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Summary

1. Many species are adapted to landscapes with characteristic dynamics generated by ongoing habi-

tat destruction and creation. Climate change and human land use, however,may change the dynam-

ics of these landscapes. Studies have repeatedly shown that many species are not able to cope with

such changes in landscape dynamics. Conservation policies must, therefore, explicitly address this

threat. The way in which management should be modified when formerly static landscapes become

dynamic or when landscape dynamics change is unclear.

2. Using an analytical formula for the rapid assessment of metapopulation lifetime in dynamic

landscapes, we investigate if and how changes in one landscape attribute may be compensated by

changes in another attribute tomaintain species viability.We study such trade-offs considering both

spatial (number, connectivity of patches) and temporal (patch destruction and creation rates) land-

scape attributes.

3. We show that increasing patch destruction can be compensated to a certain extent by improve-

ments in other spatial and ⁄or temporal landscape attributes. Focusing on trade-offs between man-

agement options reveals two key factors essential for management decisions: First, the trade-offs

are generally nonlinear irrespective of considering spatial or temporal landscape attributes. Sec-

ondly, species can be grouped according to their response to particular management options.

4. Synthesis and applications.We demonstrate the usefulness of an analytical formula for calculat-

ing trade-offs between landscape attributes for a variety of landscapes and species. Two practical

and robust management recommendations can be derived: (i) The nonlinearity of trade-offs implies

that the effectiveness of conservation measures depends explicitly on the current level of landscape

attributes. It must, therefore, be taken into account in conservation decision making. In particular,

the existing level of patch turnover is decisive: if it is already high, improvements in other landscape

attributes are ineffective in maintaining species viability. Thus, monitoring the current level of land-

scape attributes is indispensable for effective biodiversity conservation. (ii) Compensation of

increased patch destruction by increased patch creation is only suitable for species with high dis-

persal propensity adapted to variable environments (aside from habitat patch turnover). This

implies that conservation policies which rely on such compensation, like offsetting and conservation

banking, are feasible only for this type of species.

Key-words: climate change, conservation planning, environmental stochasticity, landscape

attributes, landscape dynamics, management, metapopulation

*Correspondence author. E-mail: karin.johst@ufz.de

Journal of Applied Ecology 2011, 48, 1227–1235 doi: 10.1111/j.1365-2664.2011.02015.x

� 2011 The Authors. Journal of Applied Ecology � 2011 British Ecological Society



Introduction

Many ecosystems are characterised by continuous changes in

habitat structure creating spatial and temporal habitat hetero-

geneity with ongoing habitat destruction and creation. Fire,

for example, creates spatiotemporal vegetation structures

in many savannas and forest ecosystems (e.g. Groeneveld,

Enright & Lamont 2008; Zinck, Johst & Grimm 2010). In arid

regions, patchy and stochastic rainfall is responsible for habitat

conditions that are extremely heterogeneous in space and time

(e.g. Fahse, Dean &Wissel 1998). Gap formation in forests by

insect outbreaks or windfall and weather events such as

droughts and floods may create similar structures (e.g. Stelter

et al. 1997; Briers & Warren 2000). Last but not least, human

impacts shape landscapes through agricultural land use such

as harvesting, grazing, mowing or habitat restoration (e.g.

Johst et al. 2006; Hodgson, Moilanen & Thomas 2009;

Meulebrouck et al. 2009). Habitat dynamics in terms of habi-

tat destruction and creation are a key characteristic of these

landscapes.

Many species are specifically adapted to the spatiotemporal

heterogeneity of their habitat (e.g. Stelter et al. 1997; Briers &

Warren 2000; Wahlberg, Klemetti & Hanski 2002; Bieder-

mann 2004; Hodgson, Moilanen & Thomas 2009). However,

the rapid economic and social development during the last cen-

tury and the resulting global change, particularly the changing

climate and impact of human land use, may alter the character-

istic of habitat dynamics. For example, mowing or logging pat-

terns may change, floods and fire may be suppressed, or

habitat succession rates may alter. Both theoretical and field

studies suggest thatmany species are not able to copewith such

changes without conservation measures (e.g. Johst, Brandl &

Eber 2002; Matlack & Leu 2007; Thuiller 2007). Thus, biodi-

versity conservation that accounts for landscape dynamics and

responses to the foreseeable impacts of global change is an

important challenge for research (e.g. Wintle et al. 2005;

Jäkäläniemi, Tuomi & Sikamkaki 2006; Drechsler & Wätzold

2007; Leroux et al. 2007; Pressey et al. 2007; Ross et al. 2008;

Possingham,Moilanen&Wilson 2009).

In this article, we consider landscapes characterised by pat-

chy habitats that are destroyed and created by natural and ⁄or
anthropogenic influences. Patch destruction and creation

occur at constant rates resulting in stationary landscape

dynamics with ongoing patch turnover (Hanski 1999a). Popu-

lations of species living in these patchy landscapes can be

described as metapopulations. Metapopulation models

assume that local populations inhabit (habitat) patches and

may colonise other patches but are otherwise independent of

each other (e.g. Gyllenberg & Hanski 1997; Keymer et al.

2000; Wilcox, Cairns & Possingham 2006; Cornell & Ovaskai-

nen 2008).

Many studies have considered metapopulation survival in

static landscapes (in which habitat patches are permanently

present) and investigated how changing, for example, the num-

ber, size or connectivity of habitat patches influences species

viability (Verboom et al. 2001; McCarthy, Thompson & Poss-

ingham 2005). As landscape attributes can interact in their

impact on species, a change in one landscape attribute can be

compensated for by changes in another attribute. This interac-

tion is important for management decisions and can be

analysed by so-called trade-offs between two attributes. The

corresponding trade-off curves visualise and quantify the

extent of compensation necessary to maintain the species

persistence. In static landscapes, trade-offs between spatial

landscape attributes such as the number and size of habitat

patches (the so-called SLOSS problem, e.g. Ovaskainen 2002)

or between the number and connectivity of patches (e.g.

Moilanen & Hanski 1998; Vuilleumier et al. 2007) have been

discussed frequently.

For dynamic landscapes, however, the use of general land-

scape attributes for conservation is much less developed, and,

in particular, interactions between landscape attributes and

related trade-offs are unclear or absent (Van Teeffelen et al.,

unpublished data). This concerns especially trade-offs between

spatial landscape attributes (number, connectivity of patches)

and temporal landscape attributes (rates of patch destruction

and creation). These temporal attributes impact species in a

different way as they lead to temporally varying patch configu-

rations that species have to cope with. Specifically, there is a

lack of knowledge in three directions.

It is often unclear how the effectiveness of conservationmea-

sures depends on the level of landscape dynamics (e.g. Possing-

ham, Moilanen & Wilson 2009) and whether traditional rules

of network design in static landscapes can be transferred to

dynamic landscapes. Thus, the question arises: (1) How do

trade-offs between spatial landscape attributes differ in static

vs. dynamic landscapes? To address this question, we compare

static (with zero patch turnover) and dynamic (with nonzero

patch turnover) landscapes with respect to the trade-off

between number and connectivity of habitat patches based on

species viability. If the differences between the trade-offs in sta-

tic vs. dynamic landscapes were small, management guidelines

that are optimal in static or very low level dynamic landscapes

might be retained in highly dynamic landscapes. If the differ-

ences were large, dynamic landscapes would require different

management.

As compensation measures for dynamic landscapes may

consist of alterations of the spatial attributes of the landscape

such as the number and connectivity of habitat patches, the

question arises: (2) Can an increasing patch destruction rate

be compensated by changes in spatial landscape attributes?

To answer this question, we focus on the trade-offs between

temporal and spatial landscape attributes: (i) the trade-off

between habitat destruction rate and patch number (at given

connectivity) and (ii) the trade-off between habitat destruction

rate and patch connectivity (at a given patch number).

Many current conservation policies like offsetting and con-

servation banking allow habitat destruction provided that it

is compensated by habitat creation or restoration elsewhere

(Cuperus et al. 1999; Bishop et al. 2009; Schippers et al. 2009;

Wissel & Wätzold 2010). However, it is unclear under which

conditions such policies can ensure the survival of species (e.g.

Drechsler & Wätzold 2009; Hartig & Drechsler 2009). We

therefore ask: (3) Can an increasing patch destruction rate be
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compensated by an increasing habitat creation rate? To

address this question, we focus on trade-offs between temporal

landscape attributes and investigate how well an increased

habitat destruction rate can be compensated by increasing the

rate of patch creation.

The survival of metapopulations in dynamic landscapes has

been subject to repeated simulation studies (e.g. Boughton &

Malvadkar 2002; Johst, Brandl & Eber 2002; Ellner & Fuss-

mann 2003; Johst&Drechsler 2003;Wintle et al. 2005;Wilcox,

Cairns & Possingham 2006; Vuilleumier et al. 2007; Hodgson,

Moilanen & Thomas 2009). However, stochastic simulation

models require a lengthy numerical analysis, making a system-

atic exploration of trade-offs between landscape attributes par-

ticularly cumbersome. Alternatively, approximation formulae

have been derived to calculate the mean metapopulation life-

time as a function of static (Frank & Wissel 2002; Drechsler

2009) and dynamic landscape attributes (Drechsler & Johst

2010). Trade-offs can be analysed conveniently and rapidly

with these formulae. In particular, the shape of these trade-off

curves provides important insights into the impact of spatial

and temporal landscape attributes on metapopulation survival

in dynamic landscapes. For instance, highly nonlinear trade-off

curves would indicate thresholds beyond which viable popula-

tions can be sustained (for details see below). The shape of the

curves is likely to depend on the species to be protected. Species

differ, for example in their dispersal ability, individual area

requirements and their sensitivity to environmental stochastici-

ty (e.g. Vos et al. 2001; Jacquemyn, Butaye & Hermy 2003).

Therefore, we also investigate the influence of species traits on

the trade-offs and discuss the consequences for biodiversity

conservation in dynamic landscapes.

Materials and methods

Our description of the methods is divided into three subsections.

In the first part, we present the formula for the mean metapopula-

tion lifetime from Drechsler & Johst (2010) on which our analysis

is based. In the second part, we explain the trade-offs between

landscape parameters that were considered. In the third part, we

discuss the parameterisation of the formula and the parameter

combinations for which trade-offs were explored. For calculating

the trade-offs, the analytical formula was implemented in Delphi

5Æ0 (Borland 1999).

ANALYTICAL FORMULAE FOR THE MEAN

METAPOPULATION LIFET IME

In the following, we review the results of Drechsler & Johst (2010)

who derived a formula for the mean time to extinction in dynamic

landscapes based on analytical approaches for static landscapes

(Frank&Wissel 2002; Drechsler 2009). Our starting point is a habitat

network of given spatial extent (given a network radiusR) containing

N habitat patches affected by ongoing patch destruction and patch

creation. Parameter R may be regarded as R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDy=p

p
where Dx

and Dy are the distances between the most eastern and most western

or the most northern and most southern patches, respectively. If

patches are created at positions other than those at which they had

been destroyed, Dx and Dy represent the geographic range within

which patches can be created.

The formula for the mean metapopulation lifetime in a dynamic

habitat network allows rapid assessment of metapopulation survival

as a function of both spatial and temporal landscape attributes

(Drechsler & Johst 2010):

Tdyn �
1

~edyn

XNdyn

i¼1

XNdyn

k¼1

1

k

ðNdyn � iÞ!
ðNdyn � kÞ!

1

ðNdyn � 1Þk�i
qk�idyn: eqn 1

Here,Ndyn is the number of patches, qdyn is the so-called aggregated

colonisation ⁄ extinction ratio, and ~edynis the geometric mean over the

local extinction rates ei including patch destruction at rate l

~edyn ¼ P
N

i¼1
ðlþ eiÞ1=N ¼ ~e P

N

i¼1
ð1þ l=eiÞ1=N eqn 2

~e denotes the geometric mean of the local extinction rates in the

absence of network dynamics. The patch number Ndyn in dynamic

landscapes is determined by the total number of patches N and the

patch destruction and creation rates (l and k):

Ndyn ¼ round
k

kþ l
N

� �
eqn 3

qdyn is the aggregated colonisation ⁄ extinction ratio:

qdyn ¼
c

~edyn
H eqn 4

where �c is the power mean of the colonisation strengths ci of the

patches:

�c ¼ 1

N

XN
i¼1

c
1=b
i

 !b

: eqn 5

The colonisation strengths ci represent the rate by which individu-

als emigrate from a local population i divided by the number of immi-

grants required for successful colonisation of an empty patch. The

parameter

b ¼ b=g eqn 6

summarises the species-specific parameters g and b. These param-

eters together with species-specific parameters e, m describe how

colonisation strengths and extinction rates of local populations, ci
and ei in eqns 2 and 5, relate to the patch sizes Ai (Drechsler

2009):

ei ¼ eA�g
i and ci ¼ mAb

i : eqn 7

Typical values of b range from 0Æ5 (emigration proportional to

patch perimeter) to 1Æ0 (emigration proportional to patch area) and g
typically ranges from 0Æ5 to 2 according to high and low (sensitivity to

and level of) environmental stochasticity (e.g. Lande 1993). The

parameter b of eqn 6 hence varies among species between about 0Æ25
and 2. See the next section for more details on the biological explana-

tion and numerical estimation of these parameters.

Quantity H in eqn 4 is a measure of patch connectivity, where d is

the mean dispersal distance of species, and R is the ‘network radius’

as defined previously:

H ¼ min
3�10�R=ð15dÞ

ðR=dÞ2
ðR=dÞ1�65

ðR=dÞ1�65 þ 5
; 1

( )
: eqn 8

H lays between zero and one and measures – relative to a network

with perfectly connected patches – the ability of dispersers to reach

the other patches of the network. If the species dispersal range d is
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large compared to the network radius R, all patches can be reached

by the dispersers. Then, the network consists ofN perfectly connected

patches and H takes its maximum of one. If in contrast, d is small

compared toR species dispersal is very local compared to the network

radius such that only nearby patches can be recolonised. In this case,

the network consists of N very poorly connected patches and H is

close to zero.

Altogether, metapopulation lifetime depends on the following

landscape attributes: total number (N) of (inhabitable and uninhabit-

able) patches, patch destruction rate (l), patch creation rate (k) and
patch areas (Ai), the species parametersm, e, b and g and the species-

specific ‘network permeability’ R ⁄ d described by the ratio of the

average network radiusR and the species’ dispersal range d. The land-

scape-related parameters of the formula may be subject to manage-

ment. For example, ‘network permeability’ may be managed by

decreasing network radiusR or decreasing dispersal mortality (result-

ing in increasing connectivityH, see eqn 8).Moreover, patch destruc-

tion and ⁄ or creation rate may be altered e.g. via controls on logging

ormowing patterns, controlled burning or flood suppression.

TRADE-OFFS BETWEEN LANDSCAPE ATTRIBUTES

The landscape attributes exhibit trade-offs with respect to the

expected metapopulation lifetime. For example, a lower patch num-

ber may be compensated by increasing connectivity, or a higher patch

destruction ratemay be compensated by a larger patch number.

We analyse the trade-offs between two landscape attributes x and

y, where x and y are any of the parameters involved in the three trade-

off types above, by plotting the mean metapopulation lifetime as a

function of x and y (Fig. 1). Combinations (x,y) that lead to the same

meanmetapopulation lifetime are termed iso-T lines. The shape of an

iso-T line contains information about the trade-off between landscape

attributes x and y. Assuming that current values of x and y are x1 and

y1 [point (x1,y1) in Fig. 1a], a reduction in y by Dy can be compen-

sated by an increase in x byDx [ending at point (x2,y2) in Fig. 1a] that
is located at the same iso-T line as point (x1,y1). The ratioDy ⁄ Dxmea-

sures the relative importance of the two variables x and y. Between

points (x1,y1) and (x2,y2) of the present example, variable y is more

important, because a relatively large increase in x is required to com-

pensate for a relatively small decline in y. If the slope of the iso-T line

is constant (Fig. 1b), the relative importance of x and y is constant

and independent of the actual values of x and y. If the iso-T lines are

nonlinear, this is not the case, instead, the relative importance of the

variables depends on their current values. Figure 1a represents a typi-

cal situationwhere the relative importance of variable y increases with

decreasingmagnitude of y. For example, if y is large, a large decline in

y can be compensated by just a small increase in x whereas if y is

small, even a small decline in y can only be compensated by a large

increase in x. In the extreme cases shown in Fig. 1c, a decline in y can

no longer be compensated by an increase in x. This means that if the

objective is to keep the mean metapopulation lifetime above a certain

target level, ymust not fall below a certain threshold. The same holds

for x. Thus, highly nonlinear trade-off curves entail thresholds for

landscape attributes tomaintain a certain metapopulation lifetime.

PARAMETERISATION OF THE FORMULA AND

DEFIN IT ION OF SCENARIOS

To apply the formula, the species-specific parameters m, e, b g and d

have to be known or have to be estimated from field observations

(e.g. Hanski 1999b; Drechsler et al. 2003; Nicholson et al. 2006). To

simplify the analysis of this article, we do not vary all of these parame-

ters, but summarise the species-specific properties in two aggregated

parameters: b and c.
Species parameter c is defined as

c ¼
YN
i¼1

c1=Ni where ci ¼
ci
ei
¼ m

e
Abþg

i : eqn 9

ci represents the mean number of individuals emigrating from local

population i during its expected lifetime 1 ⁄ ei, divided by the number

of immigrants required for the successful colonisation of an empty

patch. It depends on species characteristics as well as the patch area

Ai (cf. eqn 7) and may be determined in (at least) three ways: (i)

through direct measurement of the number of emigrants during the

lifetime of the local population plus an estimate of how many immi-

grants are required for the successful colonisation of an empty patch,

(ii) through eqn 7 (assuming the parameters m, e, b g are known),

and (iii) through a Bayesian Calibration with aMarkov ChainMonte

Carlo (MCMC) algorithm (O’Hara et al. 2002; Drechsler et al. 2003)

of a time series of patch occupancy data (which patch is occupied and

which is not) which, among others, allows estimating ci and ei.

The aggregated species parameter c then is the geometric mean

over the ci (eqn 9) and can be interpreted as the mean number of emi-

grants from an average-sized local population during the expected

lifetime of this local population, divided by the number of immigrants

required for the successful colonisation of an empty patch. Thus, spe-

cies with high values of c are characterised by a high dispersal propen-
sity compared to species with low values of c. This explains the

increase in metapopulation lifetime T with increasing c (see also

Results section).

The second aggregated species parameter, b may be determined

through eqn 6 (assuming b and g are known), or again from the rates

ci and ei obtained from field data. For the latter approach, we use the

two equations of eqn 7 to eliminate the patch areaAi andwrite

ci ¼ mebe�b
i ) lnðciÞ ¼ lnðmebÞ � b lnðeiÞ: eqn 10

Equation 10 means that -b is the slope of the regression line if we

plot ci vs. ei. As already mentioned in the context of eqn 7, large val-

ues of b are associated with species experiencing high environmental

stochasticity whereas small values of b represent species experiencing

low environmental stochasticity (Lande 1993). Thus, in a landscape

with a certain level of environmental stochasticity, the value of b is a

Fig. 1. Conceptual example of a trade-off between variables x and y

with regard tomeanmetapopulation lifetimeTi. Panel (a) shows three

iso-T lines, i.e. each combination (x,y) located on curve Ti leads to a

mean metapopulation lifetime of Ti. Panels (b) and (c) show variants

of iso-T lines.
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measure of species sensitivity to environmental stochasticity. Large

values of b also imply higher heterogeneity in the colonisation rates at

given heterogeneity in the local extinction rates (Drechsler & Johst

2010). As high colonisation rates contribute overproportionally to

metapopulation survival, this explains the increase inmetapopulation

lifetimeTwith increasing b (see alsoResults section).

We consider two values each for b and c and combine these system-

atically into four scenarios: (b = 0Æ25, c = 4), (b = 0Æ25, c = 12),

(b = 2, c = 4), (b = 2, c = 12).

According to eqns 2 and 5, the mean metapopulation lifetime also

depends on the rates ci and ei (note that ci and ei are related via

eqn 10). For the present analysis, we assume that the ei vary around

their geometric mean ~e, so that the largest and smallest ei have a ratio

ofQ = emax ⁄ emin = 3.Other values ofQ lead to qualitatively similar

results. Thus, the parameter Q represents patch size heterogeneity,

whereas the parameter ~e defines the relative timescale of metapopula-

tion extinction.

Lastly, the patch destruction rates l and creation rates k can be

determined by observing the network over time and recording how

many patches are destroyed respectively created per time step. The

parameters l and k then are the number of patches destroyed respec-

tively created divided by the number of patches recorded in the previ-

ous time step.

Results

1. How do trade-offs between spatial landscape attributes

differ in static vs. dynamic landscapes?

Figure 2 compares trade-offs between patch numberN (eqn 3)

and connectivityH (eqn 8) for different species-specific param-

eters b = b ⁄g (eqn 6) and c (eqn 9) in static (without patch

turnover) vs. dynamic (with patch turnover) landscapes. The

curves of equal metapopulation lifetime (iso-T lines; curves of

equal grey scale) are generally nonlinear but the degree of non-

linearity differs between static and dynamic landscapes. Non-

linearity in theN-H trade-offs is generally higher in static than

in dynamic landscapes.

The shape of the N-H trade-off curves also depends on the

aggregated species attributes c and b (Fig. 2). Species with high

c show strongly nonlinear N-H-trade-offs in static landscapes.

Thus, threshold behaviour is important and compensation

between N andH is impossible over a wide range of N andH:

at low patch number, increasing connectivity is ineffective

whereas at low connectivity increasing high patch number is

useless. Thus, either the number or the connectivity of patches

is important depending on the current level of these landscape

attributes. In contrast, the more linearN-H trade-off of species

with high c in dynamic landscapes indicates that compensation

between connectivity and patch number is possible for a wider

range ofN andH.

Species with low c generally show more linear N-H trade--

offs, irrespective of whether the landscapes are static or

dynamic. As a consequence, threshold behaviour is less

important and compensation between N and H is generally

possible.

Species with higher c and b generally have highermetapopu-

lation lifetimes. Metapopulation lifetime quickly increases for

these species with increasing connectivity H and increasing

patch numberN, irrespective of landscape dynamics (Fig. 2).

2. Can an increasing patch destruction rate be compensated

by changes in spatial landscape attributes?

Figure 3 shows trade-offs between patch destruction rate l
and the spatial landscape attributes patch number N (Fig. 3,

left panel), and connectivityH (Fig. 3, right panel) for different

species-specific parameters b = b ⁄g (eqn 6) and c (eqn 9). The

curves of equal metapopulation lifetime (iso-T lines; curves of

equal grey scale) are again generally nonlinear. Nonlinearity is

especially pronounced in the l-H trade-offs. Note that the

maximum H = 0Æ6 on the x-axis corresponds to high species’

mean dispersal distance of approximately double the network

radius R. Similarly to Fig. 2, the shape of the curves depends

on the aggregated species attributes c and b (Fig. 3). Species

with low values of b and c have short metapopulation lifetimes

in dynamic landscapes (i.e. the proportion of dark shading in

Fig. 3 is lowest for this type of species; see also Fig. 2), whereas

species with high values of b and c can generally cope with

higher levels of patch destruction. An increase in patch number

N to compensate for increasing patch destruction is very effec-

tive for species with high b (i.e. species experiencing high envi-

ronmental stochasticity). An increase in connectivity H to

compensate for increasing patch destruction is only effective

for species with high c.

Fig. 2. H-N trade-offs (connectivity H vs. patch number N) in static

(l = 0, left panel) vs. dynamic (l = 0Æ5 ~e, right panel) landscapes

for different species attributes c and b (seeMaterials andmethods sec-

tion). T is given in units of ~e. Other parameters are ~e = 0Æ05, k = l,
Q = 3.
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3. Can an increasing patch destruction rate be compensated

by an increasing habitat creation rate?

Regarding the two temporal landscape attributes (patch

destruction rate l and creation rate k), an increase in patch cre-
ation rate can generally compensate for increasing patch

destruction (Fig. 4). Our results reveal that this compensation

is very effective when the starting value of patch destruction

rate l is low and the species parameters c and b are large.

Otherwise this option has little effect. Because of the strong

nonlinearity of this trade-off, in already highly dynamic land-

scapes, it is much more efficient to increase metapopulation

persistence by decreasing patch destruction than by increasing

patch creation.

Discussion

Knowledge of the trade-offs between different landscape attri-

butes based on species viability is indispensable for effective

management and policy decisions. Quantification of these

trade-offs for dynamic landscapes with ongoing habitat

destruction and creation usually requires extensive computer

simulations. Using an analytical formula for the rapid assess-

ment of metapopulation lifetime in dynamic landscapes (for

general applicability and validity of the formula see Drechsler

& Johst 2010), we demonstrate that trade-offs for a variety of

combinations of spatial and temporal landscape attributes and

species parameters are quickly accessible. In the following, we

discuss first our results with respect to the three questions

posed in the introduction and then consider their implications

to biodiversity conservation.

1. How do trade-offs between spatial landscape attributes

differ in static vs. dynamic landscapes?

Our results confirm and quantify that landscapes with high

habitat turnover (i.e. high rates l and k compared to the rate of

local population extinction ~e) generally require a higher

number and better connectivity of patches to maintain species

viability compared to static landscapes (e.g. Gyllenberg &

Hanski 1997; Keymer et al. 2000; Johst, Brandl & Eber 2002;

Matlack & Leu 2007; Hodgson,Moilanen & Thomas 2009). A

frequently discussed management question is, therefore,

whether the number of patches N or their connectivity H is

more valuable, i.e. has a greater impact on metapopulation

survival in dynamic landscapes (Etienne & Heesterbeek 2000;

McCarthy, Thompson & Possingham 2005). Our results

clearly show that this question cannot be answered in a general

fashion. The answer depends on the current level of these land-

scape attributes, i.e. on the actual values of N andH. This is a

consequence of the nonlinearity of the trade-offs between num-

berN and connectivityH of patches in both static and dynamic

Fig. 3. l-N trade-offs (patch destruction rate l vs. number of patches

N, left panel) and l-H trade-offs (patch destruction rate l vs. connec-

tivityH, right panel) for different species attributes c and b. T is given

in units of ~e. Other parameters are ~e = 0Æ05, k = 0Æ2~e, Q = 3,

H = 0Æ21 (left panel),N = 30 (right panel).

Fig. 4. l-k trade-offs (patchdestructionratelvs. patch creation ratek)
for different species attributes c and b. T is given in units of ~e. l
and k are given as proportion of ~e. Other parameters are

~e = 0Æ05, Q = 3, H = 0Æ21, N = 30.
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landscapes. The degree of this nonlinearity is influenced by the

aggregated species-specific traits c and b (Fig. 2). Species with

low values of c and b cannot cope with highly dynamic land-

scapes.

2. Can an increasing patch destruction rate be compensated

by changes in spatial landscape attributes?

Formanagement decisions, it is important to knowwhich of

the spatial landscape attributes, such as connectivity or patch

number can better compensate for increasing patch destruction

rate l (at a given patch creation rate).We found that trade-offs

between temporal (patch destruction rate l) and spatial (con-

nectivity H, number of patches N) landscape attributes are

likewise nonlinear (Fig. 3). As a consequence, the effectiveness

of increasingH orN depends on the current level of these land-

scape attributes and both options are useless in highly dynamic

landscapes. Besides this general observation, there are interest-

ing differences between species. An increase in connectivity H

to compensate for increasing patch destruction is only effective

for species with high c (i.e. species with high dispersal propen-

sity). An increase in patch number N to compensate for

increasing patch destruction is only effective for species

with high b (i.e. species experiencing high environmental sto-

chasticity).

3. Can an increasing patch destruction rate be compensated

by an increasing habitat creation rate?

Another option to compensate for increasing patch destruc-

tion is to increase the patch creation rate k. This increases the
mean number of habitable patches in the landscape (see

eqn 3). We found, however, that this option fails in highly

dynamic landscapes because of the strong nonlinearity of the

corresponding trade-off curves (Fig. 4). We also found that

this option is inefficient for species with low values of c and b.
Therefore, the question of whether patch destruction is com-

pensated more effectively by increasing the patch creation rate

or by decreasing the patch destruction rate itself cannot be

answered straightforwardly but depends on the level of land-

scape dynamics and the type of species.

IMPL ICATIONS TO BIODIVERSITY CONSERVATION IN

DYNAMIC LANDSCAPES

Our results show the importance of considering both spatial

and temporal landscape attributes when designing conserva-

tionmeasures in dynamic landscapes. For conceptual guidance

of policy design in dynamic landscapes, two key factors have

been found to be important:

Firstly, we found that the trade-offs are strongly dependent

on the aggregated characteristics of species in a given land-

scape (Figs 2–4): the value of c describing the dispersal propen-
sity of a species and the value of b describing how much

environmental stochasticity a species experiences in a certain

landscape (depending on the environmental variability of this

landscape aside from patch turnover and species sensitivity to

it). Dependency of policy design on species traits is not new

(e.g. Wätzold & Drechsler 2005; Drechsler et al. 2010). Our

analytical formula confirms this and shows how single species-

specific parameters (e, m, g, b, eqn 7) determine metapopula-

tion lifetime (eqn 1). However, it also shows that combinations

of them (c and b, eqns 6 and 9) are already sufficient to explain

differential responses of species to certain compensation mea-

sures. Such conceptual grouping of species into species types

characterised by aggregated characteristics (such as low ⁄high c
and b, respectively) simplifies the transition from single to

multi-species conservation (Opdam et al. 2008). It is often

unavoidable as data information on the single parameters of

many species is generally scarce. Our results suggest that spe-

cies with high dispersal propensity adapted to highly variable

environments (aside from patch turnover, corresponding to

large values of c and b) can generally cope with high habitat

turnover. For this type of species increasing patch number,

connectivity and ⁄or patch creation rate are effective options to

compensate for increasing habitat destruction. In contrast, spe-

cies with low values of c and b generally have a low survival

probability in dynamic landscapes even with a considerable

increase in patch number and connectivity. For this type of

species decreasing patch destruction would be the best option.

Secondly, we found that the trade-offs between the above

mentioned landscape attributes are generally nonlinear. This

means that the relative importance of the landscape attributes

is not constant but dependent on the current situation (see also

Materials and methods). This insight has important implica-

tions for biodiversity conservation in dynamic landscapes and

the further development of conservation planning software

packages that aim to support it. Current up-to-date software

packages (e.g. Marxan, ConsNet, see also Ball, Possingham &

Watts 2009; Ciarleglio, Wesley Barnes & Sarkar 2009) gener-

ally assume constant (linear) trade-off ratios between land-

scape attributes. Our results can be used to improve such

software packages. The rapid quantitative assessment of trade-

offs between landscape attributes by the presented formula

(eqn 1) makes it possible to optimise complex landscapes for

multiple species.

The nonlinearity of the trade-off curves implies that the

actual spatial and temporal landscape properties strongly

determine the effectiveness of a conservation measure. We

identified that compensation of increasing habitat destruction

by increasing patch creation is only efficient for landscapes in

which habitat destruction rate is still low (compared to the rate

of local population extinction ~e). This means that a conserva-

tion strategy which is effective in a landscape with presently

low dynamics is not necessarily effective in a highly dynamic

landscape or vice versa. These findings imply that conservation

strategies should not only be landscape type specific requiring a

different strategy in dynamic compared to static landscapes,

but in fact, conservation strategies should be attuned to individ-

ual landscapes. As a consequence, monitoring of the current

state of the landscape (e.g. amount of habitat, current level of

habitat turnover) is indispensable for effectivemanagement.

Policies that require compensation measures for habitat

destruction like offsetting and conservation banking are

increasingly implemented in many developed countries

(Drechsler & Wätzold 2009; eftec, IEEP IEEP 2010; Wissel &

Wätzold 2010). Our results are directly relevant for the design

and implementation of such policies. They show that they are
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appropriate only for a certain type of species (good dispersers

adapted to variable environments, i.e. species with high values

of c and b) and in certain landscapes (with sufficient number

and connectivity but presently low turnover of patches). Fur-

thermore, for offsetting and conservation banking, ‘trading

rules’ need to be designed which stipulate in what ways and to

what extend destroyed habitat has to be compensated by

restored habitat. Handbooks have been developed for this pur-

pose (BBOP 2009), and our findings are directly relevant for

the further development of these handbooks. They may, for

example, help to design differentiated rules for certain species

types and landscapes specifying which compensation measures

are effective under which conditions.
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Setting biodiversity targets in participatory regional planning: introducing

ecoprofiles.Ecology and Society, 13, 20. [online].

Ovaskainen, O. (2002) Long-term persistence of species and the SLOSS prob-

lem. Journal of Theoretical Biology, 218, 419–433.

1234 K. Johst et al.

� 2011 The Authors. Journal of Applied Ecology � 2011 British Ecological Society, Journal of Applied Ecology, 48, 1227–1235



Possingham, H., Moilanen, A. & Wilson, K.A. (2009) Accounting for Habitat

Dynamics in Conservation Planning. Spatial Conservation Prioritization.

QuantitativeMethodsandComputationalTools (edsH.Possingham,A.Moila-

nen&K.A.Wilson),pp.135–144.OxfordUniversityPress,Oxford,UK.

Pressey, R.L., Cabeza,M.,Watts, M.E., Cowling, R.M. &Wilson, K.A. (2007)

Conservation planning in a changing world.Trends in Ecology and Evolution,

22, 583–592.

Ross, J.V., Sirl, D.J., Pollett, P.K. & Possingham, H.P. (2008) Metapopulation

persistence in a dynamic landscape: more habitat or better stewardship?Eco-

logical Applications, 18, 590–598.

Schippers, P., Snep, R.P.H., Schotman, A.G.M., Jochem, R., Stienen, E.W.M.

& Slim, P.A. (2009) Seabird metapopulations: searching for alternative

breeding habitats.Population Ecology, 51, 459–470.

Stelter, C., Reich, M., Grimm, V. & Wissel, C. (1997) Modelling persistence in

dynamic landscapes: lessons from a metapopulation of the grasshopper

Bryodema tuberculata. Journal of Animal Ecology, 66, 508–518.

Thuiller, W. (2007) Biodiversity – climate change and the ecologist. Nature,

448, 550–552.

Verboom, J., Foppen, R., Chardon, P., Opdam, P. & Luttikhuizen, P. (2001)

Introducing the key patch approach for habitat networks with persistent

populations: an example for marshland birds. Biological Conservation, 100,

89–101.

Vos, C.C., Verboom, J., Opdam, P.F.M. & Ter Braak, C.J.F. (2001) Toward

ecologically scaled landscape indices.AmericanNaturalist, 157, 24–41.

Vuilleumier, S., Wilcox, C., Cairns, B.J. & Possingham,H.P. (2007) How patch

configuration affects the impact of disturbances on metapopulation persis-

tence.Theoretical Population Biology, 72, 77–85.

Wahlberg, N., Klemetti, T. & Hanski, I. (2002) Dynamic populations in a

dynamic landscape: the metapopulation structure of the marsh fritillary

butterfly.Ecography, 25, 224–232.

Wätzold, F. &Drechsler, M. (2005) Spatially uniform versus spatially heteroge-

neous compensation payments for biodiversity-enhancing land-use

measures.Environmental and Resource Economics, 31, 73–93.

Wilcox, C., Cairns, B.J. & Possingham, H.P. (2006) The role of habitat distur-

bance and recovery inmetapopulation persistence.Ecology, 87, 855–863.

Wintle, B.A., Bekessy, S.A., Venier, L.A., Pearce, J.L. & Chisholm, R.A.

(2005) Utility of dynamic-landscape metapopulation models for sustainable

forest management.Conservation Biology, 19, 1930–1943.

Wissel, S. & Wätzold, F. (2010) A Conceptual Analysis of the Application of

Tradable Permits to Biodiversity Conservation. Conservation Biology, 24,

404–411.

Zinck, R., Johst, K. & Grimm, V. (2010) Wildfire, landscape diversity and the

Drossel-Schwabl model.EcologicalModelling, 221, 98–105.

Received 1 December 2010; accepted 6May 2011

Handling Editor:Marc Cadotte

Biodiversity conservation in dynamic landscapes 1235

� 2011 The Authors. Journal of Applied Ecology � 2011 British Ecological Society, Journal of Applied Ecology, 48, 1227–1235


