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Fractal geometry predicts varying
body size scaling relationships
for mammal and bird home ranges
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Scaling laws that describe complex interactions between organ-
isms and their environment as a function of body size offer
exciting potential for synthesis in biology' . Home range size, or
the area used by individual organisms, is a critical ecological
variable that integrates behaviour, physiology and population

| density and strongly depends on organism size®’. Here we

present a new model of home range-body size scaling based on
fractal resource distributions, in which resource encounter rates
are a function of body size. The model predicts no universally
constant scaling exponent for home range, but defines a possible
range of values set by geometric limits to resource density and
distribution. The model unifies apparently conflicting earlier
results and explains differences in scaling exponents among
herbivorous and carnivorous mammals and birds® ", We apply
the model to predict that home range increases with habitat
fragmentation, and that the home ranges of larger species should
be much more sensitive to habitat fragmentation than those of
smaller species.

Scaling relationships quantify the universal properties of complex
physical and hiological systems'. These relationships can help
wlentify patterns across different levels of biological organization,
such as cells, indiaduals, populations and communities. For ex-
ample, physiological characteristics of organisms, ¥, often vary with
body size, M, according to power functions of the general form:

(1)

where b is a scaling exponent, and Y, is a taxon- and character-
specific normalization constant™, Many important physiological
rales seem to exhibit constant expanents b that are multiples of 1/4,
which have been recently explained from the fractal branching
architecture of organisms®. The challenge is to find body size scaling
laws and their explanations for interactions between individuals and
their environments'™,

Home range, the area used by an animal in its daily and seasonal
movermnents, integrates organism physiology, morphology and
behaviour to determine patterns of space use, population density
and interactions with other species®™ . As a result, land MANAgers
and conservation biclogists frequently use home range-body size
scaling relationships to determine minimum reserve size and
evaluate extinction risks of species”. Early studies proposed, and
found in preliminary data, that if home range size is directly
proportional to resource needs, then b= 3/4 (refs 9-11). Later
studies' ™ with more data, however, found that, for all trophic
groups combined, b = | and explained deviation in b from 3/4 post
hoc as resulting from larger animals encountering a lower resource
density and thus causing home range 1o scale more steeply with size
than expected from resource requirements'®. An alternative expla-
nation proposed that home range overlap was greater at larger body
sizes, thus reducing resource availability per individual and increas-
ing home range size above that expected from requirements™'",
However, no specific mechanism was proposed for why resource
density should be lower or home ranges overlap mare for larger
specics. Lindstedt er all' argued that home range should be
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proportional 1o metabolic requirements, which scale as A™,
multiplied by biological time, which scales as M, so home
range should scale as M. Holling” first proposed that constraints
on space use by animals could explain why home range should scale
isometrically (B = 1): fractal habitat structure implies that smaller
species exploit finer-grained features of the habitat than larger
species and thus deteet more resources. However, this theory did
not explicitly address the issue of resource density and distribution.
Mast recently, Kelt and VanVuren'™ proposed that home range does
not exhibit a simple scaling relationship with size, as it changes
nonlinearly according to size-dependent physiological constrainis
on animal’s reproductive output and resource use. However, none
of these hypotheses accounted for observed vanation in exponents
among trophic groups (for example, herbivores and carnivores'®)
and taxa {for example, birds and mammals®™"), Thus, the evidence
and theoretical explanations for a universal home range scaling law
remain weak.

Here, we propose a new model to predict home range scaling with

body size as a function of the spatial distribution and abundance of |

resources. This model provides the first theoretical synthetic expla-
nation for why and how resource density scales with body size and
the influence of resource density and distribution on home range
scaling exponents. To survive, an individual must meet or exceed the
energy it expends during maintenance, foraging, and reproduction
B with resources gathered from the environment [ such that 8 = L.
To obtain resources, a forager instantancously searches a volume of
lemgth w and dimension I as determined by whether its habitat is
two- or three-dimensional. In two dimensions, for example, a
forager would instantaneously search a square area with sides of
length w. Ower some time period ¢ the forager samples v volumes per
unit time, so the total volume Vit) sampled over time ¢ is tow® (refs
20, 21}, An individual's home range results from movements over
long time periods, for example, the resource renewal interval 7, or
time required fora consumed resource to be renewed, Recent work™
shows that if 7 is large then as t — 1, a random movement path will
occupy a bounded volume, similar to a home range, H. Thus, as
t— 71, ViT) = H.

Mounting evidence suggests that resource distributions are
typically fractal-like: they exhibit statistically similar patterns over
2-3 orders of magnitude in scale of observation'"*_ A fractal
resource distribution makes resource density scale dependent:
different-sized species encounter different densities of resources in
the same environment™'. To sec this, consider that a forager
maximizing its resource intake rate should minimize the number
of sampling volumes needed for it o consume all resources in a
landscape (Fig. 1). The resulting minimum number of sampling
volumes will be spatially arranged to yield the maximum average
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Figure 1 Hypalhetical averane density & of respurces per sampling volume encourntened
by species with different samgling volumes of lenglh won a fractal distribution of
respurces black cells, fractal dimension £ = 1.26). The resource distribution was
generated using random “Sierpinski paskets™*. Note that the spacies with the larpar
samping vokime encounters a lower average density of resources per samgling wolume
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amount of resource per sampling volume', [ so, the amount of
resource per sampling volume will be, on average, ¢ w’ (refs 1, 20,
21). The fractal dirmension F describes the degree to which resources
fll space and can range from 0, a single point w 3, a solid
cube™"** The constant ¢ describes resource density in the
vicinity of other resources (clumping) as well as overall resource
density' """, In general, both ¢, and F will increase as resource
density increases {Fig, 2}, but cach can assume a range of values at
st resource densities, depending on the spatial arrangement, and
aggregation of the distribution™, This property has a profound
effect on the relationship of resource encounter rate with body size,
and thus home range scaling: changes in resource density affect bath
the prefactor € and the scaling exponents describing these
relationships.

This scale-dependence of resource amount per sampling velume
constrains the maximum resource density encountered by different
sized foragers and thus total resource intake T and home range size
(Fig. 1), Resource density r is the average amount of resources in a
:i:lr!]]?l.iﬂ§ volume cyw’ divided by the sampling volume w", so

e P 5 . . )
r=cpw iw' = oo T8 Because F cannot exceed the dimension of

the foraging habitat £ over the same range of scales™ ' F = Dand r
must decline with increasing loraging scale w (refs 20, 27), Hesource
avalability within the home range ! within the resource renewal
interval 1 is the product of the home range H and r. Hence:

I =Hent P i

This resource availability must be large enough to satisfy metabolic
requiremnents B and this constrains the home range size to be at least:

. B
H= o T

(3

This formula explicitly includes the effect of laraging scale an
encountered resource abundance and thus home range.

To predict home range scaling relationships with body size, we
can substitute well-known allometric functions for resource
requicements: B = caM™™ (refs 2-4), where ¢4 is a taxon-specific
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constant that includes species-specific resource demands over the
resource rencwal interval T, We can also assume that the width of the
search volume w is proportional to a physical distance, such as the
forager's stride length', which scales as ¢, "7, These assumptions
yield:

H = g AT E (1)

where the prefactor k = exy e The madel predicts that there
should not be a universal scaling exponent for home range size. The
scaling exponent & 15 instead a function of the structure of the
environment, as given by the dimension 12, and the resource
distribution as given by the dimension F The exponent reflects
the interaction between 14 power scaling of organism physiological
rates, the structure of the environment, and the euclidean 13 power
scaling of physical distances, The model predicts that, when D = 2,
bwill range from 34 when F= 210 17/12as F— 0. When D = 3, b
will approach 21/12 as F — 0. As expected if the minimum scale of
resolution, w =1, the coefficient k& will increase with resource
requirements (¢, and movernent rate (¢4} and decrease with greater
resource density and/or clustering (¢ ). Thus, for a given body mass,
home range can vary widely depending on environmental con-
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Figure 3 Cormparison of madsal predictions and empirical estimates for home ranga—body
mass scaling relaticnships (see also Table 1), a, Predicted scaling eaponents Dby trophc
Bk (1] terrestrial mammalian herbvores (B e 54); () lermastral mammalisn
carnivores (i = 4/3); (3) lerrestrial avian camivores (b = 377 b, ¢, d, Observed
relationships for terestrial mammalian herbivores ;& = 083, 72 = 0.74) and
terresiial mammalizn carmivores (e; b= 1.21, A7 = 0.80) and terrestrial avian
camiveres id: b e= 1.37, A7 = 0.78; see Tablke 1)
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dions, locomotory capacity and resournce densaty.

Home range-body sze relationshups for carnevorous and herba-
vorous mammals and crmvorous birds strongly support the
predictions of the modd. Data from published sources™* ==

! were combined into one data set and an average mass and home
range was recalculated for each species (see Methods). We estimated
the range of likely fractal dimensions for plant leaves'*" and for the
prey of carmivores from published sources and data from Portal,
Anzona™, As demonstrated in Fig. 2, F vanes predictably with
resource density. Low-density resources in two dimensions such as
small mammal prey should have Fvalues ranging from near (1o
0.5, In three dimensions, small animal prey such as insects and small
vericbrates should have F-values ranging from 0.5 to 1. Relatively
high-density resources such as plant leaves should have Fovalues
hetween 1.5 and 2. In our model, these estimates suggest that b for
mammals feeding in a two-dimensional environment should range
from 34 to 11/12 for herbivores, and from 13712 10 15712 for
ammvores. Furthermore b should range from 17/12 o 1912 for
carnmvorous berds feeding i three-dimenmonal emaronments. As
shown in Table |, these predictions correspond dasely wath the

| results of our analyses (Fig. 3).

The model has profound implications for ecologists and wildlife
managers because it shows how resource spatial distribution, and
thus habitat fragmentation, might affect home range. Home range
scabing exponents larger than 3/4 suggest that larger species use

. much larger areas than would be expected on the basis of their
resource requirements. Furthermore, habitat fragmentation that
results in a loss of resource density and thus lower ¢, and F may
greatly increase home range size, and this increase will be much

ter for specis. In a two-dimensional environment
(D= 2), for example, the sensitivity of predicted home range

{ size H ( ton (4)) to changes in ¢, s aMfaq =
_(:('E"““ "'""fr}. This result m that a decrease i ¢,
will increase H and the increase will be greater for larger speces,
because 3Hf3c, s proportonal to M. Likewase, the sensitivity of
home range size to changes in the resource fractal dimension F, s

| 3HF = ~{fln(e1) + (1/3)lotMlesel "M/ Jc,_ This result
| implies that a decrease in F will also increase H and do so more
compensatory changes in home ranges of larger species, and lead to

a steeper body size scaling relationship for home range. These

predictions emphasize the high potential vulnerability of large

I carnivores to habitat fragmentation. Carnivores have naturally
| low-densty prey, and thus low ¢, and F-values, and therefore little

| ability 10 compensate for reductions in ¢, and F In contrast,

herbvore species, whose plant resources tend 1o occur at much

| their home ranges by 23 ordens of magnitude 1o compensate for
habstar fragmentation.

Our home range model, based on an assumption of fractal

| resource distnbutions, predicts that there is no universal scaling
law for home range. Instead, the range of variation in scaling

b, is constrained between a minimum of 34 and a
maximum of 17/12 for orgamniams in two-dimensional environ-
ments, and a maximum of 21/12 in three-dimensional environ-
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ments. The model unifies previous hypotheses of home range
scaling by incorporating two fundamental propertcs of fractal-
bke eovironments: (1) the relabonsbup between resource dostn-
bution F and resource density r (Fg. 21 and (2) the dedime in
resource density with increasing foraging scale w (Fig. 11 These
properties provide a potential framework for understanding scaling
reflanonships for other interactions between individuals and thewr
environment™ . Here we have gencrated a framework for explor-
ing important sources of variation in home range scaling. These
include differences in scaling exponents among different trophic
and taxonomic groups and the effects of halatat Tragmentation,
Clearly, there are many factors besides body size that influence
home range size, such as population density, temperature and other
factors that influence resource demand, that we have not included
explicitly in our model. However, it scems anlikely that these facton
would affect the body uze scaling exponents for home range. The
agreement of the scaling exponents predicted by our modd with
exponents of observed relationships sugpests that resource distn-
bution and density are critical factors affecting home range scabing

O
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sonaroes” Tl our anatyun, we only induded those spros (1) lor wisch we
unambigusinly knew the type of lood resources, and (2} from dut guilds for which we
coubd estimnte ranges of fractal dimensions of resounce disgribaton. Data for mdivadual
species were averaged to obtain & sngle home range (in km®) and bisdy mass (in g) value
for each species. Thata was log trandformed and least squares regression was used to
extimaite the obaerved bome rangr scaling expaonent.

Fevevend 7 sovrmber J0. scowpied M Apes] JO0T dow 10 PO rabeseDOal

1 Ml BT on WS el Landeaper Famingy [Ber of Pamors sl sl (ol Bossarnc. 1 5 ) 10 a%

[lypranges. M Tosk. 1997)

Fraews B M The Soninru b stusn: of Bads Lor f ambeulge Uses Fars, S Tock, 19011

A mhies W& Sty Fotwe sd Ly Platery | D ok Borw Tek, |

e W e | HN D B LA el sl i S s o sl ey -

gy T 13108 | T

I Tt | Hoswr wmge, S i serriap e WL GRS ey i cm—
Bl | s few B5, DO VWL

A Haling % e e seerplekogy. i H”ﬂ.
L L

T i, Sl g of home mnge i By tow, mertehlic mords s sabegy T Siol Pl 3,
- |

L Briowdy, U Lo Visble Pepeleins for Coswrvenes (ol Soabe. b L1 (U smindpe Une. Pres
Camlsidge, |967),

@ Ml Maly L K, Reaenergrtics and e desermsinss o ol home range slar, Am Nan 87, 1302040 190350

10, Swiban, B, K Slade, K. A & Bergairam, B, | Relaiing body sise bo ibe rale ol bame range we in
marmenals. Falepr 49, M0 39% ( 1R

11 Wikiing, [ The by mrase ol i vl
g | Thesr Bl 177, LFS-L0T (1999)

LI By | T eyt mage i saglabeet S ooy B 80 sl w9
eyl e amcr Somtagy Sl B840V (1WA

13 s | W Simy ol ey avnmcrars ey b falagy #8070 4 P

s A | (b, | L Mo senge wsley Lmrmpe ds s cemmparres memd
b 7, ) am | P04

15 Mamwmad & L 8 Buosll 7 L Pl tage wel bl sogii— 4 st lomiery G W50
.

Ta e et B gt T ey o ey gy S o gy | b L
Perm, B ek, [P0

07 Lanabotwslt, % 0, beliller, B . Bushink, 5. W Hawne sange, tome amd by siee i mamemab. Fosleyr 67,

R

. wnel dy o

ol b

riby oy 1l

LI TLRRL
14, Kl [0 A & Van' 0 Enawge astall 1 o i g it it el e
g v s Dok S, Y37 Mt | PRV
15 Lowan, | W Are therre prosrral Lo on ousbenpy® Ol B4 1 77-197 | 1999
520



letters to nature

o Rrivhie, M F Swabeadrpermlmi Traging amil pateh shoier in fracial emarenmens fei, foal 12,

L3 [ SHIE|

pchie, M E S O ML Spasial scaling lews peld 3 synifets cheoey of Bimliversily. Wafser 404,
25l | JNK

Polasden dn, S hamen, OF & Weenes, W The dimensian of the planar broseman feommier s 400 Mai

Rien Dot B, 1025 (20411}

21 dilne, BT Spanal sggregsion and nedrsl models in o landscape. Are Na
Kimnin, W T Extrapolating species ahundance acnows spatial scakss. Science 2R1, 1518
Mandclheni, B 1, The Frucind Cimooeing anry [Frovoman, Mo York, 1082
CHELH & Ritchar, ML E. Frageaenied ralune somequences lor biodiversay. Lasdnape Crtos Mhinnme
A58, 1- 10 i1
DoKaker MR & Wiera, | A&, Mul

4

le scales of panchiness and gach Sruciuee a hieans bical Bamesark
59, 2516l | 191

fsth Arurrui [ The Bindys od Morth Amenica, Philadelphea, 199

fer thie stasly il Betenogrneits
R Fiede, & &Gl Toisdsd T i
2t
Dwinnarg, | 0GR Hindlsaes of Avian Fady Mg |08, Boca Halan, 1991
Terawen, | H in Frperismonta! Frofagy feds Resetariis, W[ Ir & Mernanda. 1) 71295 (Ostard Univ
Peras, Mew Yoeak, 1998

Acknowiedgements

‘We thank . Brown, B. Enquist. . Damuth and G Belovsky, Wark an this madel bogan
durmg the Fractals in Badogy Meeting, al the Sama Fe Institune, Mew Messa, [
suppaerted by am N5T Graduare Research Fellowship.

Competing interests statement

Pl auhaars decbire that they bave o competing bnardal ineresis

Corresporslenoe and requests for materials shoukl be sddressed e LEH.
Peomanl jhaskeDEoc uswedul,

The endogenous cannabinoid
system controls extinction of
aversive memories
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Acquisition and storage of aversive memaries is one of the basic

| principles of central nervous systems throughout the animal

kingdom'. In the absence of reinforcement, the resulting beha-
vioural response will gradually diminish to be finally extinet.
Despite the importance of extinction?, its cellular mechanisms
are largely unknown. The cannabineid receptor 1 (CB1)" and
endocannabinoids® are present in memaory-related brain areas™®
and modulate memory™. Here we show that the endogenous
cannabinoid system has a central function in extinction of
aversive memaories, CB1-deficient mice showed strongly impaired
short-term and long-term extinction in auditory fear-condition-
ing tests, with unaffected memory acquisition and consolidation.

¥ Preaent addsen: Melrular NMeuragenetics Graup, Mas Planck Inatitute of Psychiatry, Kescpelirtrase
.10, DR Munich, Sermang
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Treatment of wild-type mice with the CB1 antagonist SR141716A
mimicked the phenotype of CBI-deficient mice, revealing that
CR1 is required at the moment of memory extinction. Consist-
ently, tone presentation during extinction trials resulted in
elevated levels of endocannabinoids in the basolateral amygdala
complex, a region known to control extinction of aversive
memaories”, In the basolateral amygdala, endocannabinoids
and CBEl were crucially involved in long-term depression of
GABA (vy-aminobutyric acid)-mediated inhibitory currents. We
propase that endocannabineids facilitate extinction of aversive
memories through their selective inhibitory effects on local
inhibitory networks in the amygdala.

To study the involvement of the endogenous cannabineid system
I memary processing, we generated CB1-deficient mice (CB1 77
see Supplementary Information). CRJ mice and CB1 ' linter-
mates were tested in auditory fear conditioning, which is highly
dependent on the amygdala’ and enables the dissection of different
phases of memory formation, incuding acquisition, consolidation
and extinction. Mice were trained 10 associate a tone with a foot
shock {conditioning). After conditioning, animals froze when
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Figure 1 Impaired extinclion of aversive memory in an auditary fear-conditreng task of
CHT ™ mice (filled circes} as compared fo their CB7 '+ litermates jopen cincles)

a, b, After condibianing {Ca} animals were repeatedly exposed 1o 605 tones (conditioned
stimulus, C5) starting 24 h after conddtioning {a) (1) or after a G-day consalicdation period
(b} 486, e, CBT ' and OB *" mice did not differ in their sensory-mator abifities, as
assested by senslivily 10 rising electnic foal-shock (e), imspecific frearing to a bone afler
shock gpplication (d), anxdety-refated behaviour on the elevaled plus maze (&) and
nonzantal eometion in an open field ). g. C87 7 mice showed mamony axtingtion in
responss to a stronger extinction protoosd (3 mir tones until day 20; anatysed n 60-3
inbervals), but Sl frape more than C87 ' condrols, Means + s.e.m, are shown:
number of animals are indicated in parentheses. Asterisk, P < 0.05; doubile aslersk,
P 0L01; briphe asterisk, P 00070 jcompared with CBT 43 dagger, P = 0.05;
double dagger, P < 0.01; tnple dagger, # - 0.001 jeompared with day 1),
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