas alone are unlikely to
preserve this region’s unique biota (Smith-Ramirez, 2004). Applying
silvicultural tools to meet conservation outcomes in plantations (i.e.
opening the silvicultural toolbox) is a critical step towards conserving
Chile’s biodiversity.
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