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Abstract

1.

Two strategies are central to the debate regarding agricultural development: one
integrates farming and conservation (land sharing), and the other separates farm-
ing and conservation, intensifying production to allow the offset of natural habi-
tat (land sparing). The role of wildlife-friendly habitat in the wider surrounding
landscape (landscape wildlife friendliness (WF)) in promoting farmland diversity

is potentially an unexplored benefit of land sharing.

. We sampled birds across primary forests and cattle pastures in the western

Amazon, where terrestrial biodiversity peaks. We tested the hypothesis that in-
creased landscape WF will lead to increased species richness (SR) on farmland,

even at low levels of ‘on-farm’ wildlife-friendly habitat (farm WF).

. We show that while there is a minor increase in SR linked to increased levels of

landscape WF, a large component of the avian community is functionally absent.
Most forest-dependent species are missing from pasture, even at high levels of
farm WF. For these species, the preservation of blocks of contiguous forest under
land sparing is vastly superior.

We modelled both strategies under different levels of production. Land sparing
always retained significantly higher SR than land sharing, regardless of the level
of landscape WF.

Synthesis and applications. Landscape wildlife friendliness (WF) provided through
land sharing is of limited benefit to many tropical forest-dependent species that
are unable to move across or utilise pasture, even at high levels of farm and land-
scape WF. To ensure the persistence of these species, policymakers should ur-
gently implement sustainable intensification mechanisms to increase farmland
productivity while enabling the protection of large blocks of spared natural
habitat.

KEYWORDS
agricultural sustainability, agroecosystems, birds, cattle farming, deforestation, fragmentation,
habitat loss, land-use planning
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1 | INTRODUCTION

The conversion of natural habitats to agriculture is the greatest
threat to terrestrial biodiversity (Fischer et al., 2008). Currently,
around 40% of the Earth's land surface is under production, with
about two-thirds used for grazing livestock, making farmland
the single greatest land use globally (Cannon et al., 2019; Lamb
et al., 2016). Projections show an increase in the demand for ag-
ricultural products of 70%-100% by 2050, in conjunction with
human population growth (Kamp et al., 2015; Zabel et al., 2019).
Balancing conservation with farming is critical, with the future of
global biodiversity firmly in the hands of agricultural policy makers
(Fischer et al., 2008; Winkler et al., 2021).

Central to the debate surrounding agricultural development
and biodiversity protection are two contrasting land-allocation
strategies (Green et al., 2005). Land sharing integrates farming
and conservation on the same land through less intensive produc-
tion techniques. This allows some biodiversity to be maintained
throughout the farmed landscape, but requires a greater land-use
footprint. Land sparing separates farming and conservation, and
production is intensified to require a smaller land-use footprint, al-
lowing the protection of remaining natural habitats from agricultural
conversion. These strategies are not mutually exclusive, and both
have key roles to play in agricultural policy (Fischer et al., 2014). It
has also been suggested that they may play complementary roles,
with land sharing promoting landscape-level connectivity between
areas conserved through land sparing (Fischer et al., 2014; Gilroy &
Edwards, 2017; Grass et al., 2019; Kremen, 2015).

Across the tropics, land sharing supports substantial amounts
of biodiversity through increased habitat complexity, as well as
sustaining relatively high yields through the provision of pest con-
trol and other beneficial ecosystem services (Gilroy et al., 2014).
Furthermore, land sharing can promote metapopulation dynamics by
facilitating dispersal across landscapes, thus enabling rescue effects;
both of which are essential to sustain species populations in frag-
mented habitats (Grass et al., 2019; Van Schmidt & Beissinger, 2020).
However, low-intensity land-sharing practices also involve remov-
ing some land within farmed landscapes from production, thereby
promoting further encroachment into pristine habitats to meet pro-
duction demands (Green et al., 2005). Moreover, evidence shows
that many species of high conservation importance, including forest
specialists and endemics, do poorly even in shared landscapes with
high levels of wildlife friendliness (WF) (Abrahamczyk et al., 2008;
Edwards et al., 2021; Williams et al., 2017).

Many empirical studies reveal that land sparing is best for biodi-
versity and carbon capture (Balmford, 2021), with proximity to un-
disturbed natural habitat playing a pivotal role in governing species
assemblages in agricultural landscapes and thus the apparent bene-
fits of land sharing. For example, in the Western Colombian Andes,
land sharing becomes increasingly inferior to land sparing at greater
distances from contiguous forest, causing reductions in species rich-
ness (SR) of birds and dung beetles (Gilroy et al., 2014), as well as for
functional and phylogenetic diversity of birds (Cannon et al., 2019;

Edwards et al., 2015, 2021). As a result, many species of conser-
vation importance only persist in farmed landscapes where large
amounts of natural habitat occupy adjacent areas. To date, research
has focused on the linear distance to contiguous forest, overlooking
the influence of the intermediate habitat matrix on farmland diver-
sity; a key argument for land sharing (Grass et al., 2019). A matrix
providing important feeding, breeding or sheltering resources to
fauna could facilitate greater movement across landscapes, thus en-
abling the persistence of species within land-sharing farmland (Grass
etal., 2019; Reider et al., 2018).

Here, we examine how the proportion of WF in the landscape
habitat matrix influences biodiversity under different land-sharing
and land-sparing scenarios, using birds as an indicator taxon due
to their broad range of sensitivities to human disturbances (Moura
etal., 2016). We use field data collected from the Colombian Amazon,
which constitutes part of the western Amazon, one of the world's
most biodiverse ecosystems and the largest remaining area of intact
tropical forest spanning ~1.5 million km? (Lessmann et al., 2019). We
model bird communities across low-intensity cattle pastures, with
varying levels of ‘on-farm’ WF (the proportion of wildlife-friendly
habitat within a 100m radius of farm points), and assess the influ-
ence of landscape-level WF (the proportion of forest cover within
a 1000 m radius of farm points). The resulting model is then used to
predict species responses across a range of land-sharing and land-
sparing scenarios that vary in production output and landscape WF.
We assess whether the proportion of WF habitat in the wider land-
scape affects farmland species occupancy, and predict that higher
levels of landscape WF will lead to more species being present on
even high-production farms.

2 | MATERIALS AND METHODS
2.1 | Study areas

We sampled three study areas in the departments of Amazonas,
Putumayo and Guaviare, Colombia (Figure S1), which reside in the
Caqueta Moist ecoregion of Amazonia, and span an altitudinal range
of 103-283m a.s.l. (Sanchez-Cuervo et al., 2012). We focused on
low-intensity cattle farming, which constitutes most farmed land in
our study areas, and is reflective of broader land-use patterns across
Colombia where pastures cover over a third of the country's land
area (Lerner et al., 2017). The Amazonas (Puerto Santander, PSP1-
PSP7) and Putumayo (Puerto Leguizamo, PLP1-PLP24) sites are
closely surrounded by varying amounts of primary and secondary
forest, while the Guaviare (San José del Guaviare, SGP1-SGP15) site
has sparser, more fragmented, surrounding forest cover resulting
from a greater proportion of pasture conversion (Figures S1 and S2).

We sampled bird communities at points arrayed within
400x400m squares, summing to 16 squares in farmland and 16
squares in contiguous forest (Figure S1). All forest points were situ-
ated within primary forest deemed to be unaffected by edge effects.
Squares were randomly allocated within study sites, and a minimum
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spacing of 300m was applied for squares within different habitats
and 400m for squares within the same habitat.

All fieldwork was conducted under the national collection per-
mit of Instituto Alexander von Humboldt. No ethical approval was
required for this study.

2.2 | Birdsurveys

All sampling was conducted by JBS during the dry season running
from July to September 2019. Bird communities were sampled at
94 points (48 forest, 46 pasture) using repeat-visit point counts.
Following Gilroy et al. (2014), points were placed in clusters of three,
save for two clusters that had only two points due to the small
farm size. Within a cluster, points were spaced in a triangular pat-
tern 200m apart from one another, while between-cluster distances
exceeded 600m. We recorded all individual birds detected within
a 100m radius based on previous evidence for the grain of spatial
community turnover in tropical forests (Hill & Hamer, 2004). Each
point was visited between 06:00 AM and 12:00 PM on four consec-
utive mornings (10-min duration), avoiding adverse conditions such
as strong wind or rain. Routes between sampling points were varied
each day to ensure each point was visited at varying times through-
out the sampling window. Species detected within a 100m radius
of the point were recorded, excluding flyovers and nonbreeding mi-
grants (as per Gilroy et al., 2014). We continuously recorded sound
during all point counts using a Sennheiser ME62 microphone and
Tascam DR-100 digital recorder for later identification of unknown
vocalisations. Unknown vocalisations were identified in consultation
with multiple experts and online recording archives.

2.3 | Habitat variables

Squares within farmland showed mixed levels of remnant forest hab-
itat, including forest fragments, riparian strips, scrubland vegetation,
isolated trees and hedgerows or other woody growth with three-
dimensional structure. We classed these features as wildlife-friendly
habitat, and visually mapped them in the field within an estimated
100 m radius of the points. Grazed pasture and any other non-pasture
habitats were also mapped following Gilroy et al. (2014). These maps
were used in combination with Esri® satellite imagery to quantify
the proportion of wildlife-friendly features within a 100m radius of
each point using QGIS (2021). Any other habitats such as roads and
sheds were excluded from this calculation. All forest points were as-
signed a farm WF value of zero.

WF was also calculated for a 1000m radius around each point
using Landsat data from 2019 (Hansen et al., 2013). Maps were im-
ported into R version 4.0.3 using the python Google Earth Engine API
via the Reticulate package (Allaire et al., 2017; Gorelick et al., 2017)
and manipulated using the sf package (Pebesma, 2018) (Figure S2).
Landscape WF was calculated as the total proportion of forest cover
in a 1000m radius surrounding each point (including the 100m
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radius farmed area), with a value of >50% pixel coverage classified
as forest. To confirm that Landsat-generated maps were consistent
with forest cover at the time of sampling, we made visual compar-
isons with satellite imagery from the date of sampling, finding no
cases of mismatch between the Landsat imagery and forest cover
at the time of sampling. Surrounding forest cover was calculated for
radii of 500-5000m around each point by increments of 500m, but
1000m was deemed the most suitable for this study, balancing suf-
ficient variation between sampling locations (Figure S3), with suffi-
cient spatial breadth to reflect landscape-scale patterns (Wu, 2018).
All forest points were assigned a landscape WF value of zero.

2.4 | Statistical analysis

241 | Modelling species responses to farm (100m
radius) and landscape (1000 m radius) WF

Hierarchical Bayesian models were used to assess individual species
responses to farm and landscape WF. Unique bird species were cat-
egorised according to their Birdlife forest dependency (FD) classifica-
tion (BirdLife International, 2021) for all but one species, Ortalis guttata,
which had a Birdlife FD status of ‘unset’. We categorised this species
ourselves using the Birds of Peru field guide (Schulenberg et al., 2010).
The categories consisted of low FD (merging of Birdlife's ‘low’ and ‘not
normally found in forest’ categories; low reliance on intact forest for
breeding and/or foraging), medium FD (frequently found in forest but
not reliant on intact forest in the landscape) and high FD (require in-
tact forest in the landscape for breeding and/or foraging). We chose
to classify species in this way to allow for pooling of variance across
groups that are a priori expected to have broad differences in how
they respond to land-use change and WF, as well as allowing us to
identify potentially important compositional changes, that is, the re-
placement of forest specialists by generalists (Phalan et al., 2011).

We fitted hierarchical detection-occupancy models to make infer-
ences about occupancy across gradients of habitat (forest vs. pasture)
and WF in pasture (local and landscape-scale) while accounting for
imperfect detection and including covariates that were expected to
influence detection (Dorazio & Royle, 2005; Gilroy et al., 2014; Socolar
et al., 2022). The occupancy component of the model includes terms
that capture how species' occupancy varies between pasture and for-
est (habitat), as well as with variation in the pasture points' local- and
landscape-scale WF. As responses are expected to be strongly struc-
tured according to a species' level of FD, separate fixed effects are

estimated for each FD category. The occupancy model is thus:

Wik ™ Usite[i] ¥ site[i]k + Bokdep[k] + Pk dep[k] habItat;

+ Pk ep[kWE_ISCaPE; + B3 deppr W_POINt;,

where i indexes points, k indexes species, site indexes which of our
three sites a point belongs to, and dep indexes which of the three
FD classes a species belongs to. Occupancy can thus vary system-
atically between sites, by species, and, to account for possible varia-
tion in occurrence probabilities between the three study areas due to
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biogeographic filtering, by site x species combination. The effects of
habitat and landscape WF are estimated separately for each FD class
and are also able to vary across species. All species-specific effects,
as well as the site x species intercept term, were fitted as normally
distributed random effects.

The detection component of the model included a random effect
on species, allowing species to vary in their overall detectability, the
time of day a point was visited (as a species-specific effect), as well
as by broad habitat class to account for systematic differences in de-

tectability in pasture and in forest. The detection model is therefore:

Bijk ~ Sox + 51,ktime,»j + 6, habitat;,

where j indexes visit. As before, all species-specific terms are fitted
as normally distributed random effects. Models were fitted with
weakly informative priors that avoid densities strongly concentrated
around O and 1 on the probability scale (Northrup & Gerber, 2018),
while also overstating our prior uncertainty about parameter values.
Models were fitted using four chains each running for 1000 warmup
iterations and 1000 sampling iterations, resulting in a total of 4000
post-warmup draws. Models were fitted in Stan (Stan Development
Team, 2021) using the R package flocker (Socolar & Mills, 2022). We
assessed convergence based on a lack of divergences in Stan's leapfrog
integrator and rank-normalised folded r-hat statistics of less than 1.01
for all model parameters (Vehtari et al., 2021).

(a) Low production (f= 0.4)
0.2 0.5

Land sharing

Land sparing

Landscape wildlife
friendly habitat

2.4.2 | Calculating land-sharing and
land-sparing scenarios

To assess the relative benefits of each scenario, we calculated
predicted community patterns under hypothetical land-sharing
and land-sparing agricultural landscapes (Figure 1). These land-
scapes were divided into management units (analogous to indi-
vidual farms) that consisted of varying numbers of sites (each site
was 3.14 ha, calculated from the 100m radius surrounding sam-
pling points). The number of sites per management unit was var-
ied to display how this influences biodiversity outcomes for each
land-allocation scenario (Figure 5a). Units were surrounded by an
increasing proportion of landscape WF spanning the observed
variation (20%-80% at 15% intervals; Figure 1 only shows 0.2,
0.5 and 0.8 for illustrative purposes) within a 1000 m radius from
the point. Within each management unit, the proportion of farm
pasture remained constant and the amount of WF was either al-
located throughout the management unit (land sharing, Figure 1),
or allocated as a protected area within contiguous forest (land
sparing, Figure 1). As per Gilroy et al. (2014), we made two key as-
sumptions: (1) the rate of cattle production is constant for pastures
within the study areas and (2) WF features within farms have no
contribution to yield. As a result, food production relies entirely on
the proportion of farm pasture.

(b) High production (f=0.95)
0.2 0.5

/

i
i
|
i
i
|
i
i
[

Femm————

Farm wildlife Farm Spared forest
friendly habitat pasture designation

FIGURE 1 Examples of land sharing and land-sparing strategies for low (a) and high (b) production scenarios (f=proportion of farm
pasture). Land sharing retains small areas of wildlife-friendly habitat within farmland, whereas land sparing protects blocks of natural forest
externally (dashed boxes) by farming at higher intensities. Hypothetical landscapes are built to simulate these strategies, containing sets of
management units (analogous to individual farms) each consisting of n sites (circles, n=1 in this example). Farmed portions of both shared
and spared farms are surrounded by varying proportions of landscape wildlife friendliness (WF) (20%, 50% and 80% in greyscale) within

a 1000 m radius of the point (denoted as squares around the farmed study sites in circles). Land-sharing management units exclusively
comprise sites containing a proportion of wildlife-friendly habitat (within box), whereas land-sparing management units retain no farm WF,
but instead are paired with spared natural forest blocks located offsite in contiguous forest.
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Calculations were made for two production levels (production
level =‘area of production’), equal to the minimum and maximum lev-
els of farm pasture observed during sampling: low production=40%
farm pasture (Figure 1a); and high production=95% farm pasture
(Figure 1b). To demonstrate, under a low production land-sharing
simulation 40% of land would be pasture and 60% would be desig-
nated farm WF habitat for each individual site within a management
unit, whereas under a land-sparing simulation, 40% of all sites within
a management unit would be pasture with the remaining 60% al-

located to contiguous forest (see Figure 1a for visual explanation).

2.4.3 | Predicting winners and losers and
intermediates from farmland conversion

Winners were calculated as species that always have a higher mean oc-
currence index in pasture than the equivalent land covered entirely by
contiguous forest. Conversely, ‘losers’ are species that always have a
lower mean occurrence index in pasture than if the equivalent land was
covered entirely by contiguous forest. Intermediates were calculated
as species that have a lower mean occurrence index across at least one
level of WF. Such species may do well in WF pasture, but worse in
contiguous forest or pasture with low levels of WF. Winners and losers
were also categorised by each species' FD status to understand the

relative impact of agricultural conversion on these groups.

244 | Estimating species richness for
land-sharing and land-sparing scenarios

To estimate the total number of species that would occur under
land-sharing and land-sparing scenarios, a prediction matrix was
made that included all the combinations of values needed to gener-
ate SR for each management unit. The probability of each species
being present in each scenario for each iteration was calculated from
our model, and the probability of presence across all species in a
scenario and iteration was then summed to generate the predicted
number of species for each posterior iteration. Total SR was then
generated by calculating the mean number of species across all pos-
terior replicates; medians and 95% credible intervals were calculated
on this. We plotted SR across varying sizes of management units to
show how this affects the differences between the two strategies.

3 | RESULTS
3.1 | Species responses to farm and landscape WF

We recorded 1426 birds from 288 species and 47 families (Table S1), of
which 23% were classified as low FD, 38% as medium FD and 39% as
high FD. A total of 184 species were recorded at forest sites (4% Low
FD, 38% medium FD, 58% high FD), and 136 species were recorded at
pasture sites (46% low FD, 42% medium FD, 12% high FD). Our model

Journal of Applied Ecology Eggé?gme;m °

found habitat to have a strong effect on occupancy for birds of all
levels of FD, with low FD birds responding negatively to forest cover
(/jforest,low=_1'79; 95% Cl: [-2.58, -1.05]; Figure 2), while medium and
high FD birds responded positively (B¢ st medium = 1-32; 95% Cl: [0.61,
2.07]; Brorestigh=3-01; 95% Cl: [1.88, 4.19]; Figure 2), with the largest
positive effect seen for high FD birds. Farm WF had positive effects
on medium and high FD species (g, WF’medium:0.22; 95% Cl: [0.03,
0.41]; Bram WEhigh=0-29; 95% Cl: [-0.06, 0.62]; Figure 2), with 95%
Cl overlapping O in the case of high FD species, and negative effects
Brarm wriow=—0-2; 95% Cl: [-0.37,
-0.03]; Figure 2). For landscape WF, coefficients strongly overlapped

on occupancy for low FD species (|

O for all FD categories, indicating that the model has little confidence
in the direction of effect of this variable (Figure 2).

There was a strong association between FD and whether a species
was a winner, loser or intermediate from farmland conversion. Most
low FD birds were winners that decreased in occupancy across pas-
ture as farm WF increased (Figure 3a). Medium FD birds varied in their
responses, showing a mixture of winners, losers and intermediates.
Almost all species in this category increased in occupancy with farm
WEF, although they varied in their responses to forest with some spe-
cies showing increased occupancy, while others decreased (Figure 3a).
High FD species largely consisted of losers, with some species show-
ing a slight increase in occupancy with farm WF (Figure 3a), although
due to most forest species being absent from pasture altogether, farm
WEF had little effect on this grouping (Figures 2 and 3a). Landscape WF
showed similar patterns to farm WF for medium and high FD species.
However, low FD species showed a mixture of responses, with some
decreasing in occupancy and others increasing (Figure 3b). Almost all
low FD species decreased in occupancy between maximum landscape
WEF and contiguous forest (Figure 3b).

Habitat type and farm WF had the biggest effect on whether a
species was a winner, loser or intermediate from farming (Figure 4).
Winners showed a negative effect from both habitat (transition from
pasture to forest) and farm WF, while intermediates showed a mini-
mal response to habitat but showed a positive effect from farm WF.
Losers showed a strong positive effect on both habitat and farm WF
(Figure 4c).

3.2 | Estimating species richness across strategies

Species richness was higher under land sparing than land sharing
across all scenarios (Figure 5). This was most pronounced at low
production levels where land sparing retained 97% of all bird spe-
cies, but land sharing retained 67% (Figure 5b). The difference in SR
between sparing and sharing remained similar in high-production
scenarios, although the percentage of total bird species dropped for
both strategies to 85% and 54%, respectively (Figure 5d). The influ-
ence of landscape WF was minimal for all scenarios. Low production
SR saw a decline of 3% between 20% and 80% landscape WF for
land sparing, while no difference was recorded for land sharing. High
production SR saw a decline of 5% between minimum and maximum

landscape WF for land sparing, while land sharing gave rise to a 6%

ASUIIT SuoWWo)) dANear) d[qesrjdde ay) £q pauIdA0S a1k SIONIE Y 2SN JO SI[NI 10J AIeIqIT dUI[uQ AJ[IAL UO (SUONIPUOD-PUB-SULID)/WO0D KI[1m " KIeIqI[our[uo//:sdny) suonipuo) pue swia ], oY1 398 *[+70¢/c0/1¢] uo Areiqry auruQ AS[Ip 1591 Aq 96SH1+992-S9E1/1111°01/10p/wod K3[im Areiqrjaurjuo’sjeunolsaqy/:sdny woiy papeojumod ‘0 “+997S9¢ 1



BIRCH ET AL.

° Journal of Applied Ecology Egggfis'ym

ﬁlandscape WEF, low

ﬁlandscape WF, medium

,Blandscape WF, high
)Bfarm WE, low
,Bfarm WEF, medium

ﬂfarm WF, high

Fixed effects parameters

<0.01

,Bforest, low
,Bforcst, medium

ﬁforest, high

2

———0.11
! ® Low forest dependency
: ©® Medium forest dependency
! 0.27 ® High forest dependency
i
i 0.37
i
*
——1<0.01
i
|
e 0.02
1
1
1
[

—+———0.08

<0.01

i
i
i
|
i
i
i
) — <0.01
i
i
i
i
i
|
|

0 2 4

Parameter value (£ 95% CI)

FIGURE 2 Coefficients for the fixed effects of habitat, farm wildlife friendliness (farm WF) and landscape wildlife friendliness (landscape
WEF), coloured according to forest dependency category. Lines indicate the 95% credible intervals (Cls) for each estimate, and the adjacent
numbers display the probability of direction of effect (PD) with stars where Cls do not overlap zero. Predictor variables were standardised
prior to analysis, and the binary habitat variable was effects coded as -1 for pasture and 1 for forest. Habitat effects (i.e., f;, ., terms)
correspond to the difference in occupancy between forest and O-WF pasture.

increase in SR. The difference in SR between sparing and sharing
strategies depended on the size of the management area, diminish-
ing as the number of points per management unit, and therefore

total area, became very large (Figure 5a,c).

4 | DISCUSSION

Increasing agricultural production without causing significant biodi-
versity loss is a major conservation challenge. We investigated how
wildlife-friendly features in the surrounding landscape influence the
relative benefits of land sharing vs land sparing on farmland bird
communities. Specifically, we tested whether high levels of sur-
rounding forest can rescue the ability of WF to support biodiversity
locally. Our results reveal that both farm and landscape WF are weak
predictors of farmland species occupancy. These findings indicate
that farmland connected by a wildlife-friendly matrix remains lim-
ited in its ability to preserve occupancy for a large proportion of the
Amazonian bird community, pointing to the need for the conserva-
tion of large habitat blocks under land sparing.

Many high FD species are functionally absent from pasture
points at all levels of WF, and variation in occupancy across the gra-
dient of WF is only observed in the non-forest component of the
community (Figure 3). Consequently, the preservation of large tracts
of contiguous forest through land sparing harboured significantly
more biodiversity than wildlife-friendly farming (land sharing), which
supported lower SR across all levels of landscape WF and produc-
tion (Figure 5), adding to increasing evidence that extreme land
sparing outperforms extreme land sharing (Balmford et al., 2019;

Cannon et al,, 2019; Edwards et al., 2015, 2021; Gilroy et al., 2014;
Williams et al., 2017). The association between species occupancy
and FD suggests strong environmental filtering in farmland, leading
to the loss of forest specialists likely to be of significant conservation
importance (Dambros et al., 2020; Socolar & Wilcove, 2019; Solar
etal., 2015). These findings indicate that environmental filtering may
be more important than dispersal limitations in determining patterns
of bird assemblages in agricultural landscapes, given that many for-
est species are unable to disperse through the agricultural matrix,
even with high levels of WF in the matrix (Karp et al., 2012).
Regional variations in FD (due to varying proportions of gen-
eralists vs. forest specialists) or considering alternative production
systems that do not involve wholesale conversion to grassland
could generate a result less starkly in favour of land sparing. Valente
et al. (2022), for example, investigated the response of the bird com-
munity to coffee production in the Sierra Nevada de Santa Marta,
Colombia, finding differences in SR between shared and spared
landscapes that were less clearly in favour of one single strategy.
Importantly, though the community-level patterns of alpha and
gamma diversity were more equivocal in this context, they were un-
derpinned by the same loss of forest specialists, offset by gains of
open habitat specialists and generalists, as we observed here.
Medium FD birds showed the most variation in responses to
farmland conversion and had the highest number of ‘intermediate’
species (Figure 3). This result was expected, due to edge-tolerant
species falling into this category that do best in high levels of
farm and landscape WF, but poorly in low WF habitat and full for-
est (Feniuk et al., 2019). Nevertheless, despite medium FD birds
not being entirely reliant on intact forest for survival, forest still
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FIGURE 3 Bird species response curves showing the influence of the proportion of farm wildlife friendliness (WF) (a) and landscape WF
(b) on occupancy probability. Each line represents a species. Birds are classified by forest dependency status (Low, Medium, High), as well as
whether they are a winner (blue), loser (red) or intermediate (black), from farmland conversion. The occupancy probability of birds in forest
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that are classified by whether they are a winner (blue), loser (red) or intermediate (black), from farmland conversion. Error bars represent
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management units between land sharing (purple) and land sparing (orange) land-allocation strategies (a, c). Hypothetical land management
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management unit (dashed line) was chosen to illustrate the mean differences between land-allocation strategies across a gradient of
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constitutes a major component of overall habitat for many of these
species (Table S1; BirdLife International, 2021). Their occurrence on
farmland could be driven by source-sink dynamics, where nearby
forest permits the immigration of individuals from areas with pos-
itive population growth rates, meaning that SR on farmland may
poorly correspond to underlying population productivity (Gilroy
& Edwards, 2017). This was demonstrated in the Brazilian Atlantic
Forest, where the abundance and richness of bird assemblages in
farmland was strongly related to forest cover at a landscape scale
(Morante-Filho et al., 2016). This is concerning as the farms in our
study were all surrounded by at least 20% landscape WF within a
1000 m radius (Figure S3), meaning that greater isolation from forest
in broader-scale agricultural landscapes could reduce the benefits of
land sharing even further (Lamb et al., 2016).

Land sparing is most effective when large areas of contiguous for-
est are protected upwards of 1000ha (Lamb et al., 2016), thus being
large enough to sustain viable populations unaffected by edge effects

(Phalan et al., 2011). In our study, spared land was designated in core
areas of protected contiguous forest and not subject to edge effects.
Even large spared habitats can lose species over time if they are situ-
ated within landscapes with poor levels of connectivity, reducing the
relative biodiversity benefits of land sparing (Grass et al., 2019). For
example, the benefits of land sparing for birds in Ghana diminish in
increasingly fragmented landscapes, such that land sharing performs
marginally better when spared lands are subject to severe fragmen-
tation and edge effects (Lamb et al., 2016). Similar findings have been
found for Indian birds, although imperfections in land sparing are
unlikely to be detrimental enough to make land sharing a more de-
sirable option (Balmford et al., 2019). Nevertheless, the degradation
of spared lands near farmland could exacerbate the negative biodi-
versity impacts of land sharing if populations are somewhat reliant
on spillover effects from adjacent natural habitat (Gilroy et al., 2014).
Hence, a landscape perspective is key to effectively balance the con-
servation of biodiversity in both spared and farmed land.
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4.1 | Study caveats and conclusions

Our study has four main caveats: two relating to biodiversity;
and two relating to socio-economic implications. Firstly, we
only focused on one taxon, although birds are a good indicator
of land-use impacts in other taxa (Barlow et al., 2007; Edwards
et al., 2014), including in land sharing/sparing research (Edwards
et al., 2021). Secondly, we assumed that the productivity of pas-
ture is fixed and does not vary depending on the characteristics
of the surrounding forest (e.g., spillover effects), or through WF
features enhancing productivity on point (Hamer et al., 2021).
Some forms of WF farming, particularly silvopasture systems, can
benefit yields while reducing the agricultural land footprint via
sustainable intensification (Clough et al., 2011; Lerner et al., 2017;
Murgueitio et al., 2006). If WF features are capable of enhanc-
ing productivity on the land left under production, it would act
to reduce some of the observed differences between sparing and
sharing strategies. The extent to which the WF habitat we sam-
pled is capable of enhancing productivity is however unclear. It
typically consisted of scrub-like habitat and isolated trees rather
than silvopasture, with these features often inaccessible to cattle
due to barbed wire fences. As productivity is unlikely to be much
higher at points containing WF features, and, given that many of
the species recorded in our study are highly reliant on forest and
have poor prospects in shared landscapes regardless of WF levels,
this simplification is unlikely to significantly influence our results
(Abrahamczyk et al., 2008; Edwards et al., 2021).

Regarding socio-economic implications, farmland intensifi-
cation can drive both increases in land rents, resulting in further
demand for land (at least in the short-term), and decreases in
commodity price that enables market substitution or creation to
utilise the cheaper crop (Lim et al., 2017). This requires strong leg-
islation and land-use zoning to protect spared areas from leakage
(Ford et al., 2020). Finally, smallholder farming is the most prev-
alent form of agriculture globally and provides livelihoods and
food security to many of the planet's most vulnerable populations
(Samberg et al., 2016). However, larger farms, typically associated
with intensive agriculture, tend to be owned by the state or com-
mercial companies. Increased demand for more intensive agricul-
ture via land sparing could potentially contribute to environmental
injustices by displacing smallholders through unethical practices
such as land grabbing (Busscher et al., 2020). Therefore, the im-
plications of land sparing on food resilience, sociocultural values
and economic returns need to be accounted for, as well as the ac-
knowledgement that sparing need not be dependent on industrial
intensification (Balmford, 2021).

In conclusion, our results suggest that the preservation of
large tracts of natural habitat is imperative to prevent major
biodiversity losses, given no apparent benefits of landscape WF
through land sharing for many high FD species. The intensification
of agriculture on existing farmlands through the wider uptake of
silvopasture—rather than ad hoc patches of native habitat found
in our study areas—provides a possible solution, due to their low

Journal of Applied Ecology Eggé?gme;m ?

costs, high productivity gains and greater provision of ecosystem
services, relative to more intensive systems (Braun et al., 2016;
Lerner et al., 2017). Such practices would align with policies ad-
vocating sustainable intensification, thereby minimising negative
ecological impacts on natural environments, and discouraging fur-
ther agricultural expansion (Phalan et al., 2016), while providing
the space for the preservation of forest tracts vital for the conser-

vation of high FD species.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1: Map showing the locations of three study regions across
Colombia (red pins).

Figure S2: Displays the mapped distribution of forest cover in
1000 m radius from the centre of each pasture point, using Landsat
data from 2019 (Hansen et al., 2013).

Figure S3: Shows the proportional distribution of landscape WF for
500-5000 m radii of each point.

Table S1: List of all species detected during sampling.
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