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Patterns in food-web structure have frequently been examined in
static food webs, but few studies have attempted to delineate
patterns that materialize in food webs under nonequilibrium
conditions. Here, using one of nature’s classical nonequilibrium
systems as the food-web database, we test the major assumptions
of recent advances in food-web theory. We show that a complex
web of interactions between insect herbivores and their natural
enemies displays significant architectural flexibility over a large
fluctuation in the natural abundance of the major herbivore, the
spruce budworm (Choristoneura fumiferana). Importantly, this
flexibility operates precisely in the manner predicted by recent
foraging-based food-web theories: higher-order mobile general-
ists respond rapidly in time and space by converging on areas of
increasing prey abundance. This ‘‘birdfeeder effect’’ operates such
that increasing budworm densities correspond to a cascade of
increasing diversity and food-web complexity. Thus, by integrating
foraging theory with food-web ecology and analyzing a long-term,
natural data set coupled with manipulative field experiments, we
are able to show that food-web structure varies in a predictable
manner. Furthermore, both recent food-web theory and long-
standing foraging theory suggest that this very same food-web
flexibility ought to be a potent stabilizing mechanism. Interest-
ingly, we find that this food-web flexibility tends to be greater in
heterogeneous than in homogeneous forest plots. Because our
results provide a plausible mechanism for boreal forest effects on
populations of forest insect pests, they have implications for forest
and pest management practices.

budworm � food-web theory � foraging theory � herbivore–natural enemy
interactions � insect outbreaks

Food webs are among nature’s most complex creations. For
example, Fig. 1 depicts the complex tapestry of species

interactions that stems from a single tree species (the balsam fir).
Although food webs provide humans with essential ecosystem
services (1), they are relatively unstudied and poorly understood
empirically. An essential task of science is to delineate the
underlying natural structures that impart the stability and resil-
ience needed to sustain ecosystems and their accompanying
services (2–6). Although of critical importance, this is neither a
simple theoretical nor an empirical problem.

Of those empirical ecologists who have begun tackling this vexing
problem, most have attempted to delineate patterns in food-web
structure by documenting static food webs (refs. 7 and 8; also see
Winemiller, ref. 9). Recently, ecologists have begun to recognize
that important stabilizing structures likely materialize under non-
equilibrium conditions (9–16). Arguably, one of the main mecha-
nisms for stability under such dynamic conditions is the tendency
for complex systems to adapt to changing conditions (11, 17). In this
article, we attempt to harness nature’s nonequilibrium properties,
the periodic and relatively predictable spruce budworm [Choristo-
neura fumiferana (Clem.), hereafter, ‘‘budworm’’] outbreaks in the

temperate, Acadian forest ecosystem of New Brunswick, Canada,
to study the flexibility (i.e., changes in food-web topology in
response to changing conditions) of the balsam fir [Abies balsamea
(L.) Mill.] food web. Our data show significant and consistent
food-web changes across a natural gradient in density of a major
food-web player, the budworm. The changing food-web structure
we document agrees with recent nonequilibrium food-web theory
that suggests higher-order mobile generalists will rapidly respond to
changing resource conditions (11, 12, 17). Importantly, such be-
havioral responses by higher-order predators can play a major role
in maintaining stable or persistent ecosystems (11, 12, 18).

There is a long-held view that homogeneous environments
promote more oscillatory or less stable dynamics in ecological
systems (2, 13). This idea has crossed into the insect outbreak
literature, where a number of studies suggest that homogeneous
stands are more vulnerable to outbreaks and insect damage than
heterogeneous stands (19–21); however, the underlying mech-
anisms remain largely unresolved [although, see Montoya et al.
(22) for arguments that increased diversity weakens parasitism
rates]. Recent theory (11–13, 15, 17) suggests that the ability of
mobile predators, or parasitoids, to respond to changing prey
densities plays a crucial role in stabilizing food webs [see details
in supporting information (SI) Fig. 5]. More specifically, because
mobility and foraging behavior tend to scale with trophic posi-
tion, this theory predicts that higher trophic levels ought to have
the greatest response to changing prey conditions on the land-
scape (12). This theory further postulates that heterogeneity in
resources allows mobile generalist predators to stabilize food
webs relative to spatially homogeneous habitats. The argument
is that varying prey densities across the landscape attract pred-
ators (i.e., the ‘‘birdfeeder effect,’’ whereby high local-prey
densities attract regional predators) and thus minimize the
severity of outbreaks. Effectively, if one habitat has increasing
prey density and another has decreasing prey density, then,
consistent with optimal foraging theory (14), mobile organisms
ought to move to the increasing-prey habitat relative to the
decreasing-prey habitat (hereafter, ‘‘switching behavior’’). Thus,
the predators increase prey consumption during the increase
phase and decrease prey consumption during the decrease
phase, precisely the behavior required to mute the magnitude of
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prey outbreak densities. Clearly, homogeneous sites have no
such resource heterogeneity, and, so, the switching behavior of
mobile generalist parasitoids is limited, leading to weaker spe-
cies’ responses across prey densities. Additionally, homogeneous
habitats are not as likely as heterogeneous habitats to contain as
many alternate and alternative prey (herbivore) species on which
the parasitoids can feed (20, 21), thus further weakening the
overall potential for parasitoid diversity and abundance to
respond to changing prey conditions. We assessed this theory by
monitoring the changes in food-web attributes at three sites
varying in habitat heterogeneity over a budworm outbreak and
decline (see SI Materials and Methods and SI Table 1 for details
on sites, insects, sampling, rearing, and identification method-
ologies; see SI Fig. 6 for annual budworm densities). We found
that increasing budworm density corresponds to a cascading
increase in insect diversity and food-web complexity (i.e., in-
creased species diversity, trophic position, and numbers of
generalists) and that this food-web f lexibility is more
pronounced in heterogeneous than in homogeneous forest plots.

Results and Discussion
Food-Web Diversity and Budworm Density. Fig. 1A reveals a remark-
ably complex and diverse assemblage of species interacting at five
trophic levels (1 host plant, 6 herbivores, 66 primary parasitoids and
21 primary entomopathogens, 23 secondary parasitoids and 1
secondary entomopathogen, and 6 tertiary parasitoids); in fact, it
rivals that of many tropical food webs in terms of the total number
of parasitoid species (23, 24). Although this food web provides
valuable insight into the numerous players and interactions likely to
be found in a static balsam fir food web, the actual structural
diversity seen at any given time depends greatly on when in the
budworm outbreak cycle the food web is monitored. To demon-
strate this visually, we constructed food webs at peak and low,
declining budworm densities. The food web is clearly more diverse
and complex at peak (high) budworm densities (Fig. 1B) than at
low, declining budworm densities (Fig. 1C).

To investigate this more rigorously, we examined food-web
structure across a range of budworm densities. Rarefaction
curves were constructed to facilitate comparisons across space
and time (see Methods and SI Fig. 7). Regression analysis was
performed on both transformed (to account for autocorrela-
tions) and untransformed data (trends appeared cointegrated;
see Methods for details). Our results are consistent across both
methodologies, and we present both for completeness. As bud-
worm density increases, there is a strong, significant increase in
the number of primary parasitoid species attacking only bud-
worm (Fig. 2 A and A�). This increase is accompanied by an
equally strong, significant decrease in the number of primary
parasitoid species attacking non-budworm herbivores (Fig. 2 B
and B�). Because there is no relationship between the total
number of primary parasitoid species attacking all herbivores
and budworm density (Fig. 2 C and C�), and no sampling bias of
non-budworm herbivores occurred with changes in budworm
density (regression; R2, 0.1471; P, 0.095; df, 19), these results
suggest that, with a natural decline in the most abundant host
(budworm), more primary parasitoids shift their diet to the other
non-budworm herbivores (alternatives). In fact, our web dia-
grams clearly show that more primary parasitoids were attacking

parasitoids (third trophic level) attacking budworm and other herbivore
species are placed above the herbivore species, whereas those attacking only
the non-budworm herbivore species are placed below the herbivore species.
Omnivore species occur in more than one trophic level and are represented by
a solid color (not white). [Identification codes are shown in SI Table 3. Primary
parasitoids attacking unidentifiable herbivores (numbers 67–75) are not
shown.]

Fig. 1. Structure of the balsam fir source food web. (A) Total food web from
all samples collected throughout entire study in all plot-years (1983–1993) and
in all field experiments. (B) Food web occurring at the peak budworm density
using weekly samples in all plots, showing the presence of several hyperpara-
sitoid species (data from Plot 1, 1985; Plot 2, 1986; Plot 3, 1991; see SI Fig. 6).
(C) Food web occurring at a lower declining density using weekly samples in
all plots, showing a much smaller assemblage of hyperparasitoids than in B,
but a larger assemblage of primary parasitoids attacking non-budworm her-
bivores (data from Plot 1, 1989; Plot 2, 1989; Plot 3, 1993; see SI Fig. 6). Primary
parasitoids are represented by squares, secondary parasitoids are represented
by ovals, tertiary parasitoids are represented by octagons, and entomopatho-
gens are represented by circles connected by red lines to hosts. The brackets
and numbers on the far left identify trophic level. For clarity, those primary
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non-budworm herbivores at declining (Fig. 1C) than at peak
budworm densities (Fig. 1B).

Contrary to the primary parasitoids, there is a strong positive
increase in the total number of secondary and tertiary parasitoid

species (hereafter, ‘‘hyperparasitoids’’) in the community as a
whole as budworm density increases (Fig. 2 D and D�). This
increase is most likely because the abundance of many of the
primary parasitoid hosts of the secondary parasitoids, and thus
the tertiaries as well, is strongly tied to budworm abundance.
Interestingly, the most heterogeneous plot (Plot 3) has a more
diverse set of higher-order parasitoids (i.e., hyperparasitoids)
than the most homogeneous plot (Plot 1; P, 0.025). Even greater
parasitoid diversity is seen in Plot 3 than in Plot 1 when the
number of parasitoid species unique to ‘‘unidentifiable’’ herbi-
vores is included in the food webs (SI Table 1).

Importantly, all of these relationships are consistent among
plots, indicating that food-web diversity changes in a consistent
manner in both time and space with changing budworm density.
In effect, f luctuations in budworm density cause diversity cas-
cades in food-web trophic levels positioned above the herbivores,
where high budworm densities have a birdfeeder-like effect,
attracting primary parasitoids, followed rapidly by an assemblage
of hyperparasitoids. This behavior is precisely that predicted by
current food-web theory.

Generalism, Omnivory, and Budworm Density. The degree of flex-
ibility in resource use by a parasitoid species is governed by
biological characteristics and various outside factors, including
host abundance. As such, theory (11–14, 17) predicts that
high-budworm-density food webs should contain more higher-
order generalist parasitoids and have a higher mean trophic
position than low-budworm-density food webs.

Considering first the total number of generalist parasitoids in
the food web (i.e., all trophic levels combined), we found that the
total number of generalists increased in a nearly significant
manner with increasing budworm density (Fig. 3 A and A�).
Primary generalists did not contribute to this positive response
(Fig. 3 B and B�); however, as theory predicts, this positive
response by all generalists in the food webs appears to be largely
driven by hyperparasitoids (Fig. 3 C and C�). Consistent with this,
we find that increases in budworm density in the plots are also
accompanied by a strong increase in average trophic position
(i.e., the food webs become more top heavy; Fig. 3 D and D�).
These results indicate that food webs are more diverse and top
heavy at high budworm densities, becoming less diverse and
more bottom heavy as budworm densities decline and higher-
order parasitoids leave. Moreover, in accordance with theory,
the food webs in the heterogeneous landscapes (Plots 2 and 3)
tended to show greater amounts of generalism over the range in
budworm densities than the food web in the homogeneous
landscape (Plot 1; Fig. 3 C and C�; P � 0.01). These results
suggest that the diversity of generalist hyperparasitoids is greater
at high than at low budworm densities, and that generalists
respond more rapidly to increasing budworm density in heter-
ogeneous than homogeneous landscapes, precisely as predicted
by food-web theory.

Omnivores, by virtue of being able to feed on hosts at more
than one trophic level, can influence food-web structure through
a variety of trophic pathways. Because the number of generalists
in our food web responds positively to budworm density, we also
examined trophic generalism (omnivory). As predicted by recent
food-web theory (12), hyperparasitoids significantly change their
foraging patterns under low budworm densities by increasingly
attacking primary parasitoids [two-tailed t test, assuming un-
equal variances; P, 0.0012; df, 8; comparing average percentage
of hyperparasitoids feeding as secondaries (as opposed to per-
centage feeding as tertiaries) at log budworm densities �2.0 and
�2.0]. This pattern is consistent with the generalism pattern;
webs get longer when budworm densities are high (higher-order
species focus more attention on secondary parasitoids) and then
truncate during periods of low budworm density. Interestingly,
less omnivory occurred at high budworm densities in the ho-

Fig. 2. Food-web diversity and budworm density. A–D are based on untrans-
formed data, and A�–D� are based on transformed data. Similar results were
obtained by both methods. (A) Number of primary parasitoids attacking only
budworm increases significantly with increasing budworm density. (B) Num-
ber of primary parasitoids attacking one or more non-budworm herbivores
decreases significantly with increasing budworm density. (C) Total number of
primary parasitoids attacking all herbivores does not change in response to
increasing budworm density. (D) Total number of secondary and tertiary
parasitoids increases significantly with increasing budworm density. Results in
D� are not significant. This is mainly because of an ‘‘outlier’’ (indicated by
arrow) caused by a sharp increase in budworm (second-instar budworm)
density in Plot 2 in 1990 (see SI Fig. 6). This increase was caused by an invasion
of budworm adults (moths) into the plot in 1989 from an other location(s).
These invading moths laid eggs, thereby augmenting the local egg popula-
tions, resulting in a much greater number of budworm (second-instar bud-
worm) in the following spring (1990) than normally would have occurred that
year. This ‘‘artificial’’ (positive) deviation from the local host population trend
did not result in a corresponding positive response by the secondary and
tertiary parasitoid complex (i.e., parasitoid numbers continued to decline as
expected from the trend). Results were significant when ‘‘outlier’’ was re-
moved (dashed line; note P and R2 values in D�). (In A–D, n � 20; in A�–D�, n �
17). SecTert and SeTer, secondary and tertiary; Pr, primary; Den, density.
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mogenous plot (Plot 1) than in the most heterogeneous plot (Plot
3) (two-tailed t test assuming unequal variances; P, 0.0262; df, 6).

The food webs in the heterogeneous plots were also charac-
terized by a lower peak budworm density (and thus lower
budworm damage) than in the homogeneous plot (SI Table 1).
In a recent large-scale survey of mixed balsam fir–hardwood
stands in New Brunswick, Canada (19), it was hypothesized that
the lower levels of damage from budworm feeding observed in

heterogeneous (i.e., greater hardwood and less balsam fir con-
tent) than in homogeneous stands were due to greater numbers
and/or diversity of natural enemies in heterogeneous stands. Our
results confirm that host-plant diversity likely influences primary
parasitoid populations (20, 25, 26), and they further suggest that
higher-order generalist species respond to spatial variability by
moving to where higher budworm densities occur. This switching
behavior, augmented by the fact that heterogeneous plots also
contain more plant diversity to support more and diverse
alternate and alternative host species than homogeneous plots,
may be extremely important in muting budworm damage in
heterogeneous plots.

Manipulative Field Experiments at Low (Endemic) Budworm Densities.
Our foregoing empirical field data on natural budworm populations
suggest that the complexity of the food web swings from being
diverse, complex, and reticulate (highly connected) when budworm
are at peak densities to simpler and less reticulate when densities are
in decline. To further examine this phenomenon at very low
(endemic) budworm densities, we conducted two manipulative field
experiments in Plot 2: (i) several thousand second-instar budworms
were released on several trees each spring (1990–1995), creating a
birdfeeder effect (mass implanting) and (ii) individual larvae and
pupae were released at the rate of one specimen per tree (individual
implanting) throughout each season (1992–1995), simulating nat-
ural low densities (see SI Materials and Methods and SI Fig. 6).
Although the food webs in these experiments are restricted to just
one herbivore (budworm), it is clearly evident that many hyper-
parasitoids were attracted to primary parasitoids in the mass
implanting experiment (Fig. 4A), whereas no hyperparasitoids were
found in the individual implanting experiment (Fig. 4B) (two-tailed
t test assuming unequal variances; P, 0.0013; df, 5). Thus, consistent
with our empirical field data and food-web theory, an assemblage
of generalist hyperparasitoids is capable of responding rapidly to
high budworm densities even when surrounding field populations
are naturally low and attracting few, if any, hyperparasitoids. These
experimental results provide further evidence, together with the
transformed results in Figs. 2 and 3, that the changes in food-web
complexity that we observed are not simply a numerical response
of consumers to changes in budworm density.

Consistent with the birdfeeder effect, parasitism rates were
also considerably higher at high than at low budworm densities
(�70% at high natural budworm densities but �10% at low
densities in the individual implanting experiment). Moreover,
parasitism at high densities was due mainly to a complex of
generalist parasitoids (tachinid flies and braconid and ichneu-
monid wasps), whereas at low densities, parasitism was due
mainly to the generalist chalcidoid wasp, Elachertus cacoeciae.
Similar results were reported in earlier budworm studies (27–30).

Species composition at low budworm densities is somewhat
different from that at high and declining budworm densities, as
is also seen in the European fir budworm (Choristoneura muri-
nana) food web (31). For instance, our experiments revealed that
certain primary parasitoid species (e.g., Meteorus trachynotus),
common at high and declining budworm densities, were not
found at low densities, whereas a few other primary parasitoids
were present only at low densities (e.g., Euplectrus maculiventris,
Ischnus inquisitorius, and Phytodietus vulgaris). This finding
further emphasizes the point that species composition, as well as
overall structure of the food web, likely depends profoundly on
the phase of budworm outbreak cycle that is examined. Thus,
both diet shifts and changes in species composition are important
in shaping the food-web restructuring pattern during a budworm
outbreak cycle.

We can draw two general conclusions from our results. (i) The
diversity and food-web complexity of a natural community
change dramatically and consistently in both time and space in
response to natural changes in the abundance of a dominant

Fig. 3. Generalism and budworm density. A–D are based on untransformed
data, and A�–D� are based on transformed data. Similar results were obtained by
both methods. (A) Total number of generalist parasitoid species (i.e., species that
attack more than one host species) increases with increasing budworm density.
(B) Number of primary generalist species does not change with increasing bud-
worm density. (C) Number of secondary and tertiary generalists increases signif-
icantly with increasing budworm density. (D) Mean trophic position increases
significantlywith increasingbudwormdensity.Results inD�arenotsignificantfor
the reasons stated in Fig. 2D� above. However, when ‘‘outlier’’ (indicated by
arrow) was removed, results were significant (dashed line; note P� and R�2 values).
(In A–D, n � 20; in A�–D�, n � 17.) SecTert, secondary and tertiary; Den, density;
TotGen, total generalists; GenPrim, primary generalists; GenSeTe, secondary and
tertiary generalists; TP, trophic position.
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food-web player. Further, our results support current food-web
theory in that diversity, degree of generalism, and trophic
position are all higher at peak budworm densities relative to the
declining densities in both homogeneous and heterogeneous
landscapes. These results show an interesting combination of
bottom-up influences (i.e., budworm density correlates with
parasitoid diversity) and top-down influences (i.e., higher-order
parasitoids behaviorally respond in space to dampen outbreaks).
Such flexible changes in food-web structure across multiple
trophic levels reveal the critical relationship between nonequi-
librium dynamics and food-web structure. (ii) Because budworm
outbreaks tend to occur periodically, on average every 35 years
in the Acadian forest (32), changes in food-web complexity are
also likely to occur in a similar periodic manner as budworm
populations go through outbreak cycles. Thus, as theorized by
Royama (30), knowing the status and composition of the food
web will be critical for predicting what will happen in the
budworm system at a given moment.

Our results also strongly suggest that host-plant diversity [i.e.,
mixed softwood–hardwood content (19)] influences parasitoid
(and predator) diversity and movement. Thus, there may be
strong dynamic links (coupling) between softwood and hard-
wood sub-food webs, each playing a significant role in deter-
mining the food-web structure of the other’s insect community.
We believe that it is now critically important to examine the

trophic pathways linking these sub-food webs for a more com-
plete understanding of the role of landscape diversity (space) in
shaping forest insect food webs and individual species dynamics
(15, 33).

Our results integrate foraging theory into food-web ecology
and, in doing so, allow us to understand how food-web
structure changes in time and space as it relates to budworm
population cycles. Further, these results have important im-
plications for forest management practices and conservation.
These results suggest that any action that results in large-scale
forest homogenization (for example, plantation forestry)
could inhibit the inherent f lexibility that underlies complex
ecosystems. This effect, in turn, may lead to more-severe insect
outbreaks because of greater restrictions on the switching
ability of some parasitoids (33) and/or the lack of vegetational
diversity supporting alternate/alternative hosts in homoge-
neous habitats. From a biodiversity viewpoint (34), our results
further suggest that any action that adversely affects the
dominant player of the food web (whether it is habitat
fragmentation, degradation, or loss; climate change; or pol-
lution) can profoundly affect the diversity and structure of
food webs over multiple trophic levels, with repercussions that
may even reach far beyond the species directly affected. In
other words, a highly eruptive herbivore species, capable of
inf licting widespread damage to economically valuable timber,
and thus requiring control interventions, is nonetheless an
integral and vital player in the forest ecosystem.

Methods
Estimating the Diversity of Interactions in Space and Time. There
exists a large and developing body of research delineating the
appropriate methods for estimating diversity in comparative
analysis (35, 36). Food-web ecologists have used similar tech-
niques to compare food webs (e.g., ref. 37). Because we are
seeking to delineate localized food-web interactions in space and
time, we need to show that our estimates of the density of
diversity and interactions are not biased in a manner that
generates the relationships identified (e.g., results for low-
density years are due to poor sampling effort). To accomplish
this, we generated rarefaction curves of species density across
time (budworm density) and space (plots represent different
localized food web interactions) by using EstimateS v8.0.0 (38).

SI Fig. 7 depicts the rarefaction curves for three representative
years from peak to low budworm density for each plot across
sampling effort (i.e., number of branches sampled). In all cases,
plots were sampled in intensity according to the relative annual
density of budworm such that lower-density years received
greater sampling effort than higher-density years (SI Table 2).
Although it is impossible for any of the annual curves to actually
saturate [even with frequent daily sampling at high budworm
densities (see SI Fig. 7; 1985, all weekdays)] because of the
appearance of different parasitoid species at the end of the uni-
voltine budworm life cycle, there is a strong tendency for the
lower-density years to show greater saturation effects. This
finding indicates that our results are not due to sampling
artifacts.

To rigorously compare years and plots, there are at least two
options: (i) to compare years and plots at equal sampling effort
(i.e., reflecting similar estimates of species density or interaction
density) and (ii), which is more conservative, to compare end-
point diversity estimates, because these latter estimates likely
reflect, more realistically, true species and interaction densities.
Consistent with this latter approach, we also looked at the
percentage of ‘‘rare’’ species caught in the different years and
plots (SI Table 2). The percentage of rare species ought to be a
reasonable metric of whether localized species density is well
sampled such that increasingly catching rare species indicates
that the density of species is well estimated. In all years and plots,

Fig. 4. Food webs from manipulative field experiments. (A) Food web gener-
ated by implanting several thousand overwintering budworm (second-instar
budworm) (mass implanting) on 10–20 balsam fir trees each year from 1990 to
1995, showing the presence of several hyperparasitoid species. (B) Food web
generated by implanting individual budworm larvae/pupae (individual implant-
ing) on 150–200 balsam fir trees each year from 1992 to 1995. In contrast to the
formerexperiment,nohyperparasitoidswerefound.Resultsofbothexperiments
differed significantly regardless of temporal sequences examined [i.e., 1990–
1995 (mass implanting) vs. 1992–1995 (individual implanting) or 1992–1995 for
both experiments]. Primary parasitoids enclosed in red squares in individual
implanting experiment were found only at low budworm densities. (All codes
and symbols are the same as those used in Fig. 1.)
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we found a high percentage of rare species, but low-density
periods showed a tendency to have a higher percentage of rare
species (SI Table 2). This finding further suggests that the trends
identified are real and not due to undersampling low-density
years.

In addition, and importantly, the number of primary parasi-
toid species obtained per year at natural budworm densities of
�1 per m2 [5.3 � 1.7 (SE)] did not differ from the number
obtained per year in our individual implanting experiment in
which samples were ‘‘reared’’ in numbers comparable to those at
high densities [6.5 � 1.3 (SE)] (t test assuming unequal variances;
P, 0.5763; df, 6). Extensive empirical and experimental studies
conducted during the endemic phase of the previous budworm
outbreak in New Brunswick also revealed a much-reduced
parasitoid complex compared with the outbreak phase (28, 29).
Thus, we can conclude that our results reflect events occurring
throughout annual changes in budworm density in each plot.

Analyses. All analyses were done by using the statistical package
R. Time-series regression can be plagued by autocorrelation that
can cause spurious correlations (39). To avoid this, we trans-
formed the data (i.e., removed the trend) and examined the

residuals. Nonetheless, detrending potentially loses important
information and is not always necessary or correct (40, 41).
Specifically, econometricians have pointed out that time series
can be cointegrated (i.e., share common stochastic trends), and
under these conditions, normal regression techniques or error-
correction methods are appropriate (41). Preliminary examina-
tion of residuals on our regressions suggested potential cointe-
gration (i.e., deviations from the long-run trend are stationary).
Given this, we felt compelled to explore both the transformed
and untransformed data. Importantly, relationships were con-
sistent across both analyses, suggesting that our results are robust
to analytical techniques. Finally, we tested differences between
Plot 1 (homogeneous plot) and Plot 3 (heterogeneous plot) by
detrending regressions to remove autocorrelations and then
testing for differences by using two-tailed t tests assuming
unequal variances.
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