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AN EXPERIMENTAL TEST OF FRAGMENTATION AND LOSS OF HABITAT

WITH ORYZAEPHILUS SURINAMENSIS
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Abstract. This research used a model experimental system to explore the joint effects
of resource fragmentation and resource deterioration on populatlon dynamics. The system
provides a rapid test of conservation theory and can aid in planmng for large and expens1ve
studies. The 1nvest1gat10n subjected the sawtooth grain beetle, Oryzaephilus surinamensis

(L.), to five experiments in which population abundance was monitored over time. Meta-

populations were created by connecting adjacent vials of flour with rubber tubes. The
metapopulations were arranged in rings, and food was replenished at two-week intervals.
. The expériments examined populations in (1) habitats becoming increasingly fragmented,
(2) dynamically fragmenting structure with concurrent loss of resources over time, (3) static
structure, dynamic resource loss and differing numbers of patches, (4) static structural
arrangements with dynamic resource loss that mimic resource deterioration and destruction,
and (5) static arrangements of connected fragments with an equal total amount of food in
a few large patches or several small patches. Time series of stage-specific abundances were
compared in repeated-measures ANOVA. The results show that populations respond in
nonlinear ways to both the amount of food and area provided. Within a confined area, when
food is plentiful, individual interaction limits population abundance. When the amount of
food is reduced, population abundance becomes food dependent. Immediate increase in
immature abundance was a characteristic of fragmentation while a delayed reduction of
adults was characteristic of food reduction. The stage-specific interaction at intermediate
food levels shows birth and death processes that control this system, and elucidates the
relationship between area and food that is integral to the dynamics of patchy populations.

Key words:
sis; patch dynamics.

INTRODUCTION

Ecologists are often required to develop plans for
managing endangered species where few data are avail-
able and population dynamics are poorly understood
(McKelvey et al. 1993, Lamberson et al. 1994, Wal-
linga 1995). It is often not possible to wait until more
data are collected because decisions must be made rap-
idly. These are the situations where general guidance
from conservation theory is invaluable. However, we
cannot yet claim a general understanding of the effects
of habitat size, habitat quality, and patch arrangement
on population dynamics of rare or endangered species
(Fahrig 1997). The progress has been slow because
field experimentation takes years or even decades (De-
binski and Holt 2000). Laboratory experiments provide
a useful approach to speeding up theory development.
Popularly known as ““ecology in the bottle” (e.g., Kar-
eiva 1989, Lawler and Morin 1995), this strategy was
used by empirical ecologists, such as Park et al. (1965)
and Gause (1934). These empirical studies tested the
ecological theory developed by Lotka (1925) and Vol-
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grain beetle; habttat deterioration; habitat fragmentatton, Oryzaephilus surinamen-

terra (1926). The same strategy should serve us equally
well during the development of the still immature field
of spatial conservation biology (see Forney and Gilpin
1989, Lawler and Morin 1993, Collinge 1996, Burkey
1997). In particular, experimental measurements of the
effects of space on population dynamics can inform
further theoretical development in spatial cohservation
biology (Caughley 1994).

The main goal of our experiments was to gain an
understanding of the joint effects of habitat fragmen-
tation and habitat deterioration. This is difficult to do
in the field because ‘“‘habitat loss’” usually affects sev-
eral variables in a correlated manner (Andren 1994,
Fahrig 1997), so we designed controlled experiments
to disentangle these coincident effects. We used a sys-
tem based on the beetle Oryzaephilus surinamensis, a
grain pest whose short generation time and simple food
requirements make it a convenient subject for labora-

tory experimentation. The model system was subjected

to a series of laboratory experiments to tease apart the

interacting effects of reduction and subdivision of food. -

In practice, habitat loss is a complex manipulation
of the environment and resources used by a population.
It typically involves (1) habitat destruction, decrease
in the total amount of resource available; (2) habitat
deterioration, decrease in the density or quality of re-
source, and (3) habitat subdivision, decrease in spatial
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connectivity of resource patches. Our approach was to
design experiments to manipulate each of these char-
acteristics in turn, while keeping others constant. We
imposed patch architectures with habitat subdivision
that was static or dynamic, which mimics barriers with
little loss of habitat (e.g., roads). Food resources were
held constant or reduced over time to mimic habitat
deterioration, and we eliminated food in patches to rep-
resent destroyed habitat. We also used poor-quality
food to imitate habitat unsuitable for reproduction. In
all experiments, we quantified the effects of manipu-
lations in patch structure and food availability with a
complete census of O. surinamensis.

Research on the regulation and forecasting of pop-
ulations has moved beyond birth and death processes
and”into the role of landscape arrangement and the
biology of movement (see Hanski and Gilpin 1997,
Tilman and Kareiva 1997, Turchin 1998). Conservation
managers promote the stability and persistence of a
population by facilitating larger populations and patch-
es that are connected via dispersal. The present work
provides time series data to test these predictions for
spatial ecology. We describe a new system for rapidly
testing the importance of environmental variables and
their interaction on dynamics, and use the system to
show the patterns of population change in response to
environmental perturbation. The O. surinamensis Sys-
tem aids the development of a general understanding
of population dynamics because the empirical time-
series data can test the relationship between spatiotem-
poral population abundance and the behavioral mech-
anisms that regulate populations. These patterns can
guide the design of monitoring programs to best detect
population changes in small, declining populations.

In experiment 1, the “landscapes” had static struc-
ture over time. Treatments did not differ in the total
amount of food, but food was subdivided into different
numbers of patches (see Fig. 1). In addition, we ma-
nipulated spatial arrangement of habitat (high-quality
food) and nonhabitat (poor-quality food) patches. The
treatments contrasted habitat patches that were
clumped with those that were evenly interspersed with
nonhabitat patches. In experiments 2-5, landscapes
were modified dynamically. In experiment 2, the total
amount of food in the system was constant (similar to
experiment 1), and we measured the effects of increas-
ing degree of fragmentation (habitat divided into mul-
tiple patches) on population numbers. The control was
nonfragmented habitat, all resources in a single patch.
In experiments 3, 4, and 5, we investigated the effect
of declining food resources in various fragmentation
settings. Experiment 3 was similar to experiment 2,
because it addressed the effect of increased fragmen-
tation on dynamics, but in the context of decreasing
food resources. In experiment 4, the degree of frag-
mentation did not increase in each treatment, but equal-
sized patches within total populations were subjected
to synchronously declining food. We wanted to under-
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Fig. 1. Experimental treatments. Solid circles represent
high-quality food, and hollow circles represent poor-quality
food. Arrows represent time progression. (a) Design to ex-
amine effects of patch size and arrangement in subdivided
populations with equal total resource. (b) Design to examine
effects of fragmentation of patch populations with equal total
resource. (c) Design to examine éffects of co-occurring frag-
mentation and loss in patch populations with equal total re-
source. (d) Design to examine effects of the number of patches
on patch populations when patch food is reduced over time.
(e) Design to examine effects of contrasting types of food
reduction on total population dynamics. Food is reduced
evenly over time as in habitat deterioration or in ‘‘patch-by-
patch” reduction as in habitat destruction.
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PLATE. 1. The stages of the O. surinamensis are (left, from top to bottom) pupa, fourth instar, second instar; and (right)
adult. Pupa is shown in ventral view, and fourth and second instar are dorsal views.

stand how the number of patches would affect beetle
abundances within patches. The fifth experiment tested
the effect of spatial extent of habitat loss: spatially
uniform deterioration vs. ‘‘patch-by-patch™ destruc-
tion. The partitioning of food among patches differed
between treatments, but the total amount of food in
each treatment was equal at a given time.

METHODS
The empirical system

Oryzaephilus surinamensis belongs to the subfamily
Silvanidae of Cucujidae (Borror et al. 1989). It is a
worldwide pest of stored grain and can rapidly increase
in numbers if unchecked. Its larval stage usually passes
through four instars (Collins et al. 1989; see Plate 1).
In our system, development lasts ~3, 13, and 5 d for
the egg, larval, and pupal stages, respectively. A number
of studies of O. surinamensis have characterized repro-
duction and mortality at various temperatures and hu-
midities and in various grains (Back 1926, Thomas 1940,
Howe 1956, Prus 1966, Ciesielska 1990, Jacob and
Fleming 1989, Beckett and Evans 1994). Bancroft
(2001) has previously measured the rates of oviposition,
mortality, and dispersal in response to conspecific den-
sity. With ample resources, females lay ~1 egg/d and
live several months. Beetles readily dig through the
food, which becomes degraded by feces over time. As
food becomes degraded, oviposition and larval growth
will stop and cannibalism will reduce survival. The dis-
persal rate is quite low in this system (3 X 10°° adults
per adult per day), and crowded conditions with limited
food are known to induce dispersal. Within single con-

tainers, starvation and cannibalism are known to be the
mechanisms that regulate abundance in this system.

General methods

We conducted all experiments in an environmental
chamber kept at 33 £ 1°C and 65 * 10% R.H. The
“habitat” was 95% wheat flour and 5% brewers’ yeast
by mass (Park 1965). This diet is highly favorable for
survival and reproduction and allows indefinite main-
tenance of beetle populations under our laboratory con-
ditions. In addition, we used ‘‘nonhabitat” consisting
of powdered cane sugar (dextrose). This diet sustains
adults but prevents successful reproduction. We used
black film vials (2.54 cm diameter) as “‘patches’. Ev-
ery two weeks or about half the generation time (Ban-
croft 2001), investigators sieved and counted all larvae,
pupae, and adults. Live beetles were placed into a clean
vial with fresh food. Patches were connected in “‘step-
ping stone” fashion with black latex tubes that allowed
beetles to pass to the neighboring patches.

We normalized distributions of adults, pupae, and
larvae with a In(x + 1) transform of abundance. Pop-
ulations in which patches died out were excluded from
analyses of patch dynamics. We used a repeated-mea-
sures analysis of variance (SAS 1998) to compare pop-
ulations in the treatments unless otherwise noted.
Where treatment effects were significant (P < 0.05),
we employed Tukey’s hsd to identify significant dif-
ferences among treatment levels. The first experiment
established long-term abundance among stages within
a patch; the mean values were used to estimate stable
initial conditions in experiments 2-5.
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Fig. 2. Average stage abundance for experiment 1, with two-, four-, and eight-patch experimental treatments (key to
symbols in top panel: “2”° = two-patch treatment, etc.). Abundances in four-patch and eight-patch treatments were greater

than those in the two-patch treatment.

Experiment 1: Effects of fragmentation and
spatial arrangement

Methods.—The experiment measured how total
metapopulation abundance is affected by two variables,
spatial arrangement and number of patches in a meta-
population (see Fig. 1). We equally divided a total of
one gram of high-quality and one gram of poor-quality
food among patches in each metapopulation (see Gen-
eral methods). Beetles inhabited two, four, or eight
interconnected patches. A two-patch metapopulation
had one gram of food in each patch. A four-patch meta-
population had one-half gram of food in each patch:
two with wheat-yeast and two with sugar. An eight-
patch metapopulation had one-quarter gram of food in
each patch: four with wheat—yeast and four with sugar.
With the second variable, we compared sequences of
clumped patches in of the same food type to inter-
spersed patches of alternating food types. We nested
the arrangement of patches within the number of patch-
es because, for example, a two-patch system had to

alternate the two food types. We monitored two rep-
licates for each of the six treatments. The effects on
total abundance were also linked to correlations in
patch abundance. We calculated autocorrelations of
abundance for interconnected patches. The correlation
coefficients for patch censuses were calculated for lags
across time and space for each population ring, and
values >0.2 were considered significant. Finally, we
calculated the coefficient of variation (Cv = ratio of
standard deviation to mean) for stabilized populations
of each patch and population to compare the relative
fluctuation of abundances among the treatments.
Results.—Each time series had 32 censuses over 16
mo. All beetles in patches containing sugar died out
before six months, and no beetles were subsequently
found to disperse into these patches. Total abundance
varied significantly with patch size (P < 0.01, see Fig.
2), but surprisingly, the populations fragmented into
many small patches had higher abundance than those
with few large phtches. Paired comparisons showed
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FIG. 3. Average adult abundance in experiment 1, cate-
gorized by sequential alternation of patch quality and number
of patches in the metapopulation. Error bars show + 1 SE.
Greater abundance was observed in even alternating patches
and, to much greater extent, in populations with larger num-
bers of patches (more area). .

that the two-patch treatment had significantly fewer
beetles than either of the four-patch and eight-patch
treatments (both P < 0.01), but abundance between the
four-patch and eight-patch treatments did not differ (P
= 0.06). The increase in alternation structure caused a
mild decrease in beetle abundance (P < 0.01, see Fig.
3), but paired comparisons within the size categories
showed no effect of alternation structure (P = 0.11).
Larger area per unit of food, and to a lesser extent the
even distribution of high-quality food patches, caused
larger populations.

The relative independence of patches was also ex-
plored with spatiotemporal autocorrelation, and we only
report coefficients for adults because their results were
the strongest. The temporal correlation in the large 1-g
patch began at r = 0.58 at lag 1 and declined to r =
0.19 at lag 5. All autocorrelation coefficients exhibited
an exponential decay over time lags, which is charac-
teristic of an autoregressive (breeding) process. The au-
tocorrelation coefficients did not differ due to alternation
structure but did show a strong pattern according to the
size of the population’s patches. The 0.5-g patches had
significant temporal correlation (>0.2) to lag eight or
four months. However, the small, 0.25-g patches had
significant correlation until lag 12. The pattern across
space was the opposite. The correlation of first spatial
lag was r = 0.42 in 0.5-g patches and only r = 0.18 in
the 0.25-g patches. Larger patches had greater spatial
autocorrelation but lower temporal autocorrelation.

Each cv was calculated from time step 12 on for
both patches and total populations. Because the v of
each beetle stage was included in the analysis, the
means reported below are stage adjusted (least-squares
mean). For patch abundance, the cv values did not
differ among patch sizes (P = 0.18), but were signif-
icantly different among alternation structures (P <
0.01). Coefficients of variation were 0.80, 0.54, and
0.51 for four-patch, two-patch, and one-patch alter-
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nations. Paired comparisons showed that the four-patch
cv was greater than the two- or one-patch alternation.
However, total populations showed a different cv ac-
cording to patch size (P < 0.01) but not alternation
structure (P = 0.55). Coefficients of variation were
0.51, 0.21, and 0.16 for eight-patch, four-patch, and
two-patch populations. Paired comparisons showed
that the eight-patch cv was greater than that for the
four- or two-patch alternation. Larger patches had a
lower cv, and contiguous patches of high-quality diet
had a greater Cv.

Experiment 2: Effects of fragmentation, constant
amount of food

Methods.—This experiment tested whether increasing
habitat fragmentation without habitat loss negatively af-
fects population abundance. These time-varying treat-
ments, as opposed to experiment 1, show the time vary-
ing response of O. surinamensis stage abundance. Spe-
cifically, we subdivided the same amount of food into
progressively greater numbers of patches. Both the ex-
perimental and control treatments (see Fig. 1) started in
one patch with 0.4 g of food. Pilot experiments sug-
gested that 0.4 g of food/vial is enough to maintain a
stable beetle population over many generations. We in-
oculated each patch with 12 adults and 48 larvae. The
experimental treatment consisted of doubling the num-
ber of patches for the first three censuses. At each dou-
bling, we equally split the replacement food and beetle
population in each patch between two new patches (see
Fig. 1). Thus, after the first split there were two patches
with 0.2 g of food in each, after the next split there were
four patches with 0.1 g, and finally there were eight
patches with 0.05 g in each vial. We censused the system
for three further periods to check for long-term effects.
In the control treatment, we simply placed the existing
population into the new vial supplied with 0.4 g of food.
Each treatment had five replicates.

Results.—Progressively subdivided populations had
greater abundance than nonfragmented populations (P
< 0.01 level, see Fig. 4). By the fourth census, pupae
had significantly greater abundance in the fragmenta-
tion treatment than that in the nonfragmented control
(P < 0.01). Large variation in immature abundance was
in contrast to the stable, delayed divergence in adult
numbers.

Experiment 3: Effects of fragmentation, decreasing
amount of food

Methods.—This experiment mimicked human activ-
ities that destroy and fracture habitat that wild animals
use. We subjected 10 populations to declining food
resources. Five nonfragmented populations were com-
pared to five undergoing habitat fragmentation (see Fig.
1). We initiated all populations with 3.2 g food, 37
adults, and 100 larvae. At each census, we halved the
replacement food but did not remove beetles. In the
non-subdivided populations, the amount replacement




I

July 2003

25 -
—&— nonfragmented

20 1 @~ fragmented

15 1

Adults
o)

Larvae

Pupae

Time (weeks)

FIG. 4. Average abundance for experiment 2, with adults,
larvae, and pupae for the experiment’s control and treatment.
An asterisk (*) denotes treatment difference at that census
interval (P < 0.05). Arrows indicate fragmentation' treat-
ments. Strong effects of fragmentation appeared well after
the fragmentation stopped.

food after three census periods was maintained at 0.4
g for three more census periods. In the fragmented
populations, we split the beetles between two con-
nected patches of 0.8 g food each. We repeated this
splitting procedure through eight-patch metapopula-
tions with 0.05 g of food. We-censused the eight-patch
metapopulation three more times. This procedure tested
the combined effects of fragmentation and resource
loss on O. surinamensis abundance.
Results.—The fragmented system had significantly
larger populations than nonfragmented populations (P
1 < 0.01, see Fig. 5). Pupal abundance was significantly
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greater in the fragmentation treatment by the third cen-
sus (P < 0.01), while adult and larval abundance in
fragmented populations did not become significantly
greater than the controls after the fifth and sixth census,
respectively (both P < 0.01). The effect of spatial sub-
division counteracted the effect of reduced food re-
sources.

Experiment 4: Effects of number of patches in a
metapopulation on patch abundance, decreasing
amount of food

Methods.—This experiment tested the effects of the
number of interconnected patches on O. surinamensis
abundance within patches (see Fig. 1). The first treat-

 ment had five replicates of eight-patch systems. The

other treatment had 10 replicates of two-patch systems.

* Each patch started with 0.25 g of food, 10 adults, and

20 larvae. At each census, we decreased the amount of
food by 0.05 g per patch. The reduction in food stopped
with 0.05 g per patch and three censuses were taken at
that level. .

Results.—Effects of number of O. surinamensis per
patch differed significantly between the two-patch and
eight-patch treatments (P < 0.01, see Fig. 6). Inter-
estingly, we found no clear pattern showing consis-
tently greater populations in one treatment. Decline in
abundance for eight-patch populations was delayed
compared to two-patch populations. Unlike previous
experiments, no differences were detected after the re-
duction in food stopped.

Experiment 5: Effects of even reduction vs. patch by
patch destruction

Methods.—This experiment contrasted the effects of
even resource deterioration in all the patches of a meta-
population vs. contiguous destruction of entire patches
(see Fig. 1). We set up 10 eight-patch metapopulations
with 0.25 g of food per patch. Each patch was initiated

"~ with 10 aduits and 20 larvae. Each treatment had five -

replicates. In one treatment, we reduced the amount of
food in each patch at a rate of 0.05 g per patch at each
census. In the other treatment, we eliminated food from
patches, one at a time. We lowered the amount of the
metapopulation’s replacement food by 0.4 g per census
and repeated this procedure sequentially from patch to
patch. After four censuses, three more censuses were
taken with 0.4 g remaining to observe long term effects.

Results—Contiguous loss of resource from patch to
patch caused significantly lower populations than re-
duction in all patches (P < 0.01, see Fig. 7). The abun-
dance of larvae was significantly greater in the first
census (P < 0.01). After the third census, adult abun-
dance in the treatment with even reduction became
greater than the treatment with contiguous destruction
(P < 0.01). Numbers of larvae and pupae gave an early
indication of treatment differences that was opposite
of the final census.
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F1G.5. Average abundance for experiment 3, with number
of adults, larvae, and pupae for the experiment’s control and
treatment. An asterisk (*) denotes treatment difference at that
census interval (P < 0.05). Arrows indicate food reduction
and fragmentation treatments. Pupal abundance was an early
indicator of treatment differences with fragmentation some-
what counteracting resource reduction.

General results across experiments

Only 6% of all patches (15 of 247) in eur experiments
died out, and all were low food treatments. Six extinc-
tions occurred in 0.25 g patches from experiment 1, and
the rest occurred in 0.05 g patches in experiments 2-5.

We estimated rates of birth and death in each rep-
licate of each experiment (Table 1). Again, we used a
repeated-measures analysis of variance to compare
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F1G. 6. Average abundance for experiment 4, with adults,
larvae, and pupae for the 2- and 8-vial experimental treatment
rings. An asterisk (*) denotes treatment difference at that
census interval (P < 0.05). Arrows indicate food reduction
treatments. Immature stages indicated treatment differences
during food reduction but not after abundance stabilized.

treatments. We analyzed the rates of mortality (using
arcsine square-root transform). In experiment 1, spatial
subdivision and patch arrangement had no significant
effect on any of the four rates. Reproduction from the
fragmentation experiments (experiments 2 and 3) were
analyzed together to see if the rates differed between
the experiments as well as between each experiment’s
treatment and its control. Of the four rates in Table 1,
only per capita rate of larval productivity showed a
significant difference (P < 0.01), with a large increase
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in the fragmentation treatment at the second census (see
Fig. 8a). In experiment 4, the number of patches caused
no significant rate changes. Rates of adult mortality,
larval production showed a strong effect of the type of
loss (P < 0.01 and P = 0.02, respectively, see Fig. 8b
and 8c). Mortality rate in the deterioration treatment
was half that of the destruction treatment.

DiscussioN

Our experiments were designed with the assumption
that food was the limiting resource. We obtained puz-
zling results because, contrary to our expectations,
fragmented populations had larger abundances than
nonfragmented populations. In hindsight, there are ac-
tually two resources: food and space. Either food or
space could be the resource setting population abun-
dance depending on which resource is in short supply.
When food is plentiful, populations build up, then
crowding causes beetles to interfere with one another.
Splitting food into smaller packages, by increasing the
number of patches, relieves the intensity of the com-
petition for space. As a result, the total abundance in
the metapopulation increases even though the amount
of food is kept constant. However, if food is split up
into packages that are too small, there is not enough
food to propagate a minimum number of individuals
necessary to sustain a population in each patch. In
short, our results delineate the resource trade-off be-
tween amount of food and amount of space.

The effect of subdivided food in the experiments
caused a pattern in beetle abundances that seems to
challenge predictions of conservation theory. The the-
ory suggests that contiguous habitat will maintain larg-
er populations than fragmented habitat (Doak et al.
1992, Soule and Simberloff 1986). The usual rationale
is that in small fragmented populations, organisms have
trouble finding mates (Park 1933). However, we found
greater survival rates in fragmented patches. Within
patches, Orizaephilus surinamensis beetles interact
freely and utilize any food that is provided (Bancroft

- 2001). However, with larger amount of food per patch,
greater beetle crowding increases cannibalism by active
stages of beetles on inactive stages. The pattern of al-
ternation structure suggests that dispersal to neighbor-
ing patches of high quality lowers abundance. The com-
plex effects of population synchrony vary among bi-
ological systems, and no simple generalizations have

TABLE 1. Per capita vital statistics. Equations were used on data from each experiment. Overall
average and standard deviation are shown for experiment 1.

Vital rate Equation? Average SD
Larvae production LJ/A,_, 3.84 3.51
Pupae production PJ/L,_, 0.019 0.45
Pupal survival 1= (A + D, —A_)P._) 0.35 0.40
Adult mortality D, /A, : 0.28 0.28

t Key to variables: A = adults, D = dead, L
by zero occurred the value was omitted.

= larvae, P = Pupae, t = time. Where division
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FiG. 8. (a) Rates of larval production in experiments 1 and 2. (b) Rates of adult mortality in experiment 4. (c) Rates of
larval production in experiment 4. An asterisk (*) denotes treatment difference at that census interval (P < 0.05). Arrows
indicate food reduction treatments. Larval production showed a characteristic increase due to fragmentation, and adult mortality
and larval production both provide strong indications for food reduction.
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yet been discovered (Matter 1997, Lande et al. 1999).
Dispersal behavior links with the spatiotemporal au-
tocorrelation of patches and with total population. Sur-
prisingly, the small dispersal rate caused a significant
synchrony among patches and affected abundance of
the entire population. The strongest temporal correla-
tion was found in 0.25 g patches, which suggests longer
adult longevity in these relatively uncrowded patches.
O. surinamenis has a strong dispersal response to
crowding (Bancroft 2001), and this corroborates our
observation of more than twice the spatial correlation
in the crowded 0.5 g patches. Finally, the larger cv in
small patches supports our patch extinction results and
conservation efforts to increase populations abundance
as a buffer against extinction risk. .

In the fragmentation experiments (2 and 3), the re-
sponse in the number of pupae was the earliest indi-
cation that the treatments differed from the controls.
Although adult populations varied little the effects on
immature abundance was pronounced. The dampened
fluctuations at the end of the experiment suggested that
the immature stages exhibited transient dynamics, al-
though we can not rule out more complex dynamics
(oscillations and chaos). The added area per unit food
suggests beetles pupate more successfully at low adult
densities. This is corroborated by experiments with re-
fugia used by Tribolium castaneum pupae to prevent
cannibalism by adults (Beckett and Evans 1994, Benoit
et al. 1998). Finally, adult abundance diverged from
controls only after fragmentation treatments ceased.
Both the number of patches and type of loss experi-
ments (4 and 5) contrasted with the fragmentation ex-
periments. Experiment 5, which contrasted habitat de-
terioration and destruction, showed that populations
with degraded habitat generally had greater abundance
than those with contiguous loss; these results agree
with experiments suggesting that a large amount of
deteriorated habitat may be preferable to small amounts

of prime habitat (Ostfeld et al., 1985, Robinson et al. -

1992). Both experiments 4 and 5 showed that changes
in abundance of immatures (and for experiment 3,
adults) may provide an early warning to the occurrence
of resource perturbation. These experiments demon-
strate a characteristic pattern in stage abundance in
response to the resource perturbation (Hastings and
Higgins 1994). This is encouraging because character-
istic differences in population abundance may exist for
other systems, which can facilitate mechanistic under-
standing of their decline.

Our results show this is a sensitive method for de-
tecting changes in local populations in conjunction with
resource perturbations. Changes in the vital rates (Fig.
8) provided the first indication that the population was
responding to increased area. The rates of reproduction
show a significant increase that was not detected in the
analysis of stage abundance (Figs. 4 and 8a). The sud-
den increase in immature production would be expected
in a species that is spreading out from a confined area.
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We believe that low larval production in the deterio-
ration treatment was due to the lingering survival of
adults beyond reproductive age. In comparison, adult
mortality was an early indicator of patch destruction,
while patch deterioration caused fluctuations around
the mean mortality (Fig. 8b). In natural systems, census
of immature and adults stages may be very difficult,
and the sampling error associated with each will make
these calculations difficult. However, monitoring in-
dividual vital rates is the only option in many species,
and our results show that vital rates are a good indicator
of environmental change. .

The pattern of decline in our experiments suggests
how habitat managers can counteract similar patterns
in endangered species. By turning our results around,
we can generalize for survey design and management
actions. Decline in immature abundance suggests area
reduction and efforts to increase space and patch con-
nectivity may be of primary importance. Conversely,
greater population variation (due to patch isolation) and
loss of reproductive stages may suggest a decline in
habitat quality. Clearly, the strength of these effects
depend on factors in the O. surinamensis systems such
as crowding, mobility of adults, and the relative im-
portance of food quality for immatures and reproduc-
tives. Because these experiments are not possible with

~ endangered species, we must rely on experimental tests

to understand how key mechanisms that mediate re-
gional abundance link to population trends and envi-
ronmental perturbation (Eveleigh and Chant 1982, Caro
and Laurenson 1994, Caughley 1994).

In field populations, the cause of differences among
mean abundances may not be known. Generally, pop-
ulations that fluctuate more (higher variance) may have
a lower means because they must grow out of low ebbs
(Taylor 1961, Ruel and Ayers 1999). In experiment 1,
means of population variance for transformed adult
abundance were 0.26, 0.28, and 0.17 for two-, four-,
and eight-patch populations, respectively. A simple
ANOVA of our three patch sizes did not show differ-
ences among variances (P = 0.81). Before applying
the variance stabilizing transformation, there was a
common increasing trend in variancé with mean. Al-
though variance may account for differences in mean
abundance of field systems, our experiments suggest
deeper understanding of the interaction between spe-
cies and environmental perturbation would be more
predictive (Sawyer 1989, Yamamura 1990).

This system is amenable to studies of environmental
perturbation that cause population decline. The im-
portance of catastrophes has become prevalent in con-
servation biology and this O. surinamensis system is
well suited for tests of catastrophe theory (Lockwood
and Lockwood 1991, Lande 1993, Akcakaya and Baur
1996, Root 1998). Our experiments controlled subdi-
vision and patch size with balanced treatments, but this
system provides a powerful method to investigate
source—sink dynaniics (Diffendorfer 1998). Patches of



1766

differing number and amount of food could be con-
nected, and the timing of food replenishment could be
altered in order to detect effects among patches with
strong asymmetries in resources. Furthermore, demo-
graphic variability and population genetics can easily
be monitored in time series experiments. The extinction
vortex for small populations is caused by the positive
feedback of individual variation in reproductive suc-
cess and expression of deleterious alleles. Experimental
manipulation of O. surinamensis is simple and can pro-
vide a definitive link from behavior (Pierce et al. 1983)
and genetics (Brown et al. 1997) to the emergent dy-
namics on a population.

Conservation theory stands to benefit from empirical
tests (DeAngelis and Gross 1992, Debinski and Holt
2000). We have linked theory to conservation biology
using controlled experiments that cannot be performed
with endangered species or in landscape-sized systems.
Natural populations are increasingly subject to habitat
deterioration, destruction, and fragmentation. Our sys-
tem acts as an analogy for studying of landscape-level
resource perturbations and provides quantitative mea-
sures of the effects of fragmented habitat patches. We
show the trade off between resources, and how dis-
persal creates strong effects on population abundance
when induced by crowding. We suggest that scientists
working on other systems carefully consider possible
limiting resources and their interacting effects (Tilman
1988, O’Neill 1989). Obviously, long-term monitoring
and knowledge of the causes of population change will
be critical for informed management action. These ex-
periments complement monitoring efforts by promot-
ing data collection that may test overlooked resource
interactions and may identify mechanisms of regional
population regulation. In general, our approach pro-
vides empirical evidence for theory development that
improves our ability to rapidly assess population dy-
namics.
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