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Abstract Timely identification of endangered popu-

lations is vital to save them from extirpation. Here we

tested whether six commonly used early-warning met-

rics are useful predictors of impending extirpation in

laboratory rotifer (Brachionus calyciflorus) popula-

tions. To this end, we cultured nine rotifer clones in a

constant laboratory environment, in which the rotifer

populations were known to grow well, and in a

deteriorating environment, in which the populations

eventually perished.Wemonitored population densities

in both environments until the populations in the

deteriorating environment had gone extinct. We then

used the population-density time series to compute the

early-warning metrics and the temporal trends in these

metrics. We found true positives (i.e. correct signals) in

only two metrics, the standard deviation and the

coefficient of variation, but the standard deviation also

generated a false positive. Moreover, the signal pro-

duced by the coefficient of variation appeared when the

populations in the deteriorating environmentwere about

to cross the critical threshold and began to decline. As

such, it cannot be regarded as an early-warning signal.

Together, these findings support the growing evidence

that density-based generic early-warning metrics—

against their intended use—might not be universally

suited to identify populations that are about to collapse.
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Introduction

Forecasting the fate of natural populations is of

increasing importance for wildlife managers, as the

rate of species loss has accelerated in the wake of the

industrial revolution and will probably continue to

accelerate (Ceballos et al., 2015; De Vos et al., 2015).

Anticipating population decline to prevent extirpation

has therefore become a major goal in conservation

biology (Collen et al., 2011). However, accurate

prediction of local extinction events is notoriously

difficult due to uncertainty in parameter estimates,

incomplete knowledge about driving processes, and

environmental stochasticity (Ludwig, 1999; Clark

et al., 2001; Regan et al., 2002). These difficulties

raise the question of whether impending extinctions

can be anticipated early enough to be averted (Biggs

et al., 2009).
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Recent studies on laboratory systems (Drake &

Griffen, 2010; Dai et al., 2012; Veraart et al., 2012;

Dai et al., 2013; Clements & Ozgul, 2016) and natural

populations (Hefley et al., 2013) suggest that popula-

tion collapses might be anticipated well before they

actually happen. In these studies, predictions were

based on systematic temporal changes of certain

metrics—calculated from population-size time ser-

ies—that are jointly known as generic early-warning

signals (Scheffer et al., 2009; Dakos et al., 2012).

These signals are used to measure a system-inherent

process termed critical slowing down, which refers to

the return time to equilibrium upon small perturba-

tions (critical return time sensu Wissel, 1984). This

return time increases if a gradual change in an

underlying parameter (e.g. the intrinsic rate of increase

r) leads to gradual loss of resilience, bringing the

system closer to a tipping point (Veraart et al., 2012).

At such a point, termed local bifurcation, the system

changes equilibrium state (Strogatz, 2014). As a

consequence of the increasing return time prior to

the bifurcation, the autocorrelation and the variability

of fluctuations in the system increase (Scheffer et al.,

2009; Ditlevsen & Johnsen, 2010). These two latter

phenomena, rising autocorrelation and variability, are

the primary processes underlying the generic early-

warning signals (Dakos et al., 2012).

The link from bifurcation theory to population

dynamics is straightforward: a population with an

intrinsic rate of increase r C 0 will persist, while a

population with r\ 0 will go extinct; that is, the

bifurcation point is characterised by r = 0 (Hefley

et al., 2013; Krkošek & Drake, 2014; Strogatz, 2014).

Moreover, with abundance time-series data at hand,

bifurcation points can be inferred directly from the

realised population growth, that is, from changes in the

slope of the population growth trajectories (Burthe

et al., 2016). If this slope changes from positive to

negative values, populations are assumed to have

crossed a bifurcation point.

Monogonont rotifers are particularly interesting

organisms for testing the potential of generic early-

warning metrics. This is because they occupy an

important intermediate position in the trophic chain in

aquatic habitats as grazers of phytoplankton and prey

of invertebrates and fish (Wallace et al., 2006).

Moreover, because of their fast life history, they are

considered ideal model organisms for eco-evolution-

ary studies (Declerck & Papakostas, 2016). In this

context, rotifers from Lake Orta, a historically

perturbed lake in northern Italy, represent a particu-

larly promising model system (Sommer et al., 2016).

This is because of the exceptionally detailed docu-

mentation of Lake Orta’s pollution history (Bonacina

& Baudo, 2001) and the possibility to resurrect

decades-old populations from resting stages preserved

in the lake’s sediments (Piscia et al., 2012).

The growth rate of laboratory rotifer populations can

easily be manipulated by altering the conditions for

survival and reproduction. In gradually deteriorating

environments, for example, growth rate will decline, and

populationswill eventually go extinct.We applied such a

methodology to test the reliability of six generic early-

warning metrics—autocorrelation at-lag-1 (AC), return

rate (RR), standard deviation (SD), coefficient of varia-

tion (CV), skewness (SK), and kurtosis (KU)—as

predictors of population collapse in the planktonic

freshwater rotifer Brachionus calyciflorus Pallas.

According to theory (e.g. Dakos et al., 2012), AC, CV,

SD, and KU are predicted to increase when a system

approaches a bifurcation, while RR is predicted to

decrease. SK, on the other hand,may increase or decrease

depending on whether the alternative equilibrium state

beyond the bifurcation point is larger or smaller than the

initial equilibrium state (Dakos et al., 2012). In our rotifer

system, the alternative state (extirpation of the active

population) is smaller than the initial state (some

population size larger than zero). Following Dakos

et al. (2012), we therefore expected SK to decrease—

that is, to be negative and to become more negative—in

populations approaching a bifurcation.

Materials and methods

Study organism

The life cycle of B. calyciflorus is characterised by

cyclical parthenogenesis, which consists of interrelated

amictic (asexual) and mictic (sexual) reproductive

phases (Wallace et al., 2006). The dominant mode of

reproduction is the asexual phase, in which amictic

females develop from unfertilised, diploid eggs by

clonal reproduction. Under certain conditions (e.g.

crowding), amictic females may produce mictic daugh-

ters that produce haploid oocytes, which will develop

into males, if the mictic daughters are not inseminated

(Gilbert, 2003). Alternatively, if mictic females are
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inseminated, the oocytes develop into so-called resting

eggs (actually diapausing embryos: Boschetti et al.,

2011) that are shed by the female and remain dormant

for a few days to several months before they hatch

(Becks & Agrawal, 2013; Martı́nez-Ruiz & Garcı́a-

Roger, 2015). Hatching success in B. calyciflorus is

affected by temperature and exposure to light (Pourriot

& Snell, 1983; Schröder, 2005). For the purpose of this

study, we focused on the dynamics of the active

population.

General culturing methods

Weused soft, artificial freshwater as culturemedium for

the rotifers. We prepared this medium by dissolving

48 mg NaHCO3, 30 mg CaSO4�2H2O, 61.43 mg

MgSO4�7H2O, and 2 mg KCl in one litre of deionised

water (U.S. Environmental Protection Agency, 2002).

Hereafter, we refer to this medium as EPAs.

First, we extracted B. calyciflorus resting eggs from

Lake Orta sediments that were collected in 2012. We

immediately incubated the extracted eggs at room

temperature (*23�C) under a daily 16-h photoperiod

(5000–6000 lx), and we used emerging hatchlings to

establish clonal stock cultures (details on the egg

extraction and hatching methods can be found in

Sommer et al. (2016)). We kept the stock cultures in

50-mL screw-cap polypropylene tubes (Sarstedt AG&

Co., Nümbrecht, Germany), which we stored at 20�C
in complete darkness in an incubator (Panasonic

SGMIR-154).

The single-celled green alga Chlorella vulgaris

Beijerinck served as food source for the rotifers. C.

vulgariswas cultured at room temperature (*23�C) in
an illuminated (*2500 lx) and aerated 0.5 L glass

bottle filled with 400 mL of modified WC medium

(Guillard & Lorenzen, 1972; for the modifications, see

Sommer et al., 2016). This medium has previously

been used to maintain C. vulgaris cultures (Massie

et al., 2010). We removed about half of the algal

culture every Monday, Wednesday, and Friday and

refilled the culture bottle with new growth medium. In

doing so, we kept the C. vulgaris culture in the

logarithmic growth phase. Prior to feeding the rotifers,

we centrifuged the removed algae and resuspended the

algal pellet in EPAs (for details, see Sommer et al.

(2016)).

We refreshed the rotifer stock cultures each Mon-

day, Wednesday, and Friday by transferring about

50–100 individuals to new culture tubes containing

fresh EPAs and algae. Initially, we fed the rotifers algae

at a density of 2 9 106 cells mL-1. This density was

increased to about 5 9 106 C. vulgaris cells mL-1

three days prior to the experiment in order to increase

the probability that adult females would be carrying

eggs and, as such, were identifiable as mictic or amictic

rotifers at the start of the experiment. At this point, the

rotifer cultures were between 15 and 34 days old.

Experimental procedures

We tested nine B. calyciflorus clones under two

conditions, a constant and a deteriorating environ-

ment, which resulted in 18 monoclonal experimental

populations. Each of these populations was started

with ten randomly selected females carrying, on

average, two amictic eggs (range: 1–3 eggs per

female); food, temperature, and light conditions were

the same as described above. In these experimental

populations, we monitored female densities only (see

below), because males neither contribute to immediate

population growth nor do they affect food levels; B.

calyciflorusmales are small (body length is*100 lm
compared to *300 lm in females) and short-lived

(1–2 days), and they lack digestive organs (Wallace

et al., 2006). Females, on the other hand, may live for

10–11 days when cultured at 20�C (Halbach, 1970).

We refreshed the experimental populations every

second day by sieving the cultures through a 30-lm
mesh, which retained all females, including neonates,

but not the males. We immediately washed the

retained females into a petri dish and removed dead

individuals, dropped resting eggs, and clumps of

digested and excreted algae. We then transferred all

live females to fresh medium containing algae and, in

the case of the deteriorating environment, the appro-

priate pollution level (see below). We used fresh

medium to avoid deterioration of the unpolluted

environment and to control pollution levels in the

increasingly copper-polluted environment.

We let the pre-experimental populations grow for

ten days before we started with the pollution treatment

(hereafter day 0 of the experiment), because B.

calyciflorus populations are expected to reach a

stable juvenile-to-adult ratio after this period of time

when started from a single female (Halbach &

Halbach-Keup, 1974). The pollution treatment con-

sisted of increasing concentrations of copper (Cu2?),
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which we added as copper sulphate pentahydrate to the

rotifer culture medium. On day 0, we added 2 lg Cu2?

L-1 to the tubes containing the deteriorating environ-

ment and increased the pollution level by another 2 lg
Cu2? L-1 every second day during medium renewal.

We used increasing concentrations of copper in the

culture medium to gradually push the populations to

extinction, because copper constituted the most dom-

inant contaminant in Lake Orta’s pollution history,

along with ammonium sulphate (e.g. Camusso et al.,

1991; Calderoni et al., 1992; Bonacina, 2001). More-

over, copper is a frequently used—and therefore well-

studied—contaminant in ecotoxicological assays with

rotifers (Snell & Janssen, 1995). It is known, for

example, to impair the swimming and feeding

behaviour of B. calyciflorus and to negatively affect

demographic parameters such as life expectancy at

hatching, survival rate, generation time, and popula-

tion growth rate (Snell et al., 1991; Snell & Moffat,

1992; Ferrando et al., 1993; Janssen et al., 1993, 1994;

Preston & Snell 2001; Gama-Flores et al., 2007). As

such, increasing copper contamination seemed to be

an adequate choice as an environmental driver of

population decline of our laboratory system.

Population sampling began four days prior to the

start of the pollution treatment and was performed

every second day before medium renewal. Prior to

sampling, we gently shook the experimental tubes in

order to homogenise the rotifer cultures. We then

removed two 1-mL samples (4% of the culture

volume) from each tube and pooled the two samples

by transferring them to round, capped plastic boxes

(22 mm9 13 mm, diameter9 height). Using a stereo-

microscope (Nikon SMZ18), we immediately

removed all dead rotifers from the samples and added

105 lL of tissue fixative (209 HistoChoice�) to each

box in order to preserve the samples for later analyses.

For a given clone, sampling of the unpolluted popu-

lation stopped when the corresponding polluted pop-

ulation had gone extinct. We counted the rotifers in

each 2-mL sample within three days of preservation

and converted the count data to densities (females

mL-1) for further analyses.

Data analyses

To identify potential bifurcation points, we first fitted a

generalised additive model (GAM) with a Gaussian

error distribution to the population-density time series

using treatment (constant or deteriorating environ-

ment) as a covariate. We then calculated the slope of

the GAM-fitted population growth trajectories in each

environment as the first-order derivative with respect

to time (Burthe et al., 2016), using finite differences

with Dt = 0.001 days. We assumed that the rotifer

populations had crossed a bifurcation point when this

slope dropped and stayed below zero (Drake &

Griffen, 2010; Clements & Ozgul, 2016). To account

for uncertainty in the estimates, we calculated the 95%

confidence intervals (95% CIs) of the slopes by

sampling 1000 sets of model coefficients from a

multivariate normal distribution. This distribution was

parameterised with the average estimates of the

parameters and their variance–covariance matrix.

Next, we investigated temporal trends in the six

early-warning metrics. To this end, we first computed

all metrics at each population census across the nine

clonal populations per environment; this is the pre-

ferred method when replicates (here clones) are

available (Boettiger & Hastings, 2012). We did not

investigate any metrics related to spectral properties,

because these metrics are calculated within—rather

than across—individual time series (Dakos et al.,

2012). Autocorrelation at-lag-1 (AC) measures the

similarity between population densities at successive

time steps and was calculated as the Pearson correla-

tion coefficient between these densities, while return

rate (RR) is the inverse of that similarity. The standard

deviation (SD), the coefficient of variation (CV = SD/

mean), skewness (SK, the standardised third moment),

and kurtosis (KU, the standardised fourth moment)

were calculated using the standard formulae for these

statistics (e.g.Dakos et al., 2012).We then fittedGAMs

to the time series of each metric and calculated the

derivatives and their 95% CIs (cf. methods above).We

considered a change in a given metric to be significant

if the 95% CI of the slope of the metric did not include

zero. Regarding populations in the deteriorating envi-

ronment, we distinguished between true positives—

indicated by significant slopes in the expected direction

(positive forAC, SD,CV, andKU; negative for RR and

SK) prior to the bifurcation—and false negatives (non-

significant slopes or slopes in the opposite direction). If

a slope of a metric was significant and in the expected

direction for the populations kept in the constant

environment (i.e. in the absence of a bifurcation), we

considered this slope to represent a false positive

(Burthe et al., 2016).
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Results

Population growth trajectories in the two treatments

were rather similar during the first month of the

experiment, but they diverged later on (Fig. 1, left

panel). In the constant environment, average popula-

tion growth was positive throughout the experiment.

In the deteriorating environment, on the other hand, it

was positive up to day 30, but became negative

afterwards (Fig. 1, right panel). The change from

positive to negative population growth on day 30 (day

26–33, 95% CI as obtained from the GAM) suggests

that the populations in the deteriorating environment

crossed the bifurcation point around that day. These

populations eventually went extinct.

Together, the six early-warning metrics produced

only two true positives in the deteriorating environ-

ment and one false positive in the constant environ-

ment. In detail, the individual performances of the

metrics were as follows: AC neither generated a true

positive nor a false positive. It was generally high, but

it did not change significantly before the bifurcation

(Fig. 2a). Likewise, RR was fairly stable and did not

produce any signal (Fig. 2b). In contrast, SD increased

steeply during the first week of the experiment, then

remained fairly stable until about day 45, but declined

rapidly afterwards (Fig. 2c). This pattern was

observed in both treatments. Hence, it produced a true

and a false positive at the very beginning of the

experiment. CV, on the other hand, gradually declined

in both environments during the first month of the

experiment (Fig. 2d). While it continued to decline in

the constant environment, it began increasing around

day 29 (day 18–32, 95% CI as obtained from the

GAM) in the deteriorating environment. That is, CV

produced no false positive, yet it generated a true

positive around the time of the bifurcation. Further-

more, SK decreased from positive values to zero

during the first two weeks (Fig. 2e). While it remained

close to zero in the constant environment till the end of

the experiment, it began increasing around day 40 (i.e.

after the bifurcation) in the deteriorating environment.

Hence, it neither produced a true nor a false positive

(note that we expected SK to be negative—and to

become more negative—prior to the bifurcation).

Finally, KU remained fairly stable throughout the

experimental period in both environments (Fig. 2f).

As such, it did not produce a signal (true or false)

either.

Discussion

We tested the potential of six generic early-warning

metrics as indicators of impending collapses in

laboratory rotifer populations and found that none of

Fig. 1 Growth trajectories (left panel) and growth rates (right

panel) of B. calyciflorus populations cultured under unpolluted

(blue lines) and increasingly copper-polluted (red lines)

conditions. Heavy lines are GAM-fitted curves; shaded areas

represent the corresponding 95% confidence intervals. Thin

lines in the left panel represent individual clones (n = 9 for each

environment). Hatched lines at day 30 mark the estimated

bifurcation point in the deteriorating environment
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Temporal trends (left

panels) and slope of temporal

trends (right panels) of six

early-warning metrics

calculated from population-

density time series of nine

B. calyciflorus clones cultured

in an unpolluted (blue) and an

increasingly copper-polluted

(red) environment.

a Autocorrelation at-lag-1,
AC; b return rate, RR;

c standard deviation, SD;
d coefficient of variation, CV;
e skewness, SK; and
f kurtosis, KU. Symbols in the
left panels are individual

estimates based on data

collected on census days.

Heavy lines and shaded areas

are GAM-fitted curves and

corresponding 95%

confidence intervals,

respectively. Hatched lines at

day 30 indicate the estimated

bifurcation in the populations

cultured under increasingly

copper-polluted conditions
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the metrics predicted extirpation of the active popu-

lations reliably. Four of the metrics—AC, RR, SK, and

KU—generated neither a true nor a false positive.

Moreover, although SD produced a true positive in the

deteriorating environment, this signal was unreliable,

because SD also produced a false positive in the

constant environment at the same time. In addition,

both signals appeared only briefly at the very begin-

ning of the experiment and most likely resulted from

transient population dynamics rather than from critical

slowing down (cf. Drake & Griffen, 2010). CV, on the

other hand, generated only a true positive. This signal,

however, appeared late—around the time the popula-

tions in the deteriorating environment were about to

cross the bifurcation point—and therefore cannot be

regarded as an early-warning signal. Moreover, the

rise in CV was largely caused by declining population

densities rather than increasing variation in the time-

series data, as indicated by the fairly stable SD values

at that time. As such, the signal does not seem to result

from critical slowing down.

Although collapsing populations in the deteriorat-

ing environment may have escaped true extirpation by

surviving in the diapausing stage (i.e. via the produc-

tion of resting eggs), this characteristic of the

Brachionus life cycle—which itself can be a response

to environmental stress (Piscia et al., 2016)—should

not have affected the presence of potential early-

warning signals. This is because the signals are

expected to build up whenever a system approaches

a bifurcation point (Scheffer et al., 2009); that is, they

should be present irrespective of the state of the

population beyond that point. Since wewere interested

in investigating the predictive potential of the metrics

regarding extirpation of the active population, the

nature of that alternative state—true extirpation or

persistence in the resting stage—was not investigated

quantitatively. However, this alternative state—or

more precisely, the nature of the transition across the

bifurcation point—could have affected the detectabil-

ity of potential early-warning signals. For a given birth

rate of amictic females, for example, gradually

decreasing survival rate (in the case of true extirpa-

tion) or increasing proportion of mictic females (in the

case of persistence in the resting stage) both lower the

growth rate of the active populations (Montero-Pau

et al., 2014). However, the dynamics between these

two processes likely differ, which, in turn, might affect

the detectability of the signals they produce.

Usually, generic early-warning signals tend to work

reliably for long ([100 data points) time series as

obtained, for example, from simulated data (e.g.

Dakos et al., 2012; Clements et al., 2015). This

reliability could be due to the way the data are

generated and/or the length of time series produced by

simulations. Regarding our study, however, it seems

unlikely that the comparatively low number of data

points obtained up to the estimated bifurcation was the

reason for the lack of signals. In an experimental study

comparable to the one presented here, Drake &

Griffen (2010) cultured Daphnia populations in a

deteriorating environment (declining food density)

and monitored population sizes weekly until the

populations went extinct. From the abundance data,

they estimated that the populations had crossed the

bifurcation point about 17 weeks after the onset of

food decline. In other words, Drake & Griffen (2010)

had a similar number of data points per time series

available for their analyses; yet, they found correct

signals in all the metrics they investigated.

One factor that might explain the discrepancy

between the results of Drake & Griffen (2010) and the

work presented here is the extent of spatial sampling.

A recent analysis of both simulated time-series data

and the data of Drake & Griffen (2010) revealed that

temporal as well as spatial subsampling can impair the

detectability of early-warning signals (Clements et al.,

2015). While Drake & Griffen (2010) censused the

entire populations, we estimated densities from sub-

samples, a constraint imposed by the impossibility to

non-destructively count all the individuals in the

experimental cultures. However, because the rotifer

populations in our study reached much higher densi-

ties than the Daphnia populations investigated by

Drake & Griffen (2010), potential negative effects of

partial sampling on the detectability of the early-

warning signals in our study were probably less severe

than the analyses of Clements et al. (2015) might

suggest.

Theoretically, generic early-warning signals are

expected to be emitted by a wide range of bifurcation

dynamics (Kéfi et al., 2013), including the one

potentially generated by our experimental approach

(transcritical bifurcation; e.g. Strogatz, 2014; Scheffer

et al., 2015). However, in a simulation of predator/

prey dynamics, Boerlijst et al. (2013) showed that

generic early-warning signals might only be found in

the dynamics of specific life-history stages of an
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organism. Yet, identifying which stage will eventually

produce a signal requires information about the

underlying mathematics—the dominant eigenvec-

tor—of the impending bifurcation (Boerlijst et al.,

2013). Moreover, individual heterogeneity in life-

history traits may obscure early-warning signals

(Krkošek & Drake, 2014), although more recent work

suggests that including such traits as additional

statistics in the form of composite demographic and

phenotypic (e.g. body size) metrics can improve the

performance of the early-warning signals (Clements &

Ozgul, 2016). In any case, lacking such crucial

information about our study system, monitoring the

dynamics of egg, juvenile, and adult stages separately,

and collecting body-size data of these stages, seems

worth a try in future studies. Unfortunately, such a

detailed analysis was not possible here due to poor

preservation of the collected samples.

Finally, the possibility remains that the rotifer

populations in our study system did just not produce

any early-warning signal. This could have been the

case if, for example, the populations in the deteriorat-

ing environment were tracking a declining carrying

capacity and, in doing so, never crossed a bifurcation

point. Alternatively, copper pollution might have

increased too fast in order to allow the rotifer

populations to generate a warning signal (Dakos

et al., 2012). This alternative interpretation seems to

be supported by the observation that population

growth in the deteriorating environment was impaired

only at concentrations larger than 25 lg Cu2? L-1;

that is, the rotifers did not suffer much before day 25.

Such a late response to the copper treatment means

that the populations in the deteriorating environment

had less than a week to build up early-warning signals,

a potential constraint that might have impaired the

predictive power of the metrics. In future studies, such

temporal constraints could be avoided using slower

rates of environmental forcing.

Conclusions

None of the generic early-warning metrics tested here

indicated extirpation of laboratory rotifer populations

early and reliably; only CV produced a true, but no

false, positive. This result is in line with experiments

on other laboratory systems (e.g. Daphnia: Drake &

Griffen, 2010; yeast: Dai et al., 2012; protists:

Clements & Ozgul, 2016) that found the strongest

signal in CV compared to other metrics. However, in

our study, the signal was generated too late to serve as

a useful early-warning signal. All other tested metrics

produced either no signal at all (AC, RR, SK, and KU)

or both true and false positives (SD). Further, while it

has been shown that combining several metrics into

composite indices can amplify the strength of signals

(Drake &Griffen, 2010; Clements &Ozgul, 2016), we

did not apply such a methodology here, because we

did not find any reliable early-warning signal in the

first place. Although this lack of reliable signals might

have partly been due to incomplete population

censusing—a methodological constraint that can

impair the detectability of early-warning signals—

monitoring the size of natural populations is often

based on some sort of subsampling as well (Clements

et al., 2015). Taken together, the results of our

laboratory experiment support the growing number

of studies (e.g. Hastings & Wysham, 2010; Perretti &

Munch, 2012; Boerlijst et al., 2013; Krkošek & Drake,

2014; Clements et al., 2015; Dakos et al., 2015; Burthe

et al., 2016) that challenge the usefulness of single

metrics as indicators of approaching shifts in system

dynamics.
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