
P R IMA R Y R E S E A R CH A R T I C L E

Land-use strategies to balance livestock production,
biodiversity conservation and carbon storage in Yucat�an,
Mexico

David R Williams1,2 | Fredy Alvarado3 | Rhys E Green2,4 | Andrea Manica2 |

Ben Phalan2,5 | Andrew Balmford2

1Bren School of Environmental Science and

Management, University of California Santa

Barbara, Santa Barbara, CA, USA

2Conservation Science Group, Department

of Zoology, University of Cambridge,

Cambridge, UK

3Divisi�on de Posgrado, Instituto de

Ecolog�ıa, A. C. Xalapa, Mexico

4Royal Society for the Protection of Birds,

The Lodge, Sandy, UK

5Department of Forest Ecosystems and

Society, Oregon State University, Corvallis,

OR, USA

Correspondence

David R Williams, Bren School of

Environmental Science and Management,

University of California Santa Barbara, Santa

Barbara, CA, USA.

Email: davidwilliams@ucsb.edu

Funding information

Rufford Foundation, Grant/Award Number:

14030-1; Consejo Nacional de Ciencia y

Tecnolog�ıa, Grant/Award Number: 234341;

Natural Environment Research Council,

Grant/Award Number: 1122875

Abstract

Balancing the production of food, particularly meat, with preserving biodiversity and

maintaining ecosystem services is a major societal challenge. Research into the con-

trasting strategies of land sparing and land sharing has suggested that land sparing—

combining high-yield agriculture with the protection or restoration of natural habitats

on nonfarmed land—will have lower environmental impacts than other strategies.

Ecosystems with long histories of habitat disturbance, however, could be resilient to

low-yield agriculture and thus fare better under land sharing. Using a wider suite of

species (birds, dung beetles and trees) and a wider range of livestock-production sys-

tems than previous studies, we investigated the probable impacts of different land-

use strategies on biodiversity and aboveground carbon stocks in the Yucat�an Penin-

sula, Mexico—a region with a long history of habitat disturbance. By modelling the

production of multiple products from interdependent land uses, we found that land

sparing would allow larger estimated populations of most species and larger carbon

stocks to persist than would land sharing or any intermediate strategy. This result

held across all agricultural production targets despite the history of disturbance and

despite species richness in low- and medium-yielding agriculture being not much

lower than that in natural habitats. This highlights the importance, in evaluating the

biodiversity impacts of land use, of measuring population densities of individual spe-

cies, rather than simple species richness. The benefits of land sparing for both biodi-

versity and carbon storage suggest that safeguarding natural habitats for biodiversity

protection and carbon storage alongside promoting areas of high-yield cattle produc-

tion would be desirable. However, delivering such landscapes will probably require

the explicit linkage of livestock yield increases with habitat protection or restoration,

as well as a deeper understanding of the long-term sustainability of yields, and

research into how other societal outcomes vary across land-use strategies.
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1 | INTRODUCTION

How to best balance food production with biodiversity conservation

and carbon storage is a major research topic and of vital importance

for preserving biodiversity and limiting anthropogenic climate change

(Steffan-Dewenter, Kessler, & Barkmann, 2007; Perfecto & Vander-

meer, 2008; Godfray et al., 2010; Phalan, Balmford, Green, Scharle-

mann, 2011; Balmford, Green, & Phalan, 2012; Ekroos, €Odman, &

Andersson, 2016). Much of the recent literature concerns the merits

of two contrasting strategies (Phalan, Onial, Balmford, Green, 2011;

Hulme, Vickery, & Green, 2013; Gilroy, Edwards, Medina Uribe, Hau-

gaasen, Edwards, 2014; Gilroy et al., 2014; Dotta, Phalan, Silva,

Green, & Balmford, 2015; Edwards, Gilroy, Thomas, Uribe, & Hau-

gaasen, 2015; Kamp et al., 2015): land sharing, which prioritizes on-

farm biodiversity, but at the potential cost of lowering farm yields;

and land sparing, whereby high-yield agriculture is encouraged, in

order to limit the area needed for farming and thereby spare (or

restore) nonfarmed habitats elsewhere. Several studies and reviews

conclude that land sharing, wildlife-friendly farming or low-yielding

agriculture would be preferable (Steffan-Dewenter et al., 2007;

Bhagwat, Willis, Birks, & Whittaker, 2008; Clough, Barkmann, &

Juhrbandt, 2011; Mastrangelo & Gavin, 2012), but have been criti-

cized for not considering intact natural habitats or high-yielding farm

systems, for using uncalibrated proxy (rather than direct) measures

of yield, or for measuring biodiversity simply in terms of species rich-

ness (rather than using measures of individual species’ abundance,

which better reflect their likely persistence; Phalan, Balmford, et al.,

2011; Balmford et al., 2012; Balmford, Green, & Phalan, 2015). In

contrast, studies assessing abundance-based responses to variation

in yield across the full range of potential land uses have consistently

concluded that land sparing would be less harmful than sharing, or

any intermediate approach, for both biodiversity conservation (Pha-

lan, Onial, et al., 2011; Hulme et al., 2013; Gilroy et al., 2014; Dotta

et al., 2015; Kamp et al., 2015) and maintaining carbon stocks (Gil-

roy et al., 2014).

However, despite the range of systems investigated, it is possible

that these results may not be general, and could instead vary with a

region’s evolutionary and ecological history and, in particular, its

exposure to disturbance. The consistently high sensitivity of biodi-

versity to farming observed in studies to date makes biological sense

if most species are disturbance-sensitive habitat specialists (Balmford

et al., 2015). However, persistent high levels of disturbance may act

as an extinction filter: removing disturbance-sensitive species, and

selecting, among remaining species, for traits such as wide habitat

tolerance or high dispersal rates (Balmford, 1996). Both processes

would leave behind a biota which is more resilient to agriculture,

and which may therefore be favoured by land sharing. Understand-

ing how disturbance history interacts with land-use strategies is

important because much of the world has experienced large natural

or anthropogenic disturbance, over time scales from decades to mil-

lennia (Willis, Gillson, & Brncic, 2004).

Another major knowledge gap surrounds the relative impacts of

different livestock-production systems. This is important because

livestock production is the most widespread land use on earth, occu-

pying over 20% of its land surface (Ramankutty, Evan, Monfreda, &

Foley, 2008), and ruminant meat in particular has a far higher green-

house gas, land use, water and nitrogen footprint than do other

foods (Eshel, Shepon, Makov, & Milo, 2014; Tilman & Clark, 2014).

Moreover, meat consumption is expected to increase substantially

over the coming decades (Tilman & Clark, 2014). However, examin-

ing how best to limit its negative impacts raises particular challenges

because livestock production is increasingly characterized by com-

plex, nonclosed systems. In many regions, these are characterized by

three interlinked land uses: breeding ranches produce young animals

and sell them to finishing ranches, which then fatten them to slaugh-

ter weight, while specialized ranches produce fodder to support live-

stock production. The area required for livestock production is thus

far greater than that used to produce animals for slaughter. Not

accounting for the area occupied by breeding and fodder ranches

will underestimate the impact of livestock production, and the size

of this area depends on the yields of all three ranch types. High-

yield finishing ranches will require more young animals as inputs,

and use greater amounts of fodder, therefore requiring larger areas

of breeding and fodder ranches to supply them. Evaluating different

systems therefore requires data on all three ranch types, as well as

an understanding of the relationships between them.

The Yucat�an Peninsula (henceforth ‘the Yucat�an’) in Mexico

offers an excellent opportunity to investigate the effects of different

livestock-production strategies on biodiversity and carbon storage in

a previously disturbed system. The region’s natural vegetation is pre-

dominantly comprised of tropical dry, semi-deciduous and evergreen

forests—some of the most threatened ecosystems in the world

(Hoekstra & Wiedmann, 2014)—which have expanded and con-

tracted with climatic fluctuations (V�azquez-Dom�ınguez & Arita,

2010). The region is also hit by an average of one hurricane or tropi-

cal storm every year (Wilson, 1980). In addition, there is a long his-

tory of anthropogenic disturbance, with waves of deforestation

occurring from the Pre-Classic Mayan civilization (1,000 BCE–250

CE, G�omez-Pompa & Kaus, 1999) through to 19th century sisal

Agave sisalana and henequen Agave fourcroydes cultivation (Gonza-

lez-Iturbe, Olmsted, & Tun-Dzul, 2002), and finally 20th century cat-

tle ranching, which is now the dominant land use across much of

Yucat�an (Busch & Vance, 2011). Despite these major disturbances,

there is no evidence of major floristic change over the past six thou-

sand years (G�omez-Pompa & Kaus, 1999), supporting the idea of a

relatively resilient biota. Here, we assess how different land-use

strategies would affect bird, dung beetle and tree species and carbon

storage in the Yucat�an using a novel method that accounts for the

nonclosed nature of different ranch types. We estimate the species

abundance, carbon storage, food production and input requirements

of study sites spanning a wide range of agricultural yields. We then

use an iterative site-selection method to build land-use scenarios

that differ in agricultural yields, but which are matched for produc-

tion levels, and which not only produce finished cows for slaughter

and calves for export but also the calf and fodder production needed

to support this. Finally, we use our biodiversity and carbon data to
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estimate region-wide population sizes and aboveground carbon

stocks for each of these land-use scenarios.

2 | MATERIALS AND METHODS

2.1 | Study region and site selection

We selected twenty-five 1 km2 study sites in Tizim�ın District,

Yucat�an State, Mexico—the centre of cattle production in the

Yucat�an (SAGARPA, 2015). We restricted our sites to a region of

uniform climate and topography and ensured even representation of

different land uses across the range of available soil types (Fig. S1).

We selected five sites in zero-yielding forests and 20 agricultural

sites. Agricultural sites contained multiple ranches with a range of

management types: traditional ranches with pastures, as well as

grazed primary and secondary vegetation; intensive silvopastoral sys-

tems (ISPs); intensive ranches with improved or irrigated pastures

and intensive cattle management; and intensive fodder-producing

ranches. We classified each ranch within a site as either “breeding”

or “finishing”. Breeding ranches produce calves and raise them to

approximately 200 kg, while finishing ranches buy calves and fatten

them to a slaughter weight of approximately 500 kg. A few ranches

both bred animals and raised them to slaughter weight, but these

were too rare to analyse separately and so were modelled as combi-

nations of breeding and finishing ranches (see below). Since most

sites contained multiple ranches with different management types,

each site produced a mix of calves, finished cows, and maize or fod-

der grass. Where possible, we selected sites surrounded by a 500 m

buffer of similar land uses to reduce edge effects, and sought sites

at least 5 km from sites of the same type and 1 km from all other

sites (Table S1).

We mapped each site using a combination of Google Earth ima-

gery and site visits. We classified land as grazed land; maize and

grass for fodder; ungrazed natural vegetation and regrowth; and arti-

ficial habitats such as roads and buildings. We further divided grazed

land into pasture, grazed forest, grazed secondary vegetation,

improved pasture or irrigated pasture (including ISPs, which were

too rare in our sites to analyse separately).

2.2 | Yield data collection

To quantify the yields of study sites, we needed estimates of pro-

duction per unit area of maize and fodder grass, the animal protein

produced per hectare of different grazed lands, and the feed effi-

ciency (FE; kilograms of animal protein produced per tonne of fodder

used). We also needed to estimate the mass of calf protein required

by finishing ranches for every kilogram of finished cow protein they

produced. However, ranch managers keep production and input data

for entire ranches, rather than for individual land uses (with the

exception of maize and fodder grass yields). We therefore needed to

collect data at the ranch level and used this to model the animal pro-

tein produced per hectare of different grazed lands, and the feed

efficiency.

We used structured questionnaire surveys to collect agricultural

data from owners and managers of 77 ranches across Tizim�ın Dis-

trict (including ranches both within and outside our study sites to

ensure a large enough sample size). We obtained data from 49

breeding and 28 finishing ranches. For each ranch, we obtained data

on: the area of different types of grazed land and maize/fodder grass

fields in the ranch; the number and mass of animals bought each

year; the number and mass of animals sold each year; the mass of

different fodders used by the ranch each year; and the volume of

milk sold annually (for the few ranches that did this). We standard-

ized fodder inputs to “maize equivalents” using relative metabolizable

energy contents (Table S2). We used energy content, rather than

protein or another measure, as this is the factor that most commonly

limits cattle production in Yucatecan ranches. We converted produc-

tion of animal products into kilograms of edible protein using a

dressing percentage of 50% (FAO, 1972) and a protein content of

ruminant meat of 17.4% (USFDA, 2015). When ranches produced

milk, we converted volumes to masses at 1.03 kg L�1 and assumed

a protein content of 3.15% (USFDA, 2015).

2.3 | Calculating yields in nonclosed systems

The three classes of ranch in the Yucat�an are mutually dependent:

breeding ranches need finishing ranches to raise their calves to

slaughter weight and fodder ranches to provide fodder; finishing

ranches need to be supplied with both calves and fodder; and fodder

ranches need breeding and finishing ranches to convert fodder into

meat (Figure 1). For future land-use scenarios to be viable, they

therefore had to not only meet a production target (a realistic level

of production) for animal protein but also provide the necessary sup-

porting production of fodder and calves. We, therefore, evaluated

the production and requirements of all three products for each of

the 20 agricultural study sites using a five-step process (refer to

Figure 1):

1. Fodder production: We used published values for mean maize

and fodder grass yields in Tizim�ın District (SAGARPA, 2015),

adjusting the latter to the equivalent maize yields using digestible

energy content (Table S2; Animal Feed Resources Information

System, 2014). We then multiplied the area of maize and fodder

grass in each study site by these yields to get estimated fodder

production.

2. Fodder requirements: We modelled fodder use in each of the 77

ranches as a function of the grazed land uses in the ranch by fit-

ting positively constrained linear regressions of fodder use

against the area of each land use. We constrained regressions to

prevent the implausible situation of fodder use decreasing as the

area of grazed land increased. We used the port algorithm of the

nls function in R (R Core Team, 2015) and used F tests to assess

whether the inclusion of ranch type (breeding or finishing) or

splitting land-use classifications significantly improved model fit

(see SI). This “Fodder Use Model” provided us with estimates of

the tonnes of fodder used annually per hectare of each land use,
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which we then multiplied by the areas of each land use in each

site to get a site’s estimated fodder requirements. We estimated

the per-hectare fodder requirements of the few ranches that

both bred animals and raised them for slaughter as the mean of

breeding and finishing ranches.

3. Animal protein production: We modelled animal protein produc-

tion in a similar way, as a function of the grazed land uses in a

ranch and the fodder used. We fitted positively constrained lin-

ear regressions of protein production against the area of each

land use and the mass of fodder used, and used F tests to assess

whether the inclusion of ranch type (breeding or finishing) or

splitting land-use classifications significantly improved model fit

(see SI). This ‘Protein Production Model’ provided estimates of

the yield of each grazed land use—the kilograms of animal pro-

tein produced per hectare—and the FE—the kilograms of animal

protein produced for each tonne of fodder used. To calculate the

overall protein production of a site we summed the production

from grazed land—the yields of each grazed land use multiplied

by its area in a site—and the additional production from fodder

use—the site’s fodder requirements multiplied by the FE. We did

this separately for calf and finished cow protein, using the areas

of each grazed land use in breeding and finishing ranches, respec-

tively (steps 3a and 3b in Figure 1). Again, we estimated the pro-

tein production of land in the few ranches that both bred

animals and raised them for slaughter as the mean of breeding

and finishing ranches.

4. Calf requirements: Every finished cow produced by a finishing

ranch has to be imported into the ranch as a calf. The mass of

calves required by a finishing ranch can therefore be estimated

using the mass of finished cows the ranch produces. To estimate

calf requirements, we therefore calculated the calf conversion

ratio (CCR): the ratio of the modal masses of calves to finished

cows across the surveyed ranches. We then multiplied the total

production of finished cow protein in a site (from step 3) by the

CCR to estimate the mass of calf protein required.

5. Net production: These steps provided, for each agricultural site,

the total fodder produced; the total fodder required; the total

mass of calf protein produced; the total mass of calf protein

required and the total mass of finished cow protein produced.

We then calculated the net production of fodder and calves for

each site as the production minus the requirements. Finally, we

converted all production into the equivalent value in finished

cow protein: multiplying fodder production by the FE for cows

and calf production by the CCR.

2.4 | Land-use scenarios

To investigate the impacts of land-use strategies on biodiversity and

carbon storage, we needed to construct plausible land-use scenarios

to meet future production targets. Tizim�ın District produces both fin-

ished cows for slaughter and calves for export (Fig. S2), and so our

scenarios used production targets for both. In turn, meeting these

targets requires inputs of both fodder and calves, implying that we

could not model biodiversity as a function of a single-yield metric as

previous studies have done (Phalan, Onial, et al., 2011; Dotta et al.,

2015; Hulme et al., 2013; Kamp et al., 2015). Instead, we con-

structed land-use scenarios using our sites as building blocks which

could be combined (with replacement) in different ways to meet

both production targets for finished cows and calves for export,

while also producing the required calves and fodder.

To construct the scenarios, we first classified agricultural sites as

fodder, breeding or finishing sites based on which product (fodder,

calf protein and finished cow protein) they produced the most of,

although most produced a combination of the three. We then itera-

tively built land-use scenarios by picking agricultural sites at random

and with replacement, until the production target was met and the

fodder and calf requirements were also satisfied (Figure 2). To inves-

tigate different land-use strategies, we used different weighting

schemes to determine the probability of picking a site at each step,

based on the sites’ yields. First, we adjusted the total production of

Maize 
ranches

Finishing 
ranches

Breeding 
ranches

Grazed 
land

Grazed 
land

F IGURE 1 Schematic of the ranching system in Tizim�ın District. Solid lines represent energy or biomass flows; dashed lines show that
information on the grazed land in a ranch is needed to estimated fodder use and that calf requirements depend on cow protein production.
Numbers refer to the calculation steps in main text [Color figure can be viewed at wileyonlinelibrary.com]
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each site (the sum of fodder, calf and finished cow protein) by divid-

ing by the area needed to support it (i.e. the area of the site—

1 km2—plus any additional area needed to produce its fodder

requirements). We then used a logit function to generate a probabil-

ity density distribution that weighted the probability of picking a site

according to this adjusted production value, and varied the shape of

this function to simulate nine different land-use strategies (Fig. S3).

We repeated the scenario-building process 50 times for each sce-

nario and calculated the mean number of times each site was

selected across these repetitions. To confirm that 50 repetitions

were sufficient to obtain consistent land-use patterns we used non-

parametric bootstrapping: we sampled with replacement from the

different scenarios and observed how the mean and standard devia-

tion of the number of times a site was selected varied with sample

size (see Fig. S4 for a detailed explanation).

To investigate how our results varied with the production target,

we estimated future changes in production based on recent trends

(Fig. S2) and set production targets ranging from near-zero to higher

than probable 2025 levels. This allowed us to investigate the effects

of the nine land-use strategies under both increased and decreased

production.

Different land-use strategies had different land-use requirements.

For each land-use scenario we subtracted the total area of all agri-

cultural sites selected during the scenario-building process from the

total area of available land in Tizim�ın District (excluding water and

urban areas) and assigned any unused land to zero-yielding forest.

We discarded scenarios that required more land for agriculture than

was available in Tizim�ın District. For each production target, we then

defined the remaining land-use strategies as land sharing (the strat-

egy with the lowest yields that was able to meet the production tar-

get), land sparing (the strategy with the highest yields) or as

intermediate strategies. As production targets increased, fewer low-

yielding scenarios met the production target in the available land

and so the strategy defined as land sharing became progressively

higher yielding (Fig. S5).

2.5 | Species population densities

To quantify the consequences for conservation of alternative food

production strategies, we estimated bird, dung beetle and tree popu-

lation densities in each of our study sites. We sampled birds via

point counts, at 24 points per site, stratified across land uses. Points

were at least 142 m apart, with six points counted on each of four

visits to each site (three visits at one site), spread across 3 years and

spanning both early- and late-breeding seasons (April–May and May–

July respectively). This resulted in 594 point counts in total. We

counted birds for 10 min at each point, using distance sampling

techniques (Buckland, 2001; Buckland, Anderson, Burnham, & Laake,

2005), with no settling-in period. We included birds flushed as the

point was approached, but not individuals that entered the point

after the count began. We recorded flying individuals during a single

“snapshot” at the end of the point count. We visited each point

between half an hour before dawn and 3 hr after (following Blake,

1992). All point counts were performed by DRW and were recorded

using a Sony PCM-M10 digital recorder and a Seinnheiser ME 66

microphone, with uncertain identifications checked later using online

reference material (www.xeno-canto.org). We discarded all observa-

tions more than 70 m from the point and all records of nonbreeding

migrants and species that point counts are unlikely to survey effec-

tively: largely aerial species such as swifts, swallows and raptors (see

SI). We used the package mrds in R version 3.2 (Laake, Borchers,

Thomas, Miller, & Bishop, 2015; R Core Team, 2015) to estimate

START
Produce 
calves

STOP
Now 

produce 
cows (b)

Is there a 
maize deficit?

Pick a 
maize 

site

Pick a 
breeding 

site

STOP
Is the cow 
production 
target met?

Pick a 
finishing 

site

Pick a 
maize 

site

Pick a 
breeding 

site

Is the calf 
production 
target met?

Is there a calf 
deficit?

Is there a 
maize deficit?

Yes
No

Yes

Yes

Yes

Yes

No

No

No

No

START
Produce 

cows

(b)(a)

F IGURE 2 Schematic of scenario-building process, starting by (a) meeting the calf protein production target and then (b) the finished cow
production target [Color figure can be viewed at wileyonlinelibrary.com]
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effective detection radii for each species at each point (see SI), cal-

culated the area effectively surveyed for each species in each site,

and then used these areas, the mean group size for each species and

the number of observations to estimate population densities of each

species in each site. To test the sensitivity of our analysis to this

method of density estimation, we also performed all analyses on raw

count data, as well as detection-adjusted densities.

We sampled dung beetles using 25 regularly spaced, baited pitfall

traps in 24 of the study sites following da Silva and Hern�andez

(2015); we were refused permission to collect beetles at the remain-

ing site. Each trap consisted of a 1 L container with an 11.5 cm

diameter opening buried to be flush with the ground and baited with

approximately 20 g of a 1:1 mix of human and pig dung suspended

over the trap. Traps were left for 48 hr and beetles placed in 70%

alcohol solution before being identified to species level by FA and

Fernando Escobar at the Institute of Ecology A. C. (INECOL), Xalapa,

Mexico. Voucher specimens were deposited at Entomological Collec-

tion of INECOL; the Oxford Entomological Collection, Oxford

University Museum of Natural History, UK; and the Entomological

Collection of the National Museum, Prague, Czech Republic. We

estimated beetle abundance in each site as the total number of cap-

tures of a species divided by the number of intact traps in each site

(after accounting for those destroyed by animals).

To sample trees we used a modified Gentry plot (based on Bar-

aloto et al. 2012) at 20 points in each site (10 in zero-yielding forest

sites and at one agricultural site that was entirely grazed forest),

stratified across land uses. Plots consisted of six parallel 50 9 2 m

transects (Fig. S5), and we identified all individuals with a diameter

at breast height (dbh) ≥10 cm. In addition, we used one central tran-

sect as a subplot and identified all individuals with a dbh ≥5 cm.

Trees were identified to Spanish or Mayan names by local experts

(Don Miguel Poot and Edilberto Poot) and then matched to scientific

names using a range of resources (CICY Herbarium, 2014; UCR Her-

barium, 2014) and a standardized taxonomy (Boyle, Hopkins, & Lu,

2013). In addition, we measured each tree’s dbh and estimated the

height of most individuals for carbon stock calculations—see below.

For biodiversity analyses we discarded records of non-native and

cultivated species and estimated site population densities as the

total number of individuals of each species recorded in each site,

divided by the total area surveyed.

2.6 | Aboveground carbon stocks

For all species except palms we estimated individual aboveground

biomass (AGB) using Model (4) or Model (7) from Chave, R�ejou-

M�echain, and B�urquez (2014); SI. We used species-, genus- or fam-

ily-level estimates of wood specific gravity from Zanne, Lopez-Gon-

zalez, and Coomes (2009), where possible, and the mean of all

values for unidentified trees. For palm biomass we used equations

(1) or (2) from Goodman, Phillips, and del Castillo (2013); SI. We did

not record dead trees but scaled AGB estimates for partially dead

trees by the proportion that was estimated to be alive. We assumed

that 50% of AGB was carbon (Brown & Lugo, 1982) and estimated

carbon stock densities in each site by dividing the total estimated

stock by the total area surveyed, adjusting for the different areas

surveyed for large and small trees.

2.7 | Biodiversity and carbon stocks under different
scenarios

To explore the impacts of different land-use scenarios on biodiver-

sity and carbon stocks we estimated the total population of each

species, and total carbon stock, that would be supported by the

combination of sites associated with that scenario. We estimated

each species’ population size and total carbon stocks in agricultural

land from the number of times each agricultural site was used in the

scenario-building process multiplied by the species’ population den-

sity or carbon stock density in the site, summed across sites. We

then added this to its estimated population size, or carbon stock, in

natural habitats—its mean population density or carbon stock in the

five zero-yielding forest sites multiplied by the area of land not

required to meet the production target. We compared total popula-

tion sizes and carbon stocks between scenarios and, in the case of

species populations, to a prehuman baseline. To estimate pre-human

population sizes we assumed the entirety of Tizim�ın District was

forested and multiplied mean population densities in the five zero-

yielding forest sites by the total area of the region.

2.8 | Classifying species’ responses

We defined the optimal land-use strategy for each species at each

production target as the strategy (land sharing, land sparing or an

intermediate strategy) that allowed the largest population to persist.

For each production target, we also defined each species at each

production target as either a “winner” from agriculture (for those

species with larger population sizes than that estimated in a zero-

agriculture baseline) or a “loser” (those with smaller than baseline

population sizes).

3 | RESULTS

We investigated nine land-use strategies for each of 16 production

targets, ranging from 10% to 170% of current production. For each

land-use scenario we estimated the land-use patterns that would

result; the responses of birds, dung beetles, trees and carbon stocks

to these patterns; regional populations of each species and regional

carbon stocks.

3.1 | Land-use patterns under different strategies

As the yields of land-use strategies increased, the area required to

meet the production target decreased (Figure 3), for example, for

2010 production levels, an extreme land-sharing strategy would

require 94% of the area of Tizim�ın District to meet the production

target, while an extreme land-sparing strategy would need only 55%.
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Higher yielding strategies were predicted to use a larger area of

improved pasture, both in total and as a proportion of all farmland,

than did low-yielding strategies, and used correspondingly less pas-

ture. As production targets increased, all strategies used larger total

areas (Figures 3, S7), meaning that the lowest-yielding strategies

were increasingly unable to meet the target within the available land,

and land-sharing strategies relied more on improved pasture.

Because the scenario-building process used real, rather than mod-

elled, landscapes, the transition between different land-sharing

strategies was not smooth and sudden transitions to using higher

yielding sites to meet demand meant that the area required to meet

a production target using land sharing sometimes decreased as the

target increased (Figs. S5, S7).

3.2 | Responses of species and carbon stocks to
agriculture

In total, we recorded 6,626 birds of 112 species; 210,522 dung bee-

tles of 32 species; and 5,350 trees of 159 species, of which 59 could

not be assigned to a binomial name (see SI). For each taxon, species

richness decreased as site yields increased (Figure 4), but moderate-

and low-yielding sites held only slightly fewer species than zero-
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yielding forest sites. The same pattern was seen for effective species

number, calculated as the exponential of the Shannon–Weaver

entropy of a site (Fig. S8). However, across all production targets,

most species were “losers” that had lower population sizes in agricul-

ture than in natural vegetation (Figure 5), and of these losers, the

majority would maintain their largest population sizes with land spar-

ing: highest-yield agriculture combined with habitat protection. More

than 65% of tree and dung beetle species were “losers” that would

do least badly with land sparing at all production targets. In contrast,

a higher proportion of birds (approaching 40% at the lowest produc-

tion target) were “winners”. These results were consistent whether

analyses were performed on all data, or on a subset of common spe-

cies with ≥10 records (which also excluded all but two of the 59 tree

species that could not be assigned a binomial name; Fig. S9), and on

the detection-adjusted density estimates for birds, or on the raw

count data (Fig. S10). Carbon stocks also declined rapidly with

increasing agricultural yields (Figure 6).

3.3 | Population sizes and carbon stocks under
different scenarios

Relative population sizes of most species were considerably lower

under land sharing than land sparing (Figure 7), as were carbon

stocks (Figure 8). These differences were largest at intermediate pro-

duction targets, when differences in the area under agriculture of

the different strategies was greatest (Fig. S7). Again, these results

were consistent whether analyses were performed on all data, on a

subset of common species with ≥10 records (Fig. S11) and on the

detection-adjusted density estimates for birds, or on the raw count

data (Fig. S12).

4 | DISCUSSION

We found that a land-sparing strategy, combining high-yield agricul-

ture and habitat conservation, consistently allowed larger popula-

tions of more species to survive across all taxonomic groups and all

production targets. Our study is the first to investigate how individ-

ual species and carbon stocks respond to different cattle production

strategies in tropical semi-deciduous forests, and its findings are sim-

ilar to those of previous work highlighting the importance of natural

habitat conservation for safeguarding both biodiversity (Phalan,

Onial, et al., 2011; Hulme et al., 2013; Gilroy et al., 2014; Dotta

et al., 2015; Kamp et al., 2015) and carbon stocks (Gilroy et al.,

2014).

Importantly, we found that low- and intermediate-yielding sites

held nearly as many species as forest sites, but that this did not

translate into land sharing, or intermediate, strategies being less

damaging for biodiversity. Previous work in the Dry Chaco, Argen-

tina (Mastrangelo & Gavin, 2012), also found similar levels of bird

species richness in low- and intermediate-yielding cattle ranching

systems and concluded that intermediate-yielding systems may be

optimal for bird conservation. However, we found that such sites

held considerably lower population densities of most species, and

particularly of species that were losers with agriculture. This means

that the biodiversity benefits of these sites were greatly outweighed

by their cost, in terms of reduced areas of natural habitats, com-

pared with high-yield agricultural systems. This conclusion confirms

the importance of investigating how populations of individual spe-

cies, rather than metrics such as species richness or effective species

number, are affected by different agricultural strategies.

The clear benefits of land sparing in Yucat�an are somewhat sur-

prising because the region has a long history of both natural and

anthropogenic disturbance. Forests in the Yucat�an have expanded

and contracted with climatic changes (del Socorro Lozano-Garc�ıa,

2007), the region is regularly subject to hurricanes and tropical
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storms (Boose, Foster, Barker Plotkin, & Hall, 2003; Whigham, Olm-

sted, Cano, & Curtis, 2003) and there have been repeated waves of

anthropogenic deforestation (G�omez-Pompa & Kaus, 1999; Gonza-

lez-Iturbe et al., 2002; Busch & Vance, 2011). However, these strong

evolutionary and ecological pressures do not appear to have resulted

in a biota resilient to agriculture. In fact, the relative benefits of land

sparing seen here are similar to those recorded in previous studies,

with the proportion of winners slightly higher than in some systems

(e.g. birds in South American pampas or Kazakh steppe, Dotta et al.,

2015; Kamp et al., 2015) and lower than in others (e.g. birds in

Uttarakhand, India, Phalan, Onial, et al., 2011).

The importance of natural habitats for carbon stocks is well

known and the basis for international policy frameworks such as the

UN Reducing Emissions from Deforestation and Forest Degradation

in Developing Countries (REDD+) programme (e.g. Gibbs, Brown,

Niles, & Foley, 2007). Agroforestry and silvopastoral systems are fre-

quently promoted as methods for increasing carbon storage in agri-

cultural land (e.g. Broom, Galindo, & Murgueitio, 2013), but our

results show that, in the Yucat�an, aboveground carbon stocks

decreased extremely rapidly with conversion to agriculture, with the

one agricultural site that maintained high carbon stocks consisting

entirely of grazed forest. This rapid decline meant that there would

be no benefit for carbon stocks of maintaining low agricultural yields,

and that regional carbon stocks would instead be maximized under a

land-sparing strategy.

These patterns are robust to changes in production target, mean-

ing that land sparing would continue to be the least damaging strat-

egy for both biodiversity and regional carbon stocks irrespective of

increases or decreases in food demand. However, the relative bene-

fits of land sparing, compared to land sharing, do vary across produc-

tion targets: at very low targets, very little of the available land is

cultivated under either strategy, and so relative population sizes or

carbon stocks are not greatly dependent on the approach adopted.

Conversely, at very high production targets, almost all available land

is cultivated, and because low-yielding strategies cannot meet the

production target, the land uses employed by both strategies are

similar—with large areas of irrigated pasture, and smaller amounts of

pasture, fodder and rough grazing. This highlights the fact that low-

yielding agriculture simply cannot meet probable future production

targets, and so pursuing strategies that support it will likely result in
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increased land-use change outside the region. It is also important to

note that the population sizes of most species, and regional carbon

stocks, are much lower at high production targets for all land use

strategies. Reducing demand for animal protein therefore has the

potential to greatly reduce pressure on wild populations and on

regional carbon stocks (Erb et al., 2016). These benefits are likely to

be greatest if they are combined with a land-sparing strategy.

In theory, a reduction in demand for animal protein, coupled with

land sparing could make land available for habitat restoration. Ini-

tially, restored habitats are unlikely to hold the biodiversity or carbon

stocks of older forests, but the forest sites we surveyed were young

(approximately 15–50 years old) and had far higher biodiversity and

carbon storage values than agricultural sites. Restoration would

therefore likely bring significant benefits over relatively short, and

politically and socially relevant, timescales.

4.1 | Land sparing in Yucat�an

The land-sparing strategies that maintained the largest populations

of most species and the largest regional carbon stocks were domi-

nated by improved pastures: areas of introduced grasses such as

Panicum maximum and Brachiaria brizantha where the bedrock has

been broken up and the thin Yucatecan soils improved with manure

and soil. These are often irrigated and can incorporate banks of den-

sely planted legumes such as Leucaena leucocephala as part of an

ISP. While we were not able to separate the effects of ISPs from

other improved pastures, due to their rarity in the region, they have

been promoted as offering additional benefits to animal welfare, on-

farm biodiversity and ecosystem services, and reductions to ruminant

methane production (Broom et al., 2013; Cuartas-Cardona, Naranjo-

Ram�ırez, & Tarazona-Morales, 2014 but see Beauchemin, Kreuzer,

O’mara, & Mcallister, 2008), potentially further increasing the relative

benefits of a high-yielding approach. More extreme land sparing in

the region could involve raising cattle in intensive feedlots which will

have very low land demands, although there are concerns over the

impacts of feedlots on water quality (Tamminga, 2003), animal wel-

fare (Blackshaw & Blackshaw, 1994) and zoonotic diseases (Jones,

Grace, & Kock, 2013). These externalities would have to be quanti-

fied per unit of production before such an approach could be recom-

mended.

Although we modelled Tizim�ın District as a closed system, our

results are robust to modifying this assumption. Adjusting the sce-

nario-building process so that the region only produces cows for

export and imports the required calves and fodder gave qualitatively

similar results (Figs. S11–S13). This suggests that the overarching

result—that land sparing would be the least damaging land-use strat-

egy—is unlikely to change, even as increasing globalization further

alters Yucat�an production systems.

Both agricultural and environmental organizations have been pro-

moting the use of ISPs and other yield-increasing measures in the

Yucat�an, suggesting that land sparing may be politically acceptable.

However, land sparing is unlikely to occur passively: while increased

yields can reduce land clearance to some extent through market

effects alone (Ewers, Scharlemann, Balmford, & Green, 2009), for

goods with highly elastic demand, such as meat, increased yields can

increase the profitability of farming and so the opportunity cost of

conserving natural habitats (Angelsen, 2010). Linking yield increases

with habitat protection is therefore likely to be very important in

delivering land sparing in the real world (Phalan et al., 2016). In the

Yucat�an, two of the mechanisms identified by Phalan et al. (2016)

for coupling yield growth and habitat conservation are already in

place: current laws largely prohibit habitat clearance (“land-use zon-

ing”) and existing subsidy schemes, such as The Programme for the

Sustainable Production and Management of Livestock and Beekeep-

ing, include environmental conditions (“economic instruments”).

However, the continued loss of forest cover in the region (CONA-

BIO, 2015) highlights the need for more effective systems of moni-

toring and enforcement.

4.2 | Expanding the assessment of land-use
strategies

Our analyses are not spatially explicit, implicitly assume that popula-

tions within each site are “closed” and self-sustaining, and do not

include edge effects or population dynamics, which have important

effects on population persistence (Fischer & Lindenmayer, 2007).

Previous studies have been criticized for failing to address metapop-

ulation dynamics and the effects of matrix permeability on the prob-

ability of population persistence in natural habitat patches (e.g.

Perfecto & Vandermeer, 2008). However, the negative relationship

between matrix suitability (which is likely to decline with increasing

yields) and patch size (which can increase with increasing yields)

means that the direction of the effects of incorporating spatial struc-

ture and metapopulation dynamics into our analyses are hard to pre-

dict. Investigating this issue through spatially explicit population

modelling would, however, allow increased confidence in these

results. Such an approach has been adopted for investigating the

impact of edge effects on optimal land-use strategies, where land

sparing remains the least damaging strategy unless very large edge

effects are combined with a very high degree of habitat fragmenta-

tion (Lamb, Balmford, Green, & Phalan, 2016). Including demographic

information such as reproduction and mortality rates is similarly unli-

kely to qualitatively alter our conclusions unless natural habitats act

as a sink habitat and low-yield farmland as a source (Gilroy &

Edwards, 2017)—a situation not supported by the relative popula-

tion densities of most species we observed.

We defined strategies as “land sharing” based on their relative

yields, not their use of “wildlife-friendly” management practices.

Actively managing for biodiversity could, therefore, increase their

biodiversity value, but our data strongly suggest this approach would

not alter our conclusions. Land-sharing landscapes contained low

densities of forest species that are losers with agriculture and

restricted to remnant vegetation, and higher densities of open, or

mixed habitat species (normally winners). Our analyses, and theoreti-

cal work (Ekroos et al., 2016), predict the former group will do least

badly with land sparing at a regional scale, and that maintaining
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viable populations within productive landscapes would require con-

serving impractically large areas of natural habitats. The latter group

contains relatively few species, and many of them are abundant gen-

eralists with higher populations in agricultural than natural habitats

(e.g. blue-black grassquit Volatinia jacarina; Canthon indigaceus; Leu-

caena leucocephala). They appear to be favoured by large areas of

unimproved grasslands with scattered trees and low management

intensity (e.g. very limited use of macrocyclic anthelmintics, which

have severe impacts on dung beetle communities; Basto-Estrella,

Rodr�ıguez-Vivas, Delfin-Gonz�alez, & Reyes Novelo, 2013). Land-use

strategies that favour these species would be detrimental for the

greater number of species from all three taxa that require large areas

of natural habitats. It may, however, be possible to reduce the

impact of high-yield agriculture on these species with little or no

yield penalty, through the adoption of ISPs and more targeted used

of antihelminthics. Another possibility, given the low yields of land-

sharing landscapes, would to maintain them as an explicit conserva-

tion strategy for these species, managed for biodiversity, rather than

food production, although the land needed for this would come at

the expense of greater forest conservation and so be detrimental for

both the majority of species and regional carbon stocks.

Taxonomic groups respond differently to land-use strategies

(Gardner et al., 2008) and investigating less well-known taxa would

increase our understanding of these responses. However, the wide

range ecological requirements of our study taxa and their worth as

ecological indicators (Gardner et al., 2008), combined with the

strength of our results, suggest our conclusions are unlikely to

change with the addition of new taxonomic groups.

Our study is one of the few analyses of land-use strategies to

incorporate food production, biodiversity and carbon storage. How-

ever, additional research is needed into the wider environmental

impacts and long-term sustainability of different strategies: soil pro-

tection, nutrient cycling, water quality regulation and zoonotic dis-

ease dynamics are all important considerations and could be

adversely affected by high-yield agriculture (Tilman, Cassman, Mat-

son, & Polasky, 2002). All cattle ranches we surveyed corralled ani-

mals, leading to the build-up of effluent, potentially posing serious

water quality problems (Tamminga, 2003). Such problems are likely

to be greater with higher stocking densities (Tamminga, 2003), while

many improved pastures use irrigation, potentially reducing water

availability. However, our land-sparing scenarios had smaller areas of

fodder production than other strategies (see Figure 3), reducing the

risk of soil erosion and agrochemical pollution. Converting unim-

proved pastures to ISPs, could also reduce externalities: compared

with unimproved pastures ISPs have reduced incidences of disease

and disease vectors, and increased soil turnover (Giraldo, Escobar,

Char�a, & Calle, 2010; Broom et al., 2013). Finding further ways to

minimize the externalities of high-yield livestock systems is a major

challenge for sustainability research (Tilman et al., 2002).

Food systems are also fundamentally social and economic sys-

tems (Ericksen, 2008), and the effects of land-use strategies on food

security and sovereignty; social welfare and equity; and human well-

being are poorly understood (Ericksen, 2008; Ericksen, Ingram, &

Liverman, 2009). More explicit consideration of these aspects of

food systems could help not only to uncover optimal land-use strate-

gies but also the means of implementing them.

Our analyses demonstrate that land sparing would do less dam-

age to biodiversity and carbon stocks than other land-use strategies

in Tizim�ın District. This is the first test of how individual species

respond to different livestock yields in tropical dry forests and our

results hold for all plausible production targets and despite the long

history of disturbance in the region. In addition, our analyses are the

first of their kind to assess yields in nonclosed production systems,

with multiple interdependent Land uses and with scenarios designed

to meet demand for multiple products. This marks an important

advance in modelling land-uses in the real world, where food sys-

tems are almost always interconnected and operate in networks,

rather than in isolation. In practice, land sparing would involve

increasing the yields of pastures by improving them or via the use of

ISPs, and combining these changes with strict habitat protection or

restoration—changes that are largely aligned with the interests of

most stakeholders in the region. However, to safeguard the region’s

biodiversity and reduce its contribution to climate change, active

land-sparing mechanisms must be linked to these agricultural shifts,

and efforts made to limit the growing demand for beef.

ACKNOWLEDGEMENTS

We thank Paul Wood, Francisco Galindo-Maldonado and Sergio

Nu~noz for helpful discussions and Paul Wood, Victor Marin Perez,

Don Ramiro, Edilberto Poot, Don Miguel, Becky Price, Margarita

Reyes and Tim Kasoar with support during fieldwork. We thank the

land owners and managers for allowing access to their land and

logistical help in the field. D. Williams was supported by Natural

Environment Research Council Grant 1122875; F. Alvarado was sup-

ported by scholarship from CONACyT (No 234341) and Rufford

Small Grants Foundation (RSGF No 14030-1).

REFERENCES

Angelsen, A. (2010). Policies for reduced deforestation and their impact

on agricultural production. Proceedings of the National Academy of

Sciences of the United States of America, 107, 19639–19644.

Animal Feed Resources Information System. (2014). Feedipedia. Retrieved

from http://www.feedipedia.org/, last checked December 2014.

Balmford, A. (1996). Extinction filters and current resilience: The signifi-

cance of past selection pressures for conservation biology. Trends in

Ecology and Evolution, 11, 193–196.

Balmford, A., Green, R., & Phalan, B. (2012). What conservationists need

to know about farming. Proceedings of the Royal Society B: Biological

Sciences, 279, 2714–2724.

Balmford, A., Green, R., & Phalan, B. (2015). Land for food & land for

nature? Daedalus, 144, 57–75.

Baraloto, C., Molto, Q., Rabaud, S., H�erault, B., Valencia, R., Blanc, L., . . .

Thompson, J. (2012). Rapid Simultaneous Estimation of Aboveground

Biomass and Tree Diversity Across Neotropical Forests: A Compar-

ison of Field Inventory Methods. Biotropica, 45, 288–298.

Basto-Estrella, G. S., Rodr�ıguez-Vivas, R. I., Delfin-Gonz�alez, H., & Reyes

Novelo, E. (2013). Dung beetle (Coleoptera: Scarabaeinae) diversity

and seasonality in response to use of macrocyclic lactones at cattle

5270 | WILLIAMS ET AL.

http://www.feedipedia.org/


ranches in the mexican neotropics (eds Basset Y, Lobo JM). Insect

Conservation and Diversity, 7, 73–81.

Beauchemin, K. A., Kreuzer, M., O’mara, F., & Mcallister, T. A. (2008)

Nutritional management for enteric methane abatement: A review.

Australian Journal of Experimental Agriculture, 48, 21–27.

Bhagwat, S. A., Willis, K. J., Birks, H. J. B., & Whittaker, R. J. (2008).

Agroforestry: A refuge for tropical biodiversity? Trends in Ecology and

Evolution, 23, 261–267.

Blackshaw, J. K., & Blackshaw, A. W. (1994). Heat stress in cattle and the

effect of shade on production and behaviour: A review. Australian

Journal of Experimental Agriculture (Australia), 34, 285–295.

Blake, J. G. (1992). Temporal variation in point counts of birds in a low-

land wet forest in Costa Rica. The Condor, 94, 265–275.

Boose, E. R., Foster, D. R., Barker Plotkin, A., & Hall, B. (2003). Geo-

graphical and histrical variation in hurricanes across the Yucatan

Peninsular. In A. Gomez-Pompa, M. F. Allen, S. L. Fedick, & J. Jime-

nez-Osornio (Eds.), The Lowland Maya Area: Three Millennia at the

Human-Wildland Interface (pp. 495–516). Binghamton, NY: The Haw-

thorn Press.

Boyle, B., Hopkins, N., Lu, Z., Raygoza Garay, J. A., Mozzherin, D., Rees,

T., . . . Enquist, B. J. (2013). The taxonomic name resolution service:

An online tool for automated standardization of plant names. BMC

Bioinformatics, 14, 16.

Broom, D. M., Galindo, F. A., & Murgueitio, E. (2013). Sustainable, effi-

cient livestock production with high biodiversity and good welfare

for animals. Proceedings of the Royal Society B: Biological Sciences,

280, 1–9.

Brown, S., & Lugo, A. E. (1982). The storage and production of organic

matter in tropical forests and their role in the global carbon cycle.

Biotropica, 14, 161.

Buckland, S. T. (2001). Introduction to distance sampling: Estimating abun-

dance of biological populations. Oxford: Oxford University Press,

452 pp.

Buckland, S. T., Anderson, D. R., Burnham, K. P., & Laake, J. L. (2005).

Distance Sampling. In Encyclopedia of Biostatistics: John Wiley & Sons

Ltd.

Busch, C., & Vance, C. (2011). The diffusion of cattle ranching and defor-

estation – Prospects for a hollow frontier in Mexico’s Yucatan. Ruhr

Economic Papers #242, Ruhr-Universit€at Bochum, Bochum, Germany.

Chave, J., R�ejou-M�echain, M., B�urquez, A., Chidumayo, E., Colgan, M. S.,

Delitti, W. B. C., . . . Vielledent, G. (2014). Improved allometric models

to estimate the aboveground biomass of tropical trees. Global Change

Biology, 20, 3177–3190.

CICY Herbarium. (2014). Flora de la Península de Yucat�an. Retrieved from

http://www.cicy.mx/Sitios/flora%20digital/index.php, checked several

times 2013–2015.

Clough, Y., Barkmann, J., Juhrbandt, J., Kessler, M., Wanger, T. C.,

Anshary, A., . . . Tscharntke, T. (2011). Combining high biodiversity

with high yields in tropical agroforests. Proceedings of the National

Academy of Sciences of the United States of America, 108, 8311–8316.

CONABIO. (2015). Portal de Geoinformaci�on. Retrieved from www.conab

io.gob.mx/informacion/gis/checked several times 2013–2015.

Cuartas-Cardona, C. A., Naranjo Ram�ırez, J. F., Tarazona Morales, A. M.,

Murgueitio Restrepo, E., Char�a Orozco, J. D., KuVera, J. . . . Barahona-

Rosales, R. (2014). Contribuci�on de los sistemas silvopastoriles inten-

sivos al desempe~no animal y a la adaptaci�on y mitigaci�on al cambio

clim�atico. Revista Colombiana de Ciencias Pecuarias, 27, 76–94.

da Silva, P. G., & Hern�andez, M. I. M. (2015). Spatial patterns of move-

ment of dung beetle species in a tropical forest suggest a new trap

spacing for dung beetle biodiversity studies. PLoS ONE, 10,

e0126112.

del Socorro Lozano-Garc�ıa, M. (2007). Tracing the effects of the Little Ice

Age in the tropical lowlands of eastern Mesoamerica. Proceedings of

the National Academy of Sciences of the United States of America, 104,

16200–16203.

Dotta, G., Phalan, B., Silva, T. W., Green, R., & Balmford, A. (2015).

Assessing strategies to reconcile agriculture and bird conservation in

the temperate grasslands of South America. Conservation Biology, 00,

1–10.

Edwards, D. P., Gilroy, J. J., Thomas, G. H., Uribe, C. A. M., & Haugaasen,

T. (2015). Land-sparing agriculture best protects avian phylogenetic

diversity. Current biology, 25, 2384–2391.

Ekroos, J., €Odman, A. M., Andersson, G. K. S., Birkhofer, K., Her-

bertsson, L., Klatt, B. K., . . . Smith, H. G. (2016). Sparing land for

biodiversity at multiple spatial scales. Frontiers in Ecology and Evolu-

tion, 3, 2714.

Erb, K.-H., Lauk, C., Kastner, T., Mayer, A., Theurl, M. C., & Haberl, H.

(2016). Exploring the biophysical option space for feeding the world

without deforestation. Nature communications, 7, 11382.

Ericksen, P. J. (2008). Conceptualizing food systems for global

environmental change research. Global Environmental Change, 18,

234–245.

Ericksen, P. J., Ingram, J. S. I., & Liverman, D. M. (2009). Food security

and global environmental change: Emerging challenges. Environmental

Science and Policy, 12, 373–377.

Eshel, G., Shepon, A., Makov, T., & Milo, R. (2014). Land, irrigation water,

greenhouse gas, and reactive nitrogen burdens of meat, eggs, and

dairy production in the United States. Proceedings of the National

Academy of Sciences of the United States of America, 111, 11996–

12001.

Ewers, R. M., Scharlemann, J., Balmford, A., & Green, R. (2009). Do

increases in agricultural yield spare land for nature? Global Change

Biology, 15, 1716–1726.

FAO (1972). Technical conversion factors for agricultural commodities.

Rome: Food and Agriculture Organisation.

Fischer, J., & Lindenmayer, D. (2007). Landscape modification and habitat

fragmentation: A synthesis. Global Ecology and Biogeography, 16, 265–

280.

Gardner, T. A., Barlow, J., Araujo, I. S., Avila-Pires, T. C., Bonaldo, A. B.,

Costa, J. E., . . . Peres, C. A. (2008). The cost-effectiveness of biodi-

versity surveys in tropical forests. Ecology Letters, 11, 139–150.

Gibbs, H. K., Brown, S., Niles, J. O., & Foley, J. A. (2007). Monitoring and

estimating tropical forest carbon stocks: Making REDD a reality. Envi-

ronmental Research Letters, 2, 045023.

Gilroy, J. J., & Edwards, D. P. (2017). Source-sink dynamics: A neglected

problem for landscape-scale biodiversity conservation in the tropics.

Current Landscape Ecology Reports, 2, 51–60.

Gilroy, J. J., Edwards, F. A., Medina Uribe, C. A., Haugaasen, T., &

Edwards, D. P. (2014). Surrounding habitats mediate the trade-off

between land-sharing and land-sparing agriculture in the tropics. Jour-

nal of Applied Ecology, 51, 1337–1346.

Gilroy, J. J., Woodcock, P., Edwards, F. A., Wheeler, C., Medina Uribe, C.

A., Haugaasen, T., & Edwards, D. P. (2014). Optimizing carbon stor-

age and biodiversity protection in tropical agricultural landscapes.

Global Change Biology, 20, 2162–2172.

Giraldo, C., Escobar, F., Char�a, J., & Calle, Z. (2010). The adoption of sil-

vopastoral systems promotes the recovery of ecological processes

regulated by dung beetles in the Colombian Andes. Insect Conserva-

tion and Diversity, 4, 115–122.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D.,

Muir, J. F., . . . Toulmin, C (2010). Food security: The challenge of

feeding 9 billion people. Science, 327, 812–818.

G�omez-Pompa, A., & Kaus, A. (1999). From pre-Hispanic to future con-

servation alternatives: Lessons from Mexico. Proceedings of the

National Academy of Sciences of the United States of America, 96,

5982–5986.

Gonzalez-Iturbe, J., Olmsted, I., & Tun-Dzul, F. (2002). Tropical dry forest

recovery after long term Henequen (sisal, Agave fourcroydes Lem.)

plantation in northern Yucatan. Mexico. Forest Ecology and Manage-

ment, 167, 67–82.

WILLIAMS ET AL. | 5271

http://www.cicy.mx/Sitios/flora%20digital/index.php
http://www.conabio.gob.mx/informacion/gis/checked
http://www.conabio.gob.mx/informacion/gis/checked


Goodman, R. C., Phillips, O. L., & del Castillo, Torres D. (2013). Amazon

palm biomass and allometry. Forest Ecology and Management, 310,

994–1004.

Hoekstra, A. Y., & Wiedmann, T. O. (2014). Humanity’s unsustainable

environmental footprint. Science, 344, 1114–1117.

Hulme, M. F., Vickery, J. A., Green, R. E., Phalan, B., Chamberlain, D. E.,

Pomeroy, D. E., . . . Atkinson, P. W. (2013). Conserving the birds of

Uganda’s banana-coffee arc: Land sparing and land sharing compared.

PLoS ONE, 8, e54597.

Jones, B. A., Grace, D., Kock, R., Alonso, S., Rushton, J., Said, M. Y., . . .

Pfeiffer, D. U. (2013). Zoonosis emergence linked to agricultural

intensification and environmental change. Proceedings of the National

Academy of Sciences of the United States of America, 110, 8399–8404.

Kamp, J., Urazaliev, R., Balmford, A., Donald, P. F., Green, R. E., Lamb, A.

J., & Phalan, B. (2015). Agricultural development and the conserva-

tion of avian biodiversity on the Eurasian steppes: A comparison of

land-sparing and land-sharing approaches. Journal of Applied Ecology,

52, 1578–1587.

Laake, J., Borchers, D., Thomas, L., Miller, D., & Bishop, J. (2015). mrds:

Mark-recapture distance sampling.

Lamb, A., Balmford, A., Green, R. E., & Phalan, B. (2016). To what extent

could edge effects and habitat fragmentation diminish the potential

benefits of land sparing? Biological Conservation, 195, 264–271.

Mastrangelo, M. E., & Gavin, M. C. (2012). Trade-offs between cattle

production and bird conservation in an agricultural frontier of the

Gran Chaco of Argentina. Conservation biology : the journal of the

Society for Conservation Biology, 26, 1040–1051.

Perfecto, I., & Vandermeer, J. (2008). Biodiversity conservation in tropical

agroecosystems. Annals of the New York Academy of Sciences, 1134,

173–200.

Phalan, B., Balmford, A., Green, R. E., & Scharlemann, J. P. W. (2011).

Minimising the harm to biodiversity of producing more food globally.

Food Policy, 36, S62–S71.

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

Balmford, A. (2016). How can higher-yield farming help to spare nat-

ure? Science, 351, 450–451.

Phalan, B., Onial, M., Balmford, A., & Green, R. E. (2011). Reconciling

food production and biodiversity conservation: Land sharing and land

sparing compared. Science, 333, 1289–1291.

R Core Team. (2015). R: A language and environment for statistical com-

puting. Vienna, Austria: R Foundation for Statistical Computing.

Retrieved from http://www.R-project.org/.

Ramankutty, N, Evan, A. T., Monfreda, C., & Foley, J. A. (2008). Farming

the planet: 1. Geographic distribution of global agricultural lands in

the year 2000. Global Biogeochemical Cycles, 22, GB1003.

SAGARPA. (2015). Servicio de informaci�on agroalimentaria y pesquera.

Retrieved from http://infosiap.siap.gob.mx/checked several times

2013-2015.

Steffan-Dewenter, I., Kessler, M., & Barkmann, J. (2007). Tradeoffs

between income, biodiversity, and ecosystem functioning during

tropical rainforest conversion and agroforestry intensification.

Proceedings of the National Academy of Sciences of the United States

of America, 104, 4973–4978.

Tamminga, S. (2003). Pollution due to nutrient losses and its control in

European animal production. Livestock Production Science, 84, 101–

111.

Tilman, D., Cassman, K. G., Matson, P. A., & Polasky, S. (2002). Agricul-

tural sustainability and intensive production practices. Nature, 418,

671–677.

Tilman, D., & Clark, M. (2014). Global diets link environmental sustain-

ability and human health. Nature, 515, 518–522.

UCR Herbarium. (2014). The Herbarium of U. C. Riverside (UCR). University

of California Riverside, Retrieved from http://www.herbarium.ucr.ed

u/UCR.html, last accessed May 2014.

USFDA. (2015). USDA Food Composition Databases. United States Food

and Drug Administration Nutitional Database. Retrieved from http://

ndb.nal.usda.gov/last accessed June 2014.

V�azquez-Dom�ınguez, E., & Arita, H. (2010). The Yucatan Peninsula: Bio-

geographical history 65 million years in the making. Ecography, 33,

212–219.

Whigham, D., Olmsted, I., Cano, E., & Curtis, A. B. (2003). Impacts of hur-

ricanes on the forests of Quintana Roo, Yucatan Peninsula, Mexico.

In S. Fedick, A. Allen, J. Jiminez-Osornio, & A. Gomez-Pompa (Eds.),

The Lowland Maya Area: Three Millennia at the Human-Wildland Inter-

face (pp. 193–213). Binghamton, NY: The Hawthorn Press.

Willis, K., Gillson, L., & Brncic, T. (2004). How “virgin” is virgin rainforest?

Science, 304, 402–403.

Wilson, E. M. (1980). Physical geography of the Yucatan Peninsula. In E.

H. Moseley, & E. D. Terry (Eds.), Yucatan: a world apart (pp. 5–40).

Tuscaloosa, USA: University of Alabama Press.

Zanne, A. E., Lopez-Gonzalez, G., Coomes, D. A., Ilic, J., Jansen, S., Lewis,

S. L., . . . Chave, J. (2009). Data from: Towards a worldwide wood

economics spectrum. Dryad Digital Repository., 2014, https://doi.org/

10.5061/dryad.234 last checked May.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Williams DR, Alvarado F, Green RE,

Manica A, Phalan B, Balmford A. Land-use strategies to

balance livestock production, biodiversity conservation and

carbon storage in Yucat�an, Mexico. Glob Change Biol.

2017;23:5260–5272. https://doi.org/10.1111/gcb.13791

5272 | WILLIAMS ET AL.

http://www.R-project.org/
http://infosiap.siap.gob.mx/checked
http://www.herbarium.ucr.edu/UCR.html
http://www.herbarium.ucr.edu/UCR.html
http://ndb.nal.usda.gov/last
http://ndb.nal.usda.gov/last
https://doi.org/10.5061/dryad.234 last checked May
https://doi.org/10.5061/dryad.234 last checked May
https://doi.org/10.1111/gcb.13791

