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SUMMARY

Effectively managing farming to meet food demand is vital for the future of biodiversity [1], [2].
Increasing yields on existing farmland can allow the abandonment (sparing) of low-yielding
areas that subsequently recover as secondary forest [2], [3], [4], [5]. A key question is whether
such ‘secondary sparing’ conserves biodiversity more effectively than retaining wildlife-friendly
habitat within farmland (‘land sharing’). Focusing on the Colombian Choco-Andes, a global
hotspot of threatened biodiversity [6], and on cattle farming, we examined the outcomes of
secondary sparing and land sharing via simulated scenarios that maintained constant landscape-
wide production - (1) for species and functional diversity of dung
beetles and birds; (2) for avian phylogenetic diversity; and (3) across different stages of
secondary forest regeneration, relative to spared primary forests. Sparing older secondary forests
(15-30 years recovery) promotes substantial species, functional, and phylogenetic (birds only)
diversity benefits for birds and dung beetles compared to land sharing. Species of conservation
concern had higher occupancy estimates under land-sparing compared to land-sharing scenarios.
Spared secondary forests accumulated equivalent diversity to primary forests for dung beetles
within 15 years, and within 15-30 years for birds, highlighting the need for longer-term
protection to maximise the biodiversity gains of secondary sparing. Promoting the recovery and
protection of large expanses of secondary forests under the land-sparing model provides a critical
mechanism for protecting tropical biodiversity, with important implications for concurrently

assisting in the delivery of global targets to restore 350 million hectares of forested landscapes

[7], [8].

Keywords: Ecosystem functioning, forest and landscape restoration FLR, natural secondary

regeneration, Scarabaeinae, South America, tropical forest conservation
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RESULTS AND DISCUSSION

Does older secondary-sparing or land-sharing farming best protect species and functional
diversity?

Many studies have shown that the intensification of farmland to prevent expansion into
spared primary forests would best protect species richness (SR), phylogenetic and functional
diversity relative to land sharing [9], [10], [11]. However, an untested suggestion is that
intensification of agriculture to allow abandonment of marginal farmland and sparing of
regenerating secondary forest would deliver positive outcomes for tropical biodiversity [2-5]. A
land-sparing approach best protected biodiversity in secondary forest-dominated landscapes
recovering from logging in Poland (pers comm. A. Balmford; [12]) and hurricanes in Mexico
[4], but substantial seed and sapling banks, as well as faunal diversity, remain after forest
degradation. The potential for land sparing of secondary forest regrowth on fully transformed
farmland is thus a key question.

In this study, we assess areas of secondary forest regenerating on land that was previously
deforested for cattle pasture. Large blocks of primary forest are not considered in our
management scenarios, but are part of the wider study landscape. Across three study areas, each
containing contiguous secondary forest, primary forest and low-intensity cattle farming, we
recorded 318 bird and 27 dung beetle species, of 8,470 and 17,686 individuals, respectively.
Dung beetles and birds are reliable indicators of wider biodiversity impacts of land-use change
[13], representing a broad range of key ecosystem functions [14]; [15]. Using hierarchical
species-habitat occupancy models, we simulate land-use scenarios to examine biodiversity
outcomes of secondary-sparing in Andean landscapes, and compare these to land-sharing
approaches where small-scale wildlife-friendly habitat features, including forest fragments,
hedgerows, and isolated trees, are retained within farmland (Figure 1). Across simulated

scenarios, we maintain constant landscape-wide production and equal within-pasture yield.
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When low to moderate levels of land are spared for secondary forest regeneration (i.e.
20-60% spared, 40-80% under intensive production), older secondary sparing (recovery >15
years) resulted in higher predicted mean SR of dung beetles than equivalent land sharing (i.e.
20-60% small-scale wildlife-friendly features, Figure 2A). At the highest percentage of spared
land considered (80% spared land and 20% remains under production), dung beetle SR was
marginally higher under land sharing than secondary sparing (Figure 2A). For birds, across all
percentages of land area remaining under production, secondary sparing resulted in substantially
higher predicted mean SR than land sharing (Figure 2B).

The total connecting branch lengths of a functional dendrogram (functional diversity,
FD) and the total volume of a functional convex hull occupied by the community (functional
richness, FRic) of dung beetles were higher under older secondary sparing than land sharing
when low to moderate percentages of land were abandoned (Figures 2C and 2E). At the highest
abandonment level (80% spared land and 20% land remains under production), FD (Figure 2C)
and FRic (Figure 2E) were marginally greater under a land-sharing strategy. For birds, across all
abandonment levels, secondary sparing resulted in substantially higher predicted mean FD and
FRic than did land sharing (Figures 2D and 2F). Marginal increases in predicted dung beetle SR,
FD, and FRic under land sharing relative to secondary sparing with low production (20%; Figure
2) are likely linked to the persistence of functionally unique forest species when a high
proportion of ‘wildlife-friendly’ features (i.e. patches of remnant forest, isolated trees, riparian
strips and hedgerows) are present [16], alongside other functionally distinct species that favour
more open pasture habitat [17].

The regularity of species distribution within functional space relative to their abundance
(functional evenness, FEve; Figure 2G), the relative abundance of species with the most extreme
functional traits (functional divergence, FDiv; Figure S1), and the distribution of species traits

accounting for the mean distance of species from the centre of functional space and weighted by
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abundance (functional dispersion, FDis; Figure S1) of dung beetles did not differ between older
secondary sparing and land sharing at each level of abandonment. Similarly, bird FDiv and FDis
did not differ between older secondary sparing and land sharing at any abandonment level
(Figure S1). However, bird FEve at low to moderate abandonment levels was higher under older
secondary sparing than land sharing, although there was no difference at the highest
abandonment level (Figure 2H). This variation is again likely due to the mosaic of habitats
created by low-intensity farming, such as scrub lands, with the availability of open habitat,
allowing functionally unique bird species to be present in the community [18].

Most of the 40 bird species of conservation concern showed higher relative abundances
under land-sparing than land-sharing scenarios (Table S2). At the lowest abandonment level
(20% spared land, 80% land remains under production), 34 species (85%) had greater mean
relative abundances, which were on average 74% higher under land sparing than land sharing
(Table S2). Species favouring land-sparing scenarios are typically those associated with large
tracts of intact forest, such as Bangsia aureocincta and Entomodestes coracinus, which had
>96% higher mean relative abundances compared to land sparing. Threatened bird species that
did better under land sharing included those favouring grassland and scrubland habitats, such as
Synallaxis moesta and Diglossa gloriosissima (which had 81% and 53% higher mean relative
abundances, respectively, compared to land sparing), and riverine strips, including Hypopyrrhus
pyrohypogaster (53% higher mean relative abundance compared to land sparing). A reduction
in the area of land remaining in production (20% production, 80% spared) favoured 95% of
species of conservation concern (n = 38; Table S2). In addition, four of eleven species of
conservation concern that were recorded only anecdotally (i.e. outside of point counts) were
noted solely in secondary forests, whereas only two were recorded solely in pasture(Table S2;
the remaining five species were either restricted to primary forest or sighted in multiple habitats).
This highlights the value of secondary forests for conservation concern species, as well as

cementing the irreplaceable value of intact primary forests.
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The nine dung beetle species with ranges estimated to be restricted to the Western
Cordillera of Colombia showed similar patterns to the overall community. Restricted-range
species on average had 47% higher mean relative abundances under land sparing than land
sharing with high production (80% land remains under production, 20% spared land) (Table S2).
This pattern shifted to restricted-range species, on average, having 51% higher mean relative
abundances under land sharing than land sparing when production was reduced (20% land
remains under production, 80% spared land) (Table S2). As with the overall community, this
pattern highlights the requirement of restricted-range dung beetle species for sufficient
vegetation cover.

Previous work showed that as the remoteness of farmland from contiguous forest
increases, the relative benefits of sparing primary forest increase relative to land sharing [19];
[11]. However, for secondary forest sparing, we show no impact of farmland distance to forest
on the relative benefits of SR, FD, FRic, and FEve for dung beetles (Figure S2), whereas for
birds, older secondary sparing was increasingly valuable for SR, FD, and FRic (but not for FEve)
when farmland is further from forest edge (Figure S2). This further supports the suggestion that
high species and functional diversity within low-intensity, ‘wildlife-friendly’ farmland can be
confounded with spill-over effects from nearby forest [20], [21], via source-sink dynamics [22]
or periodic movements from natural to farmed habitats [23]. Consequently, while intensifying
farmland (for example, through increased stocking rates and/or improved pastures) to promote
contiguous secondary forest regeneration would remove features that can provide high
connectivity across farmland [24], our results indicate that many bird species and associated
ecological functions are unlikely to persist in larger land-sharing landscapes that lack areas of
contiguous forest. Even when wooded features and apparent connectivity are high under land
sharing, the ability of species to disperse through the agricultural matrix is highly variable, being

dependent on taxon-specific morphology, behaviour, and matrix type {Medina, 2007 #1027};
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{Fagan, 2016 #1018}, resulting in many species that are unable to exploit these features for

dispersal.

Does older secondary-sparing or land-sharing farming best protect avian phylogenetic
diversity?

Land sparing of primary forest would best protect phylogenetic diversity (PD)—the total
evolutionary history shared across all species within a community—relative to land sharing [10],
but whether sparing older secondary forest would deliver equivalent positive outcomes is
unknown. Across the avian phylogeny (Figure 3A), the majority of species had high predicted
occupancy under older secondary sparing (dark blue; Figure 3A). By contrast, many non-
passerine groups (especially Trochilidae and Piciformes), and Oscine (e.g., Corvoidea,
Muscicapoidea) and Suboscine (e.g., Furnaridae, and clusters of Tyrannidae) families performed
poorly under land sharing irrespective of production level (pale yellow; Figure 3A, only high
production [80% land remains under production, 20% spared land] is presented; for species
names see supplementary material Figure 1B in {Edwards, 2017 #737}).

At all abandonment levels, there was substantially higher predicted mean PD with
secondary forest sparing, with a predicted gain of over 1,100 million years of evolutionary
history at 20% abandonment relative to land sharing (Figure 3B). However, phylogenetic
diversity standardized against a null expectation (sesPD) did not reveal a difference between
older secondary sparing and land sharing (Figure 3C), indicating that higher PD under secondary
sparing is largely driven by higher species richness (Figure 2B). Abundance-weighted metrics
can reveal key insights into the phylogenetic makeup of communities under each strategy. The
average number of years of evolutionary history separating species in a community (mean
pairwise distance), standardized against a null expectation (sesMPD), was marginally higher
under older secondary sparing than land sharing, especially with greater levels of abandonment

(Figure 3D), indicating that communities under older secondary sparing have species distributed
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across clades that diverged from each other a longer time ago than communities under land
sharing (i.e., less phylogenetically clustered). Across abandonment levels, the average number
of years separating each species from its closest relative in the community (standardized mean
nearest taxon distance, sesMNTD) did not differ between older secondary sparing and land
sharing (Figure S1), suggesting equal co-occurrence of closely related species under both

strategies.
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Agricultural intensification could favor species with lower evolutionary distinctiveness (ED)
[25]. Older secondary sparing had marginally higher predicted mean ED than did land sharing
(Figure 3E), especially at lower abandonment levels, indicating that species represented more
unique evolutionary history under secondary sparing. As shown previously for primary sparing
[10], the benefit of older secondary sparing relative to land sharing increased for PD with
distance to forest, although there was limited impact for sesMPD and ED (Figure S2). Thus,
many bird species with higher-than-average contributions to PD persist only in land-sharing
landscapes when large tracts of forest are nearby, again suggesting that high PD within low-

intensity, ‘wildlife-friendly’ farmland [25] could be confounded by source-sink dynamics [22].

Benefits of older secondary sparing relative to young secondary and primary sparing

Species richness, functional and phylogenetic diversity tend to increase with forest age
[26], [27], [28], [17], [29], [30], although the rate of species recovery is taxon specific. For dung
beetles, biodiversity benefits relative to land sharing were similar whether spared secondary
forest was older or young (15 years or less recovery; Figure 4), and irrespective of the percentage
of land under production. This indicates a rapid recovery of dung beetle diversity after land
abandonment [17], as also occurs for surface-active ants in this region [31], likely supported by
the rapid re-establishment of a canopy that offers a diverse array of micro-habitats and buffers

temperature fluctuations to generate more stable micro-climates [32].

For birds, the magnitude of the benefit for sparing relative to land sharing was reduced
with young secondary sparing for SR, FD, and PD, and marginally so for FRic (but not for FEve,
sesPD, sesMPD or ED) (Figure 4). This indicates that full conservation benefits are not achieved
until regenerating forests are older. Bird communities may be under strong environmental
filtering at earlier stages of forest regeneration, as shown across other taxonomic groups [28],
potentially driven by variation in the establishment of fruiting and flowering food plants, and of

epiphytes, mosses and bromeliads that are used as foraging and nesting substrates [33], [34]. In

9
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the Amazon, for example, avian communities remain depauperate across decadal timescales,
lacking habitat specialists and key functional groups compared to those in primary forest [35].
Primary forest often harbours higher diversity relative to older secondary forest [36] [37]
[38], suggesting that the relative benefits of older secondary sparing may be lower than
equivalent primary sparing [4] [9] [11]. For dung beetles, however, the relative benefits of
sparing for species richness and functional diversity were similar whether spared forest was older
secondary or primary (Figure 4), and a similar pattern was shown for all bird species richness,
functional, and phylogenetic diversity metrics (Figure 4). The sparing-sharing approach
implicitly scales across multiple farms and, in the case of sparing, a conserved forest block; thus,
our results indicate landscape-level diversity, not how alpha- (local) or beta-diversity vary under

these scenarios.

We did not assess the biological merits of active restoration, which may increase the rate of
biodiversity recovery relative to the passive regeneration occurring within our sampled forests,
nor did we investigate the potential for silvopasture, which involves active planting of nitrifying
trees (e.g. Alnus in this region) within extensive cattle pastures. These alternative restoration
pathways are very infrequent in our study region and were not sampled. Evidence from small-
scale trials suggests that silvopasture can enhance yields, whilst sequestering carbon [39], [40],
and would support some forest- and edge-dwelling species [41], [42], resulting in landscapes
similar to our land-sharing scenarios where wildlife-friendly features (including trees) are
retained within pasture. Our results suggest that the biodiversity value of these landscapes, even
at the maximum level of retained wildlife-friendly features, still tends to be lower than an
equivalent secondary-sparing scenario.
Forest regeneration is dictated by land ownership, which underpins willingness to

participate and financial investment to intensify pasture; geographic location and associated

climate conditions; seed bank quality and soil structure resulting from land-use history; and

10
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landscape configuration and its relationship with seed dispersal potential. Consequently, the
scale, quality and rate of forest regrowth will vary across localities [43] [44]. In some
landscapes, the practical distinction between land-sparing and land-sharing scenarios will thus
be blurred and the localised spatial arrangement of farmed and abandoned lands will guide

solutions for biodiversity conservation.

Our study locations were in secondary forests directly connected to primary forests, but
understanding how the isolation, size, and edge density of spared secondary forest impacts
land-sparing, land-sharing relationships remains an important question. Furthermore, across
our simulated scenarios in which the same landscape-wide production is achieved, we assume
that within-pasture yields are equal across scenarios. However, under a land-sparing scenario,
yields might be enhanced via improved fodder grass selection, fertilisation, better breed
selection and veterinary care [43]. The feasibility of yield increases depends on the potential
for financial investment and education/training programs, the accessibility of which will vary.
Equally, wildlife-friendly features within pasture can improve soil stability and provide shade

for cattle, potentially enhancing yields [45, 46].

Overall, our results uniquely provide support for multidimensional biodiversity benefits
of secondary sparing, suggesting that farming intensively alongside secondary recovery in
abandoned areas could enhance biodiversity recovery relative to equivalent low-intensity
farming scenarios. Land abandonment is increasingly occurring in marginal farmland areas,
particularly in areas too steep or dry for modern agriculture, and with increasing rural to urban
migration [47]. In Latin America and the Caribbean, for instance, 36 million hectares of woody
vegetation recovered on abandoned farmland between 2001 and 2010 [48]. Our results also
underscore the conservation importance of protecting secondary forest blocks in regions where

increasing agricultural demand is driving clearance of secondary forests, akin to findings

11
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highlighting the importance of sparing primary forests relative to land sharing [10], [4], [11], [9],
[49].

To maximise the conservation benefits of secondary sparing, effective land-use planning
must be underpinned by policy and financial drivers to balance environmental and socio-
economic outcomes [5]. Secondary sparing will be particularly valuable in regions where the
majority of primary forest cover has been already lost, such as the tropical Andes, Brazilian
Atlantic, African tropical moist belt, and Himalaya [50]. Secondary sparing in marginal
farmlands also provides an alternative when high opportunity costs make primary forest sparing
unattainable [51]. Across the tropics, the majority of secondary regeneration occurs adjacent to
remnant primary forests [52], [53], [44]. Further targeting of land abandonment in areas close to
existing natural habitat and which spans elevation bands would increase recolonization potential,
buffer edge-affected forests, and enhance the size of remaining forest blocks, thus reducing the
risks of long-term, area-driven extinctions [54], [25]. Indeed, increasing landscape forest cover
is the determining factor in successful restoration of biodiversity in secondary forests under
either passive or active intervention [44].

Our study underscores the importance of long-term protection of spared secondary
forests for delivering biodiversity gains (see also [35], [55]), in addition to other ecosystems
services, such as carbon stocking [26], [56], [57], [44] and preventing landslides or soil erosion
[58]. However, regenerating forests tend to be poorly protected, with laws, policies and
socioeconomic conditions that can work against long-term persistence. In Brazil, the lack of
protection status given to secondary forests has driven steadily increasing deforestation rates in
secondary forests from 2000 to 2014 [59]. Similarly, in Costa Rica, young regenerating forests
are excluded from the laws that protect forests, thus these sites are often cleared to prevent
reclassification to protected forest once they advance, which would remove owners’ land-use
options [60] [61] (see [5] for further examples). This highlights the urgent need for adequate

legal recognition of the value of secondary forest, and in particular the protection of younger

12
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secondary forests as future repositories of biodiversity. Regulation and monitoring of secondary
forests is also needed to prevent the perverse outcome of abandonment driving agricultural
displacement and subsequent clearance of native vegetation elsewhere {Rudel, 2009 #1019}
[62].

Schemes including government subsidies and carbon-based payments for ecosystem
services (PES) could provide mechanisms for change [56], [63]. Carbon-based PES schemes that
promote carbon enhancements via secondary forest regrowth are a cost-effective opportunity.
For example, given the low opportunity costs of marginal cattle pastures in the Tropical Andes
and shifting agriculture in North-east India {Gilroy, 2014 #782} {Morton, 2020 #1015}, it is
more profitable for landowners to grow carbon rather than cows (Andes) or crops (NE India)
above carbon prices of ~$2 t* CO, and ~$1.5 t* CO, respectively. More broadly, there are
ambitious global commitments under the Bonn Challenge to restore tree cover to 350 million
hectares via forest and landscape restoration, mainly in the tropics. The potential of secondary
sparing highlights a major biodiversity-friendly pathway by which we can deliver on these
challenging global targets for restoration. This will often require the combination of agricultural
training, inputs and stocks of high-yielding, pest and drought resilient varieties, with proactive
management to focus forest regeneration towards larger spared blocks of abandoned farmland.

These will represent vital conservation resources in the coming decades.

13



305

310

315

320

325

330

STAR Methods

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

e Lead Contact
e Materials Availability
e Data and Code Availability

EXPERIMENTAL MODEL AND SUBJECT DETAILS
e Study areas
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MAIN-TEXT FIGURE/TABLE LEGENDS

Figure 1: Visualisation of secondary-sparing and land-sharing management strategies
Blocks of secondary forest recover on abandoned land (secondary-sparing) by consolidating
production within remaining farmed areas, while land sharing maintains small wildlife-friendly
habitat features within the pasture. We simulate these strategies through hypothetical

landscapes composed of management units (of 100 m radii), represented by circles (5 units per

15



scenario are present here; 52 units were used in our simulations), based on field data from a
tropical Andean agriculture system. Secondary-sparing management units consist of spared

360 secondary forest sites adjacent to contiguous forest and paired with intensive farmland sites
(i.e. all non-grazed land is consolidated into larger habitat blocks, as is farmland), while land-
sharing units are composed of farmland within which a proportion of wildlife-friendly habitat
(e.g. riverine stripes or isolated trees) is retained. Four scenarios were run with different
proportions of land remaining under production (high production at 80% through to low

365  production at 20%), in which the same landscape-wide production is achieved and within-

pasture yield is assumed to be equal across all scenarios.

Figure 2: Variation in dung beetle and bird species richness and functional diversity
under Secondary-sparing versus land-sharing strategies

370  Species richness (A, B), functional diversity (C, D), functional richness (E, F) and functional
eveness (G, H) of communities simulated under older secondary-sparing (blue) and land-
sharing (orange) management strategies. Metrics are generated across four scenarios varying
the percentage of land area remaining under production, and in turn the amount regenerating as
secondary forest or preserved as land-sharing features. Error bars represent 95" percentiles,

375  points represent mean values from randomisations (per scenario), while violin plots represent
the frequency distribution of these randomisations. See also Figure S1, Figure S2 and Table

SL.

Figure 3: The phylogenetic relationships and diversity of Choco-Andean birds under

380  Secondary-sparing versus land-sharing strategies
(A) The phylogenetic distribution of Choco-Andean birds generated under a low-abandonment
scenario where 20% land area is abandoned for natural regeneration while 80% remains under

production. Spots show the proportion of simulated communities for which a species was
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present. The strength of colour is scaled from 0 (white) to 100% (full colour) for both
strategies. Major nodes indicate passerines (Pa), suboscines (Su), and oscines (Os), while outer
bars (black and grey) distinguish family groups. Figure 3A with species names labelled is
available from the authors upon request. Variation in avian phylogenetic diversity (B), standard
effect size of phylogenetic diversity (C), standard effect size of mean pairwise distance (D),
and evolutionary distintiveness (E) are shown across four scenarios varying the percentage of
land area remaining under production, and in turn the amount regenerating as secondary forest
or preserved as land-sharing features. Error bars represent 95" percentiles, points represent
mean values from randomisations (per scenario), and violin plots represent the frequency
distribution of these randomisations. All scenarios simulate two land management strategies,
land sparing (blue) and land sharing (orange), and consider older secondary forest as conserved

habitat. See also Figure S1 and Figure S2.

Figure 4: Variation in species richness, functional and phylogenetic diversity across
different habitats under land-sparing land-sharing strategies

The amount of species richness (A, B), functional diversity (D, E), functional richness (G, H),
and functional evenness (J, K), and bird phylogenetic diversity [PD] (C), standard effect size of
PD (F), standard effect size of mean pairwise distance (), and evoluntionary distintiveness (L)
under simulated land-sparing (blue) and land-sharing (orange) management scenarios. Young
secondary, older secondary and primary forest are considered as conserved habitat. Metrics are
generated under a low-abandoment scenario (20% land area is abandoned for natural
regeneration while 80% remains under production). Error bars represent 95" percentiles, points
represent mean values from randomisations (per scenario), and violin plots represent the

frequency distribution of these randomisations. See also Table S1.
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410 KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples
Dung beetle specimens Colecciones
bioldgicas, Instituto
Alexander von
Humboldt,
Colombia
Deposited Data
Original data and code {Gilroy, 2020 LINK
#1037}
Specimen identifiers for morphometric traits [11] https://onlinelibrar

y-wiley-
com.sheffield.idm.
oclc.org/doi/full/10
.1111/gch.14601

Software and Algorithms

R version 4.0.2, on platform: x86_64-w64-

The R Foundation

https://cran.r-

birds.

mingw32/ for project.org/mirrors
X64 (64-bit) Statistical html
Computing

R studio Version 1.1.463 RStudio https://rstudio.com
/products/rstudio/d
ownload/

Other

Global bird species distribution maps [66] [26] http://datazone.bir
dlife.org/

Taxonomy and assessment data (non-spatial) for [67] https://www.iucnre

dlist.org/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the

Lead Contact, Felicity Edwards (felicityedwards10@gmail.com).

Materials Availability

This study did not generate new unigue reagents.

Data and Code Availability

Selected datasets and code written for this paper will be deposited at ###: LINK

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study Areas

Sampling occurred in three sites in the departments of Antioquia, Risaralda and Choco,
Colombia (1290-2680 m above sea level, [64]), spanning between 1,737 and 3,295 ha [26]. Sites
were characterised by sub-montane to sub-tropical Andean contiguous primary cloud forests
(>1,000,000 ha) and adjacent secondary forests (3 - 30 years recovery) within a wider matrix of
cattle pasture (predominant agricultural practice in the region [68]). Secondary forest locations
were connected to primary forests, and time since agricultural abandonment was determined
from interviews with reserve managers and local residents. Land-sharing features (e.g.
hedgerows, isolated trees, forest patches) contained a mix of primary and naturally regenerating
vegetation. At each site multiple sampling squares were surveyed, arranged more than 400 m

apart from another within a habitat, and more than 300 m between habitats.

Biodiversity sampling
We sampled birds using standardised point count surveys spaced 200 m apart (total across study

n = 174) and run on four consecutive days for 10 minutes. All birds seen or heard were noted,
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while unknown vocalizations were subsequently identified from each digitally recorded survey.
We excluded migrant or highly mobile species, such as large raptors or swifts, from our analyses
as we were specifically interested in community patterns, which reflected local-scale changes in
habitat. Dung beetles were sampled using standardised baited (with human dung) pitfall traps
spaced 100 m apart within each sampling square (total across study n = 145). Traps were set-up
in the field for four days, re-baited after 48 hours and samples collected every 24 hours. All
individuals were identified to species or morpho-species. Species determinations were made by;
F. Edwards, C. A. Medina, A. Gonzalez, and J. S. Cardenas at the Instituto Alexander von

Humboldt, Colombia, where specimens were also deposited.

Species of conservation concern
Overall community metrics provide a valuable insight into the diversity, functional composition
and potential redundancy within a community. However, they can obscure important shifts in
species of conservation concern. We therefore examine how land-sparing and land-sharing
simulated scenarios might impact species of conservation concern. We assessed the mean
relative abundance indices of species, across all 52 simulated sites, based on the occurrence
probabilities generated by our Bayesian hierarchical occupancy models (described below). We
extract these relative abundance indices from both land-sparing and land-sharing scenarios
where older secondary forest is ‘spared’ land and with 20% and 80% of land area remaining
under production (Table S2). We also extract the mean relative abundances for these species in
primary forest as a baseline comparison.

We highlighted 40 bird species of conservation concern, either listed as threatened by
IUCN (status listed as critically endangered, endangered, vulnerable, or near threatened; n = 22)
[67] or as having a restricted geographic range determined by Birdlife International range maps
[66] as per [26] (n = 18). We assess dung beetle species as being of conservation concern when

their known range is restricted to the Occidental Cordillera in western Colombia, which includes
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the states of Antioquia, Chocd, Risaralda and Valle del Cauca (n = 9). Species’ ranges were
assessed through specimen records in the Entomological collection of the Instituto Alexander
von Humboldt (IAvH-E) database, datasets published in the Global Information Biodiversity
Facility (GBIF [69]) with expert validation across records (pers. comm. D. Martinez), and

records of species in the Universidad Nacional de Colombia, Medellin, Colombia.

METHOD DETAILS

Habitat variables

To generate relationships between species communities and landscape composition, we firstly
calculated the proportion of ‘wildlife-friendly’ habitat across our grazed landscapes, within a
radius of all farmland (pasture) sampling points. We selected taxonomically relevant distances,
100 m for birds and 50 m for dung beetles, using distances of the known spatial turnover of
tropical bird [70]; [71] and dung beetle [72] communities. Wildlife-friendly features were
visually mapped and included patches of remnant forest, isolated trees, riparian strips and
hedgerows. The area occupied by these different features was calculated. Roads and other human
infrastructure were excluded from the area calculations to focus solely on land cover, which
could benefit biodiversity. Using this information, we calculated our wildlife-friendly index,

relative to the area grazed, for each pointas: Wr = Fr/ (Pr+ Fr)

Where, for a given radius r, Fr is the proportion of wildlife-friendly cover, and Pr is the
proportion of pasture cover. The index ranges from one (100% forest cover, applied to all forest
sampling points) to zero (entirely pasture with no wildlife friendly habitat). Secondly, as sampled
pasture points varied in the distance from contiguous forest edge we calculated the distance to
the nearest contiguous forest edge (ranging from 50 - 1550 m) using remote-sensed data
(ALOS/PALSAR) [73] combined with information from hand-held GPS devices. Contiguous

forest in this case was a mixture of primary and secondary forests due to the uncertainty of forest
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age across the wider landscape. Sampling points located within forest were assigned a distance

of O m.

Functional trait matrices and diversity metrics

In addition to species richness, we assessed functional diversity, which was evaluated using a
range of life history and morphological traits, for each individual bird and dung beetle species
(Table S1). We included resource use (i.e. dietary range), behavioural (i.e. foraging mode) and
morphological traits, which have previously been shown to be functionally important for our
study taxa [74], [75].

Avian traits included foraging guild(s), foraging strata, foraging mode, degree of
territoriality, predominant habitat type association [76], and seven morphological measurements
following [11]: tarsus length, tail length, hand-wing index (measured via wing length x Kipp’s
distance) and bill width, depth, shape and length (measured as both nares to tip and exposed
culmen). Morphometric data was measured from museum specimens and obtained from a
minimum of two males and two females, with the exception of bill shape, which was gathered
from the literature [76].

Dung beetle traits included nesting strategy, activity period, diet preference (sourced
from research articles and expert knowledge) and three morphological measurements: body size,
front:back leg ratio, and size adjusted front leg area (as per [75]) measured from collected
specimens. All morphological measurements were calculated using ImageJ [77], from
photographs of our collected specimens. The number of individuals measured per species varied
due to the availability of specimens (n =1 - 27). Information for behavioural traits were gathered
from the literature ([78] [79] [80] [81] [82], [83] [84]), when multiple sources of trait information
were available, we took the majority consensus. When such information was not available, for
example for morpho-species, species of the same genus were recorded as sharing similar

behaviours, following [75].
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To account for generalist behaviours in some species, a subset of trait categories (avian
foraging guild, strata and mode, and the activity period of dung beetles) were analysed as
multiple independent binary traits. This allows an individual species to be assigned multiple
traits within these broad categories (for example, a species can be frugivorous and insectivorous,
feeding in the mid- and under-storey strata, Table S1) [85].

Using this trait data, we calculated five complementary measures of functional diversity across

our land-use scenarios:

1. Functional Diversity (FD) — measures the total connecting branch lengths of a
functional dendrogram [86]. FD is produced from a distance matrix derived from an
original trait matrix. We used the extended Gower distance measure to calculate our
distance matrices, which allows for different variable types to be accounted for [87]. We
used an unweighted pair-group arithmetic average (UPGMA\) clustering method.

2. Functional richness (FRic) — measures the total volume of functional space occupied
by a given set of species. Communities with greater functional space occupied are likely
to have a broader range of functional traits, which translates to potential increased
resource utilisation.

3. Functional evenness (FEve) — measures how even species abundances are distributed
in functional trait space and is bounded by 0-1. A value close to 1 represents communities
with an even distribution of species abundances across functional space, implying low
functional redundancy. A value close to 0 represents an uneven distribution of species
and overlapping functional roles (high functional redundancy).

4. Functional divergence (FDiv) — measures how the relative abundance of species is
related to the most unique functional traits (those furthest from the centroid of functional
space), and describes the patterns of niche differentiation in a given functional space. A

high value of FDiv means the most abundant species are at the extreme of functional
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space, while a lower FDiv value indicates the most abundant species are close to the
centroid of functional space.

5. Functional dispersion (FDis) — measures the mean weighted (via relative abundance)
distance of species traits to the centroid of trait space [88]. Greater FDis implies increased

representation of more unique traits in a given community.

For the calculation of FRic, FEve, FDiv and FDis traits act as coordinates in
multidimensional functional space and were weighted equally, while species were weighted by
their abundance. The distance matrices (derived from our trait matrices) were calculated using
the extended Gower distance measure [87] and principal coordinate analyses (PCoA) were then
run to gain the transformed coordinates [89] used to calculate the functional metrics. Analyses

were run in the FD [90] and picante packages [91] of R [92].

Avian phylogenetic diversity and evolutionary distinctiveness measures
To assess the phylogenetic impact of secondary sparing we calculated five complementary
phylogenetic diversity metrics:

1. Phylogenetic diversity (PD) — measures the sum of branch lengths of a phylogenetic
tree and represents the total evolutionary history within a community.

2. Standard effect size of PD — measures PD accounting for species richness. Positive
values indicate higher than expected values of PD for a given species richness, vice versa
for negative values.

3. Standard effect size of mean pairwise distance (MPD) — measures MPD (calculated
as the average distance separating species in a community on a phylogenetic tree,
weighted for species abundance, representing the number of years of evolutionary
history) accounting for species richness. Positive values indicate higher than expected

values of MPD for a given species richness, vice versa for negative values.
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4. Standard effect size of mean nearest taxon distance (MNTD) — measures MNTD
(calculated as the average number of years separating each species from its closet relative
in the community, weighted for species abundance) accounting for species richness.
Positive values indicate higher than expected values of MNTD for a given species
richness, vice versa for negative values.

5. Evolutionary distinctiveness (ED) — measures the degree of isolation a given species is
from the global phylogeny (9,993 species). A high ED value indicates a species has no

extant close relatives.

We used 500 unique phylogenetic trees, 250 trees of both the Hackett [93] and Ericson [94]
backbones obtained from [95], each one representing an individual hypothesis of species
evolutionary relationships. The mean value of the phylogenetic diversity metrics and the median
ED value, from all 500 trees, were used to account for phylogenetic uncertainty. Metrics were

calculated using the picante [91] in R [92].

QUANTIFICATION AND STATISTICAL ANALYSIS

Simulating land-sparing and land-sharing scenarios

We used a landscape simulation process based on ‘spared’ older secondary forest, to assess how
species, functional, and phylogenetic diversity could be conserved within landscape scenarios
[19], [10], [11] (Figure 1).

Firstly, we estimated the relationship between species occurrences and habitat variables
using Bayesian hierarchical occupancy models, run separately for birds and dung beetles. For
each species, we modelled occupancy probability across sampling locations as a function of
habitat (categories primary, mature secondary, young secondary and farmland), elevation,
distance to contiguous forest, and wildlife-friendly index, including site as a random effect to

ensure the large spatial variation across the three study sites was accounted for. Bird species
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were divided into those recorded in forest (n = 288) and those found solely in pasture (n = 30),
these were then analysed separately in community-level models (dung beetles were run as a full
community as the number of species was far fewer). We controlled for imperfect detection across
habitats (i.e. detectability will be easier in open pasture), and in relation to time of day (i.e. vocal
activity decreases through the day) for avian models, via a state-space formulation, where species
detection probabilities are estimated from repeated samples under an assumption of site-level
closure within the study period [96]; [26]. Parameters were estimated using WinBUGS version
1.4 ([97], see [19] for full model specifics), using 50,000 iterations, following a burn in of
20,000.

We used these occupancy model outputs to estimate site-level abundances in our
simulated land-sharing, land-sparing landscape scenarios. To do this, for each hypothetical
scenario we divided the simulated landscape into ‘management units’, each consisting of 52
‘sites’, with each site corresponding to a circle of 100 m radius, akin to our sampled locations.
For each site, we predicted species occupancy probabilities and assigned habitat characteristics
dependent on a given set of conditions (Figure 1). We converted the resulting probabilities into
abundance metrics by summing Bernoulli trials for each site across the landscape, generating an
index of relative prevalence for each at the landscape scale [11]. We repeated this process for
10,000 posterior-predictive samples of site-level species occurrence probabilities to generate
posterior distributions for each derived biodiversity metric. To make avian phylogenetic analyses
computationally tractable, we reduced the number of replicates to 1,000 posterior-predictive
samples for phylogenetic metrics.

For secondary-sparing strategies, landscapes were separated into ‘spared forest’ units and
intensive pasture units (0% wildlife-friendly features), such that within habitat features are
removed and non-grazed land is consolidated into larger habitat blocks, while grazed land is
intensified in a smaller land area {Green, 2005 #1017}. Contrastingly, land-sharing strategies

landscapes were designated as fully pasture with varying amounts of wildlife-friendly features

26



620

625

630

635

640

retained within {Green, 2005 #1017}. In both cases, we assessed a range of abandonment levels,
representing the proportion of the landscape devoted to either regenerating forest (sparing) or
wildlife-friendly features (sharing; Figure 1). Across all simulated scenarios, we maintained the
same landscape-wide production and assume that within-pasture yields were equal.

Abandonment levels were based on the limits of pasture cover across the farmland study
sites (20%, 40%, 60%, 80%). Pasture units were assigned a given distance from contiguous
forest, these distances were set at 500 m, 750 m, 1,000 m, 1,250 m, and 1,500 m. Results
presented in the main text are taken from the mid distance (1,000 m) from contiguous forest.

Within scenarios, the aggregate level of cattle production is held constant, thus allowing
the performance of each strategy to be examined independent of production, under an assumption
that yield is constant across all pastures [5, 25]. We acknowledge that local variation in yield
might occur under both land-sparing and land-sharing scenarios (see Discussion).

These analyses were repeated considering young secondary forest (15 years or less
recovery) and primary forest as ‘spared’ forest to compare with mature secondary forest
simulations. In our results, we present a scenario of 20% abandoned land, higher percentages of
abandoned land showed no difference in patterns across the forest types. All analyses were

carried out in R {Team, 2018 #846} using custom code {Gilroy, 2020 #1037}.

LEGENDS FOR SUPPLEMENTAL TABLES AND FIGURES

Table S1. Functional traits for birds and dung beetles, Related to Figure 2 and Figure 4.
We used 12 avian functional traits and 6 dung beetle functional traits in our functional diversity
analyses, split into broad trait categories. Behavioural traits for birds were split across foraging
strata and foraging mode, while for dung beetles these were described as nesting strategy, activity
period and diet preference. Data type denotes the scale at which traits are measured, and where
required, calculation describe how traits were measured. Dung beetle morphometric data were

collected from specimens collected in this study for each species. A column of functional
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significance describes why species traits were chosen (based on [1] for birds). Notation of
superscripts show different categories within categorical traits; " Territoriality categorised as, 1
= strong, 2 = weak, 3 =none. ~ Habitat categorised as, 1 = forest, 2 = forest edge, 3 = grassland.

*kk

Bill shape categorised as, 1 = straight, 2 = decurved, 3 = hooked. (Adapted from [2]).

Table S2. Relative abundance indices of threatened bird and dung beetle species detected
in Colombian Andean field sampling, related to the experimental model and subject details
section within the Star Methods.

Species are listed according to threat severity (IUCN categories, data from [3] and [4]). The
mean relative abundance is based upon probabilities of occurrence, across all simulated sites,
under a land sparing, land sharing or primary forest control scenario and are given for each
species. These are described for two simulations, 20% and 80% of land remaining under
production (pasture) while the remaining land area is ‘spared’ secondary forest. Values
highlighted in bold represent the highest mean probability values between land sparing and
sharing scenarios for a given abandonment level, whist primary forest comparisons are italicised.
Avian species detected anecdotally (i.e. outside of point count sampling) are listed with the
associated habitat (P = primary forest, Ol_S = older secondary forest, Yg_S = young secondary

forest and Pa = pasture), and are denoted by “-” for an absence of occurrence probability.

Figure S1: Variation in dung beetle and bird functional metrics under land-sparing land-
sharing strategies, related to Figure 2 and Figure 3.

Functional divergence (a, b), functional dispersion (c, d) and the standard effect size of mean
nearest taxon distance (e) under simulated land-sparing (blue) and land-sharing (orange)
management strategies considering mature secondary forest as conserved habitat. Metrics are
generated across four scenarios varying the amount of land cover regenerating as secondary

forest or preserved as land-sharing features, and in turn the percentage remaining under
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production (20%, 40%, 60%, 80%). Error bars represent 95" percentiles, points represent mean
values from randomisations (per scenario), and violin plots represent the frequency distribution

of these randomisations.

Figure S2: Variation in species richness, functional and phylogenetic diversity with
distance from contiguous forest under land-sparing land-sharing strategies, Related to
Figure 2 and Figure 3.

Species richness (a, b), fucntional diversity (d, e), functional richness (g, h) and functional
eveness (j, k), and bird phylogenetic diversity [PD] (c), standard effect size of PD (f), standard
effect size of mean pairwise distance (i), and evoluntionary distintiveness (I), of communities
under simulated land-sparing (blue) and land-sharing (orange) management scenarios
considering older secondary forest as ‘spared’ habitat. Metrics are generated under a low-
abandoment scenario (20% land area is abandoned for natural regeneration while 80% remains
under production). These metrics are calculated with increasing distances from contiguous
forest in intervals spanning 500 - 1500m. Error bars represent 95" percentiles, points represent
mean values from randomisations (per scenario), while violin plots represent the frequency

distribution of these randomisations.

REFERENCES

1. Tilman, D., Clark, M., Williams, D.R., Kimmel, K., Polasky, S., and Packer, C. (2017). Future
threats to biodiversity and pathways to their prevention. Nature 546, 73-81.

2. Balmford, A., Green, R., and Phalan, B. (2012). What conservationists need to know about
farming. Proceedings of the Royal Society B-Biological Sciences 279, 2714-2724.

3. Phalan, B., Green, R.E., Dicks, L.V., Dotta, G., Feniuk, C., Lamb, A., Strassburg, B.B.N., Williams,

D.R., Ermgassen, E., and Balmford, A. (2016). How can higher-yield farming help to spare
nature? Science 351, 450-451.

29



700

705

710

715

720

725

730

735

740

745

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Williams, D.R., Alvarado, F., Green, R.E., Manica, A., Phalan, B., and Balmford, A. (2017). Land-
use strategies to balance livestock production, biodiversity conservation and carbon storage in
Yucatan, Mexico. Global Change Biology 23, 5260-5272.

Chazdon, R.L., Lindenmayer, D., Guariguata, M.R., Crouzeilles, R., Benayas, J.M.R., and
Chavero, E.L. (2020). Fostering natural forest regeneration on former agricultural land through
economic and policy interventions. Environmental Research Letters 15.

Jenkins, C.N., Pimm, S.L., and Joppa, L.N. (2013). Global patterns of terrestrial vertebrate
diversity and conservation. Proceedings of the National Academy of Sciences of the United
States of America 110, E2602-E2610.

Challenge, T.B. (2015). The Bonn Challenge. Volume 2020. p. Available from
http://www.bonnchallenge. org/.

Holl, K.D. (2017). Restoring tropical forests from the bottom up. Science 355, 455-456.

Phalan, B., Onial, M., Balmford, A., and Green, R.E. (2011). Reconciling Food Production and
Biodiversity Conservation: Land Sharing and Land Sparing Compared. Science 333, 1289-1291.
Edwards, D.P., Gilroy, J.J., Thomas, G.H., Uribe, C.A.M., and Haugaasen, T. (2015). Land-
Sparing Agriculture Best Protects Avian Phylogenetic Diversity. Current Biology 25, 2384-2391.
Cannon, P.G., Gilroy, J.J., Tobias, J.A., Anderson, A., Haugaasen, T., and Edwards, D.P. (2019).
Land-sparing agriculture sustains higher levels of avian functional diversity than land sharing.
Global Change Biology 25, 1576-1590.

Feniuk, C., Balmford, A., and Green, R.E. (2019). Land sparing to make space for species
dependent on natural habitats and high nature value farmland. Proceedings of the Royal
Society B-Biological Sciences 286.

Gardner, T.A., Barlow, J., Araujo, |.S., Avila-Pires, T.C., Bonaldo, A.B., Costa, J.E., Esposito, M.C.,
Ferreira, L.V., Hawes, J., Hernandez, M.I.M., et al. (2008). The cost-effectiveness of biodiversity
surveys in tropical forests. Ecology Letters 11, 139-150.

Sekercioglu, C.H. (2006). Increasing awareness of avian ecological function. Trends in Ecology
& Evolution 21, 464-471.

Nichols, E., Spector, S., Louzada, J., Larsen, T., Amequita, S., Favila, M.E., and Scarabaeinae
Res, N. (2008). Ecological functions and ecosystem services provided by Scarabaeinae dung
beetles. Biological Conservation 141, 1461-1474.

Montoya-Molina, S., Giraldo-Echeverri, C., Montoya-Lerma, J., Chara, J., Escobar, F., and Calle,
Z. (2016). Land sharing vs. land sparing in the dry Caribbean lowlands: A dung beetles'
perspective. Applied Soil Ecology 98, 204-212.

Davies, R.W., Edwards, D.P., and Edwards, F.A. Secondary tropical forests recover dung beetle
functional diversity and trait composition. Animal Conservation.

Fahrig, L., Girard, J., Duro, D., Pasher, J., Smith, A,, Javorek, S., King, D., Lindsay, K.F., Mitchell,
S., and Tischendorf, L. (2015). Farmlands with smaller crop fields have higher within-field
biodiversity. Agriculture Ecosystems & Environment 200, 219-234.

Gilroy, J.J., Edwards, F.A., Uribe, C.A.M., Haugaasen, T., and Edwards, D.P. (2014). Surrounding
habitats mediate the trade-off between land-sharing and land-sparing agriculture in the
tropics. Journal of Applied Ecology 51, 1337-1346.

Tscharntke, T., Sekercioglu, C.H., Dietsch, T.V., Sodhi, N.S., Hoehn, P., and Tylianakis, J.M.
(2008). Landscape constraints on functional diversity of birds and insects in tropical
agroecosystems. Ecology 89, 944-951.

Hendershot, J.N., Smith, J.R., Anderson, C.B., Letten, A.D., Frishkoff, L.O., Zook, J.R., Fukami, T.,
and Daily, G.C. (2020). Intensive farming drives long-term shifts in avian community
composition. Nature 579, 393-+.

Gilroy, J.J., and Edwards, D.P. (2017). Source-sink dynamics: a neglected problem for
landscape-scale biodiversity conservation. Current Landscape Ecology Reports, 51-60.
Sekercioglu, C.H., Loarie, S.R., Brenes, F.O., Ehrlich, P.R., and Daily, G.C. (2007). Persistence of
forest birds in the Costa Rican agricultural countryside. Conservation Biology 21, 482-494.

30


http://www.bonnchallenge/

750

755

760

765

770

775

780

785

790

795

800

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Fischer, J., Brosi, B., Daily, G.C,, Ehrlich, P.R., Goldman, R., Goldstein, J., Lindenmayer, D.B.,
Manning, A.D., Mooney, H.A., Pejchar, L., et al. (2008). Should agricultural policies encourage
land sparing or wildlife-friendly farming? Frontiers in Ecology and the Environment 6, 382-387.
Frishkoff, L.O., Karp, D.S., M'Gonigle, L.K., Mendenhall, C.D., Zook, J., Kremen, C., Hadly, E.A,,
and Daily, G.C. (2014). Loss of avian phylogenetic diversity in neotropical agricultural systems.
Science 345, 1343-1346.

Gilroy, J.J., Woodcock, P., Edwards, F.A., Wheeler, C., Baptiste, B.L.G., Uribe, C.A.M.,
Haugaasen, T., and Edwards, D.P. (2014). Cheap carbon and biodiversity co-benefits from
forest regeneration in a hotspot of endemism. Nature Climate Change 4, 503-507.

Sayer, C.A,, Bullock, J.M., and Martin, P.A. (2017). Dynamics of avian species and functional
diversity in secondary tropical forests. Biological Conservation 211, 1-9.

Acevedo-Charry, 0., and Aide, T.M. (2019). Recovery of amphibian, reptile, bird and mammal
diversity during secondary forest succession in the tropics. Oikos 128, 1065-1078.

Hughes, E.C., Edwards, D.P., Sayer, C.A., Martin, P.A., and Thomas, G.H. The effects of tropical
secondary forest regeneration on avian phylogenetic diversity. Journal of Applied Ecology.
Chazdon, R.L., Peres, C.A,, Dent, D., Sheil, D., Lugo, A.E., Lamb, D., Stork, N.E., and Miller, S.E.
(2009). The Potential for Species Conservation in Tropical Secondary Forests. Conservation
Biology 23, 1406-1417.

Hethcoat, M.G,, King, B.J., Castiblanco, F.F., Ortiz-Sepulveda, C.M., Achiardi, F.C.P., Edwards,
F.A., Medina, C., Gilroy, J.J., Haugaasen, T., and Edwards, D.P. (2019). The impact of secondary
forest regeneration on ground-dwelling ant communities in the Tropical Andes. Oecologia
191, 475-482.

del Pliego, P.G., Scheffers, B.R., Basham, E.W., Woodcock, P., Wheeler, C., Gilroy, J.J., Uribe,
C.A.M., Haugaasen, T., Freckleton, R.P., and Edwards, D.P. (2016). Thermally buffered
microhabitats recovery in tropical secondary forests following land abandonment. Biological
Conservation 201, 385-395.

Martin, P.H., Sherman, R.E., and Fahey, T.J. (2004). Forty years of tropical forest recovery from
agriculture: Structure and floristics of secondary and old-growth riparian forests in the
Dominican Republic. Biotropica 36, 297-317.

Shoo, L.P., Freebody, K., Kanowski, J., and Catterall, C.P. (2016). Slow recovery of tropical old-
field rainforest regrowth and the value and limitations of active restoration. Conservation
Biology 30, 121-132.

Lennox, G.D., Gardner, T.A., Thomson, J.R,, Ferreira, J., Berenguer, E., Lees, A.C., Mac Nally, R.,
Aragao, L.E.O.C., Ferraz, S.F.B., Louzada, J., et al. (2018). Second rate or a second chance?
Assessing biomass and biodiversity recovery in regenerating Amazonian forests. Global
Change Biology 24, 5680-5694.

Bihn, J.H., Gebauer, G., and Brandl, R. (2010). Loss of functional diversity of ant assemblages in
secondary tropical forests. Ecology 91, 782-792.

Gibson, L., Lee, T.M., Koh, L.P., Brook, B.W., Gardner, T.A., Barlow, J., Peres, C.A., Bradshaw,
C.J.A., Laurance, W.F., Lovejoy, T.E., et al. (2011). Primary forests are irreplaceable for
sustaining tropical biodiversity. Nature 478, 378-+.

Edwards, D.P., Massam, M.R., Haugaasen, T., and Gilroy, J.J. (2017). Tropical secondary forest
regeneration conserves high levels of avian phylogenetic diversity. Biological Conservation
209, 432-439.

Montagnini, F., and Nair, P.K.R. (2004). Carbon sequestration: An underexploited
environmental benefit of agroforestry systems. Agroforestry Systems 61-2, 281-295.

Varsha, K.M., Raj, A.K., Kurien, E.K., Bastin, B., Kunhamu, T.K., and Pradeep, K.P. (2019). High
density silvopasture systems for quality forage production and carbon sequestration in humid
tropics of Southern India. Agroforestry Systems 93, 185-198.

McDermott, M.E., Rodewald, A.D., and Matthews, S.N. (2015). Managing tropical agroforestry
for conservation of flocking migratory birds. Agroforestry Systems 89, 383-396.
Gomez-Cifuentes, A., Gimenez Gomez, V.C., Moreno, C.E., and Zurita, G.A. (2019). Tree
retention in cattle ranching systems partially preserves dung beetle diversity and functional

31



805

810

815

820

825

830

835

840

845

850

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

groups in the semideciduous Atlantic forest: The role of microclimate and soil conditions.
Basic and Applied Ecology 34, 64-74.

Strassburg, B.B.N., Latawiec, A.E., Barioni, L.G., Nobre, C.A., da Silva, V.P., Valentin, J.F.,
Vianna, M., and Assad, E.D. (2014). When enough should be enough: Improving the use of
current agricultural lands could meet production demands and spare natural habitats in Brazil.
Global Environmental Change-Human and Policy Dimensions 28, 84-97.

Crouzeilles, R., Beyer, H.L., Monteiro, L.M., Feltran-Barbieri, R., Pessoa, A.C.M., Barros, F.S.M.,
Lindenmayer, D.B,, Lino, E., Grelle, C.E.V., Chazdon, R.L., et al. (2020). Achieving cost-effective
landscape-scale forest restoration through targeted natural regeneration. Conservation
Letters.

Bailey, D.W. (2005). Identification and creation of optimum habitat conditions for livestock.
Rangeland Ecology & Management 58, 109-118.

Schroth, G., and McNeely, J.A. (2011). Biodiversity Conservation, Ecosystem Services and
Livelihoods in Tropical Landscapes: Towards a Common Agenda. Environmental Management
48, 229-236.

Nanni, A.S., Sloan, S., Aide, T.M., Graesser, J., Edwards, D., and Grau, H.R. (2019). The
neotropical reforestation hotspots: A biophysical and socioeconomic typology of
contemporary forest expansion. Global Environmental Change-Human and Policy Dimensions
54, 148-159.

Aide, T.M., Clark, M.L., Ricardo Grau, H., Lopez-Carr, D., Levy, M.A., Redo, D., Bonilla-Moheno,
M., Riner, G., Andrade-Nunez, M.J., and Muniz, M. (2013). Deforestation and Reforestation of
Latin America and the Caribbean (2001-2010). Biotropica 45, 262-271.

Schwartz, N.B., Aide, T.M., Graesser, J., Grau, H.R., and Uriarte, M. (2020). Reversals of
Reforestation Across Latin America Limit Climate Mitigation Potential of Tropical Forests.
Frontiers in Forests and Global Change 3.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A., Thau,
D., Stehman, S.V., Goetz, S.J., Loveland, T.R., et al. (2013). High-Resolution Global Maps of
21st-Century Forest Cover Change. Science 342, 850-853.

Carrasco, L.R., Larrosa, C., Milner-Gulland, E.J., and Edwards, D.P. (2014). A double-edged
sword for tropical forests. Science 346, 38-40.

Crk, T., Uriarte, M., Corsi, F., and Flynn, D. (2009). Forest recovery in a tropical landscape:
what is the relative importance of biophysical, socioeconomic, and landscape variables?
Landscape Ecology 24, 629-642.

Sloan, S., Goosem, M., and Laurance, S.G. (2016). Tropical forest regeneration following land
abandonment is driven by primary rainforest distribution in an old pastoral region. Landscape
Ecology 31, 601-618.

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batary, P., Bengtsson, J.,
Clough, Y., Crist, T.O., Dormann, C.F., et al. (2012). Landscape moderation of biodiversity
patterns and processes - eight hypotheses. Biological Reviews 87, 661-685.
Hernandez-Ordonez, O., Santos, B.A., Pyron, R.A., Arroyo-Rodriguez, V., Urbina-Cardona, J.N.,
Martinez-Ramos, M., Parra-Olea, G., and Reynoso, V.H. (2019). Species sorting and mass effect
along forest succession: Evidence from taxonomic, functional, and phylogenetic diversity of
amphibian communities. Ecology and Evolution 9, 5206-5218.

Chazdon, R.L., Broadbent, E.N., Rozendaal, D.M.A., Bongers, F., Alimeyda Zambrano, A.M.,
Aide, T.M., Balvanera, P., Becknell, J.M., Boukili, V., Brancalion, P.H.S., et al. (2016). Carbon
sequestration potential of second-growth forest regeneration in the Latin American tropics.
Science Advances 2.

Poorter, L., Rozendaal, D.M.A., Bongers, F., de Almeida-Cortez, J.S., Zambrano, A.M.A,,
Alvarez, F.S., Andrade, J.L., Villa, L.F.A., Balvanera, P., Becknell, J.M., et al. (2019). Wet and dry
tropical forests show opposite successional pathways in wood density but converge over time.
Nature Ecology & Evolution 3, 928-934.

32



855

860

865

870

875

880

885

890

895

900

905

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Sidle, R.C., Ziegler, A.D., Negishi, J.N., Nik, A.R., Siew, R., and Turkelboom, F. (2006). Erosion
processes in steep terrain - Truths, myths, and uncertainties related to forest management in
Southeast Asia. Forest Ecology and Management 224, 199-225.

Wang, Y.X., Ziv, G., Adami, M., de Almeida, C.A., Antunes, J.F.G., Coutinho, A.C., Esquerdo,
J.C.D,, Gomes, A.R., and Galbraith, D. (2020). Upturn in secondary forest clearing buffers
primary forest loss in the Brazilian Amazon. Nature Sustainability 3, 290-295.

Sierra, R., and Russman, E. (2006). On the efficiency of environmental service payments: A
forest conservation assessment in the Osa Peninsula, Costa Rica. Ecological Economics 59,
131-141.

Reid, J.L., Fagan, M.E., Lucas, J., Slaughter, J., and Zahawi, R.A. (2019). The ephemerality of
secondary forests in southern Costa Rica. Conservation Letters 12.

Latawiec, A.E., Strassburg, B.B.N., Brancalion, P.H.S., Rodrigues, R.R., and Gardner, T. (2015).
Creating space for large-scale restoration in tropical agricultural landscapes. Frontiers in
Ecology and the Environment 13, 211-218.

Silva, M.A,, Lima, M., Silva, C.A., Costa, G.M., and Peres, C.A. (2018). Achieving low-carbon
cattle ranching in the Amazon: "Pasture sudden death' as a window of opportunity. Land
Degradation & Development 29, 3535-3543.

Gilroy, J.J., Woodcock, P., Edwards, F.A., Wheeler, C., Uribe, C.A.M., Haugaasen, T., and
Edwards, D.P. (2014). Optimizing carbon storage and biodiversity protection in tropical
agricultural landscapes. Global Change Biology 20, 2162-2172.

Morton O, Borah JR, and DP, Edwards. (2020). Economically viable forest restoration in
shifting cultivation landscapes. Environmental Research Letters 15.

International, B. (2020). Birdlife datazone. Volume 2020.
(http://datazone.birdlife.org/species/search).

IUCN (2020). The IUCN Red List of Threatened Species. . Volume Version 2020-2.

Etter, A., McAlpine, C., Wilson, K., Phinn, S., and Possingham, H.P. (2006). Regional patterns of
agricultural land use and deforestation in Colombia. Agriculture Ecosystems & Environment
114, 369-386.

GBIF.org (2020). GBIF Home Page.

Pearman, P.B. (2002). The scale of community structure: Habitat variation and avian guilds in
tropical forest understory. Ecological Monographs 72, 19-39.

Hill, J.K., and Hamer, K.C. (2004). Determining impacts of habitat modification on diversity of
tropical forest fauna: the importance of spatial scale. Journal of Applied Ecology 41, 744-754.
Larsen, T.H., and Forsyth, A. (2005). Trap spacing and transect design for dung beetle
biodiversity studies. Biotropica 37, 322-325.

Shimada, M., Tadono, T., and Rosengvist, A. (2010). Advanced Land Observing Satellite (ALOS)
and Monitoring Global Environmental Change. Proceedings of the leee 98, 780-799.

Luck, G.W., Carter, A., and Smallbone, L. (2013). Changes in Bird Functional Diversity across
Multiple Land Uses: Interpretations of Functional Redundancy Depend on Functional Group
Identity. Plos One 8.

Griffiths, H.M., Louzada, J., Bardgett, R.D., Beiroz, W., Franca, F., Tregidgo, D., and Barlow, J.
(2015). Biodiversity and environmental context predict dung beetle-mediated seed dispersal
in a tropical forest field experiment. Ecology 96, 1607-1619.

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A., and de Juana, E. (2014). Handbook of the
Birds of the World Alive [online]. (Barcelona: Lynx Edicions).

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 years of
image analysis. Nature methods 9, 671-675.

Escobar, F., and de Ulloa, P.C. (2000). Space and time distribution along a succesional gradient
of coprofagous coleopterans (Scarabaeinae, Aphodiinae) in a tropical montane forest, Narino
Colombia. Revista De Biologia Tropical 48, 961-975.

Escobar, F. (2003). Feeding Habits and Distributional Records of 11 Species of Neotropical
Scarabaeinae (Coleoptera: Scarabaeidae). The Coleopterists Bulletin 57, 131-132.

33


http://datazone.birdlife.org/species/search

910

915

920

925

930

935

940

945

950

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Edmonds, W.D., and Zidek, J. (2004). Revision of the Neotropical dung beetle genus
Oxysternon (Scarabaeidae: Scarabaeinae: Phanaeini). Folia Heyrovskyana 11, 1-58.

Escobar, F. (2004). Diversity and composition of dung beetle (Scarabaeinae) assemblages in a
heterogeneous Andean landscape. Tropical Zoology 17, 123-136.

Feer, F., and Pincebourde, S. (2005). Diel flight activity and ecological segregation within an
assemblage of tropical forest dung and carrion beetles. Journal of Tropical Ecology 21, 21-30.
Price, D.L., and May, M.L. (2009). Behavioral ecology of Phanaeus dung beetles (Coleoptera:
Scarabaeidae): review and new observations. Acta Zooldgica Mexicana 25, 211-238.

Cultid Medina, C.A., Medina Uribe, C.A., Martinez Quintero, B.G., Escobar villa, A.F.,
Constantino Chuaire, L.M., and Betancur Posada, N.J. (2012). Escarabajos Copréfagos
(Scarabaeinae) del eje cafetero: guia para el studio ecolégico. Villa Maria, Caldas, Colombia.
Petchey, O.L., and Gaston, K.J. (2007). Dendrograms and measuring functional diversity. Oikos
116, 1422-1426.

Petchey, O.L., and Gaston, K.J. (2002). Functional diversity (FD), species richness and
community composition. Ecology Letters 5, 402-411.

Pavoine, S., Vallet, J., Dufour, A.-B., Gachet, S., and Daniel, H. (2009). On the challenge of
treating various types of variables: application for improving the measurement of functional
diversity. Oikos 118, 391-402.

Laliberte, E., and Legendre, P. (2010). A distance-based framework for measuring functional
diversity from multiple traits. Ecology 91, 299-305.

Villeger, S., Mason, N.W.H., and Mouillot, D. (2008). New multidimensional functional
diversity indices for a multifaceted framework in functional ecology. Ecology 89, 2290-2301.
Laliberté, E., Legendre, P., and Shipley, B. (2014). FD: measuring functional diversity from
multiple traits, and other tools for functional ecology., R package version 1.0-12 Edition.
Kembel, S.W., Cowan, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H., Ackerly, D.D., Blomberg,
S.P., and Webb, C.0. (2010). Picante: R tools for integrating phylogenies and ecology.
Bioinformatics, 1463-1464.

Team, R.C. (2018). R: A language and environment for statistical computing. (R Foundation for
Statistical Computing, Vienna, Austria.).

Hackett, S.J., Kimball, R.T., Reddy, S., Bowie, R.C.K., Braun, E.L., Braun, M.J., Chojnowski, J.L.,
Cox, W.A., Han, K.L., Harshman, J., et al. (2008). A phylogenomic study of birds reveals their
evolutionary history. Science 320, 1763-1768.

Ericson, P.G.P., Anderson, C.L., Britton, T., Elzanowski, A., Johansson, U.S., Kallersjo, M.,
Ohlson, J.1., Parsons, T.J., Zuccon, D., and Mayr, G. (2006). Diversification of Neoaves:
integration of molecular sequence data and fossils. Biology Letters 2, 543-U541.

Jetz, W., Thomas, G.H., Joy, J.B., Redding, D.W., Hartmann, K., and Mooers, A.O. (2014). Global
Distribution and Conservation of Evolutionary Distinctness in Birds. Current Biology 24, 919-
930.

Kery, M., and Royle, J.A. (2008). Hierarchical Bayes estimation of species richness and
occupancy in spatially replicated surveys. Journal of Applied Ecology 45, 589-598.
Spiegelhalter, D.J., Best, N.G., Carlin, B.R., and van der Linde, A. (2002). Bayesian measures of
model complexity and fit. Journal of the Royal Statistical Society Series B-Statistical
Methodology 64, 583-616.

34



20%

00000

Fig.1

Land sparing

Contiguous forest

Land sharing

Percentage of land
40% 60% 80% <— remaining under production —- 20% 40% 60% 8

(O Secondary forest @ Grazed land @ Abandoned trees/patches

35



955

Species richness (S)

U

Functional Diversity [FO)

=]
=

Functional Richness (FRic)
50

U

=]

o

=]

Functional Evenness (FEve)

=]
=]

Fig 2

Dung beetles

i i)

Birds

200
L

190

(=0

10

IER

@

m
a0
]

803 700
H L

5
i

400
L

ui

10

2% 4% 0%

Percentage of land area remaining

under production

ad

E0% 20%

sharing @ sparing

4% £0%

under production

0%

Percentage of land area remaining

36



L

Spacies presanos in
slmulated oo mmw ke
Eparing

Sharing

5 L= AR
e
o

Fig 3

sharing Msparing

E s { I I I gﬁ
Fal=t
B =%
EEE' En
o = | TR T -
25
£ & 2"
E = . : .
5 o g
R 15 JK
i1 Jr_ D] &
i | 1 3
[ = F"'-
B8 g
35 ;.
i g
Permantage of |3nd area remining under Sercentage of tand 3rea remalning under

production

37



Secorchry  Secorcary

Uq:lla -'1';1:'\1

¥oung

Oider Frimary
Secorchry

Young

[&] 8 - =
o
e —] —_— —_— i — .m
[z} W
= - o
= —_— —_— —_— P — ta
]
00 _m.whuw N n.w.H o0z 5% _“ _“_._u_H @ g7 0% 5% ; n_.n_”_ §2- o S Fb £ T Wb O
LA |1k 04535) ASIBN] (OdW5=5) SMeSK] (a3} ssaumnnEg AR
(ad) AusRNa U260 1A Waua b panmEEUES SN UES PRIEPURIS Lt} a .
=i] 1] T L'
—— —— — ———t .
o
.|m L | —— —_— -
o
—_— —_— —_— ——
oF e o0E o6k OOk O B W 9 % M6 o0 OOL 009 O0F OOF OOF WO R0 SE0 0
- =] o =
0 —_— —_— — —_—
1k}
=
1k}
a1 L
e —_— — —_— —_—
on
=
=
& L
—_— —_— —_— —_—
o o ol 0 e z I 0 o o E 0+ w0 o080 s20 0
(g} ssauyany serads (Q4) Apssaag (euoaung (Hyd) sEaULNY [Bus Uy (3A3d) SSULSAZ [BUODUMNY

38

sharing W sparing

Seconoary  Seconcary

Fig 4

960



