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Summary

1. As cities around the world rapidly expand, there is an urgent need to implement the best

development form to minimize the negative impacts of urbanization on native biodiversity.

Two divergent forms for the expansion of cities are land-sharing and land-sparing develop-

ments. To date, their relative benefits for biodiversity conservation are poorly understood.

2. We quantified the relative conservation benefits of land-sharing and land-sparing develop-

ments for butterflies and ground beetles in Tokyo, Japan. For each insect species, we deter-

mined which approach resulted in a larger total population size.

3. At a higher level of urbanization (higher number of buildings in a landscape), land sparing

rather than land sharing resulted in a higher total population size for the majority species of

both taxa. However, at a lower level of urbanization, butterflies and ground beetles showed

different responses to city development forms. Ground beetles had their highest total popula-

tion sizes under land sparing, whereas for butterflies, especially open-land and matrix-dwelling

species, larger populations were achieved under land sharing.

4. The negative impacts of urbanization on biodiversity differ greatly between land-sharing

and land-sparing development forms. We also revealed that the relative conservation benefits

of land sharing and land sparing depend on the level of urbanization.

5. Synthesis and applications. In areas that will be heavily urbanized in the future, city plan-

ners and policymakers should adopt approaches that follow a land-sparing strategy and that

keep large blocks of greenspace free from development. At lower levels of urbanization, on

the other hand, as land sharing was suggested to be the better strategy for many butterfly spe-

cies, a hybrid development form could be adopted that integrates areas of land sharing and

land sparing, which might have the additional benefit of enhancing the delivery of some eco-

system services by bringing nature and people closer together in some areas.

Key-words: city construction, global urbanization, human population, land sharing, land

sparing, sustainable cities, urban nature

Introduction

Towns and cities are now home to the majority of

humanity. Indeed, the proportion of urban dwellers con-

tinues to grow at an unprecedented pace, and by 2050,

over two-thirds of the Earth’s population will be living in

urban areas (United Nations 2011). Given this scale of

urbanization, it is critically important to reconcile urban

development and biodiversity conservation. There are sev-

eral main reasons. First, cities are commonly built on

areas previously occupied by highly productive ecosystems

(Imhoff et al. 2004), and thus, such developments are, rel-

ative to their extent, disproportionately threatening pro-

cesses. Secondly, nature in cities is essential for the

maintenance and improvement of human health and well-

being, with diverse impacts from physiology to social

behaviour (e.g. Fuller et al. 2007; Irvine et al. 2013; Keni-

ger et al. 2013). Thirdly, exposure to nature in cities plays

a key role in reducing the extinction of experience and*Correspondence author. E-mail: soga06154053@yahoo.co.jp

© 2014 The Authors. Journal of Applied Ecology © 2014 British Ecological Society

Journal of Applied Ecology 2014, 51, 1378–1386 doi: 10.1111/1365-2664.12280



disengagement of people from natural environments,

which may have broader consequences for the support for

conservation action, and thus for the future of biodiver-

sity (Miller 2005). In recognition of these concerns, con-

servation and restoration of urban biodiversity have

increasingly become a significant consideration in city

planning policies and schemes.

Halting, and ultimately reversing, biodiversity loss due

to urbanization constitutes a major challenge for city gov-

ernance and planning, raising the crucial question of

which city development forms best protect biodiversity.

To address this challenge, Lin & Fuller (2013) recently

highlighted the usefulness of applying the land sharing/

land sparing paradigm in urban areas. Previously focused

on issues of balancing food production and biodiversity

conservation, this paradigm compares the relative conser-

vation performances of two alternative options (Green

et al. 2005; Fischer et al. 2008; Phalan et al. 2011). On

the one hand, in the urban context, land sparing mini-

mizes the spatial extent of developed areas, such that resi-

dential areas (the primary component of urbanization) are

developed as intensively as possible, enabling the mainte-

nance and persistence of consolidated blocks of green-

space (Fig. 1). On the other hand, under land sharing,

development is more evenly, but less intensively, distrib-

uted, such that a larger land area is needed to accommo-

date a given number of houses, and greenspaces tend to

be more fragmented but on average closer to residential

areas (Fig. 1). While under land sparing, biodiversity is

essentially concentrated into one or a few large greenspac-

es, under land sharing, it is distributed across the whole

of a landscape but in a large number of smaller, frag-

mented, greenspaces (so-called soft matrix; Fischer et al.

2005).

Although undoubtedly a substantial simplification,

understanding how urban land sharing and land sparing

influence levels and patterns of biodiversity is helpful to

illustrate the potential consequences of adopting different

planning options. This is particularly so given that, as

cities are typically designed by top-down policymaking,

initial development schemes have a crucial role in deter-

mining the capacity to sustain regional biodiversity. Not-

withstanding, to date, few studies have systematically

compared the biodiversity benefits from urban land shar-

ing and land sparing, and they focused on single taxo-

nomic groups (Gagn�e & Fahrig 2010; Sushinsky et al.

2013). Because species with different ecological traits

show different responses to urbanization (McKinney

2008), a more general conclusion requires further investi-

gations.

A major challenge in landscape ecology lies in estimat-

ing the total population sizes of species at a landscape

level rather than at patch scales (Wiens 1995; Gaston

2003). If the functional relationship can be determined

between population density and an index of urban devel-

opment intensity at a local scale, then whether land-shar-

ing or land-sparing forms of city development achieve

larger total population sizes of a given species (which we

(a) (c)

(b) (d)

Fig. 1. Schematic illustrations and exam-

ples of land-sharing (panels a and b) and

land-sparing developments (panels c and

d). Under land-sharing development, all

lands are developed at the same intensity.

Land-sparing development consists of

maximally urbanized and non-urbanized

(‘set-aside’) areas. Green and grey cells

indicate vegetation (e.g. trees and grass)

and urbanized areas.
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assume is key for their conservation) can be estimated

(Green et al. 2005; Phalan et al. 2011). Species’ functional

responses to urban development intensity can be broadly

classified into four types (see Fig. 2). If the population

density of a species declines sharply at low levels of urban

development intensity (e.g. density of housing) or

increases only at high intensity levels (forms a and b in

Fig. 2), land sparing is better than land sharing for its

conservation. For species with functional form a (urban

sensitive species), as even low levels of habitat modifica-

tion (i.e. fragmentation) result in a drastic decline of

population size, a large consolidated greenspace (land

sparing) is thus a better option to protect these species. If,

on the other hand, species’ population density declines at

high levels of urban development intensity or increases at

low intensity levels (form c and d in Fig. 2), land sharing

is better (see more details in Green et al. 2005; Phalan

et al. 2011).

Here, we present a rare attempt to quantify the relative

conservation benefits of land-sharing and land-sparing

development forms in cities. As a case study, we use two

insect taxa, butterflies and ground beetles, and the city of

Tokyo, central Japan. Compared with butterflies, ground

beetles are less likely to adapt to patchy landscapes (i.e.

land sharing) because this taxon is sensitive to a higher

density of public roadways (Keller & Largiader 2003) and

alteration of microhabitat conditions due to habitat frag-

mentation (Magura, T�othm�er�esz & Moln�ar 2008; Soga

et al. 2013). We therefore predict that ground beetles, and

woodland and patch-dependent butterflies (species whose

larval host plants are not planted in the matrix), will have

higher total population sizes in land-sparing development,

whereas the total population sizes of open-land and

matrix-dwelling butterflies (species whose host plants are

planted in the matrix) will be higher in land-sharing devel-

opment. As species’ responses to urbanization depend on

the levels of urban development intensity (McKinney

2008), we also investigate how the relative conservation

benefits of the two development forms change with the

levels of urbanization.

Materials and methods

STUDY AREA

Fieldwork was conducted in Tokyo, central Japan. We used

1 9 1 km2 (1 km grid) as the unit scale of this study, because pop-

ulations of butterflies and ground beetles are typically influenced

by landscape structure at such a resolution (e.g. Vanbergen et al.

2005; €Ockinger, Dannestam & Smith 2009). Following previous

studies (Gagn�e & Fahrig 2010; Sushinsky et al. 2013), we used

building density (the number of houses, buildings, and other artifi-

cial structures) as an index of urbanization intensity (see Fig. S1,

Supporting information). The map of buildings in the study area

was derived from the Geospatial Information Authority of Japan

(2013). Across Tokyo, we selected thirty-five 1-km2 study squares,

covering a wide range of building density as possible (minimum: 0,

maximum: 5404 buildings km�2). The percentage of forest area

within a square ranged from 0% to 100% (mean = 25�5% �
39�2 SD). To reduce non-independence of study squares, each was

separated from the others by more than 2 km.

FIELD SURVEYS AND SPECIES CLASSIF ICATIONS

We monitored butterflies using the line transect method. Three

500-m transects were randomly established along streets in each

study square. Although the transect routes often crossed public

parks, they did not cross private lands and gardens. We counted

butterflies once a month between 08.45 and 16.15h during the

adult flight season under appropriate flying conditions. To cover

the flight periods of all butterfly species, monitoring was con-

ducted from early April to early October 2012. However, no sur-

veys were conducted in August when several butterfly species

have been reported to aestivate. Individuals within 5 m either side

of a position along each transect were recorded while walking at

a steady pace (10 m min�1). To avoid double counting, we

walked each transect only in one direction. Individuals that could

not be identified to species by sight were caught using nets, iden-

tified and released.

We sampled ground beetles using pitfall traps. To cover the

adult stage of as wide a range of species as possible, sampling

was conducted in July 2012. In each study square, we placed

nine pitfall traps 250 m apart in woodland remnants, public

green spaces and roadside verges (see Fig. S1, Supporting infor-

mation). We buried black plastic boxes of 20 cm in diameter

and 27 cm in depth and containing c. 200 mL of propylene gly-

col as a preservative. If it was not possible to bury traps at the

intended location due to obstacles (e.g. roots, stones, concrete

surfaces or private lands), they were buried as close as possible

to the target location. Traps were established for the whole

month, and individuals collected after each week. Individuals

caught were dried, mounted and identified to species in the lab-

oratory.

All butterfly species observed in the field were classified as

either woodland or open-land and either patch-dependent or

matrix-dwelling species. Classification as woodland or open-land

species was based on Tanaka (1988). Classification as patch-

dependent or matrix-dwelling species depended on whether the

larval host plants were present in the matrix (see Soga et al.

2014). For ground beetles, our preliminary surveys revealed that

there were no matrix-dwelling species in this region, so they

were categorized only as either woodland or open-land species.

Fig. 2. Examples of different functional relationships between

urban intensity and species’ population densities. If the popula-

tion density of a species declines sharply at a low level of urban

intensity or increases only at a high urban intensity level (green

lines), land sparing is better. If, on the other hand, population

density declines at high levels of urban intensity or increases at a

low urban intensity level (yellow lines), land sharing is better.
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Classification was based on their main habitats. Species whose

habitat is restricted to woody environments, including secondary,

coniferous and mature forests, were classified as woodland spe-

cies. Species that usually (or sometimes) inhabit open-land envi-

ronments (e.g. grasslands, pasture lands, farmlands, riverbeds and

sandy lands) and do not need woody conditions were classified as

open-land species. In this study, however, open-land ground bee-

tles comprised only 3�6% of individuals (172/4779 individuals, see

Appendix S1, Supporting information). We thus removed these

from the later analyses.

DATA ANALYSES

Modelling species density and building density

relationships

To determine whether land-sharing or land-sparing development

is better for conservation, we estimated each species’ total popu-

lation size under two hypothetical landscapes and compared

them. To do so, we first modelled the relationship between popu-

lation density and building density for each species. Then, based

on these functional relationships, we calculated each species’ total

population size under land-sharing and land-sparing development

in a 1-km2 cell. All statistical analyses were performed with the

R software (version 3.0.0, R Core Team 2013).

To model each species’ population density vs. building density

relationship, we used generalized linear mixed models (GLMMs),

using the ‘lme4’ package and the ‘glmer’ function (ver.

0.999999.0; Bates, Maechler & Bolker 2012). In GLMMs, popu-

lation density (the number of observed individuals per km2) and

building density were used as dependent and independent vari-

ables, respectively. Because the number of individuals is count

data and does not take negative values, GLMMs with Poisson-

distributed variables and a log-link function were fitted for each

species. To deal with unmodelled site-specific factors, we also

used site ID as a random effect.

We fitted first- and second-order polynomial regressions

because preliminary analyses showed that there were no species

whose population density only declines at extremely high levels of

urban development intensity. These two types of GLMM can

describe a wide variety of functional forms (see Fig. S2, Support-

ing information). In these models, if a functional relationship for

a species is best-fitted by first-order regression, land sparing is

better than land sharing at all levels of urbanization. If a species’

functional relationship is best-fitted by second-order regression,

land sharing is sometimes (or always) better than land sparing

(see more detailed explanation in Fig. S3, Supporting informa-

tion). In order to rank three candidate models (first-order, sec-

ond-order and null models), we used Akaike Information

Criterion (AIC). Models with the smallest AIC were considered

as the most parsimonious. In this analysis, we removed species

with <10 individuals and five observed sites to avoid biasing our

conclusions.

Estimating the total population size under land-sharing

and land-sparing development forms

Based on the above GLMMs, we calculated each species’ total

population size under two hypothetical landscapes (land-sharing

and land-sparing developments). In this study, the scale of hypo-

thetical landscapes was a 1-km2 grid: we compared the relative

conservation benefits of land sharing and land sparing at a 1-km2

scale. As an index of urbanization intensity, we used building

density (the number of houses and other buildings in a 1-km2

cell). Under land sharing, all landscape areas (1 km2) are

assumed to be developed equally for residential purposes (Fig. 1).

The total population size of a species under land sharing (a

1-km2 cell) is therefore calculated simply as the product of the

population density in residential areas (individuals per km2) and

its size (1 km2). To estimate the population density in residential

areas, we used the functional relationships for that species

between population density and building density (above

GLMMs).

Under a land-sparing development form, residential areas are

assumed to be developed as intensively as possible, whereas

remaining areas are not developed (Fig. 1). Hence, the total pop-

ulation size of a species in a 1-km2 cell is estimated as the sum of

its population in residential areas (maximally urbanized areas,

5404 buildings km�2) and its population in remaining areas (non-

urbanized areas, no buildings). The total population sizes in resi-

dential and non-urbanized areas are calculated as the product of

the size (km2) and population density (individuals per km2) of the

respective land types. To estimate the population density of each

species both in maximally and non-urbanized areas, we again

used the above GLMMs.

Under land-sparing development, the size of residential areas

is obtained by dividing the total number of buildings within a

1 km2 landscape by the maximum number of buildings within

a 1 km2 landscape (5404 buildings). Hence, the size of non-

urbanized areas is the size of a hypothetical landscape

(1�0 km2) minus the size of residential areas. For example, with

the total number of 1351 buildings km�2, land-sparing develop-

ment needs one-quarter of a square for residential purposes

(1351 buildings/(5404 buildings km�2) = 0�25 km2). Hence, the

size of non-urbanized areas is 0�75 km2. Under both land-shar-

ing and land-sparing development forms, the total population

size of each species was calculated for all levels of urbanization

(the possible range of total number of buildings per km2 was

0–5404).

Results

In the field surveys, we observed 62 butterfly species (4410

individuals) and caught 30 ground beetle species (4779

individuals). Although the species richness and population

density of open-land and matrix-dependent butterflies

were highest in areas with intermediate building density,

those of woodland and patch-dependent butterflies and

ground beetles decreased as building density increased

(Fig. 3). As a result of model selection of GLMMs, for

most species, either first- or second-order models were

supported as the most parsimonious models (see Appen-

dix S1 and Fig. S2, Supporting information). For butter-

flies, second-order regression was supported as the best

model for most species (85�7%), whereas first-order

regression was the best model for only 14�3% of species.

For ground beetles, on the other hand, first-order regres-

sion provided the best model for 66�7% of species, and

second-order regression for the remainder. One butterfly

species (Graphium sarpedon) whose best model was the

null was removed in the analyses.
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Species responses to city development forms differed

among taxonomic groups. For ground beetles, the

expected total population size of the majority of species

was higher in land-sparing than land-sharing forms at all

urbanization levels (Fig. 4). In the case of butterflies, the

number of species with higher total population size from

land sharing increased with decreasing urbanization levels

(Fig. 4). Especially for open-land and matrix-development

butterflies, the number of species for which a land-sharing

development form was better was larger than that for

land sparing at a medium or low level of urbanization

(Fig. 4). Although the same patterns were also shown by

woodland and patch-dependent butterflies, the number of

species with a higher population size under land sharing

was less than that for land sparing (Fig. 4). At a high

level of urbanization, however, land sparing resulted in a

higher total population size for the majority of species

regardless of species groups (Fig. 4).

We also calculated the ratio of total population size for

land sparing to that for land sharing. For ground beetles,

mean predicted total population size in land sparing was

larger than in land sharing at all urbanization levels

(Fig. 5). On the contrary, for butterflies, mean predicted

total population size in land sparing was not always larger

than in land sharing: at a low level of urbanization, land-

sharing was the better development form (Fig. 5). More-

over, compared with woodland and patch-dependent

butterflies, open-land and matrix-development butterflies

were more likely to have higher total population sizes

under land sharing (Fig. 5).

Discussion

As cities expand rapidly around the world, there is an

urgent need to establish the best development form to

minimize the negative impacts of urbanization on native

biodiversity. Thus, studies examining the consequences for

biodiversity of urban land sharing and land sparing pro-

vide many practical implications for city planners and

governments. This paper demonstrates that although most

butterfly and ground beetle species decreased in popula-

tion density with increasing building density, negative

impacts of urbanization differed between the two con-

trasting city development forms. With well-planned devel-

opment schemes, the negative ecological consequences of

global city expansion can be reduced. This is significant

because, as the restoration of biological communities after

city development is time-consuming and costly, initial

development schemes have a crucial role in determining

the fate of urban biodiversity.

In line with our predictions, urban land sparing showed

a marked benefit for ground beetles. At all urbanization

levels, the negative impacts were lower under land-sparing

development for this taxon (Figs 4 and 5). It is therefore

Fig. 3. Relationships between building density and species richness (blue circles), and population density (pink circles).
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quite important to develop cities with a land-sparing

form, especially for species groups that have been

reported to show sensitive responses to urbanization or

habitat fragmentation (McKinney 2008). With increasing

urban sprawl, biological communities will increasingly be

dominated by generalist or urban-adapted species

(so-called biotic homogenization; McKinney & Lockwood

1999). Such a rapid decline of biodiversity due to urbani-

zation would have other serious consequences, such as the

loss of function and resilience of ecosystems, and of eco-

system goods and services (Fischer, Lindenmayer & Man-

ning 2006; Gaston & Fuller 2008; Gaston, �Avila-Jim�enez

& Edmondson 2013).

For butterflies, on the other hand, higher population

size was sometimes achieved in land-sharing rather than

land-sparing development (Fig. 5). While for a large pro-

portion of ground beetles, relationships between the den-

sity of individuals of the species and building density were

best explained by first-order regression models, and for

most butterflies, second-order regression models were bet-

ter. These contrasting patterns of response to urbanization

between butterflies and ground beetles may be caused by

their different adaptabilities to urbanized environments.

Unlike ground beetles, resources for butterflies (e.g. nectar

producing flowers or larval host plants) are often abun-

dant in the urbanized environments as amenity plants in

roadside verges (Henriksen & Langer 2013) and private

gardens (Smith et al. 2006). Indeed, the amounts of such

resources often exhibit strong influences on the distribu-

tion of butterflies (e.g. Steffan-Dewenter & Tscharntke

2004; Soga & Koike 2012a, 2013). Thus, the high number

of butterflies under land-sharing development could be

explained by resource complementarity (Haynes, Diek€ot-

ter & Crist 2007). Notably, we observed that matrix-

dwelling butterflies showed a higher ability to tolerate the

progress of urbanization, albeit there are variations

among species. This result raises the potential that biodi-

versity decline due to urbanization is partly reduced by

Fig. 4. Numbers of species whose total

population size is higher under land spar-

ing (green) or land sharing (yellow), in

relation to the levels of urbanization (the

total number of buildings in a 1-km2

square).
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the improvement of matrix environments (cf. Soga &

Koike 2012b). In areas where substantial extents of urban

sprawl already occur (e.g. Tratalos et al. 2007; Fuller &

Gaston 2009), therefore, matrix management would have

a substantial role in conserving and restoring biological

communities.

Surprisingly, for most butterflies, the better city devel-

opment form changed with the level of urbanization (total

number of buildings per km2). A large proportion of but-

terfly species had higher populations with land sharing at

a lower level of urbanization, whereas at a higher urbani-

zation level, they were more abundant with land sparing

(Fig. 4). This result suggests that, although many butter-

flies in our study area can to some extent survive in devel-

oped landscapes, there is likely to be a threshold of

building density above which population sizes change

greatly (extinction threshold; Fahrig 2002). For example,

for many butterfly species, the best development form

changed at a density of 2000 buildings km�2 (Fig. 4).

However, as these thresholds will vary among regions and

species, applying those derived in our study area to con-

servation planning in other regions involves substantial

uncertainties (Rhodes et al. 2008). Nevertheless, our find-

ings highlight an important implication for future urban

development: the recommended development forms for

biodiversity conservation depend on the levels of urbani-

zation.

POLICY IMPLICATIONS FOR FUTURE URBAN

DEVELOPMENT

The results of this study have several implications for city

planning and policymaking for the protection of native

biodiversity from ongoing urban expansion. They show a

remarkable conservation benefit of land sparing at high

levels of urbanization. In areas that will become highly

urbanized in the near future (e.g. emerging countries

in Africa and Asian), therefore, policies should aim to

Fig. 5. Mean total population size under

land sparing relative to under land shar-

ing, in relation to the level of urbanization

(buildings per km2). Each species’ relative

total population size was calculated by

dividing total population size for land

sparing by that for land sharing, and these

values were then log-transformed and

averaged for each species group. Broken

horizontal lines indicate log [relative popu-

lation size] = 0 (i.e. no difference between

two development forms), and green and

yellow circles mean land sparing or land

sharing is better, respectively.
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protect relatively large consolidated greenspaces free from

development. These areas would be the last refuges for

much wildlife (Soga et al. 2014). Conversely, in areas that

are to be urbanized but not at high intensity (e.g. mar-

ginal urban areas), land sparing would not necessarily be

the most appropriate solution. As butterflies and ground

beetles show contrasting responses to development forms

at a lower level of urbanization, there is a risk that the

adoption of a single development form (land sparing) will

have negative consequences for some species groups (e.g.

butterflies). Indeed, Gabriel et al. (2013) argued that as

the best development form depends on the target species

(or higher taxon) and region, there is no single solution to

debate around the relevant benefits of land sharing vs.

land sparing. Secondly, at a low or medium level of

urbanization, we did not find a predominant benefit of

urban land sparing to protect biodiversity. In this case,

policymakers could pay more attention to other factors

than biodiversity conservation to decide between two

development options. Recent studies suggest that extreme

segregation of natural environments and components

from residential areas reduces the provision of several key

ecosystem services (e.g. health and well-being benefits:

Barbosa et al. 2007; micro-climate regulation: Gaitani

et al. 2011). Also, the establishment and maintenance of

large greenspaces within cities will engender enormous

financial costs (Naidoo et al. 2006). Except in highly

urbanized situations, therefore, a more flexible develop-

ment approach that integrates advantages of both urban

land sharing and land sparing may provide a better out-

come not only for nature but also for humans.
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