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Early Warnings of Regime Shifts:
A Whole-Ecosystem Experiment
S. R. Carpenter,1* J. J. Cole,2 M. L. Pace,3 R. Batt,1 W. A. Brock,4 T. Cline,1 J. Coloso,3
J. R. Hodgson,5 J. F. Kitchell,1 D. A. Seekell,3 L. Smith,1 B. Weidel1
Catastrophic ecological regime shifts may be announced in advance by statistical early warning signals such
as slowing return rates from perturbation and rising variance. The theoretical background for these
indicators is rich, but real-world tests are rare, especially for whole ecosystems. We tested the hypothesis that
these statistics would be early warning signals for an experimentally induced regime shift in an aquatic
food web. We gradually added top predators to a lake over 3 years to destabilize its food web. An adjacent
lake was monitored simultaneously as a reference ecosystem. Warning signals of a regime shift were
evident in the manipulated lake during reorganization of the food web more than a year before the food
web transition was complete, corroborating theory for leading indicators of ecological regime shifts.

M

assive ecosystem changes affect water
supplies, fisheries, productivity of rangelands and forests, and other ecosystem
services (1, 2). Nonlinear regime shifts often
come as surprises. However, recent research has
revealed statistical signals that precede some nonlinear transitions, such as rising autocorrelation,
steep increases in variance, and extreme changes
in skewness and shift in variance spectra toward
low frequencies (3–7). If the transition is approached slowly and the right variables are sampled frequently, warnings may be evident well
before the regime shift is complete. Empirical evidence for early warnings of environmental regime
shifts comes from a time series of major changes in
paleoclimate (8), spatial pattern of dryland vegetation during desertification (9), variability of exploited fisheries (10, 11), and laboratory studies
(12). Here, we present a test of early warning indicators from a large-scale multiyear field experiment
using a manipulated and a reference ecosystem.
Gradual addition or removal of top predators
destabilizes food webs, and extreme manipulations of predators cause trophic cascades, a type
of regime shift that alters food web structure and
ecosystem processes such as primary production,
ecosystem respiration, and nutrient cycling (13, 14).
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Predator-driven transitions in lakes involve nonlinear dynamics of fish, zooplankton, and phytoplankton populations (15). Over 3 years, we
gradually added a top predator, largemouth bass
(Micropterus salmoides), to a lake dominated by
planktivorous fishes to destabilize the food web
and induce a trophic cascade leading to dominance
of the food web by piscivores (16). A nearby lake,
dominated by adult largemouth bass, was not
manipulated and served as a reference ecosystem.
The reference ecosystem allows us to evaluate the
possibility that responses were caused by external
drivers rather than the manipulation (15). Planktivorous fishes, zooplankton, and phytoplankton
were monitored daily in both lakes for 3 years of
summer stratification (2008 to 2010) (16).
Predicted responses of the food web follow
from previous experiments in these lakes (15)
and an ecosystem model calibrated for the manipulated lake (17). Before manipulation, the manipulated ecosystem was dominated by a variety
of small fishes [hereafter planktivores (16)], and
largemouth bass were few. We expected that the
addition of largemouth bass would trigger recruitment of juvenile bass that were planktivorous
initially but became omnivorous, adding benthos
and fish to their diets, as they grew. Piscivory by
largemouth bass would cause planktivorous fishes
to seek refuge from predation by occupying littoral refugia and shoaling (aggregating). Eventually piscivory would drive planktivorous fishes
to low densities. As planktivory declined in the
open water, larger-bodied zooplankton (including
migratory Daphnia pulex) would increase in relative abundance. Increased grazing would lead to
cyclic oscillations of zooplankton and phytoplank-
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ton biomass. Thus, the food web transition would
exhibit a sequence of nonlinear changes resulting
from shoaling and diel movements of consumers,
species replacement, and predator-prey cycles as
the manipulated ecosystem became more similar
to the reference ecosystem. We hypothesized that
dynamics during this transitional period would
generate early warning signals of a regime shift
toward a piscivore-dominated food web.
Transitional dynamics of the food web were
consistent with our expectations (Fig. 1). In the
manipulated lake, 39 adult largemouth bass were
present at the beginning of the experiment. We
added 12 largemouth bass on day 193 of 2008,
and 15 largemouth bass on each of days 169 and
203 of 2009. Enhancement of adult largemouth
bass triggered a recruitment event in 2009, leading to 1281 young-of-year largemouth bass (95%
confidence interval of 1088 to 1560) by day 240
of 2009. Numbers of this cohort (1+ in Fig. 1C)
declined through 2010, whereas surviving individuals grew in body mass and became piscivorous.
Planktivore numbers in the manipulated lake declined through the study as piscivory increased and
were similar to those of the reference lake by about
day 230 of 2010 (Fig. 1F).
The spatial pattern of planktivores was occasionally patchy in 2008 and 2009, indicated by
high values in the discrete Fourier transform (DFT)
of spatial data (16, 18) (Fig. 2). Patchy distributions
were more frequent and of longer duration in 2010.
Patchy distributions indicate shoaling behavior, a
likely response to predation risk.
Zooplankton biomass of the manipulated
lake declined during the summers of 2008 and
2009 and became strongly oscillatory in 2010
(Fig. 1). Through 2009 and 2010, dominance of
the zooplankton shifted toward larger-bodied
cladocerans, including D. pulex, in the manipulated lake (fig. S1), consistent with previous
whole-lake experiments in which body size but
not biomass of zooplankton responded to fish
manipulations (15, 19). Phytoplankton biomass
as measured by chlorophyll a of the manipulated lake displayed strong oscillations in 2009
and the first half of 2010. By day 230 of 2010,
manipulated and reference lakes were similar
in planktivore numbers, zooplankton biomass,
and chlorophyll.
Modeling predicts that early warning indicators would appear after the largemouth bass addition in 2008 and continue until stabilization of
a new food web dominated by largemouth bass
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