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Coherent ecological dynamics induced by large-scale
disturbance
Timothy H. Keitt1

Aggregate community-level response to disturbance is a principle
concern in ecology because post-disturbance dynamics are integ-
ral to the ability of ecosystems to maintain function in an uncer-
tain world. Community-level responses to disturbance can be
arrayed along a spectrum ranging from synchronous oscillations
where all species rise and fall together, to compensatory dynamics
where total biomass remains relatively constant despite fluctua-
tions in the densities of individual species1. An important recent
insight is that patterns of synchrony and compensation can vary
with the timescale of analysis2 and that spectral time series
methods can enable detection of coherent dynamics that would
otherwise be obscured by opposing patterns occurring at different
scales3. Here I show that application of wavelet analysis to experi-
mentally manipulated plankton communities reveals strong
synchrony after disturbance. The result is paradoxical because
it is well established that these communities contain both
disturbance-sensitive and disturbance-tolerant species leading to
compensation within functional groups4,5. Theory predicts that
compensatory substitution of functionally equivalent species
should stabilize ecological communities6–10, yet I found at the
whole-community level a large increase in seasonal biomass vari-
ation. Resolution of the paradox hinges on patterns of seasonality
among species. The compensatory shift in community composi-
tion after disturbance resulted in a loss of cold-season dominants,
which before disturbance had served to stabilize biomass through-
out the year. Species dominating the disturbed community peaked
coherently during the warm season, explaining the observed syn-
chrony and increase in seasonal biomass variation. These results
suggest that theory relating compensatory dynamics to ecological
stability needs to consider not only complementarity in species
responses to environmental change, but also seasonal comple-
mentarity among disturbance-tolerant and disturbance-sensitive
species.

I analysed time series data of 10 dominant zooplankton species
sampled over a 17-year period from Little Rock Lake (LRL),
Wisconsin, United States (LRL zooplankton data, North
Temperate Lakes Long-Term Ecological Research programme).
Only crustaceans were included; however, these have been shown
to dominate zooplankton biomass in this system5. The experimental
treatment effect was applied as a transient ‘press’ perturbation: the
lake was separated into two basins at the beginning of the study and
pH was artificially reduced in one of the basins from 1985 to 1990,
after which the basins remained separated and pH was allowed to
return to baseline conditions11. Laboratory assays indicate variation
among LRL zooplankton species in their tolerance to acidification; it
is well established that interactions between these species form a
complex web of positive and negative effects4,5. The consequences
of these complex interactions for community-level variation have
remained enigmatic as we have previously lacked methods

sufficiently sensitive to isolate clear evidence for whole-community
synchrony or compensation across multiple scales.

Using a multivariate wavelet analysis (see Methods), I found a
marked contrast in community dynamics between reference and
treatment basins (Fig. 1). The reference basin had a weak trend
towards synchrony at sub-annual timescales and a trend towards
compensation at annual and longer scales. Short bursts of both syn-
chronous and compensatory dynamics were observed within the
reference basin. Some caution is warranted, however, in interpreting
short runs of significant values as they often represent false posi-
tives12. In contrast, the treatment basin exhibited a powerful
synchronous annual-scale signal throughout the period of pH reduc-
tion and over much of the recovery period. Notably, the pattern of
synchrony appears at the beginning of the time series before separa-
tion of the basins. Although this observation might suggest latent
difference between the basins unrelated to disturbance, I believe this
conclusion is unwarranted for several reasons. First, there is an
intrinsic limitation in how precisely wavelet results can be localized
in time13 and therefore results at the initial boundary necessarily
contain information from subsequent years that were subject to the
treatment effect. Second, results near the beginning and end of the
time series can be influenced by truncation of the wavelet and so
should be interpreted with caution. Third, statistically significant
differences in modulus ratios between basins only appear much later
in the time series data (Fig. 2), indicating that differences between
basins during the first several years were slight. During the period
when modulus ratios were significantly different between basins, the
treatment basin showed marked changes in seasonal biomass
dynamics (Fig. 2). Wavelet analysis of biomass summed across spe-
cies shows that synchrony in the treatment basin resulted in a greater
than fourfold increase in total annual-scale biomass variation. The
increase in biomass variation was also apparent in the raw untrans-
formed time series data: the median absolute deviations of total
biomass in the reference and treatment basins were 77.4 and
106.9 mg l21, respectively. Increased biomass variation was further-
more associated with a nearly two-month phase shift in the timing of
annual peak biomass between the two basins.

The strong phase shift in total biomass suggests alteration of spe-
cies phase relationships (Fig. 3 and Supplementary Fig. 1). Individual
phase relationships can be examined by plotting the wavelet coeffi-
cients as vectors in the complex plane (Fig. 3). Vector pairs pointing
in the same direction indicate perfect synchrony between species;
those in the opposite direction, perfect compensation. Vector
lengths (here log-transformed to aid visualization) scale with the
difference between minimum and maximum biomass during the
year. During the period of maximal difference in modulus ratio
between basins, phases in the reference basin were spread relatively
evenly across seasons (P . 0.05; Rao’s spacing test14; H0 5 angular
uniformity). Phases in the treatment basin were strongly clustered
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(P , 0.01; Rao’s spacing test). A test of equivalence in mean direction
and angular dispersion between basins was negative (P 5 0.46 and
P 5 0.22; Rao’s two-sample test). Notice the strong phase shift and
increase in the length of the total biomass vector in the treatment
basin (Fig. 3). Although most species showed some difference in
phase and amplitude between basins, the most significant impact
on total biomass variation was the marked reduction in amplitude
of two acid-sensitive species: Leptodiaptomus minutus, a herbivorous
copepod, and Diacyclops thomasi, a predatory copepod. Both of these
species reach high abundances during winter months in the reference
basin, serving to counterbalance the group of summer-peaking species
(see also Supplementary Fig. 1). The outcome of this counterbalance
effect was to reduce seasonal biomass variation in the reference basin.
Near absence of these winter dominant species in the treatment basin
caused an overall reduction in total biomass and a marked increase in
seasonal biomass variation. The net effect of all these changes was
strongly synchronous dynamics in the disturbed system.

Although previous studies have found evidence of synchrony
between individual species pairs in these data2,4, to my knowledge
this is the first study to demonstrate conclusively that compensatory

shifts can lead to whole-community synchrony after disturbance.
Notably, the observed synchrony is directly related to an increase
in temporal variability of total community biomass, a clear indica-
tion of changed ecological function despite compensatory mainten-
ance of biomass within functional groups. One may legitimately
question how general these results are. There is of course a lack of
treatment replication, a problem inherent in large-scale ecological
experiments. A recent meta-analysis of published community data
sets suggested that positive temporal covariance within communities
may be more common than negative covariance15. The study only
reported frequencies of the occurrence of positive and negative values
and did not attempt to assert whether any of the observed covariances
are larger or smaller than would be expected by chance alone.
Nonetheless, the conclusion that communities can experience net
positive covariance owing to external forces like seasonality is con-
sistent with the general conclusions of this study. It is notable that the
reference basin in this study showed a marginally significant trend
towards compensation during some phases of the experiment, dem-
onstrating that nonrandom negative covariance does occur under
baseline conditions in at least one case.
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Figure 1 | Wavelet modulus ratio for reference and treatment basins. The
top inset shows the difference in pH between the basins. The trend line is a
smooth spline fit. Heat maps show the modulus ratio scaled from 0 (dark
blue denotes compensation) to 1 (dark red represents synchrony). Thin
dashed lines delineate regions where the modulus ratio fell outside phase-
perturbed 95% confidence intervals (see Methods). Heavy solid lines
indicate regions significantly different from the null model with the false

discovery rate controlled at the 5% level. The dashed grey lines indicate 61
unit of scale (or equivalently 61 cycle) from boundaries. Values nearer the
boundaries should be interpreted with caution. Inset time series show
biomass summed across the ten species. The right margin plots show the
global modulus ratio (see Methods) with phase-perturbed 95% confidence
intervals.
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Mechanisms explaining synchronous or compensatory dynamics
in response to disturbance depend crucially on the timing, mag-
nitude and type of disturbance. The disturbance in this study was
administered as a sustained reduction in pH, but disturbances can
also come as single shocks or periodic fluctuations. The results might
have been quite different with periodic disturbance. The simplest
explanation for community synchrony is if all species respond ident-
ically to periodic disturbance16,17. However, it seems likely that cas-
cading ecological interactions in complex communities18–20 could
easily override simple linear effects. For example, a recent modelling
study suggested that periodic disturbance can induce synchrony in
previously asynchronous communities by disrupting lagged
resource–consumer cycles21. Interestingly, the synchrony in these
models was associated with a reduction in overall biomass variation,
the opposite of results presented here. Another recent study showed
that periodic nutrient pulsing caused an overall reduction in syn-
chrony and a decrease in biomass variability in experimentally
manipulated communities22, suggesting that periodic inputs can dis-
rupt endogenous cycles and reduce temporal biomass variation. The
candidate mechanism at work in this study was entirely different as
species responded to a sustained change in environmental conditions
rather than periodic disturbance. Seasonality is an important factor
affecting community dynamics in the LRL ecosystem. However, sea-
sonality alone was not sufficient to generate coherent dynamics as
annual-scale synchrony was not present in the reference basin.
Variation in species responses to reduced pH resulted in strong sea-
sonal clustering and synchrony in the treatment basin. These results
suggest that current theory needs to become more attuned to poten-
tial interactions between environmental change, seasonality and
internal community dynamics in order to provide more accurate
predictions of community-level response to large-scale disturbance.
Further development of time-frequency methods for community
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Figure 2 | Modulus ratio difference between
basins. The heat map shows the difference
between the basins (contours as in Fig. 1).
Wavelet moduli (blue represents reduced pH;
green symbolizes reference) were computed on
the time series of summed biomass; larger values
indicate greater summed biomass variation.
Phase angles and phase difference were also
computed from summed biomass.
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Figure 3 | Snapshot of species phase relationships at the 1-year timescale.
Wavelets were centred on 10 October 1990, the approximate date of
maximum difference in wavelet modulus ratio between basins (see heat map
at the top of Fig. 2). Contribution of data values preceding and following the
central date decay by 63% per year. Vector lengths correspond to the log-
transformed modulus of each species. Vector orientations indicate species
phases computed at the annual timescale. The grey vectors give the same
results, but for total biomasses rather than individual species.
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analysis would be welcome, as would the development of new models
that can account for transient synchrony arising through complex
interaction between seasonality, disturbance and population
dynamics.

METHODS SUMMARY
I used the continuous wavelet transform13,23–25

wk t ,sð Þ~s{1

ð?
{?

y
t{t

s

� �
xk tð Þdt ð1Þ

to detect synchronous and compensatory community dynamics. Here, s sets

the scale of analysis, y(t) is the wavelet function and xk(t) is the biomass

of the kth species at time t. I used the complex-valued Morlet wavelet26

y tð Þ~p{1
4 exp 2pit{ 1

2
t2

� �
in all analyses. Coherency was measured using the

localized wavelet modulus ratio

r t ,sð Þ~
Lt ,s

P
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�� ��� �
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P
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� � ð2Þ

where Lt ,s
:ð Þ~

Ð?
{? e{1

2
t{t

sð Þ
2

:ð Þdt and j?j denotes the modulus or complex

norm. The numerator of equation (2) quantifies aggregate biomass variation

at time t and scale s, whereas the denominator captures individual species vari-

ation. Under compensatory dynamics, aggregate variation is small relative to

individual species variation and the modulus ratio tends towards zero. With
synchrony, aggregate variation approaches the sum of individual species vari-

ation and the modulus ratio tends towards one.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Wavelet analysis. The LRL data were collected roughly every 2 weeks in warmer

months and approximately every 6 weeks in winter. Irregular sampling precludes

standard numerical methods based on the fast Fourier transform. Instead, I

directly computed the inner product of the data samples and the scaled and

translated wavelet function. The zero-padded signal for each species is given by

xk tð Þ~
X

i

d t{við Þxk við Þ ð3Þ

where vi is the time of the ith sample and d(?) is the delta function. Substitution in

equation (1) yields

wk t ,sð Þ~s{1
X

i

y
t{vi

s

� �
xk við Þ ð4Þ

where the equivalence holds under relatively weak smoothness and continuity

conditions for x and s at or above the Nyquist scale13. I approximate the Nyquist

scale as twice the mean time lag between samples and require s to be at least 1.5

times this value. Equation (4) was evaluated at regular intervals separated by the

average time lag between successive LRL sampling dates (21 days) and s ranged

from 2 months to 5 years.

Wavelet modulus ratios and phases. The wavelet modulus ratio can be esti-

mated locally (equation (2)) or accumulated over the entire time series. The

global case is given by

r sð Þ~
P

k wk t ,sð Þ
�� ��� �
P

k wk t ,sð Þj j
� � ð5Þ

where Æ?æ denotes the arithmetic mean with respect to time (see margin plots in

Fig. 1). Wavelet phase was computed as h~ tan{1 a

b

� �
where a and b are real and

imaginary parts of the wavelet coefficient. Annual-scale phase differences were

rescaled to months and further adjusted to sidestep the December to January

discontinuity24 using the formula
6

p
Dhz3pð Þ modulo 2p½ �{6.

Null model simulation via stochastic wavelets. A common approach to estim-

ating a null distribution based on independent fluctuations is repeated shuffling

of individual species time series4,27. Time series randomization alters serial cor-

relations and can drastically alter the underlying null model such that estimated

probabilities are biased relative to the ideal null model where species fluctuate

independently, but all other properties of the original time series are preserved28.

To overcome this obstacle, I developed an alternative method where random

perturbations are introduced to the wavelet and the original time series remain

intact. The stochastic wavelets, indexed by species and scale, are given by

yk,s tð Þ~p{1
4 exp 2pi tzek,s½ �{ 1

2
t2

� 	
ð6Þ

where ek,s are uniform samples from the interval {1=2,1=2
� �

. The perturbation is

equivalent to a simple phase shift in the wavelet domain for each species at each

scale. Null distributions were estimated from 1,000 independent trials. I con-
trolled the false discovery rate at the 5% level using the method previously

described29, which is valid in the presence of interdependence. Application of

the phase-perturbation method to simulated data indicates high statistical power

and low bias in the presence of zeros in time series data (Supplementary Figs 2

and 3).
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