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ABSTRACT

Forest loss and degradation are the greatest threats to biodiversity worldwide. Rising global wood demand threatens fur-
ther damage to remaining native forests. Contrasting solutions across a continuum of options have been proposed, yet
which of these offers most promise remains unresolved. Expansion of high-yielding tree plantations could free up forest
land for conservation provided this is implemented in tandemwith stronger policies for conserving native forests. Because
plantations and other intensively managed forests often support far less biodiversity than native forests, a second
approach argues for widespread adoption of extensive management, or ‘ecological forestryl’, which better simulates nat-
ural forest structure and disturbance regimes – albeit with compromised wood yields and hence a need to harvest over a
larger area. A third, hybrid suggestion involves ‘Triad’ zoning where the landscape is divided into three sorts of manage-
ment (reserve, ecological/extensive management, and intensive plantation). Progress towards resolving which of these
approaches holds the most promise has been hampered by the absence of a conceptual framework and of sufficient
empirical data formally to identify the most appropriate landscape-scale proportions of reserves, extensive, and intensive
management to minimize biodiversity impacts while meeting a given level of demand for wood. In this review, we argue
that this central challenge for sustainable forestry is analogous to that facing food-production systems, and that the land
sharing–sparing framework devised to establish which approach to farming could meet food demand at least cost to wild
species can be readily adapted to assess contrasting forest management regimes. We develop this argument in four ways:
(i) we set out the relevance of the sharing–sparing framework for forestry and explore the degree to which concepts from
agriculture can translate to a forest management context; (ii) we make design recommendations for empirical research on
sustainable forestry to enable application of the sharing–sparing framework; (iii) we present overarching hypotheses
which such studies could test; and (iv) we discuss potential pitfalls and opportunities in conceptualizing landscape man-
agement through a sharing–sparing lens. The framework we propose will enable forest managers worldwide to assess
trade-offs directly between conservation and wood production and to determine the mix of management approaches that
best balances these (and other) competing objectives. The results will inform ecologically sustainable forest policy and
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management, reduce risks of local and global extinctions from forestry, and potentially improve a valuable sector’s social
license to operate.

Key words: Triad, sharing–sparing, conservation planning, biodiversity conservation, forest management, extensive man-
agement, ecological forestry, forestry, wood production

CONTENTS

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
II. Existing examples of sharing–sparing studies in forests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
III. Parallels and contrasts between sharing–sparing and triad . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
IV. Design considerations for evaluating alternative forestry regimes using the sharing–sparing framework . . . . 7
V. Research and implementation challenges associated with triad and land sharing–sparing in forests . . . . . . . 8
VI. Hypotheses on the application of triad and sharing–sparing frameworks to forests . . . . . . . . . . . . . . . . . . . 12

(1) Hypothesis 1: the relative merits of sharing and sparing will depend on the exposure of native forests to
disturbance over evolutionary time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(2) Hypothesis 2: sharing (and management for early seral stages) is more likely to be favourable in regions with
a long history of forestry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(3) Hypothesis 3: advantages of sparing may depend on the proportion of intensive management in the
landscape, with benefits diminishing at high proportions of high-yield forestry . . . . . . . . . . . . . . . . . . . . . 12
(4) Hypothesis 4: a greater proportion of species will be favoured by a land-sharing approach in forest
management systems as compared to agricultural systems, but this pattern will be context dependent . . . 13
(5) Hypothesis 5: land sparing will yield the greatest benefit to biodiversity when implemented at broad spatial
scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(6) Hypothesis 6: in tropical forests, land sparing will leave forests less vulnerable to other impacts in the long
term than will land sharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(7) Hypothesis 7: specialists and restricted-range species are those that could benefit most from land-sparing
forestry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

VII. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
VIII. Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
IX. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

I. INTRODUCTION

Forests support the majority (about 70%) of terrestrial biodi-
versity (International Union for Conservation of Nature,
2017), and forest loss and degradation are primary global
drivers of biodiversity decline (Betts et al., 2017). Indeed,
many have argued that we are entering a sixth mass extinc-
tion, with species extinctions occurring 100–1000 times faster
than historical rates (Ceballos et al., 2015). The United
Nations Convention on Biological Diversity and subsequent
Strategic Plan for Biodiversity (2011 Aichi Biodiversity tar-
gets) were significant attempts to address this crisis, but con-
sensus is emerging that the overall objective – halting
biodiversity loss by 2020 – has failed (Mehrabi, Ellis &
Ramankutty, 2018; Díaz et al., 2019).

Central to the challenge of conserving global biodiversity is
an increasingly demanding human population with escalating
rates of consumption (Fig. 1; Tilman & Clark, 2014). Use of
forest products appears to be no exception, with current
roundwood production equal to 3.7 billion m3/year and pro-
jected growth in wood demand of 30% by 2050 (Kok
et al., 2018; FAOSTAT, 2019b). Forests remain of high eco-
nomic value to humanity, worth over $US 600 billion
annually (Duraiappah et al., 2005; Rametsteiner &

Whiteman, 2014) and their value will increase with increased
global emphasis on renewable resources in a ‘Green Econ-
omy’ (Eaton & Prins, 2018). As a downside of such trends,
increasing wood production threatens other critical values
including forest biodiversity and carbon stocks, which are both
in rapid decline (Butchart et al., 2010; Saatchi et al., 2011; Cec-
cherini et al., 2020). Although reducing human consumption
of wood resources is the best option from a biodiversity stand-
point, there is little evidence that such reduction is happen-
ing (Fig. 1).
To meet the world’s wood demand, foresters have often

adapted the agricultural model of increasing production
through intensive, high-input management practices aimed
at increased tree growth and management efficiency by sim-
plifying and homogenizing stand structure (Puettmann,
Coates & Messier, 2008). This has been quite successful at
boosting yields – in some cases as much as 40-fold
[25–80 m3/ha/year versus 1–2 m3/ha/year in unmanaged
natural forests (Sedjo, 1999; Wagner et al., 2005; Couto,
Nicholas & Wright, 2011)]. Indeed, plantation forest area
has increased by over 105 million ha since 1990, with an
average annual increase of 3.6 million ha, and planted forests
now account for 7% of the world’s forests and 33% of round-
wood production (Food and Agriculture Organization of the
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United Nations, 2015). If current trends continue, tree plan-
tations – of either native or non-native species – could pro-
vide most of global wood by 2050 (Jürgensen, Kollert &
Lebedys, 2014).

Feeding the increasing wood demand through plantations
or other intensive management practices has two important
implications for biodiversity and carbon conservation. First,
management intensification has the potential to reduce har-
vesting pressure on natural, unmanaged forests (Edwards
et al., 2014a; Pirard, Dal Secco & Warman, 2016; Runting
et al., 2019) and to free up forest land for conservation, pro-
vided that appropriate conservation policies are implemented
for native forests. Second, however, intensively managed for-
ests, whether of native trees or not, themselves may have rel-
atively low conservation value (Barlow et al., 2007;
Brockerhoff et al., 2008; Swanson et al., 2011; but see
Yamaura et al., 2019). For this and other reasons, researchers
and land managers have proposed and developed various
local versions of ‘ecological forestry’ or extensive manage-
ment (Pommerening & Murphy, 2004; Franklin &
Johnson, 2012; Puettmann et al., 2015; Franklin, Johnson &
Johnson, 2018). These techniques typically aim to emulate
natural disturbance regimes and vegetation structure, often
relying on retention of trees and downed wood during harvest
operations (MacLean et al., 2009; Lindenmayer et al., 2012).
However, compared tomanagement of homogeneous planta-
tions, profits and yields of extensive forestry approaches are
often substantially lower, in part because of the added com-
plexity of management operations (Newton & Cole, 2015);
hence meeting any given level of wood production would
require extraction over a larger area, thereby reducing the
scope for leaving some forests unharvested.

Attempts to reconcile conservation, production, and other
objectives have prompted a proposed compromise approach
involving forest management in three distinct zones. This

‘Triad’ zoning divides landscapes into discrete units that
emphasize reservation, extensive management, or intensive
management (Seymour & Hunter, 1992). Reserve areas are
managed for biodiversity conservation, which often means lit-
tle or no intervention. Extensive forestry operations (‘ecologi-
cal forestry’; Fig. 2) in native temperate forests are typically
characterized by partial retention, mixed species, minimal
use of external inputs and reliance on natural tree regenera-
tion (Franklin & Donato, 2020), and in tropical forests, by lon-
ger harvest rotations, lower timber yields, or stringent
restrictions on the number, size and type of individual trees
that can be harvested. Practices in the intensive zone can
include planting of native or exotic tree species, use of herbi-
cide to control competing vegetation, thinning, and fertiliza-
tion (Paquette & Messier, 2010), and in tropical forests often
involve shorter rotations, lowering of minimum harvesting
diameters, and/or and harvesting trees at higher densities
(Edwards et al., 2014a). The Triad approach is grounded in
the idea that producing wood from intensively managed for-
ests can permit more land to be freed up for conservation
(Binkley, 1997; Côté et al., 2010; Tittler, Messier &
Goodman, 2016) (Fig. 2).

However, the few theoretical (Seymour & Hunter, 1992)
and modelling (Tittler, Messier & Fall, 2012; Tittler
et al., 2015) studies aimed at determining optimal proportions
of different management regimes in the Triad approach
(Ward & Erdle, 2015; Tittler et al., 2016) are limited in value
due to the absence of sufficient empirical data to identify for-
mally how best to minimize impacts to biodiversity while
meeting any given level of demand for wood (Messier
et al., 2009; Yoshii et al., 2015; Yamaura et al., 2016; but see
Section II). There are still few empirical tests of how differing
landscape-level proportions of land under the three Triad
compartments alters species’ populations and wood yield
(Lindenmayer et al., 2012) across entire landscapes. Hence
while the Triad approach is now being implemented in sev-
eral jurisdictions in North America and elsewhere
(MacLean et al., 2009; Messier et al., 2009; Paquette &
Messier, 2010; Lahey, 2018), the balance of reserves, exten-
sive and intensive forestry operations at landscape scales is
typically determined in an ad hocmanner. At a time when bio-
diversity continues to decline and the demands of a resource-
hungry human population increase (Ceccherini et al., 2020),
it is critical that wood-production strategies are instead based
on science-based evaluations of alternatives (Tallis
et al., 2018; Runting et al., 2019).

This challenge in forestry is analogous to the ‘land sharing–
sparing’ question in food-production systems (Balmford,
Green & Scharlemann, 2005; Phalan et al., 2011b) (Table 1).
Land sharing involves (in a parallel with extensive forestry)
producing food and supporting wildlife in the same parts of
the landscape, by maintaining or restoring the conservation
value of the farmed land itself (Puettmann et al., 2015). By con-
trast, land sparing (analogous to intensive forestry plus reserva-
tion) consists of increasing yields on farmed land while at the
same time sparing remaining habitat elsewhere in the land-
scape (Balmford, Green & Phalan, 2015). One other, recently

Fig 1. Global roundwood production (blue) and human
population size (red). Data sources: FAOSTAT (2019a,b).
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developed approach – which echoes Triad – extends this sim-
ple two-compartment sparing model by assigning some of the
land spared from highest-yield production to low-yielding
farmland (Finch et al., 2019). The sparing–sharing framework
provides a basis for assessing the implications for biodiversity
of management approaches by combining simple region-wide
scenarios of land use – each of which, critically, produces the
same total amount of food – with empirical information on
how the abundance of each of a large number of species
responds to changing yield. Biodiversity outcomes can then
be compared across scenarios to identify which combination
of management regimes achieves a given overall level of pro-
duction at least cost to biodiversity [for more details see Green
et al. (2005) and Phalan et al. (2011b)]. Recent work has applied
the same framework to examining the efficacy of land-use
strategies for carbon storage (Gilroy et al., 2014; Williams
et al., 2018). An increasing number of studies have successfully
applied this framework to examine the merits of a range of
approaches tomeeting food demand, along a continuum from
sharing to sparing (Phalan, 2018). By contrast, in forestry,
although the Triad topic has been around for decades
(Seymour & Hunter, 1992), field data to assess the efficacy of
various Triad scenarios remain sparse (Table 2).

The objectives of this review are fourfold. First, we seek to
compare concepts from the land sharing–sparing literature
with those of the Triad approach to determine the degree to
which the framing and methods deployed to understand

biodiversity responses to different intensities of agricultural
production can be translated into a forestry context. Second,
we provide research design recommendations for establishing
field-based empirical Triad studies based on lessons learned
from recent sharing–sparing studies and the few modelling
studies that address Triad. Third, we present hypotheses to
test in new studies. Finally, we discuss potential pitfalls and
opportunities in conceptualizing landscape management
under the Triad approach, as revealed through a sharing–
sparing lens. As forests occupy an enormous land area globally
(45.5million km2 versus 15million km2 of croplands and 28mil-
lion km2 of pastures) (Ramankutty et al., 2008; Runting
et al., 2019), quantifying the benefits and trade-offs involved
in different forest management strategies has the potential to
have major implications for biodiversity conservation, climate
change mitigation and wood production.

II. EXISTING EXAMPLES OF
SHARING–SPARING STUDIES IN FORESTS

Although still rare, several forest studies have used empirical
data to test the relative merits to biodiversity conservation of
intensive management with reserves versus ecological forestry
(Edwards et al., 2014a; França et al., 2017; Montejo-
Kovacevich et al., 2018; Mestre et al., 2020; Table 2). Two

(A) (B)

Fig 2. Conceptual illustration of contrasting approaches to managing landscapes for timber production and biodiversity
conservation in mixed-wood yield landscapes along a land sparing (reserve + intensive) to sharing (reserve + extensive) continuum,
where the intermediate strategies reflect Triad forestry. In A, each of the nine panels is a schematic map of a region with
unmanaged habitat (also termed ‘reserve’, dark green; 0 units of production per pixel), ecological forestry (also termed ‘extensive
management’, light green; 0.5 units/pixel), and high-yield forestry (also termed ‘intensive management’, coral; 1 unit/pixel).
Region maps in the same row all produce the same quantity of wood, but use different proportions of forest management
approaches to provide the production target. The three rows show results for low (20), medium (30) and high production targets
(40) (after Balmford et al., 2015). In B, examples of each type of management are shown for the west coast of North America:
intensive management (native forest plantation), ecological forestry (variable retention harvesting in native forest), and
unmanaged, protected old growth (reserve). Photograph credits: M. Betts.
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field-based studies (Edwards et al., 2014a; França et al., 2017)
found that sparing approaches relying on reserves and more
intensive management were most effective at maintaining
native biodiversity (Table 2). Two other tropical studies, both
based on simulation models, indicated that the optimal strat-
egy was contingent either on land tenure security (Griscom
et al., 2018) or whether ‘improved management’ occurred
(e.g. reduced-impact logging, enforcement of protected
areas) (Runting et al., 2019).

Several studies moved beyond two-compartment models
to examine Triad scenarios of at least three management
types (Côté et al., 2010; Tittler et al., 2015). Using a spatially
explicit simulation model, Côté et al. (2010) tested the out-
comes of a Triad approach to those of status quomanagement
in Quebec, Canada (2% reserve, 0% plantation, 98% exten-
sive forestry). Although they did not examine biodiversity
directly, they showed that several Triad scenarios (e.g. 14%
intensive, 12% conservation, 74% extensive) outperformed
the status quo, both in terms of the area of forest with old char-
acteristics (a biodiversity proxy) and wood supply.

III. PARALLELS AND CONTRASTS BETWEEN
SHARING–SPARING AND TRIAD

The land-sparing–sharing framework and Triad zoning
are both ways of addressing complex trade-offs in land

management to balance production for human needs with
the conservation of biodiversity and ecosystem services.
Both frameworks consider a range of land management
systems, along a gradient from those which most closely
mimic natural vegetation, to those which rely most heavily
on monocultures, artificial inputs, and mechanization.
Broadly, we can expect those systems which most closely
mimic natural vegetation to be most hospitable to the wild
species that originally occurred in an area, but at the same
time to be characterized by reduced yields of food or
wood. Conversely, high-yielding systems tend to be the
least hospitable for most original species (Gabriel
et al., 2013; Chaudhary et al., 2016; Holt et al., 2016).
However, these broad patterns are not absolute; excessive
use of pesticides, for example, can reduce efficiency of pest
control, e.g. by killing natural enemies or resulting in her-
bicide resistance. In some situations, combining multiple
crop or tree species can generate higher yields than mono-
cultures (Liu et al., 2018). Populations of certain species of
conservation interest can sometimes be maintained within
production systems without greatly compromising yields.
Some groups of species will show greater sensitivity to
management than others. For example, species dependent
on forest cover continuity, large trees and dead wood are
especially prone to decline in managed forests (Paillet
et al., 2010).

However, agriculture and forestry also differ from each
other in important respects:

Table 1. Similarities and differences between typical agricultural and forestry settings relevant to quantifying trade-offs and synergies
and identifying land allocations that minimize trade-offs between conservation and production

Variable
Resource production setting

Agriculture Forest management

Land-use gradient Intact habitat, to low-yielding farmland,
to high-yielding farmland

Primary forest, to managed native forest,
to multi-species plantations, to
monoculture plantations

Putative wildlife-friendly
extensive practices

Agroforestry; flower strips; hedges;
agroecological farming; rotations and
fallow cycles

Selective cutting; retention forestry;
continuous cover forestry; reduced-
impact logging

Topography and soils Often in level areas with deep, fertile
soils

Often on slopes and poor soils (not
suitable for agriculture)

Vegetation structure Typically dissimilar to native vegetation More similar to native vegetation
Species composition Typically dissimilar to that in native

vegetation
More similar to that in native vegetation

Size of land ownership parcels Variable, often small (<1 to 100s ha) Highly variable, but often large
(100000s ha) in the case of public land
or industrial ownership

Natural disturbance processes Heavily suppressed Present to some extent; some practices
attempt to emulate natural
disturbance

Timescale for field/stand management 1 to 30 years 10 to >100 years
Ownership Mostly private Private (both industrial and smallholder)

and public
Main ecosystem service expectations Food production; aesthetic; cultural;

some hunting; carbon storage;
nutrient cycling; recreation; water
flow regulation

Fibre and wood production; wildlife
habitat; hunting and trapping;
nutrient cycling; freshwater
regulation; recreation; carbon storage;
aesthetic; cultural
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(1) In terms of vegetation structure and species composi-
tion, managed forests and plantations typically resem-
ble areas of natural habitat more closely than does
farmland (Phalan et al., 2011b; Kroll et al., 2017).When
mid-aged or mature, plantations – especially of native
tree species – may also be more permeable to

dispersing forest organisms than most farmland
(Brotons et al., 2003; Smith, Forbes & Betts, 2013;
Root & Betts, 2016). These differences suggest that
land sharing may be helpful for a larger proportion
of species in forestry than it is in agriculture (Baker
et al., 2016), although some degree of land sparing is

Table 2. Summary of existing studies on land sharing versus sparing in forests. Four studies rely on empirical field data to test land-sharing
versus sparing or Triad approaches. Two of the studies found that land sparing tended to be best, which is consistent with our hypotheses for
the tropics (see SectionV). The two temperate studies showed evidence for both increased wood yield and biodiversity undermixed (Triad)
scenarios. However, the two other studies found that improvements to either harvesting practices themselves (Runting et al., 2019) or land
tenure security Griscom et al., 2018) were more important than whether harvest impact was distributed (i.e. sharing) or concentrated (i.e.
sparing). ‘Number of compartments’ refers to the number of landscape-level treatments (e.g. reserve, intensive, extensive) considered

Study Location
Number of

compartments
Finding Taxon Method

França et al. (2017) Tropical,
Brazil

Two Sparing best Dung beetles Examination of threshold
response to degrees of
selective harvesting

Edwards
et al. (2014a)

Tropical,
Malaysia

Two Sparing best Birds, dung beetles,
ants

Logging intensity (once
versus twice logged, and
reserves)

Runting
et al. (2019)

Tropical,
Indonesia

Two, but with
‘improved
management’
within each (e.g.
reduced-impact
logging,
protected area
enforcement)

‘Improved
management’
superior to sharing or
sparing

Carnivores, primates,
bats

Expert-driven knowledge
of species responses to
treatments + simulation
modelling

Griscom
et al. (2018)

All tropical Two, but with
differing degrees
of land tenure
security and
deforestation risk

Sharing best, but only
under conditions
when secure land
tenure reduces
deforestation;
otherwise, sparing
best

All species (species–
area curves), carbon

Simulation modelling with
models parameterized
from the literature

Côté et al. (2010) Temperate
boreal

Three Triad scenarios
outperformed status
quo (with minimal
reserve or intensive
management)

Old forest used as a
biodiversity proxy

Spatial simulation model

Tittler et al. (2015) Temperate
boreal

Three Spatial clumping of
Triad components
increased
conservation of old
forest, landscape
connectivity, and
maximized wood
volume

Old forest used as a
biodiversity proxy,
habitat connectivity

Spatial simulation model

Montejo-
Kovacevich
et al. (2018)

Tropical Five Sharing is best, but
some species
benefited most from
sparing

Butterflies Empirical data and
simulation model

Mestre et al. (2020) Tropical Two stand-level
treatments and
conclusions about
landscape-level
effects were
hypothesized

Intermediate strategy
best, with primarily
sharing, but with
reserves

Birds Empirical data
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likely to be needed for species dependent on primary
and/or unmanaged forests (Gibson et al., 2011;
Kormann et al., 2018; Lennox et al., 2018).

(2) In terms of spatial scale, land management units in for-
estry landscapes are typically much larger than those in
agricultural landscapes. Forest ownership includes pub-
lic lands managed by either state agencies or private
concessions, often occupying contiguous parcels of
thousands or millions of hectares. Regional or federal
governments may have legal mandates to maintain bio-
diversity and non-wood forest values, and public expec-
tations that they should do so are likely greater in the
case of forest management than agriculture (Stevens &
Montgomery, 2002). Conservation requirements vary
regionally and with land tenure and certification status,
typically being more stringent in native forests, on pub-
lic land, and in certified forests. These differences in the
scale and objectives of ownership may mean that large-
scale adoption of conservation measures is often more
feasible in forestry lands than in many agricultural sys-
tems. In particular, the larger spatial scales inherent in
forest management may be closer to those needed to
incorporate natural disturbance processes such as fires,
insect outbreaks and storms.

(3) In terms of temporal scale, agricultural harvesting cycles
are typically short, from less than a year to a few decades
(for some perennial crops). By contrast, forest manage-
ment usually operates over timescales from several
decades to much longer intervals. Some forest manage-
ment systems also involve periodic but ecologically
important interventions such as pruning, thinning, or
partial stand harvests, often spaced over relatively long
time intervals, before final stand harvest occurs. Fur-
ther, both partial (e.g. insect damage) and stand-
replacing (e.g. fire, blowdown) disturbances often occur
even in the absence of human intervention. Thus,
native species have evolved associations with particular
stages of succession, including recently disturbed forests
(Hansen et al., 1995; Drapeau et al., 2016). Measuring
different biodiversity outcomes across successional
stages is a critical, but challenging, aspect of under-
standing the costs and benefits of Triad approaches.

IV. DESIGN CONSIDERATIONS FOR
EVALUATING ALTERNATIVE FORESTRY
REGIMES USING THE SHARING–SPARING
FRAMEWORK

Many of the key design features for conducting sharing–
sparing studies in forestry carry over directly from farming
studies, but some of the differences between agriculture and
forestry (Section II; Table 1) mean that applying the frame-
work to wood production raises additional challenges. The
core data, for forestry as for farming studies (Phalan
et al., 2011a), are replicated, spatially coupled estimates of

(i) the abundance of large numbers of species; and (ii) yield
across sites which are biophysically similar and representative
of the region (and so could support very similar biota) but
which differ as widely as possible in management practices.
In the case of forestry, management regimes should include
a range of conventional harvesting regimes, reduced-impact
logging/variable-retention harvesting or ecological forestry
(Franklin et al., 2018), plantations of native and/or exotic spe-
cies in monocultures or mixtures, and entirely unharvested
stands. Some regions may include a variety of these contrast-
ing practices, while other regions may simply include a range
of intensity of a particular harvesting regime compared to
unlogged controls [e.g. variable lengths of harvest rotations,
or different numbers of harvest entries (Edwards
et al., 2014a; França et al., 2017)].

A central challenge in research design in many parts of the
world will be an association between ecosystem productivity
(which also affects biodiversity distributions) and forest man-
agement treatments (Grau, Kuemmerle & Macchi, 2013).
Often those areas managed most intensively for wood
production are concentrated on the most fertile ground, with
reserves relegated to lower productivity sites (Lindenmayer &
Laurance, 2012). The less-productive areas may have
reduced value for many biodiversity elements than might
old-growth or intact stands in more productive areas
(Scott & Tear, 2007; Lindenmayer & Laurance, 2012). Con-
versely, several studies have placed reserves in locations
where they are likely to have the highest conservation out-
omes (Côté et al., 2010, Tittler et al., 2012). It will be vital
for researchers to avoid, but where necessary quantify and
account for, such potential biases as much as possible. Of
course, the strongest Triad research design would be one that
decouples this inherent confounding factor by starting with
unharvested landscapes, then randomly attributing harvest
treatments at the landscape level (i.e. extensive, intensive,
and reserve in varying proportions).

Choice of study taxa will be influenced by available knowl-
edge and expertise, but we recommend assessing all species in
one or more reasonably speciose but tractable groups,
including some that are thought likely to be particularly sen-
sitive to differences in management practices. We emphasize
the importance of measuring biodiversity responses to man-
agement in terms of the absolute or relative abundance of
individual species, or better still, population trajectories over
longer time periods (Fischer et al., 2014). Other, simpler met-
rics (such as species richness) may be much easier to obtain
but say little or nothing about the likely viability of popula-
tions present, and may treat as equivalent the presence of
scarce specialists and common (even non-native) generalists.
Indeed, in agricultural analyses, degrading abundance-level
data to species richness scores has been shown to generate
opposite, and incorrect, insights into the relative merits for
biodiversity of land sharing versus sparing approaches to food
production (Balmford et al., 2015). As in farming studies, data
on biodiversity in different forest sites need to be accompa-
nied by data on the yield of those sites, which might be
expressed in biophysical units (such as m3/ha/yr) or profit
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(e.g. $US/ha/yr, net of all startup as well as recurrent costs
and subsidies), or both.

Field campaigns to inform sharing–sparing analyses of for-
estry also need to reflect two critical ways in which forestry
differs from most forms of agriculture. First, as noted above,
production cycles are much longer than in farming (where
they are often annual), so the biodiversity value of all man-
agement regimes of interest needs to be assessed across repre-
sentative stages of the cycle (from immediately pre-harvest,
through early to late re-growth). Similar sampling will be
needed to account for the dynamics of unharvested forest
reserves (from old growth through the stages of succession
from prevailing natural disturbance regimes). Species’ popu-
lation density values can then be averaged or summed across
successional stages.

Second, farming studies to date have typically characterized
the diversity of management regimes in a region using 20–30
1-km2 study sites (ideally embedded in larger areas under sim-
ilar management, to limit spillover effects; e.g. Phalan
et al., 2011b). By contrast, in forestry, areas of similarly homo-
geneous management are sometimes considerably smaller
(on the order of 10 ha or less). There are two ways to address
this. One is to select small study sites such as individual man-
aged stands. Challenges include the need for large numbers
of sites and the consideration of whether the the scale of sam-
ple sizes matches the scales perceived by the organisms under
study. However, increasing the number of sites also offers the
potential for possible covariates of species abundance (such as
the presence of habitat edges, streams, or landscape context) to
be recorded and accounted for in subsequent analysis. An
alternative approach, that mirrors what has been done in agri-
cultural systems, is to sample within broad-scale study sites,
each containing representative proportions of different stages
of the successional or harvesting cycle. An advantage of this
latter approach is that it more readily enables researchers to
address questions about the effects of differing Triad propor-
tions at the landscape scale. For instance, does intensive forest
management limit the capacity of late-successional species to
disperse between patches, thereby eroding the efficacy of
reserves (Root & Betts, 2016)?

The resulting field data can then be used to assess the biodi-
versity consequences of contrasting management approaches
via two main steps. The response of each species to variation
in forestry practices can be assessed by modelling abundance
estimates (adjusted for detectability) across differently managed
forests, as quantified by their wood yield (e.g. Royle, Dawson &
Bates, 2004). Models can incorporate any relevant covariates.
Inspection of the shapes of the resulting relationships (termed
‘density–yield curves’) can be used to infer the degree to which
a species is affected positively, negatively or not at all by various
forestry practices over the duration of a rotation cycle. These
curves can be used to calculate the expected population size
for each species under different sharing–sparing or Triad
scenarios [Fig. 3; see Runting et al. (2019) and Green
et al. (2005)], for any given level of total production.

The consequences for biodiversity of contrasting manag-
ment regimes can then be estimated by combining density–

yield curves with a series of spatially explicit scenarios for
achieving a given target level of production (in m3 or $US
profit per year) across the region, which specify where different
practices might take place. These could include extreme shar-
ing scenarios (i.e. no reserves), extreme sparing ones (i.e. only
reserves and intensivemanagement), and various intermediate
scenarios, including three-compartment Triad-style solutions
(Tittler et al., 2012, 2015; Feniuk, Balmford & Green, 2019).
Applying data from density–yield curves to these contrasting
land-use compositions (and taking into account not just man-
agement regime, but also any significant effects of edges,
streams, etc.) then allows estimation of region-wide population
sizes of each species assessed. Note that similar results can be
achieved without full parameterization of density–yield
curves, simply by statistical estimation of how each species’
population density varies with local management regimes
[see Williams et al. (2017) for an example].
Results can then be expressed relative to some baseline.

Baselines might be estimated region-wide species’ popula-
tions under present-day land use, or those estimated for the
region in the absence of forestry but with natural distur-
bances (Seymour & Hunter, 1999). Summary results can be
extracted separately for each major study taxon, or for sub-
sets of particular interest (e.g. endemic or threatened species,
or cohorts such as saproxylic or late-seral affiliates). Summa-
ries might use an average across species, e.g. the geometric
mean of each species’ population size relative to baseline
(Fig. 4), or number of species with more than a threshold
probability of being committed to regional extinction. The
effects on biodiversity of differences in demand can be inves-
tigated by re-running the models for a range of region-wide
targets for forestry production.
Lastly, it is worth noting that a similar field and analytical

design can be followed for assessing the region-wide impacts
of different forestry scenarios on outcomes other than biodi-
versity. This is especially relevant as forests are typically
expected to deliver a wide array of economic benefits and
ecosystem services including carbon storage, freshwater reg-
ulation and multiple forms of recreation (Table 1). Such
landscape-scale studies also allow investigation of several
potential negative externalities, such as soil erosion or down-
stream eutrophication. Fieldwork designs could be modified
to incorporate measurement of how these outcomes vary
across sites with differing management regimes, with the
results then applied to contrasting region-wide land-use con-
figurations. Such impacts could be considered alongside pro-
duction and biodiversity outcomes when deciding which
land-use strategy to adopt (Balmford et al., 2018).

V. RESEARCH AND IMPLEMENTATION
CHALLENGES ASSOCIATED WITH TRIAD AND
LAND SHARING–SPARING IN FORESTS

One of the greatest challenges to the implementation and
testing of the Triad approach lies in establing the appropriate
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baseline for comparison of contrasting management
approaches. Clearly, the overall objective should be main-
taining as much as possible of the biodiversity present before
wood extraction, but at what densities, total population
abundances, and at what scales? One approach in ecological
forest management has been to attempt to mimic, via silvicul-
ture, the historical range of variation (HRV) (Swanson &
Franklin, 1992; Seymour & Hunter, 1999) or the ‘natural’
range of variation (NRV) (Spies et al., 2007) in the frequency,
spatial pattern, and extent of natural disturbance. This

approach is based on the notion that native species evolved
to tolerate such disturbance regimes. Thus, if management
practices approximate these, is it more likely that native bio-
diversity will be conserved (Nonaka & Spies, 2005; Kuuluvai-
nen & Grenfell, 2012). This type of ‘coarse-filter’ approach
has been criticized on numerous grounds, including lack of
sufficient data on historical disturbance regimes, challenges
associated with determining the appropriate timeline for
the definition of ‘historical’, and the fact that past conditions
may not be an adequate guide to the future (Keane

(A) (B)

(C) (D)

Fig 3. Examples of species density–yield functions that can be estimated from empirical field data in land sharing–sparing studies. (A,
B) Species with population densities that are a positive function of yield are ‘winner’ species. In instances where curves are concave,
sharing is a better strategy, whereas when curves are convex, sparing will be better. (A) Land sparing is best (reserves + intensive
management). (B) Species are favoured by land sharing (extensive, softer management with lower yields). (C, D) ‘Loser’ species –
showing negative relationships between density and yield – are of greater conservation concern. Species with densities that decline
dramatically at even low yields (C) tend to be favoured by a land-sparing approach (i.e. via reserves, with all production via
intensive management). Species with populations that are resilient to low-yield production (D) do best under a land-sharing
scenario. After Phalan et al. (2011b).
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et al., 2009; Puettmann et al., 2015). The extent to which silvi-
cultural practices can adequately mimic natural disturbance
processes has been a frequent point of debate and conflict in
forest conservation (e.g. Lindenmayer & McCarthy, 2002;
Hanson, Bond & Lee, 2018; Mikusi�nski et al., 2018).

The most rigorous approach to establishing a baseline in
sharing–sparing studies in forests would involve quantifying
species abundances in space-for-time studies representing
initial (natural) disturbance through forest maturity
(Fig. 4A). This can then be compared to similar data col-
lected for temporal gradients following different forest man-
agement treatments [e.g. intensive plantation management
(Fig. 4B), selection cutting, thinning, etc.], each correspond-
ing to an estimated wood yield. Finally, dynamic landscape-
scale models can be applied (sensuWard & Erdle, 2015) to test
the effect of different sharing–sparing scenarios (e.g. 50:50
reserve/intensive management; equal-thirds reserve/inten-
sive/extensive; 100% extensive management) and compared
to forest structure under a modelled natural disturbance
regime. Species population sizes and frequency distributions
(Fig. 4C) under each scenario would be parameterized from
steps A and B. Of course, reliable data on disturbance
regimes and native species’ associations with forest age

classes may be unavailable – perhaps due to long-term
human settlement in a region (as is the case for most of west-
ern Europe for example). In these cases, appropriate baseline
comparators will need to be determined using different cri-
teria – such as habitat amount criteria for indicator species
– with a minimum expectation that regional extirpations do
not occur.
A second issue – addressed in the land sharing–sparing lit-

erature (Green et al., 2005) but nonethless a continuing
source of criticism – is that situating land sparing in opposi-
tion to land sharing institutes a false dichotomy
(Kremen, 2015) and that some land-sharing methods can
be implemented without yield penalties and thus without
compromising the area of land that can be spared. A similar
criticism could be levelled at the Triad approach. However,
it is important to recognize that both frameworks (Triad,
sharing–sparing) make no assumptions about the methods
used to boost yields. To the extent that wildlife-friendly prac-
tices can be introduced without compromising yields or
profits, those should be researched and encouraged where
possible. There are many such opportunities in forestry.
For instance, plantations can be softened by reduced use of
herbicide, planting native species, planting mixtures of

Fig 4. Adopting historical range of variation as a baseline in Triad management. Sampling regimes and modelling approaches to
determine the relative biodiversity gain from differing sharing/sparing/Triad approaches in relation to a baseline based on
historical range of variation. One challenge in forest systems is to determine the appropriate baseline for comparison with
managed landscapes. Completely unmanaged landscapes are still prone to natural disturbances, and many species are adapted to
forests as they succeed such disturbances. Therefore, establishing only mature forest baselines will often be inappropriate. We
propose that species abundance be quantified in space-for-time studies representing initial disturbance through forest maturity (A).
This can then be compared to similar data collected for temporal gradients following different forest management treatments,
each with a different estimated yield (e.g. intensive plantation management, as shown in B). Finally, dynamic landscape-scale
models can be applied (sensu Ward & Erdle, 2015) to test the effect of different Triad scenarios (e.g. 50:50 reserve/intensive
management, 100% extensive management) and compared to forest structure under a modelled natural disturbance regime.
Species abundances and frequency distributions (C) under each scenario would be parameterized from steps A and B. In this
hypothetical case, note that the species frequency distribution under the natural disturbance regime (green) has fewer common
species, but a fatter tail (rare species are more abundant) than either the extensive or mixed strategy (red, yellow).

Biological Reviews (2021) 000–000 © 2021 Cambridge Philosophical Society

10 Matthew G. Betts et al.



species, and some retention of dead wood (Messier
et al., 2009; Lindenmayer et al., 2019; Runting et al., 2019)
without necessarily incurring yield penalties (Kormann
et al., in press). Extensive forestry can be improved by careful
road planning and reducing logging damage to remaining
trees, and protected areas can be rendered more effective
with enhanced enforcement and monitoring. Indeed, using
an expert-driven approach combined with simulationmodel-
ling, Runting et al. (2019) found that such ‘improvedmanage-
ment’ outperformed traditional versions of sharing and
sparing in a tropical forest region. In the context of agricul-
tural practices, there has also been heightened interest in
‘sustainable intensification’ whereby undesirable externali-
ties are much reduced while maintaining high yields (Pretty
et al., 2018). It is essential to test (rather than assume) the
merits of such intermediate solutions. This presents a chal-
lenge to research efforts because it substantially increases
the number of possible treatments to examine, which in turn,
will require greater overall sample sizes.

Active management (silviculture) of post-harvest forest res-
toration via cutting of competing vines, herbs or early-
successional trees, or planting of harvestable saplings, can
also play key roles in facilitating recovery times and in shifting
the optimal balance between land-sharing and land-sparing
logging (Cerullo & Edwards, 2019). Such timber enrichment
activities are likely to take a more central role in tropical for-
ests given potential emerging roles of carbon markets via

reduced impact logging for climate change mitigation (RIL-
C), and sustainable forestry and carbon enhancements under
REDD+ (Reducing Emissions from Deforestation and For-
est Degradation).

We suggest that initial Triad research should compare
‘best management practices’ across all treatments rather
than confounding silvicultural pratices in Triad with other
elements of timber extraction. For example, one should ide-
ally not compare extensive forestry that happens to have a
badly designed road layout and construction, to intensive for-
estry that utilizes a well-designed road system. Of course, if
one regime is necessarily associated with poor practices, such
practices cannot be disentangled and should be considered
a legitimate source of differences among the regimes.

A further critique of the land-sparing framework requiring
consideration in the context of forestry is that although biodi-
versity may benefit from spared landscapes and intensified
production, various less-quantifiable externalities might
reduce the estimated benefits of land sparing. The widespread
application of chemical pesticides to control plant competition
and insect damage is a controversial example (Brockerhoff
et al., 2008; Betts et al., 2013). The impacts of such chemicals
on human health and biodiversity are still not well known
due to the potential for cumulative, long-term effects and the
challenge of researching multiple, interacting stressors. Other
externalities include risks of long-term declines in productivity
across multiple intensive rotations (Bi et al., 2007).

The outcomes of land sparing versus land sharing debates
also have a strong socio-economic component. First, there
is often variation in community acceptability of different

forms of harvesting. For example, in New Zealand all wood
production is from plantations – in part because of social con-
flict (which lies outside the scope of this review), partly due to
very slow growth rates of many native tree species, but also
because of the extent that prior forest clearing eliminated
options other than a land-sparing approach. In other juris-
dictions, the intensification of wood production via planta-
tions may be socially unacceptable. In the tropics,
intensification might also require high establishment costs
relative to logging (timber ‘mining’) in natural forest that
cannot be borne by some tropical countries or by smaller,
local actors.

Wood quality from plantations may be inferior and unsui-
table for certain end uses compared to those available in nat-
ural forests under extensive harvesting regimes (Fisher,
Edwards &Wilcove, 2014). Thus, while revenues from natu-
ral forests and plantations might be equivalent and substitut-
able when making low-value wood products [e.g. cardboard,
medium density fibreboard (MDF); Runting et al., 2019], net
returns on prized hardwoods can be large and cannot be
substituted with plantation wood (e.g. Ipe-amarelo and Ipe-
roxo sell at ~US$1500 per m3 in Rondonia, Brazilian Ama-
zon, with substantial added value after finishing for the EU
flooring market; D.P. Edwards, personal communication).
For a full assessment, Triad scenarios should therefore be
compared not just in terms of total wood volume and biodi-
versity value, but in terms of the products available, jobs gen-
erated, and overall economic impact. Clearly, future
research on the Triad approach should concentrate not only
on biodiversity and wood growth responses, but also attempt
rigorously to quantify externalities, social needs, and eco-
nomic outcomes across the spectrum from extensive to inten-
sive management; frameworks are already in place do so
(Balmford et al., 2018, 2019).

To an even greater extent than with agriculture, research
in forest systems must take time into account. Wood produc-
tion cycles can last decades. This makes studying the effects of
management decisions difficult, because changes in biodiver-
sity and yields may take decades to manifest. Longitudinal
studies that track stands subjected to well-defined manage-
ment combinations are of immense value, but current incen-
tives and funding structures make such studies difficult to
establish and maintain. Added complications include dealing
with potential changes in growing conditions due to, for
example, global change or wind and fire disturbances,
changes in market preferences, management technologies,
and social and legal settings. For these reasons, space-for-
time studies are likely to remain the most common approach
for measuring trade-offs and synergies in forest landscapes.
Wood yields and profits can be estimated using tree-growth
models and averaged over the rotation length, but these
models are subject to a range of uncertainties about future
economic conditions and non-linear responses to a changing
climate, for example, via insect outbreaks and altered fire
regimes.

A final research challenge for deploying sharing–sparing
approaches for forestry relates to governance and other
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mechanisms to ensure the intended functioning of selected
systems. For instance, if biodiversity conservation and wood
production are optimized under sparing, strict zoning and
enforcement of reserves may be required to ensure that plan-
tation areas are not further expanded to meet society’s
increasing demand for forest products (Kremen, 2015; Pha-
lan et al., 2016). A variety of mechanisms have been proposed
for addressing this challenge in agricultural systems, includ-
ing land-use zoning [an approach that is already in place in
many managed forests (Noble & Dirzo, 1997; Paquette &
Messier, 2010)], payments, tax incentives and subsidies for
conserved land, and standards and certification (Phalan
et al., 2016). The success of these sorts of initiatives may differ
between food and wood production, so we anticipate consid-
erable scope for identifying, implementing and evaluating
new ideas in forestry systems.

VI. HYPOTHESES ON THE APPLICATION OF
TRIAD AND SHARING–SPARING FRAMEWORKS
TO FORESTS

Given the lack of empirical data on the relative merits of
strategies along the sharing–sparing continuum for forestry
(Edwards et al., 2014a), it is timely to present a priori hypothe-
ses on how wood production can be maintained at the least
cost to nature. We emphasize that these are hypotheses and
predictions to be tested – ideally in broad-scale studies across
multiple forest biomes, and over the long term.

(1) Hypothesis 1: the relative merits of sharing and
sparing will depend on the exposure of native forests
to disturbance over evolutionary time

Species’ evolutionary histories shape their capacity to deal
with novel stressors (Betts et al., 2019). Theory predicts that
species that have evolved in, and survived in, high-
disturbance environments should be more likely to persist
in the face of analogous contemporary disturbances, includ-
ing those of habitat loss and fragmentation
(Balmford, 1996). Disturbances often create edges, and in
environments with frequent and large-scale disturbances,
persistent species are likely to be adapted to edge habitats
and to dispersing across unsuitable habitats. This ‘extinction
filter’ hypothesis has been suggested for forest (Drapeau
et al., 2016) and grassland systems (Balmford, 1996). We
therefore predict that species inhabiting forests that have
been prone to frequent canopy-removing natural distur-
bances should be more amenable to forestry operations,
and hence more likely to fare better under sharing rather
than sparing strategies – as long as wood harvesting approx-
imates the severity and spatial extent of past disturbances
(Seymour & Hunter, 1992). Indeed, because many species
in disturbance-prone forest systems may be disturbance
adapted, it may be necessary, if natural disturbance regimes
have been dampened by human suppression of fires, floods

or megaherbivores, to create early successional habitat via
wood harvest (Franklin & Johnson, 2012) – although restor-
ing large mammal populations, fire regimes, insect out-
breaks, or natural river dynamics could also be options. Of
course, natural disturbances do occur in reserves, but these
are frequently suppressed in the interest of safety, or conserv-
ing old forests, and are particularly difficult to maintain when
reserves are small and isolated (Pereira et al., 2012). Con-
versely, species inhabiting regions where stand-replacing dis-
turbances are rare may be more effectively conserved via

reserves. This is particularly likely to be the case for species
prone to strong negative effects of disturbances, such as those
benefiting from closed-canopy conditions for reproduction
or dispersal (Fredericksen & Putz, 2003). Such species are
more likely to be prevalent in the tropics, due to the relative
paucity of severe disturbances in such regions (Betts
et al., 2017, 2019).

(2) Hypothesis 2: sharing (andmanagement for early
seral stages) is more likely to be favourable in
regions with a long history of forestry

The corollary to natural disturbances acting as extinction fil-
ters is that long-term anthropogenic disturbances via wood
harvesting or agriculture might also result in a biota which
fares better under land sharing. This effect could take effect
through extirpation of sensitive species, increases in abun-
dance of and colonization by insensitive species, and adapta-
tion of remaining species to forestry practices. A long land-
use history clearly has implications for conservation efforts
(Whitlock et al., 2018). For example, humans have managed
and deforested the landscape extensively in central and
southern Europe for millennia. Much of the remaining forest
was heavily degraded in the 16th to 18th century and mod-
ern silviculture techniques have led to more intensive man-
agement over the past two centuries. Similar processes
apply to other regions of the world, e.g. the northeastern
USA, which was nearly completely deforested during the
1700s (Thompson et al., 2013). An important caveat is that
such a history may have shifted the baselines used to evaluate
the merits of strategies along the sharing–sparing continuum,
for example by the extirpation of old-growth specialists from
much of the region (Müller et al., 2013). If such species are not
globally extinct, it will be important to consider them in the
evaluation of different forest management options.

(3) Hypothesis 3: advantages of sparing may depend
on the proportion of intensive management in the
landscape, with benefits diminishing at high
proportions of high-yield forestry

Theory predicts that species may decline precipitously once
habitat has declined below a threshold (Andren &
Angelstam, 1993), particularly if the intervening matrix is
inhospitable to movement (With & Crist, 1995). Given that
intensive silviculture may reduce the functional connectivity
of forest landscapes (Villard & Haché, 2012; Smith
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et al., 2013), if substantial proportions of the landscape are
occupied by less-permeable matrix (i.e. intensive manage-
ment), viability of native populations may be impaired
(Root & Betts, 2016). For this hypothesis to be supported, a
species would need to be able to persist, albeit at low densi-
ties, in ‘ecological forestry’, but do best in large patches of
‘sparing’. At high levels of intensive management, area sensi-
tivity would cause local extirpation from small reserve
patches, without recolonization due to impermeability of
intensive forest management zones. Options exist to increase
the permeability of such intensively managed landscapes
(Tittler et al., 2012; MacLean et al., 2015) using reserves con-
nected via lower impact (extensive) forestry may be a fruitful
way of reducing such fragmentation effects. Again, the opti-
mal proportion of reserve/intensive/extensive forestry in a
landscape is likely to depend heavily on species’ life-history
characteristics – particularly dispersal capacity through dif-
ferent silvicultural approaches, as well as their capacity to
handle low-intensity disturbance (ecological forestry). This
hypothesis would only be relevant in cases where the differ-
ence in timber yield between ecological and intensive man-
agement is small. Otherwise, production from any given
area of ecological forestry could in principle be replaced with
a much smaller area of intensive management and most for-
est in the landscape could be spared in unharvested reserves.

(4) Hypothesis 4: a greater proportion of species will
be favoured by a land-sharing approach in forest
management systems as compared to agricultural
systems, but this pattern will be context dependent

Most forest operations result in stands that have lower con-
trast with remaining unmanaged forest, compared with the
differences between agricultural regimes and the natural
habitat they replace. Higher vegetation cover facilitates the
survival and movement of some species during dispersal
(Vitz & Rodewald, 2010) and residual trees in more ecologi-
cal approaches to forestry – such as variable retention – could
still facilitate dispersal through the matrix (Haché, Bayne &
Villard, 2014; Geoffroy et al., 2019). Further, although the
initial effect of light forest management treatments may be
negative, results from experimental studies show that over
the long term such treatments may increase densities of
late-successional species (Cahall, Hayes & Betts, 2013;
Yegorova et al., 2013, Baker et al., 2016). By contrast,
although an intensively managed matrix might be more per-
meable than agricultural land (Edwards et al., 2014b), it might
still filter animal movements (Villard & Haché, 2012), and
may not serve as habitat for late-successional species
(Pedley et al., 2019).

(5) Hypothesis 5: land sparing will yield the greatest
benefit to biodiversity when implemented at broad
spatial scales

At extremely fine spatial scales where unmanaged forest and
high-yield forestry areas are adjacent to each other in very

small stands, the situation is essentially akin to land sharing
(Daily, Ehrlich & Sanchez-Azofeifa, 2001), and benefits of
sparing for sensitive species are likely to be limited. By con-
trast, for species that require intact, unmanaged habitat,
sparing at broad scales (e.g. 100s–10000s of hectares) can
help to ensure that areas are sufficiently large to minimize
edge effects, reduce issues such as illegal hunting, and maxi-
mize landscape connectivity. We therefore predict that the
performance of sparing relative to sharing will increase with
the size of the patches being spared, and for this effect to be
particularly pronounced for tropical species, which seem
more sensitive to habitat fragmentation (Betts et al., 2019).

(6) Hypothesis 6: in tropical forests, land sparing
will leave forests less vulnerable to other impacts in
the long term than will land sharing

Both land-sharing and land-sparing logging are likely to
exacerbate threats to long-term forest and biodiversity integ-
rity, but in different ways. Land sparing leaves behind
unlogged areas containing high-value timber species; these
areas could be subjected to illegal logging. However, the fact
that more area is under production under land sharing
means these forests are likely to have a more extensive road
network. Thus, there are again substantial risks from illegal
loggers, as well as hunters that threaten large-bodied verte-
brates and their dispersal of the seeds of late-successional
trees (Peres et al., 2016). Additionally, given the spectre of
more severe climate change-induced droughts, a more exten-
sive road network generates canopy fragmentation and dry
conduits over a large area that could promote and spread
fire. On balance, therefore, we predict that the retention of
primary forest reserves offers the best long-term chance of
biodiversity protection and, in turn, sources for recoloniza-
tion into logged forest areas.

(7) Hypothesis 7: specialists and restricted-range
species are those that could benefit most from
land-sparing forestry

In agricultural systems, there is evidence that restricted-range
and specialist species are those most likely to benefit from
land sparing, while the smaller set of species that would ben-
efit from land sharing are more widespread generalists
(Balmford et al., 2015; Phalan, 2018). We hypothesize a sim-
ilar finding in forest management systems. The mechanism is
that harvesting systematically depletes certain resources from
the landscape, such as older trees, specific tree species, undis-
turbed understorey, and large-diameter dead wood. Species
whose niches are associated with these resources will struggle
to persist outside of unharvested areas. Given that most spe-
cies globally are relatively restricted in range, rare and spe-
cialized (Forister et al., 2015), and that such species are
disproportionately likely to be declining (Clavel, Julliard &
Devictor, 2011), evidence for or against this hypothesis would
have an important bearing on conservation priorities.
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VII. CONCLUSIONS

(1) Given a rapid escalation in world demand for wood
and continued high rates of deforestation worldwide,
it is surprising that relatively little research has focused
on how to meet wood demand with the least impact on
biodiversity and carbon storage. Although there are
now several field-based empirical tests of land sharing,
land sparing, and various intermediate options in agri-
cultural settings, there has been very limited analogous
research in forestry.

(2) We suggest that the framework developed for agricul-
ture offers promise for addressing this gap, outline
modifications to the farm-focused protocol, and pro-
vided specific, testable predictions. The utility of this
approach will best be explored (as in agriculture)
through the targeted collection of empirical field data,
replicated across many regions.

(3) We urge researchers to collaborate with forest man-
agers to design predictive models and empirical studies
– particularly experiments where data are collected on
species abundances, management inputs, economic
benefits, and wood production over the long term.
Such collaborations could be facilitated by the estab-
lishment of a global working group that maintains a
registry of ongoing studies in this area, detailed sam-
pling and measurement protocols, and a database of
results in a standardized format. This could aid future
research that combines studies from very different
landscapes to build predictive models for the relative
performance of sharing–sparing or Triad
management.

(4) It is our hope that such results will not only advance
understanding of dynamics of forest ecosystems world-
wide (e.g. by testing our hypotheses, and those devel-
oped by others), but improve forest management
decisions for the benefit of biodiversity, climate, the
forestry sector, and society at large.
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