
GLOBAL CHANGE ECOLOGY - ORIGINAL PAPER

Asynchrony, fragmentation, and scale determine benefits
of landscape heterogeneity to mobile herbivores

Kate R. Searle • N. T. Hobbs • Stefan R. Jaronski

Received: 11 August 2009 / Accepted: 13 March 2010 / Published online: 28 March 2010

� Springer-Verlag 2010

Abstract Understanding the ways that resource hetero-

geneity shapes the performance of individuals and the

dynamics of populations offers a central challenge in

contemporary ecology. Emerging evidence shows that

herbivores track heterogeneity in nutritional quality of

vegetation by responding to phenological differences in

plants, differences that result from spatial and temporal

variation in conditions favoring plant growth. Theory

predicts that when spatial variation in temperature, nutri-

ents, or moisture results in spatially asynchronous pulses of

plant growth, herbivores are able to prolong the period

during which they have access to forage of peak nutritional

value. Although this idea has substantial support from

observational and modeling studies, it has not been

examined experimentally. We hypothesized that access to

asynchronous resources enhances nutritional status and

growth of herbivores and that the magnitude of this effect

depends on the scale of access relative to the grain of

resources. We tested these hypotheses in mesocosm

experiment using the migratory grasshopper, Melanoplus

sanguinipes, feeding on young wheat and protein-rich bran

as a model system. We demonstrated access to asynchro-

nous pulses in resources enhanced the efficiency of use of

high quality resource use and increased growth of

individuals by 13%. Disruption of this mechanism when

landscapes were fragmented lowered efficiency of resource

use and caused growth of individuals to decline by 15%.

However, the strength of the effects of fragmentation on

herbivore performance depended on the spatial extent of

fragmentation relative to the spatial and temporal grain of

resource emergence. Our findings add experimental sup-

port to modeling and observational studies that have linked

herbivore performance to spatial and temporal variation in

plant phenology. We also offer evidence that fragmentation

can impair herbivore performance, even when the total

amount and quality of resources on landscapes remains

unchanged.

Keywords Consumer–resource dynamics �
Habitat fragmentation � Phenology �
Resource heterogeneity � Resource tracking

Introduction

An ongoing challenge in ecology seeks to understand the

biotic consequences of environmental variation expressed

over space and time. Recent studies of large herbivores in

seasonal environments have offered powerful new insight

into the ways that individuals and populations respond to

spatial and temporal heterogeneity (reviewed by Hobbs and

Gordon 2010). The ability of landscapes to support herbi-

vores is ultimately limited by the total amount of above-

ground net-primary production (ANPP) available for

consumption (Cebrian and Lartigue 2004; McNaughton

et al. 1989). However, emerging evidence suggests that

limits set by ANPP can be modified by the spatial pattern

and timing of plant growth. In particular, there is evidence

that heterogeneity in plant communities expressed over
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space, particularly heterogeneity that induces variation in

time by influencing plant phenology, offers fundamentally

important nutritional benefits to foraging herbivores, ben-

efits that enhance the performance of their populations.

This finding means that access to heterogeneity can be a

critically important feature of habitats for large mobile

herbivores (Fryxell et al. 2005; Hobbs et al. 2008; Owen-

Smith 2004).

These new lines of evidence have emerged from tem-

perate and tropical systems alike, as well as from empirical

and modeling studies. Wang et al. (2006) found that spatial

heterogeneity in the normalized difference vegetation

index (NDVI) within habitats of North American ungulates

was negatively correlated with the strength of density

dependent feedbacks between population density and

population growth rate. This suggests that, all other things

being equal, spatially heterogeneous landscapes had higher

carrying capacities than homogeneous ones (Wang et al.

2006). A similar relationship was discovered between

heterogeneity in elevation (linked to variation in plant

phenology) and population growth for ungulates in Europe

and North America (Wang et al. 2009). Simulation mod-

eling revealed that the viability of populations of Thomp-

son’s gazelle on the Serengeti plains of East Africa

depended on access to patches of grasses with phenologies

that were asynchronous in time as a result of spatial het-

erogeneity in rainfall, topography, and soils (Fryxell et al.

2005). The effect of asynchrony depended on the area

accessible for foraging; populations could persist in the

face of spatially auto-correlated resources only if they had

access to sufficiently large areas of landscape (Fryxell et al.

2005). Similarly, ecosystem models revealed that sup-

portable densities of cattle were reduced when access to

landscape heterogeneity was reduced by habitat fragmen-

tation (Boone 2007; Boone and Hobbs 2004), but this

effect depended on the scale of fragmentation relative to

the grain of heterogeneity (Boone 2007). These last two

results point to the potential for an important driving

mechanism linking herbivore response to habitat frag-

mentation with access to heterogeneity, determined by the

contrasting scales of animal movement and resource

distribution.

Enhanced population performance in environments

offering spatially heterogeneous resources appears to result

from the ability of foraging herbivores to prolong the

period during which they can exploit patches of immature

plants, patches that offer maximum nutritional benefits

(Pettorelli et al. 2005a, 2007). Hobbs and Gordon (2010)

summarized mechanisms leading to this result, and offered

a general, graphical model summarizing why spatial het-

erogeneity promotes herbivore nutrition (Fig. 1). In brief,

this mechanism operates as follows. There is a well-

established inverse relationship between plant biomass and

plant nutritional quality, a relationship that is explained by

the thickening of plant cell walls that is required to support

an expanding canopy against gravity as plants mature

(Mattson 1980; Van Soest 1994). This relationship is

important because instantaneous intake rate is accelerated

when herbivores feed in patches with high biomass, but

daily intake rate is diminished when animals feed in pat-

ches of low nutritional quality. Consequently, plant patches

of intermediate biomass offer the greatest nutritional ben-

efits to grazing herbivores (Wilmshurst et al. 1995, 2000)

(Fig. 1).

Heterogeneous landscapes promote access to patches

with intermediate biomass by reducing spatial and temporal

autocorrelation in plant growth. Spatial heterogeneity in a

wide range of abiotic features (elevation, aspect, soil type,

rainfall patterns, snow accumulation) can cause plants on

different areas of the landscape to initiate growth at dif-

ferent times, thereby prolonging the window of time during

which patches of optimum biomass can be found some-

where on the landscape (Fig. 1). In the absence of spatial

heterogeneity in conditions controlling the initiation of

plant growth, plant phenology becomes synchronized over

space and the window of time during which animals can

find patches of optimum biomass is compressed (Fig. 1)

because all pulses occur at once. Synchronicity in plant

growth is analogous to synchronized reproduction by prey

(Ims 1990)—in both cases, synchronized pulses of pro-

duction at lower trophic levels limits the ability of con-

sumers to exploit the synchronized resource. There is ample

evidence that large herbivores respond to landscape-level

asynchrony by altering their distribution to coincide with

the distribution of patches with rapid plant growth (Boone

et al. 2006; Fryxell et al. 2004; Hebblewhite et al. 2008;

Holdo et al. 2009; Mueller et al. 2008; Mysterud et al. 2001;

Wilmshurst et al. 1999), and this response has been show to

enhance herbivore nutrition and growth (Hebblewhite et al.

2008; Mysterud et al. 2001; Pettorelli et al. 2005b).

Although these observations have emerged from diverse

ecosystems all over the world, they share features in

common. In all instances, herbivores forage on landscapes

with abundant low quality food where high quality food

appears in pulses that appear and disappear as plants ini-

tiate growth and mature (Fig. 1). Access to these high

quality pulses strongly influences herbivore nutritional

status and growth. If these pulses were to appear simulta-

neously, that is, if phenology were perfectly synchronized,

then there would be more primary production than the

herbivores could consume. These shared features motivate

the following general predictions:

1. The asynchrony hypothesis resource asynchrony

enhances nutritional status and growth of herbivores

feeding on pulsed resources.
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2. The fragmentation hypothesis restricting access of

herbivores to resources that are asynchronously pro-

duced over space, for example, by habitat fragmenta-

tion, will harm their nutritional status and growth even

when the total amount and quality of production

remains unchanged.

3. The scale hypothesis the outcome of the fragmentation

prediction depends on the spatial pattern of resource

pulses and the scale of restriction of access. If resource

pulses are sufficiently fine-grained relative to the scale

of restriction of movement, then fragmentation will not

affect herbivore nutrition and growth.

These predictions follow logically from the empirical

observations and modeling results described above; how-

ever, they have never been tested experimentally. Here, we

report a mesocosm experiment designed to test the asyn-

chrony, fragmentation, and scale hypotheses.

Materials and methods

Mesocosm design

We sought to understand how the growth of individual

herbivores responded to the timing and spatial pattern of

pulses of high quality food on a landscape. To do so, we

created a model system that mimicked conditions experi-

enced by herbivores in landscapes offering varying degrees

of spatially and temporally heterogeneous plant phenology.

These landscapes represented mobile herbivores feeding in

a habitat with a uniform supply of low quality food inter-

spersed with pulses of high quality food; analogous to the

forage conditions found in many grassland systems during

the onset of the growing season and subsequent maturation

of available forage. We manipulated the timing and pattern

of the pulses within the landscape and the scale of herbi-

vore access to the pulses to test the three hypotheses. It was

important that we were able to hold the total amount of

food of each type constant such that the only source of

variation in herbivore growth would be induced by the

timing and pattern of pulses of high quality food.

Experimental design

We conducted a fractional factorial experiment with a

completely randomized design (Fig. 2). We created six

landscapes, 3.0 9 1.5 m in size, and imposed synchrony,

fragmentation, and scale treatments on each landscape

during a 7-week experiment. The synchrony treatment was

structured by timing of the addition of pulses of high

quality food; the fragmentation treatment was created by

imposing barriers to movement, and the scale treatment
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Fig. 1 a Daily digestible energy (de) intake is limited by foraging

(solid line) or digestion (dotted line), whichever is less. There is a

biomass of plants (p*) that provides the maximum daily de intake due

to quality/quantity trade-offs as plants mature. b Consider four

habitats (a–d) with asynchronous phenology caused by variation in

the initiation of plant growth with habitat a being earliest and d latest.

Heterogeneity in phenology means that p* occurs at different times in

different locations. c As a result, the limiting portions of the foraging

and digestion constraint curves show peaks (de*) at different times.

These differences expand the time interval (t*) when herbivores can

obtain maximum digestible energy. When plant growth is synchro-

nous, the growth curves in plan (b) move closer together, compressing

t*. Adapted from Hobbs and Gordon 2010
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was implemented by varying the grain of spatial hetero-

geneity of resource pulses. The density of herbivores and

the total amount of high and low quality food per indi-

vidual was held constant across all treatments, as described

in more detail below. To test the asynchrony hypothesis,

we examined how herbivore growth changed in response to

variation in timing of additions of pulses, that is, access to

one pulse versus two pulses versus four pulses of resource

(Fig. 2). To test the fragmentation hypothesis, we com-

pared growth of herbivores on landscapes that contained

four asynchronous pulses but that were fragmented at dif-

ferent levels (intact, 2 fragments, 16 fragments) to restrict

individual access to heterogeneity in high quality resour-

ces. To test the scale hypothesis, we compared growth of

herbivores in landscapes that were increasingly fragmented

(intact, 2 fragments, 16 fragments), but that allowed indi-

vidual herbivores to access the full range of heterogeneity

(4 resource pulses) in all fragmentation treatments.

All landscapes were housed in a greenhouse on Colo-

rado State University campus, Fort Collins, Colorado,

maintained within a temperature range of 24.5–33.5�C. The

layout of the six landscapes was randomized, and daily

maximum and minimum temperatures were recorded at

each landscape position to serve as correlates in statistical

analysis.

Herbivore

We used grasshoppers (Melanoplus sanguinipes, Fabricius)

as a model herbivore. Individuals at the fourth instar stage

(approx. 3 cm in length, 4 weeks old) were acquired from

the USDA ARS Northern Plains Agricultural Research

Laboratory in Sidney, Montana, USA. These individuals

were reared under controlled, homogeneous conditions to

minimize individual variation prior to the onset of the

experiment. The insects were reared in 30 9 30 9 60 cm

cages at 26–28�C. under a 16:8 L:D photoperiod, and fed

organic Romaine lettuce, fresh cut wheat grass (Triticum

aestivum L.), and commercial, dry wheat bran ad libitum.

They were pathogen-free and reared without any antibiot-

ics or antimicrobials. Supplementary heat was provided to

the cages in the form of 100-W tungsten lamps positioned

approx. 20 cm above each cage. Sixty-four grasshoppers

were stocked on each landscape to achieve a density of

14 m-2, at a 1:1 sex ratio. Densities corresponded to the

reported economic threshold for grasshoppers in rangeland

systems, estimated at 12 individuals m-2; beyond this

density, grasshoppers start to have economically mean-

ingful impacts on vegetation (Davis and Skold 1996).

Growth measurements

We measured change in mass of individuals on each

landscape during the 7-week experiment. All individuals

were weighed on day 1. Thereafter, a sample of approxi-

mately 30 individuals from each landscape was caught and

weighed weekly. The spatial distribution of sampled indi-

viduals was systematically distributed across each land-

scape so as to collect an even number of animals from all

fragments or from the intact landscapes. Individuals were

caught using a small net and transferred to plastic jars.

Animals were placed in a refrigerator for approximately

15 min to reduce activity levels prior to weighing.

Food resource

Mesocosm landscapes contained identical supplies of

wheat to provide abundant low quality resources. ‘Hatcher’

wheat (Haley et al. 2005) was used throughout the exper-

iment, which is an awned, white-chaffed, medium matu-

rity, semi-dwarf hard red winter wheat. Wheat was grown

under homogeneous greenhouse conditions, and, after

2 weeks growth, was introduced to the experimental

landscapes. Growing wheat in pots was evenly placed into
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Fig. 2 To test the asynchrony hypothesis, we created six model

landscapes that differed in the grain of spatial and temporal resource

heterogeneity, as well as the severity of habitat fragmentation (intact,

moderate, and severe). All six landscapes offered the same total

biomass of resources. Resource heterogeneity was created using

different spatial and temporal arrangements of a high quality resource

(protein-rich bran powder) to create landscapes offering one, two, or

four asynchronous resource pulses. The amount of high quality

resource available per landscape fragment is represented by resource

distributions, , each of which was available to consumers for

1 week. The timing of each resource pulse is identified by the

numbers beneath each resource distribution, indicating the day at

which different resource pulses were added to the landscape. We

predicted that consumers with greater access to asynchronous

resource pulses (right column) would have higher performance than

those with access to more synchronous resource pulses (left column)
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each of the landscapes for 1 week, and then removed and

replaced with fresh 2-week-old wheat. During each week,

wheat was watered to maintain turgor and freshness. Wheat

was supplied to allow individuals to maintain body mass.

Hewitt and Onsager (1982) previously estimated average

forage losses of 111.8 mg dm per individual per day in a

northern mixed prairie. Over the course of 1 week, this

equates to an estimate of approx. 0.78 g dm per individual.

Given the stocking rate of 14 per m2, a total of 50 g dm of

wheat was required to meet maintenance in each landscape.

High quality resources were chosen to mimic emergence

of young, nutritious forage for herbivores. They consisted

of a mixture of high-calcium cricket feed and whey protein

isolate. We added a total 180 g of high quality resource to

each landscape in two or four pulses that lasted for 1 week.

Pulses were introduced on days 1, 15, 29, or 43 according

to the synchrony treatments (Fig. 2). Pre-experiment

measurements quantified the consumption rates of indi-

vidually housed fourth instar M sanguinipes over 3 weeks.

Based on these measurements, we were able to ensure that

some high quality resource would remain uneaten at the

end of the pulse.

Mechanism

We determined the proportion of high quality resource that

was consumed by herbivores in each landscape for each

resource pulse. This was calculated as the ratio of the mass

of high quality resource consumed over the total mass of

high quality resource available in each landscape. This

proportion was calculated for the final three pulses of high

quality food, added on days 15, 29, and 43.

Analyses

We constructed a general linear model (GLM) to test the

asynchrony hypothesis. Changes in mean mass (g) of

sampled individuals from each landscape were analyzed

using a GLM with level of fragmentation (intact, mod-

erate, severe) and access to asynchronous resource pulses

(four, two, one) as fixed class variables. We also included

week as a fixed class variable to account for repeated

measures. The mean mass of all individuals per landscape

on day 1 was used as a covariate, as well as the nor-

malized sex-ratio of sampled individuals per landscape in

each week. We compared least squares means for levels

of resource pulse asynchrony (four vs two vs one) aver-

aged across levels of fragmentation; that is, the least

squares mean of all landscapes with four resource pulses

(n = 3) was compared with the least squares mean of

landscapes with two resource pulses (n = 2) and the least

squares mean of the landscape with only one resource

pulse.

To test the fragmentation hypothesis, we constructed a

GLM with mean mass gained (g) at each weekly interval of

the 7-week experiment. Mean mass gained was the mean

mass of the sampled individuals from each landscape

minus the mean mass of all the individuals from each

landscape on day 1. Data on mean mass were for sampled

individuals in the three landscapes in which resource het-

erogeneity was constant but fragmentation levels varied

(Fig. 3, fragmentation hypothesis). Level of fragmentation

and week were used as class variables. We tested for an

effect of two covariates; sex-ratio of sampled individuals,

and temperature variation over each week (mean max.

temperature - mean min. temperature).

We tested the scale hypothesis that increasingly fine

grain in resources opposes the effect of fragmentation,

using a GLM with mean mass gained (g) at each weekly

interval of the experiment. Data on mean mass were for

sampled individuals in the three landscapes in which the

grain of resource heterogeneity progressively decreased

with increasing severity of fragmentation (Fig. 3, scale

hypothesis). Mean mass gained was the mean mass of the
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Fig. 3 Schematic of layouts of experiment used to test the fragmen-

tation and scale hypotheses. The same amount of high quality

resource was added to each landscape in pulses that were available for

1 week. Pulse size, spatial location, and timing of appearance differed

among landscapes. The amount of high quality resource available per

landscape fragment is represented by resource distributions. The

timing of each resource pulse is identified by the numbers beneath

each resource distribution, indicating the day when different resource

pulses were added to the landscape. Under the fragmentation

hypothesis (a, left column), we tested our prediction that increasing

fragmentation would reduce consumer performance because the scale

of fragmentation disrupted access to asynchronous resource pulses.

Under the scale hypothesis (b, right column), we predicted that

fragmentation would have no effect because it does not change access

to asynchronous resource pulses
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sampled individuals from each landscape minus the mean

mass of all the individuals from each landscape on day 1.

Level of fragmentation and week were included as class

variables. We looked for significant effects of two covar-

iates (sex-ratio of sampled individuals, temperature varia-

tion over each week).

Due to slight differences in mortality of individuals

between the six landscapes, we also tested for an effect of

population density in all three GLMs used to test each

hypothesis. Density of individuals per landscape was esti-

mated each week by averaging visual counts of animals

made on three separate days per week.

Results

We found no significant effect of population density in any

of the GLMs used to test the three hypotheses (asynchrony:

F1 = 1.92, P = 0.1786; fragmentation F1 = 2.29, P =

0.1647; scale: F1 = 2.15, P = 0.1786).

The asynchrony hypothesis

Increasing access to asynchronous resource pulses had a

significant positive effect on average mass of herbivores

(Table 1; F2 = 10.27, P = 0.0004). Herbivores with

access to only one resource pulse weighed significantly less

than herbivores with access to two resource pulses

(LSmeans difference -0.056 g, 95% CI -0.082 to -0.029,

P = 0.0002), and significantly less than herbivores with

access to four resource pulses (LSmeans difference

-0.045 g, 95% CI -0.066 to -0.024, P = 0.0001). The

average mass of herbivores with access to two or four

resource pulses did not differ (LSmeans difference 0.011 g,

95% CI -0.003 to 0.024, P = 0.1258). The mean

proportion of high quality food consumed by herbivores

during each resource pulse declined as the number of

asynchronous resource pulses available to individuals

decreased (Table 2, asynchrony hypothesis).

Two of the covariates supplied to the GLM had signif-

icant effects on changes in mean mass of herbivores in all

six landscapes over the duration of the experiment. The

mean mass of all individuals per landscape on day one was

used as a covariate (F1 = 17.52, P = 0.0002) as well as

the normalized sex-ratio of sampled individuals per land-

scape in each week (F1 = 7.58, P = 0.0101). The model

explained 96% of the variation in the data (F12,41 = 63.63,

P \ 0.0001).

The fragmentation hypothesis

Fragmentation had a significant negative effect on the mass

gained by herbivores (Table 1; F2,6 = 12.81, P = 0.0011).

Herbivores in the severely fragmented landscape gained

significantly less mass than those in the moderately frag-

mented landscape (P = 0.0005), and significantly less

mass than herbivores in the intact landscape (P = 0.0017).

Mean mass gained by herbivores in the moderately frag-

mented landscape did not significantly differ from that

gained by herbivores in the intact landscape (P = 0.53).

Table 1 Least squares means for average mass (g) of sampled individuals (asynchrony hypothesis) and average mass gain of sampled

individuals (fragmentation and scale hypotheses), with associated standard error (SE) of the LSmean

Number of periods of access to asynchronous resource pulses

4 2 1

Asynchrony hypothesis

LSmean mass (SE) (g) and 95% CI 0.400 a (0.00308) 0.410 a (0.00532) 0.354 b (0.00926)

(0.939–0.405) (0.400–0.421) (0.335–0.373)

Level of fragmentation

Intact Moderate Severe

Fragmentation hypothesis

LSmean mass gain (g) and 95% CI 0.227 a (0.00552) 0.232 a (0.00552) 0.196 b (0.00552)

(0.215–0.239) (0.220–0.244) (0.184–0.208)

Scale hypothesis

LSmean mass gain (g) and 95% CI 0.227 a (0.00459) 0.204 b (0.00459) 0.251 c (0.00459)

(0.217–0.237) (0.194–0.214) (0.241–0.261)

Numbers in parentheses on second line are 95% confidence intervals from general linear models used to evaluate grasshopper response to

asynchronous peaks in resource quality and landscape fragmentation. Letters denote results that are significantly different from one another

(a = 0.05)
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Increasing fragmentation led to a steep decrease in the

mean proportion of high quality food consumed per

resource pulse (Table 2; fragmentation hypothesis).

No covariates proved to be significant so were not

included in the final model. The model explained 95% of

the variation in the data (F8,20 = 26.39, P \ 0.0001).

The scale hypothesis

Fragmentation had a significant effect on the mass gained

by herbivores (Table 1; F2,6 = 26.26, P \ 0.0001); how-

ever, the pattern of this effect was different to that in

landscapes in which the grain of resource heterogeneity did

not change with degree of fragmentation. Instead, mass

gained by herbivores in the severely fragmented landscape

was significantly greater than that gained by herbivores in

either the moderately fragmented landscape (P \ 0.0001)

or the intact landscape (P = 0.0032). Mass gained by

herbivores in the intact landscape was significantly greater

than that gained by herbivores in the moderately frag-

mented landscape (P = 0.0039). The proportion of high

quality food consumed by herbivores declined slightly as

the severity of fragmentation increased (Table 2, scale

hypothesis), however, the decline was much less steep than

in landscapes with more coarse-grained resource hetero-

geneity (Table 2, fragmentation hypothesis).

No covariates were significant so were not included in

the final model. The model explained 97% of the variation

in the data (F8,20 = 49.46, P \ 0.0001).

Mechanism

The effect of asynchrony, fragmentation, and scale can be

explained by access to resources in space and time. The

pattern of differences in growth (Table 1) was matched by

the pattern of the proportion of high quality food that was

consumed (Table 2). When access to high quality food was

brief because pulses were synchronized or because herbi-

vores were prevented from moving freely across the

landscape, more of the high quality resource remained

unconsumed.

Discussion

We provide experimental evidence that herbivore growth is

enhanced by asynchrony in timing of emergence of high

quality food resources, that fragmentation can harm her-

bivore growth by preventing access to resources that vary

over space and time, and that the effect of fragmentation

depends on the spatial and temporal grain of resource

emergence. By allowing manipulation of food resources

and by controlling influences on herbivore nutrition and

growth, our experimental approach filled an important void

between large-scale, observational studies (Hebblewhite

et al. 2008; Wang et al. 2006) and simulation modeling

(Boone 2007; Fryxell et al. 2005).

We demonstrated that greater access to asynchronous

resource pulses increased the growth of herbivores.

A necessary condition for this result was that reduced

access caused a portion of resources to go unused. Herbi-

vores with access to only one resource pulse had signifi-

cantly lower average mass than those with access to two or

four resource pulses, despite the fact that the total amount

of resource was the same. However, there appeared to be a

threshold above which increasing access to pulses failed to

enhance consumer performance. We found no difference in

mass between herbivores with access to either two or four

asynchronous resource pulses. It is likely that the elevation

in diet quality gained from access to two asynchronous

resource pulses was sufficient to increase herbivore nutri-

tional status above a threshold, beyond which growth could

Table 2 Observed proportion of high quality food eaten by consumers under the asynchrony, fragmentation and scale hypotheses

Number of periods of access to asynchronous resource pulses

4 2 1

Asynchrony hypothesis

Proportion of high quality food consumed (SE) 0.185 (0.026) 0.142 (0.036) 0.117 (0.035)

Level of fragmentation

Intact Moderate Severe

Fragmentation hypothesis

Proportion of high quality food consumed (SE) 0.209 (0.076) 0.171 (0.030) 0.117 (0.035)

Scale hypothesis

Proportion of high quality food consumed (SE) 0.209 (0.076) 0.182 (0.032) 0.165 (0.025)

Numbers in parentheses are one standard error of the mean
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not be further elevated; an effect previously demonstrated

for this species (Fielding and Defoliart 2008).

An important consequence of landscape fragmentation

was demonstrated: when increasingly severe fragmentation

was not matched by more fine-grained resource heteroge-

neity, the growth of herbivores in the severely fragmented

landscape was significantly lower than that of herbivores in

intact landscapes, even though total resources per land-

scape remained unchanged. Growth of herbivores in the

moderately fragmented landscape did not differ from that

in the intact landscape, likely due to the threshold effect

described above. However, we demonstrated that this

effect of fragmentation depended on the scale of frag-

mentation and the grain of resource heterogeneity. When

increasingly severe fragmentation was matched by an

increasingly fine grain of resource heterogeneity, herbi-

vores in the most severely fragmented landscape gained

significantly more mass than herbivores in either the intact

or moderately fragmented landscape.

We suspect this benefit may be due to reduced intra-

specific interactions. Even though we maintained equal

overall population density between the different land-

scapes, it is likely that crowding of individuals may have

occurred in the less fragmented landscapes when high

quality resource pulses were added. This type of phenom-

enon was reported in another fragmentation study that used

an experimental model system with the beetle Oryzaephi-

lus surinamensis (L.); progressively fragmented popula-

tions with constant total amounts of food had greater beetle

abundance than non-fragmented populations (Bancroft and

Turchin 2003). The authors attributed this finding to her-

bivores in more fragmented populations experiencing a

release in competition for space, such that interference

between individuals decreased relative to intact popula-

tions (Bancroft and Turchin 2003). This finding has rele-

vance for applications of our concepts to large herbivores.

Aggregation in large herbivores is caused in part by

attraction to resources that are spatially concentrated

(Fryxell 1991). This may bring benefits, as occurs when

grazing lawns are formed (McNaughton 1984, 1986).

However, aggregation can also increase intraspecific

competition for resources (Doncaster 2001), or increase

levels of harassment between individuals (Holand et al.

2006). Benefits of asynchronous phenology for large her-

bivores will, therefore, result from the interplay of indi-

vidual behaviour and group dynamics in social species.

The importance of heterogeneity in forage resources for

herbivores has been increasingly recognized, in both

modeling and empirical studies. Offspring production by

caribou (Rangifer tarandus) in Greenland and by red deer

(Cervus elpahus) in Norway increased linearly with spatial

heterogeneity in plant phenology (Post and Forchhammer

2008; Post and Stenseth 1999). Post and Stenseth (1999)

demonstrated that female red deer born in years with high

spatial variation in flowering date of vegetation were about

25% more likely to bear calves as 2 year olds than were

females born in years of low spatial variation in flowering

date. Pettorelli et al. (2005a) showed that when increases in

the North Atlantic Oscillation led to a more spatially var-

iable vegetation phenology in Norway, migratory red deer

experienced an extended period of access to high quality

forage and achieved higher body masses.

The mechanistic link between resource heterogeneity

and large herbivore dietary and population level responses

derives from behaviors that allow herbivores to dynami-

cally match their distributions with those of resources that

vary in space and time. Resource tracking, where con-

sumers track peaks in forage quality across a landscape, is

known as a crucial mechanism by which large herbivores,

whose food is typically abundant but of low quality

(Mattson 1980), can elevate diet quality and enhance

individual and population level performance (Albon and

Langvatn 1992; Frank and McNaughton 1992; Hebble-

white et al. 2008; Mysterud et al. 2001; Pettorelli et al.

2005a; Wilmshurst et al. 1999). The forage maturation

hypothesis (FMH) proposes that migratory ungulates are

driven by selection for high forage quality to follow phe-

nological gradients during the growing season (Fryxell

1991; McNaughton 1985). A seminal study of resident and

migratory elk in the Canadian Rocky Mountains demon-

strated that migration by ungulates led to greater access to

higher quality forage, and consequently higher diet

digestibility, relative to nonmigratory conspecifics (Hebble-

white et al. 2008). In tropical ecosystems, ungulates

migrate across regions spanning hundreds of kilometers to

follow a rainfall gradient that drives patterns in plant

phenology and quality (Boone et al. 2006; Fryxell and

Sinclair 1988; McNaughton 1979, 1990). Modeling has

shown that movement patterns can be successfully pre-

dicted when animals are assumed to track phenological

variation in plants in heterogeneous landscapes (Boone

et al. 2006; McNaughton 1990; Wilmshurst et al. 1999),

and that these resource tracking movements serve to

enhance diet quality, nutritional status, and increase pop-

ulation densities (Hebblewhite et al. 2008; Pettorelli et al.

2005a; Wang et al. 2006). In a broader ecological sense,

this phenomenon is just one strand in a common thread that

links spatio-temporal consumer–resource interactions

across many different taxa and ecosystems. It is analogous

to the concepts of habitat and resource complementation

and supplementation, which have been empirically dem-

onstrated in both terrestrial and aquatic systems (Dunning

et al. 1992; Tilman 1982).

Our empirical results are in line with previous modeling

work that demonstrated important consequences for pop-

ulation abundance and viability when the scale at which an
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herbivore interacts with a key resource was compressed

(Boone 2007; Boone et al. 2005; Fryxell et al. 2005; Owen-

Smith 2004). Fragmentation studies have offered conflict-

ing conclusions; both empirical and modeling studies have

concluded that fragmentation can have positive or negative

effects on species (e.g., compare Bancroft and Turchin

2003 and Caley et al. 2001 with Rosenberg et al. 1999 and

van Nouhuys 2005). There are many different mechanisms

that can drive positive and negative responses to frag-

mentation; however, many of these mechanisms depend

upon the interaction between temporal and spatial variation

in one or more resources, such as food or shelter, and the

scale over which those resources are available, a scale set

by the size of habitat fragments (Hobbs et al. 2008). Ulti-

mately, consumer performance is determined by access to

critical resources (Dunning et al. 1992; Durant et al. 2005;

Illius and O’Connor 2000), and this access depends on the

ability of consumers to match their distribution with the

distribution of these resources (Hobbs et al. 2008). Our

results have shown that the compressing effect of frag-

mentation on the scale of interaction between consumers

and resources offers a general mechanism translating effect

of landscape pattern into population responses. By limiting

the mobility of consumers, fragmentation restricts access to

resources that vary over space and time, and in so doing

reduces the efficiency of resource use by consumers. By

interfering with the ability of consumers to track resources,

fragmentation can harm their diet quality, nutritional status,

and growth, even when total resource production remains

unchanged.

These findings show that access to spatial heterogeneity

in resources enhances nutrition of herbivores, adding

empirical support to modeling studies that have obtained

similar results (Boone 2007; Boone et al. 2005; Boone and

Hobbs 2004; Fryxell et al. 2005). Our results support the

thesis that the interaction between fragmentation and

resource heterogeneity influences herbivore condition by

determining their ability to track temporally and spatially

variable resource pulses. These results also show that

fragmentation can harm herbivore performance even when

the total amount and quality of resources remains

unchanged.

Acknowledgments This work was supported by award

DEB0444711 (Effects of Habitat Fragmentation on Consumer-

Resource Dynamics in Environments Varying in Space and Time)

from the United States National Science Foundation to Colorado State

University. We thank S. Berg, S.C. Merrill, J. Matsuura, L. Mouttet,

H. Blackburn, M. Haddix, and A. Norton for their valuable assistance

with experimental work. The work reported here was supported in

part by the National Science Foundation while Hobbs was serving as

a rotating Program Director in the Division of Environmental Biol-

ogy. Any opinions, findings, conclusions, or recommendations are

those of the authors and do not necessarily reflect the views of the

National Science Foundation.

References

Albon SD, Langvatn R (1992) Plant phenology and the benefits of

migration in a temperate ungulate. Oikos 65:502–513

Bancroft JS, Turchin P (2003) An experimental test of fragmentation

and loss of habitat with Oryzaephilus surinamensis. Ecology

84:1756–1767

Boone RB (2007) Effects of fragmentation on cattle in African savannas

under variable precipitation. Landsc Ecol 22:1355–1369

Boone RB, Hobbs NT (2004) Lines around fragments: effects of

fencing on large herbivores. Afr J Range Forage Sci 21:147–158

Boone RB, BurnSilver SB, Thornton PK, Worden JS, Galvin KA

(2005) Quantifying declines in livestock due to land subdivision.

Range Ecol Manag 58:523–532

Boone RB, Thirgood SJ, Hopcraft JGC (2006) Serengeti wildebeest

migratory patterns modeled from rainfall and new vegetation

growth. Ecology 87:1987–1994

Caley MJ, Buckley KA, Jones GP (2001) Separating ecological

effects of habitat fragmentation, degradation, and loss on coral

communities. Ecology 82:3435–3448

Cebrian J, Lartigue J (2004) Patterns of herbivory and decomposition

in aquatic and terrestrial ecosystems. Ecol Monogr 74:237–259

Davis RM, Skold MD (1996) Regional economic thresholds in

grasshopper management. In: Cunningham GL, Sampson ML

(eds) Grasshopper integrated pest management user handbook.

Technical Bulletin no. 1809. USDA/APHIS, Washington DC,

USA, pp VI4.1–VI4.4

Doncaster CP (2001) Healthy wrinkles for population dynamics:

unevenly spread resources can support more users. J Anim Ecol

70:91–100

Dunning JB, Danielson BJ, Pulliam HR (1992) Ecological processes

that affect populations in complex landscapes. Oikos 65:169–

175

Durant JM et al (2005) Timing and abundance as key mechanisms

affecting trophic interactions in variable environments. Ecol Lett

8:952–958

Fielding DJ, Defoliart LS (2008) Discriminating tastes: self-selection

of macronutrients in two populations of grasshoppers. Physiol

Entomol 33:264–273

Frank DA, McNaughton SJ (1992) The ecology of plants, large

mammalian herbivores, and drought in Yellowstone National

Park. Ecology 73:2043–2058

Fryxell JM (1991) Forage quality and aggregation by large herbi-

vores. Am Nat 138:478–498

Fryxell JM, Sinclair ARE (1988) Causes and consequences of

migration by large herbivores. Trends Ecol Evol 3:237–241

Fryxell JM, Wilmshurst JF, Sinclair ARE (2004) Predictive models of

movement by Serengeti grazers. Ecology 85:2429–2435

Fryxell JM, Wilmshurst JF, Sinclair ARE, Haydon DT, Holt RD,

Abrams PA (2005) Landscape scale, heterogeneity, and the

viability of Serengeti grazers. Ecol Lett 8:328–335

Haley SD, Quick JS, Johnson JJ, Peairs FB, Stromberger JA,

Clayshulte SR, Clifford BL, Rudolph JB, Seabourn B, Chung

OK, Jin Y, Kolmer J (2005) Registration of ‘Hatcher’ wheat.

Crop Sci 45:2654–2656

Hebblewhite M, Merrill E, McDermid G (2008) A multi-scale test of

the forage maturation hypothesis in a partially migratory

ungulate population. Ecol Monogr 78:141–166

Hewitt GB, Onsager JA (1982) A method for forecasting potential

losses from grasshopper feeding on northern mixed prairie

forages. J Range Manag 35:53–57

Hobbs NT, Gordon IJ (2010) How does landscape heterogeneity

shape population dynamics? In Owen Smith N (eds) Dynamics

of large herbivore populations in changing environments: toward

appropriate models. Wiley-Blackwell, NJ (in press)

Oecologia (2010) 163:815–824 823

123



Hobbs NT, Galvin KA, Stokes CJ, Lackett JM, Ash AJ, Boone RB,

Reid RS, Thornton PK (2008) Fragmentation of rangelands:

implications for humans, animals, and landscapes. Glob Environ

Change 18:776–785

Holand O, Weladji RB, Roed K, Gjostein H, Kumpula J, Gaillard JM,

Smith ME, Nieminen M (2006) Male age structure influences

females’ mass change during rut in a polygynous ungulate: the

reindeer (Rangifer tarandus). Behav Ecol Sociobiol 59:682–688

Holdo RM, Holt RD, Fryxell JM (2009) Opposing rainfall and plant

nutritional gradients best explain the wildebeest migration in the

Serengeti. Am Nat 173:431–445

Illius AW, O’Connor TG (2000) Resource heterogeneity and ungulate

population dynamics. Oikos 89:283–294

Ims RA (1990) On the adaptive value of reproductive synchrony as a

predator-swamping strategy. Am Nat 136:485–498

Mattson WJ (1980) Herbivory in relation to plant nitrogen-content.

Annu Rev Ecol Syst 11:119–161

McNaughton SJ (1979) Grazing as an optimization process—grass

ungulate relationships in the Serengeti. Am Nat 113:691–703

McNaughton SJ (1984) Grazing lawns—animals in herds, plant form,

and coevolution. Am Nat 124:863–886

McNaughton SJ (1985) Ecology of a grazing ecosystem—the

Serengeti. Ecol Monogr 55:259–294

McNaughton SJ (1986) Grazing lawns—on domesticated and wild

grazers. Am Nat 128:937–939

McNaughton SJ (1990) Mineral-nutrition and seasonal movements of

African migratory ungulates. Nature 345:613–615

McNaughton SJ, Oesterheld M, Frank DA, Williams KJ (1989)

Ecosystem-level patterns of primary productivity and herbivory

in terrestrial habitats. Nature 341:142–144

Mueller T, Olson KA, Fuller TK, Schaller GB, Murray MG,

Leimgruber P (2008) In search of forage: predicting dynamic

habitats of Mongolian gazelles using satellite-based estimates of

vegetation productivity. J Appl Ecol 45:649–658

Mysterud A, Langvatn R, Yoccoz NG, Stenseth NC (2001) Plant

phenology, migration and geographical variation in body weight

of a large herbivore: the effect of a variable topography. J Anim

Ecol 70:915–923

Owen-Smith N (2004) Functional heterogeneity in resources within

landscapes and herbivore population dynamics. Landsc Ecol

19:761–771

Pettorelli N, Mysterud A, Yoccoz NG, Langvatn R, Stenseth NC

(2005a) Importance of climatological downscaling and plant

phenology for red deer in heterogeneous landscapes. Proc R Soc

Lond B 272:2357–2364

Pettorelli N, Weladji RB, Holand O, Mysterud A, Breie H, Stenseth

NC (2005b) The relative role of winter and spring conditions:

linking climate and landscape-scale plant phenology to alpine

reindeer body mass. Biol Lett 1:24–26

Pettorelli N, Pelletier F, von Hardenberg A, Festa-Bianchet M, Cote

SD (2007) Early onset of vegetation growth vs. rapid green-up:

Impacts on juvenile mountain ungulates. Ecology 88:381–390

Post E, Forchhammer MC (2008) Climate change reduces reproduc-

tive success of an Arctic herbivore through trophic mismatch.

Philos Trans R Soc Lond B 363:2369–2375

Post E, Stenseth NC (1999) Climatic variability, plant phenology, and

northern ungulates. Ecology 80:1322–1339

Rosenberg KV, Lowe JD, Dhondt AA (1999) Effects of forest

fragmentation on breeding tanagers: a continental perspective.

Conserv Biol 13:568–583

Tilman D (1982) Resource competition and community structure.

Princeton University Press, Princeton

van Nouhuys S (2005) Effects of habitat fragmentation at different

trophic levels in insect communities. Ann Zool Fenn 42:433–447

Van Soest PJ (1994) Nutritional ecology of the ruminant, 2nd edn.

Cornell University Press, Ithaca

Wang GM et al (2006) Spatial and temporal variability modify

density dependence in populations of large herbivores. Ecology

87:95–102

Wang GM et al (2009) Density dependence in northern ungulates:

interactions with predation and resources. Popul Ecol 51:123–

132

Wilmshurst JF, Fryxell JM, Hudson RJ (1995) Forage quality and

patch choice by wapiti (Cervus elaphus). Behav Ecol 6:209–217

Wilmshurst JF, Fryxell JM, Farm BP, Sinclair ARE, Henschel CP

(1999) Spatial distribution of Serengeti wildebeest in relation to

resources. Can J Zool 77:1223–1232

Wilmshurst JF, Fryxell JM, Bergman CM (2000) The allometry of

patch selection in ruminants. Proc R Soc Lond B 267:345–349

824 Oecologia (2010) 163:815–824

123


	Asynchrony, fragmentation, and scale determine benefits  of landscape heterogeneity to mobile herbivores
	Abstract
	Introduction
	Materials and methods
	Mesocosm design
	Experimental design
	Herbivore
	Growth measurements
	Food resource
	Mechanism
	Analyses

	Results
	The asynchrony hypothesis
	The fragmentation hypothesis
	The scale hypothesis
	Mechanism

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


