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Abstract

The relationship between local population density and habitat area is an important factor in spatial population ecology. |
examined how density dependence in the growth of local insect populations and their host plant patches, combined with patch
birth and death, and insect dispersal affect the density—area relationship. | constructed a simulation model to examine the
relationship for an insect herbivorgstraopes tetraophthalmus, inhabiting patches of its host plam{sclepias syriaca. Given
the observed growth of insect populations, patch growth, dispersal of insects, and change in the number of patches within the
landscape, the model predicts tiatetraophthal mus density should decrease with increashgyriaca patch size. The model
also predicts moderate amounts of temporal variation in the relationship. A more general insect herbivore-host plant model
was also developed to extend the results. The general model shows that density dependence in patch and insect population
growth rates have large effects on the density—area relationship. The density—area relationship was strongly affected by density
dependence in insect growth. Increasing density dependence in insect growth caused insect density to decrease with increasing
patch size. Temporal variation in the relationship was most strongly affected by density dependence in patch growth. Variation
in the density—area relationship increased as density dependence in patch growth increased. The results of this study show
that density—area relationships can be variable and are not necessarily a species-specific trait. Application of density—area
relationships, especially in dynamic landscapes, need to be aware of and account for factors that affect the size and number of
patches as well as growth and dispersal of the target populations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction terns of increasing, decreasing, and constant density
relative to habitat areaBpwers and Matter, 1997,
How population density relates to habitat size is Bender et al., 1998; Connor et al., 200Despite the
an important consideration in the research of spa- diversity of relationships, in general, population densi-
tial population dynamics. Reviews of this topic, the ties tend to increase with patch or habitat a@ar(nor
density—area relationship (also called the individuals— et al., 2000 but seeGaston and Matter, 2002The
area relationshipSchoener, 1986 have shown pat-  relationship between population density and habitat
size underlies basic ecological theory and is pertinent
"+ Tel.: +1-513-556-9713: fax:+1-513-556-5299. to conservation issuedéila, 1988; Andrén, 1994,
E-mail address. mattersf@email.uc.edu (S.F. Matter). Gaston et al., 1999; Connor et al., 2000; Matter, 2000;
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Gaston and Matter, 2002From a phenomenologi- if territorial individuals preempt non-territorial in-
cal perspective, the relationship affects population dy- dividuals from larger habitats. Positive relation-
namics and community patterns. Within a metapopula- ships may arise at broader spatial scales through
tion, increasing or decreasing population density with colonization-extinction dynamics. Here, small patches
area results in individuals being clustered into large would support smaller populations on average due
or small patches, respectively. This clustering changesto their higher frequency of extinction. Density—area
the relative importance of different sized patches, alter- relationships may also result from methodological
ing predictions of metapopulation dynamics and com- problems such as the mis-estimation of habitat area
munity patternsilatter, 2000, 200DaSimilarly, local for edge specieBender et al., 1998or the inclusion
populations of the same size, but within networks with of increasing amounts of non-habitat with increasing
different density—area relationships can show different size of census areassrhallwood and Schonewald,
dynamics WMatter, 1999. The density—area relation- 1996; Gaston and Matter, 2002; Matter et al.,
ship has been proposed as a tool for reserve design,2003.
particularly in relation to the single large or several Despite the importance of and attention given
small (SLOSS) debate&Cpnnor et al., 2000 The rea- to density—area relationships, previous research has
soning here is simple. For species that show increas-neglected two key aspects. First, density—area rela-
ing density with area, a large reserve will contain a tionships may show temporal variability. Most em-
greater abundance of individuals than any number of pirical relationships have been demonstrated only
smaller reserves summing to the same sidatter, over a single generation, which precludes between
2000. generation effects and ignores temporal variation
As a null expectation, density should not vary with in the relationship Natter, 1999. Second, most
habitat areaHaila, 1988; Bowers and Matter, 1997  investigations have ignored any effect of variabil-
Several mechanisms have been offered to explain de-ity in the landscape, which may be significant for
viations from this expectatiorRoot (1973)proposed insect herbivores inhabiting patches of their host
that insect density should increase with increasing plants.
patch size if emigration rates are greater from small  This research investigates the magnitude of and
patches, and immigration rates and residence times aretemporal variation in the density—area relationship. |
greater for large patches. Several studies have shownfocus on herbivorous insects inhabiting patches of
dispersal rates consistent with density patteReupp their host plant in a dynamic landscape. It is unclear
and Denno, 1979; Kareiva, 1985; Bach, 1388up- how the relationship in a dynamic landscape com-
porting a dispersal-based mechanism. However, be- pares to that for static systems, and how change in
havioral models indicate that immigration rates may the landscape affects density—area relationships. Most
not be expected to increase with habitat aB@{man models of spatial population dynamics assume that
etal., 2002. The enemies hypothesis predicts that pre- landscapes are stablEgreiva, 1983; Pulliam, 1988;
dation rates are higher on small patches than on largeHanski, 1994, or that variability occurs over large
patches producing positive density—area relationships spatio-temporal scalePéase et al., 1989; Bowers
(Denno et al., 1981; Risch, 1981Habitat quality and Harris, 1994 Previous models investigating the
may vary with patch size producing increasing or de- density—area relationship have also assumed a stable
creasing density with are8éch, 1988; Hanski, 1994; landscape (e.gMatter, 1999, 2000, 200)aA great
Matter, 1997. If habitat quality varies within patches deal of our knowledge concerning density—area re-
such that the edges of patches are of higher or lower lationships comes from herbivorous insects where
guality, the density—area relationship may vary with change in the size or number of habitat patches
the perimeter to area ratioBéwers et al.,, 1996; can occur rapidly, often at time scales equal to
Bender et al.,, 1998; Haddad and Baum, 1999 changes in insect populationdgrrison et al., 1996
Bowers and Matter (1997proposed that mech- Alteration in the size or number of patches may
anisms producing density—area relationships may introduce variability in the density—area relation-
depend on spatial scale. Habitat selection at small ship in addition to that attributable to the target
spatial scales may produce negative relationships organism.
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2. Methods of patches. The number of patches in the landscape
followed a logistic growth model fit by non-linear re-
2.1. Tetraopes-Asclepias system gression with an upper bound (carrying capacity) of

500 patches and a growth rate of= 0.12 4+ 0.14
| used a simulation modeling approach to evaluate (+asymptotic S.E.R? = 0.97). If birth and death rates
how local population growth and change in the size were constant for 2 unobserved years (1993-1994),
and number of patches affect the density—area relation-the probability of a patch dying was@b + 0.03 per
ship for an herbivorous beetl&traopestetraophthal - patch per year (S.D., used throughout unless otherwise
mus, inhabiting patches of common milkweekkcle- noted) and the birth rate of new patches wds&0.06
piassyriaca. The model incorporates the life history of  per patch per year. These independent estimates cor-
the univoltine beetle and its clonal, perennial host (see respond well with the estimate ef= 0.12 from the
Matter, 1996, 1997, 200]1Hor life history details). logistic model ¢ = birth — death). Because the death
Adult beetles emerge at the beginning of a generation rate of milkweed patches did not appear to be density
and move between patches. After dispersal, beetles re-dependent, the birth rate of patches was assumed to
produce to form a larval cohort. Changes in the size account for the density dependence in the change in
and number of patches occur during the insect’s larval number of patches within the landscape.
stage. Patch size is based on the number of ramets pro- It is important to note two things concerning the
duced by each clone, thus change in the size and num-change in number of patches. The first is that the
ber of patches was modeled discretely, occurring on overall probability of a patch dying was not related
the same time scale as change in the insect populationto its size. Early in the growing season, herbivory
by mammals often decimates patchéto¢hwender
2.2. Model parameters et al., 2000, and several small patches died due to
herbivory. However, flooding affected both large and
Several factors potentially affecting the magnitude small patches. Thus, the size (number of ramets) of
of the density—area relationship were considered. First patches dying (40 + 94.0) did not differ from those
was the amount and pattern of dispersal with respect surviving (218 + 35.7, no statistical test was per-
to patch size. Second were factors affecting the num- formed as surviving patches are not independent). Sec-
ber of patches within the landscape, both their loss ondly, new patches in this system are inherently small;
and creation. The third factor was the reproduction of generally, one ramet is produced from a seed.
beetles within each patch. Finally, change in the size To evaluate the effects of change in the size of
of milkweed patches was considered. patches and local (within-patch) beetle populations on
Parameter estimates were based on mark-recapture¢he density—area relationship, it is important to con-
and host plant censuses conducted at the Blandy Ex-sider whether these growth rates vary among patches
perimental Farm Boyce, VA, USA during 1992 and or populations and if growth rates vary with size,
from 1995 to 1997. The proportion of the popula- i.e. is there density dependence in the growth rates?
tion moving between patches was taken directly from Growth rates alone have little direct effect on the
mark recapture data. Sixty-one percent of beetles density—area relationship as equal linear growth in ei-
observed at least twice made one or more interpatch ther beetle abundance or patch size will change abun-
movements. Although beetles tended to emigrate dance, but will not alter density. To examine whether
from and immigrate to smaller patches at higher rates patch growth rates and beetle growth rates vary among
than for larger patches, the net movement of beetles populations or with size, | fit a non-linear regression:
was proportional to patch size. This dispersal pattern N,;1 = rN2 whereN is size (number of emerging
does not affect local population density. Thus, the beetles or ramets},is the growth ratet is time, and
pattern of dispersal with respect to patch size was B scales with size to patch size and beetle abundance
not incorporated into the model (sktatter, 1999or data from 1995 to 1997.
effects in a static landscape). Milkweed patch growth did not vary between years
To model changes in the number of patches within (t-test; r = 0.20, separate variance,.fd = 1526,
the landscape, | examined the birth and death rates P = 0.84) and was therefore estimated as the mean
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of both years. It should be noted that this test violates

the assumption of independence, as patches could be

included twice and may have individual growth rates
(Matter, 2001k. The growth rate slowed as patch size
increased Fig. 1). The growth rate was estimated as
r = 2.33 4 0.48 (asymptotic S.E.) and size depen-
dence a8 = 0.90+ 0.04.

The growth rate of beetle populations varied con-
siderably between years= 4.26+0.38 (1995-1996)
andr = 0.86+ 0.23 (1996-1997). The growth rate
also varied among populations= 2.17 + 0.62 (esti-
mate considering all years) and slowed with increasing
population sizep = 0.85+ 0.06 (Fig. 1). That there
is density dependence in the population growth rate of
T. tetraophthalmus is in agreement with experimental
results Matter, 2001.

The simulation for thdletraopes-Asclepias system

ng 169 (2003) 103-117

500

400 -

300 -

200

Asclepias Ny,

100 -

300

200 400 500

Asclepias N;

had several parameters. The dispersal rate was fixed

at 0.61 leaving their natal patch and immigrating to
new patches in proportion to their size. The probabil-
ity of a patch dying each generation was drawn from
a normal distribution with a mean of@=+ 0.03. The
death rate of patches was not related to patch size, or
the number of patches within the system. The birth
rate of patches was modeled as a logistic function with
a yearly growth rate drawn from a normal distribu-
tion with a mean of A7+ 0.06 and an upper bound
(carrying capacity) of 500 patches. A yearly growth
rate for the beetle populations was drawn from a nor-
mal distribution with a mean of.91 + 0.30. This
yearly growth value set a mean that varied among
populations by+0.62. Thus, there were ‘good’ and
‘bad’ years for beetles, and always variation among lo-
cal populations. Size dependence in beetle population
growth was drawn from a normal distribution with a
mean of 0854 0.06. Finally, the growth rate for each
patch, each year was drawn from a normal distribu-
tion with a mean of 3+ 0.48, and size dependence
in patch growth from a normal distribution with mean
of 0.90+ 0.04.

The timing of when density measurements are
made during the life cycle can have substantial ef-
fects on the density—area relationshiypafter, 1999.
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Fig. 1. Growth of milkweed patches (top) and local beetle pop-
ulations (bottom). Patch size (number of ramets) or the num-
ber emerging beetles in years plotted vs. the number for the
same patchN) in years + 1. Non-linear regression of the form
Nip1 = NP were fit to the data (statistics in text). The circled
points in the bottom panel have strong leverage on the estimates
of beetle growth. If the point to the right is removed, growth is
1.39 and density dependence is 0.95. If both points are removed,

Therefore, the density—area relationship was measuredgrowth is 5.37 and density dependence is 0.51. However, there is

before dispersal, emphasizing between-generation ef-
fects, and after dispersal emphasizing within-genera-
tion and colonization effects. For each generation, the
density—area relationship was calculated as the mean

no biological justification to remove these populations from the
analysis.
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of these two estimates. To examine temporal trends observed dataF{g. 2). The observed data fell within

in the density—area relationship for thetraopes— one standard deviation of the mean of all simulated
Asclepias system, 500 simulations of 35 generations distributions. Thus, the model captures the dynamics
were run beginning with the number of patches, patch of this system while maintaining the variability inher-
sizes, and beetle population sizes seen in 1997. ent in the system.

2.3. Model validation 2.4. General mode

The model using the parameters described above The Tetraopes-Asclepias model was generalized
was validated using the configuration of patch sizes to examine how the rate of dispersal, death and es-
and beetle abundances observed in 1995. Comparisongablishment of patches, and density dependence in
were made to the observed correlation between beetlethe growth of patches and insect populations affect
density and patch size, number of patches, mean patchthe density—area relationshifaple 1. The general
size, and abundance of beetles seen in 1997. Simulatednodel follows the same structure as thetraopes—
data from the model showed a good concordance with Asclepias model. Because there were differences in
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100 | 100 -
50 -
0 r T T T T 0 T T ‘ 7 T
-0.17  -0.03 0.12 0.26 0.40 27 34 42 50 57
Density-area correlation 1997 Mean patch size 1997
250 300
200 4 - \b 250 1
> — 200 -
& 150 4 ¢
% 150
2 100 -
L 100
50 | 50 |
0 . : ‘ 0 ‘ ‘ ‘ .
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Fig. 2. Model validation distributions. Data shown are the model-predicted distributions for 1997 based on 1000 simulations using observed
data from 1995. The observed values in 1997 (indicated by arrows on the histograms) were 0.08 for the correlation between density and

area, a mean patch size of 37, 97 patches, and 1448 beetles.



108 SF. Matter / Ecological Modelling 169 (2003) 103117

Table 1 2.5. General model analysis
Parameters for th@etraopes-Asclepias system and factor levels

used in the general model | fit a full factorial ANOVA model to examine how

Parameter Tetraopes-  Simulation values each factor affects the correlation between population
Ascepias density and patch size and temporal variation in the

Density dependence 0.90+ 0.04 0.85 090 095 1.00  correlation. ANOVA was adopted because the func-
in patch growth tional forms of the relationships were not known. What

Density dependence 0.85+ 0.06 0.85 0.90 0.95 1.00 . . . . .
in insect growth is of interest in these analyses is not the significance

Patch death rate 0.0 0.03 000 002 004 006 Of any factor, but the amount of variation accounted
Patch birth rate 0.12 006 0.00 020 0.40 0.60 for by each factor. Partitioning the effects due to a sin-
Proportion dispersing  0.61 0.20 0.40 0.60 080 gle factor in all its forms estimates the sensitivity of

In the general model, the growth rate of both patches and insect the dependent variable to each independent variable

populations was .B + 0.2. The birth and death rates of patches (Pearman and Wilbur, 199Matter, 1999, 2001a)b

anq propo_rtion of insects _dispersing were constant parameters, To determine the Sensitivity of a specific factor, | to-

while density dependence in the growth rates of both patches and o0 4 the sum of squares attributable to each significant

insects were drawn from normal distributions with a mean of the . . . ) .

parameter value and a S.D. of 0.05. source in which a factor was involved (i.e. both main
effects and interaction terms). It should be noted that
this summed variance is not independent, as variation

the density—area relationship depending on whether due to interactions contributes equally to each factor

the landscape was near an equilibrium number of in that term.

patches or not (see results), the general model was as- Variance attributable to each factor also depends on

sumed to be near equilibrium, which will not apply to the range of values investigated. Thus, sensitivity as

all situations. For this model, the birth and death rates expressed here must be gauged within the range of

of patches and the proportion of insects dispersing parameter values used. The correlation coefficient was

were not drawn from distributions, but were fixed vari- transformed to FisherZ prior to analysis to meet the

ables Table ). Size dependence in the growth rates assumptions of ANOVA $okal and Rohlf, 1981

of both patches and insects were drawn from normal

distributions with a mean of the parameter value and a

standard deviation of 0.05. Additionally there was no 3. Results

‘yearly’ variation in the growth rate of insect popula-

tions. Both local insect and patch growth rates were 3.1. Tetraopes-Asclepias model

set atr = 1.3 £ 0.20. Parameter values used in the

general model were chosen to bracket the range seen The correlation between population density and

for the Tetraopes-Asclepias system while simulating  patch size varied over both the 35 generations and

reasonable values for insect—host plant systems. the 500 simulations Rig. 3. The correlation be-

To begin each simulation, a landscape containing 50 tween density and patch size became negative after
patches was created. Initial patch sizes and insect den-four to five generations, and significantly so after
sities were drawn from log-normal distributions with approximately 15 generations. There appears to be
means of 50 and 1.0, respectively. Log-normal distri- a difference depending on whether the system is
butions were used because they represent the distri-at an equilibrium number of patches or not. When
butions seen for th@etraopes—Asclepias system, i.e. the landscape was below the carrying capacity of
there were mostly small patches and densities, but alsopatches, and thus a greater number of new patches
a few large patches or high densities. Each simulation were entering the system, the correlation was slightly
lasted 25 generations. Ten replicates of each facto-less negative, and not significantly different than
rial combination of parameter values were run totaling 0.0. After the landscape reached its carrying ca-
10,240 simulations. The mean and temporal variance pacity for the number of patches, the correlation
in the correlation between density and patch size were became slightly more negative and significantly less
calculated over the 25 generations for each simulation. than 0.0.
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Fig. 3. Predicted temporal patterns in the correlation betwieggtraophthalmus density andA. syriaca patch size (top) and the number
of A. syriaca patches (middle). MeanH{2 S.D.) of 500 simulations are shown for 35 generations. Simulations began using the observed
values for 1997. The bottom graph shows the temporal pattern for three simulations.

Twenty random simulations were examined for 0.55), indicating that although there is variation in
temporal autocorrelation in the density—area rela- the relationship across simulations, the relationship
tionship. A positive autocorrelation (lag-one) was has ‘inertia’ and depends on the prior relationship
found in the density—area relationship (mean= (Fig. 3.
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3.2. Genera model
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followed by density dependence in the growth rate
of patches, the birth rate of patches, the death rate

Over all simulations, the mean correlation between of patches, and dispersal rate of inseciable 2.

density and patch size was0.098+ 0.162 and the

Most of the variation was explained by the main

mean temporal variation in the correlation over the 35 effects, although there were significant two-, three-,

generations was.021+ 0.015. Analyses show that

and four-way interactions. The correlation between

the correlation between density and patch size was density and patch size increased with decreasing
most sensitive to density dependence in insect growth, strength of insect density dependence. In other words,

Table 2

Density—area relationship—ANOVA table for the effects of parameters on the correlation between insect density and patch size

Source of variation

Sum of squares (SS)

Density dependence in insect growth (IG) 201.35

Density dependence in patch growth (PG) 59.47

Patch birth rate (PBR) 30.19

Patch death rate (PDR) 17.66

Proportion of insects dispersing (DSR) 5.18

Source d.f. SS F P
PDR 3 6.04 1169.90 <0.01
IG 3 173.32 33549.73 <0.01
PG 3 27.52 5328.82 <0.01
DSR 3 0.78 151.54 <0.01
PBR 3 18.26 3534.06 <0.01
PDR x DSR 9 0.67 43.12 <0.01
PDR x IG 9 0.04 2.92 <0.01
PDR x PG 9 1.29 82.97 <0.01
IG x PG 9 23.62 1521.21 <0.01
IG x DSR 9 0.20 13.06 <0.01
PG x DSR 9 0.72 46.36 <0.01
PDR x PBR 9 7.42 478.92 <0.01
IG x PBR 9 0.19 12.28 <0.01
PG x PBR 9 1.81 116.50 <0.01
DSR x PBR 9 0.58 37.08 <0.01
PDR x IG x PG 27 0.47 10.11 <0.01
PDR x IG x DSR 27 0.09 1.96 <0.01
PDR x PG x DSR 27 0.10 2.21 <0.01
IG x PG x DSR 27 2.21 47.54 <0.01
PDR x IG x PBR 27 0.30 6.39 <0.01
PDR x PG x PBR 27 0.58 12.56 <0.01
IG x PG x PBR 27 0.36 7.67 0.01
PDR x DSR x PBR 27 0.11 2.46 <0.01
IG x DSR x PBR 27 0.02 0.48 0.99
PG x DSR x PBR 27 0.24 5.16 <0.01
PDR x IG x PG x DSR 81 0.20 1.45 0.01
PDR x IG x PG x PBR 81 0.34 2.44 <0.01
PDR x IG x DSR x PBR 81 0.02 0.16 >0.99
PDR x PG x DSR x PBR 81 0.06 0.43 >0.99
IG x PG x DSR x PBR 81 0.06 0.43 >0.99
PDR x IG x PG x DSR x PBR 243 0.06 0.14 >0.99
ERROR 9216 15.87

The top table shows the total sums of squares attributable to each significant factor. This value was used to judge

dependent variable to each factor (see text). Below are the statistics for individual factors and interactions.

sensitivity of the
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Fig. 4. General model results for the density—area correlation. Two levels of patch death rate (PDR) and patch birth rate (PBR) are shown.
Data shown is averaged across all levels of the dispersal sate 40) which had little effect on the correlation.
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densities were higher in larger patches when density occurring when density dependence in insect growth
dependence in insect growth was lofid. 4). The is strongest and density dependence in patch growth
density—area correlation tended to become more posi-is intermediate (0.90-0.95). The correlation became
tive as density dependence in patch growth increased.increasingly positive as both the birth and death rates
Interestingly, interactions between density depen- of patches increased.

dence in patch and insect growth result in the most  Temporal variation in the correlation between in-
negative correlations between density and patch sizesect density and patch size was most strongly affected

Table 3
Temporal variation in the density—area relationship—ANOVA table for the effects of model parameters on the temporal variation in the
correlation between insect density and patch size

Source of variation Sum of squares (SS)

Density dependence in patch growth (PG) 1.050

Density dependence in insect growth (IG) 0.374

Patch birth rate (PBR) 0.340

Patch death rate (PDR) 0.225

Proportion of insects dispersing (DSR) 0.150

Source d.f. SS F P

PDR 3 0.029 121.00 <0.01
IG 3 0.075 317.10 <0.01
PG 3 0.680 2857.62 <0.01
DSR 3 <0.001 0.54 0.65
PBR 3 0.085 356.46 <0.01
PDR x DSR 9 0.027 37.44 <0.01
PDR x IG 9 0.018 24.70 <0.01
PDR x PG 9 0.009 12.76 <0.01
IG x PG 9 0.112 156.67 <0.01
IG x DSR 9 0.014 19.55 <0.01
PG x DSR 9 0.054 76.08 <0.01
PDR x PBR 9 0.032 45.43 <0.01
IG x PBR 9 0.043 59.93 <0.01
PG x PBR 9 0.081 113.20 <0.01
DSR x PBR 9 0.022 30.62 <0.01
PDR x IG x PG 27 0.050 23.21 <0.01
PDR x IG x DSR 27 0.002 0.99 0.47
PDR x PG x DSR 27 0.006 2.79 <0.01
IG x PG x DSR 27 0.011 5.36 <0.01
PDR x IG x PBR 27 0.022 10.37 <0.01
PDR x PG x PBR 27 0.015 7.10 <0.01
IG x PG x PBR 27 0.012 5.77 <0.01
PDR x DSR x PBR 27 0.004 1.80 0.01
IG x DSR x PBR 27 0.004 1.67 0.02
PG x DSR x PBR 27 0.007 3.08 <0.01
PDR x IG x PG x DSR 81 0.004 0.67 0.99
PDR x IG x PG x PBR 81 0.013 2.07 <0.01
PDR x IG x DSR x PBR 81 0.003 0.54 >0.99
PDR x PG x DSR x PBR 81 0.004 0.62 >0.99
IG x PG x DSR x PBR 81 0.006 0.86 0.80
PDR x IG x PG x DSR x PBR 243 0.003 0.13 >0.99
ERROR 9216 0.731

The top table shows the total sums of squares attributable to each significant factor that was used to judge sensitivity of the dependent
variable to each factor (see text). Below are the statistics for individual factors and interactions.
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Fig. 5. General model results for temporal variation in the density—area correlation. Two levels of patch death rate (PDR) and patch birth
rate (PBR) are shown. Data shown is averaged across all levels of the dispersal a#0], which had little effect on temporal variation
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by density dependence in patch growth followed  The general model shows that density dependence
by density dependence in the growth rate of insect in patch and insect population growth rates have
populations, the birth rate of patches, the death rate considerable influence on the density—area relation-
of patches, and the proportion of insects dispersing ship. That these factors are important should not be
(Table 3. The bulk of variation was attributable to  surprising as both are components of population size.
the main effects. Temporal variation in the correlation Because local population density is the number of
between density and patch size increased with in- insects on a patch divided by patch size, the effects
creasing density dependence in patch growil.(5), of these two factors on the relationship between pop-
and tended to increase with decreasing density de-ulation density and patch size should have opposing
pendence in insect growth. Increasing patch birth and effects. It is expected that density dependence in in-
death rates tended to increase temporal variability in sect growth should result in decreasing density with
the correlation, however, the effect was not uniform increasing patch size. Large populations on large
across all factor combinations. patches would grow at a slower rate than small pop-
ulations on small patches. Exactly this result is seen
in the simulation. For patch growth, the denominator
4. Discussion of density, density dependence in patch growth is
expected to produce increasingly higher densities as
For theTetraopes-Asclepias system, over the long-  patch size increases. This trend is apparent in the sim-
term, densities should tend to be lower on larger ulation results; however, the effects are not as strong
patches than on smaller patches. This prediction dif- as for density dependence in insect growth and are
fers from Connor et al.’s (2000)bservation that, = not consistent across all factor levels. The difference
in general, the densities of insects tend to increase in strength is explained by the fact that the range of
with patch size. However, among the insects they patch sizes is narrower than for insect populations,
investigated, the density of many did decrease with thus given equal coefficients for density dependence
increasing patch size, indicating that this pattern is the effect will be greater for insect populations be-
not uncommon. Studies not included in their review cause they span a larger range of abundances. The
have also shown patterns of decreasing insect densitynon-linear response of the correlation to density de-
with patch size oérare and Solbreck, 1997; Krauss pendence in patch growth arises through interactions.
et al., 2003; Matter et al., 2003The long-term pre-  When density dependence in insect growth is weak,
diction of the model differs somewhat from previous we see the expected pattern with respect to density
empirical observations for this system where densities dependence in patch growth. When density depen-
increased (1992Matter, 1997, decreased (1995), or dence in insect population growth is strong, the cor-
were constant with patch size (1996, 1997). Although relation is more positive than expected when density
the model predicts that density should decrease with dependence in plant growth is weak.
increasing patch size, the trajectories of individual  Temporal variability in the density—area relation-
simulations indicate that moving between patterns of ship has largely been neglected. Most empirical as-
increasing and decreasing density with patch size cansessments of the density—area relationship have been
be expected in the short-term. Additionally, point esti- conducted only over one season and the relationship
mates and variance indicate that the magnitude of the between density and area has almost been regarded as
relationship may not deviate strongly from showing a species characteristic. Indeed there has been a good
effect of patch size on density, especially before an deal of concordance in density—area relationships be-
equilibrium number of patches is reached. As indicted tween studies of the same species but in different lo-
by the lag-one autocorrelation in the simulation, large cals Bowers and Matter, 1997 The general model
changes between generations should be uncommonand empirical results from tha&etraopes—Asclepias
Predictions from the general model also reveal that system show that the relationship can be variable and
conditions near those seen for ffetraopes—-Asclepias that variability in the relationship is largely affected
system should result in comparatively high temporal by density dependence in patch growth. High density
variability in the density—area relationship. dependence in patch growth or rate of change in habi-
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tat size will result in greater temporal variability in  may not vary in a similar manneRfland and Taylor,
the density—area relationship. If density—area relation- 1997).
ships are to be used in conservation strategies, an ap- Few studies have been conducted to test the pre-
preciation of temporal variability is crucial. dictions of this modelForare and Solbreck (1997)
That change in the number and size of patches examined the relationship between the density of the
within a landscape can affect the density—area relation- moth Abrostola asclepiadis and the size of patches of
ship should not be surprising. It was somewhat sur- its host plantVincetoxicum hirundnaria over a 5-year
prising that factors related to the number of patches in period. Their system varied little in the size and num-
the system had relatively little impact. We might ex- ber of patches during studyr¢rare and Solbreck,
pect that the production of new patches should resultin 1997). Averaged across the 5 years, they found a de-
increasing density with patch size, especially if there creasing density of larvae with increasing patch size.
is any lag until new patches are colonized. Such a lag Unfortunately, they provide no data concerning the
is not present in this system or in the general model. temporal variation in the relationship. For this sys-
For theTetraopes-Asclepias system, new patches gen- tem, it appears that there is little density dependence
erally appear before the emergence of beetles. Thein insect population growth. Assuming no change in
models use both densities before and after dispersal,the landscape, the model would predict the negative
averaging the effects of between and within genera- density—area relationship which is congruous with
tion processes. Density—area relationships calculatedtheir observations, however, patch size-dependent dis-
before dispersal (not presented) do show a strong ef- persal and oviposition by females play an important
fect of factors related to the number of new patches. role in the density—area relationship for this moth
In these situations, density increases markedly with (Forare and Solbreck, 1907
patch size. Thus, systems where there is a lag until Despite the general nature of these simulations, pre-
colonization, or where population density is estimated dictions will not apply to all situations. Effects of
before dispersal, may show results that differ from this insects on their host plants, shown for this system
model. Population density is likely to increase with (Matter, 2001bwere incorporated in the growth rates
patch size in systems where there are uncolonized orof patches, rather than explicitly modeled. Systems
new patchesRowers and Matter, 1997 akin to host—parasitoid models where the growth of
The model produces useful predictions concerning ‘patches’ are linked may show different patterns. The
where certain density—area patterns may be found andscale of patch use also must be considered. Systems
when we may expect temporal variability in the re- where patches are foraging units, or inhabitants are not
lationship. In general, we should expect that insects autonomous populations, may not respond similarly
experiencing strong density dependence in popula- (Hastings and Harrison, 19R4Vhere the net flux of
tion growth will exhibit decreasing density with in- individuals varies with the size of patches (eRpot,
creasing patch size. The converse, that highly positive 1973; Kareiva, 1985Turchin, 1986), the results may
density—area relationships are associated with insectsdiffer, although effects of dispersal are generally less
that show weak density-dependent population growth, important than between-generation proceshter,
may not be true due to interactions between factors 1999. Finally, as shown by th@etraopes-Asclepias
contributing to the density—area relationship. This pre- simulations, results may differ depending on whether
diction should hold, whether the landscape is variable the system is near an equilibrium number of patches
or not. The observations @onnor et al. (20003how or not.
that the density of insects increases with patch size,
in combination with the results of this model indicate
that, in general, there is only weak density depen- 5. Conclusions
dence in insect growth under field conditiofoler
and Rogers, 1975; Stubbs, 197However, extrinsic Density—area relationships are central to debate con-
density-dependent factors such as parasitism, preda-cerning conservation refuge design, metapopulation
tion, or disease may also be affected by landscape dynamics, and spatial population theory. These theo-
structure, thus density dependence due to these factorgies and related issues generally assume that density
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does not vary with habitat size and that it is temporally Denno, R.F., Raupp, M.J., Tallamy, D.W., 1981. Organization
invariant Connor et al., 2000 Results of this study of sap-feeding insects: equilibrium versus non-equilibrium

s . . . coexistence. In: Denno, R.F., Dingle, H. (Eds.), Insect
suggest that in situations where there is density depen Life History Patterns: Habitat and Geographic Variation.

dence in the_growth of populations or w_here the Iang— Springer-Verlag, New York, pp. 151-181.
scape is variable, as is often the case in conservationForare, J., Solbreck, C., 1997. Population structure of a
studies where habitat loss or degradation is an issue, monophagous moth in a patchy landscape. Ecol. Ent. 22, 256

the relationship between density and area may differ _ 263 - o
compared to assumptions of a stable or homo eneousGaston, K.J., Matter, S.F., 2002. Individuals—area relationships:
P p g comment. Ecology 83, 288—-293.

system. Examining the relationship between density Gaston, K.J., Blackburn, T.M., Gregory, R.D., 1999. Does variation
and area is only a first step in applying it to theory or in census area confound density comparisons? J. Appl. Ecol.

conservation. A mechanistic understanding of the fac- 36, 191-204. _ _
tors I’esponSib|e fOI’ the relationship iS needed before Haddad, N.M., Baum, K.A., 1999. An experlmental test of corridor

dati b d individual lati effects on butterfly densities. Ecol. Appl. 9, 623-633.
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