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            Abstract
Predator–prey cycles rank among the most fundamental concepts in ecology, are predicted by the simplest ecological models and enable, theoretically, the indefinite persistence of predator and prey1,2,3,4. However, it remains an open question for how long cyclic dynamics can be self-sustained in real communities. Field observations have been restricted to a few cycle periods5,6,7,8 and experimental studies indicate that oscillations may be short-lived without external stabilizing factors9,10,11,12,13,14,15,16,17,18,19. Here we performed microcosm experiments with a planktonic predator–prey system and repeatedly observed oscillatory time series of unprecedented length that persisted for up to around 50 cycles or approximately 300 predator generations. The dominant type of dynamics was characterized by regular, coherent oscillations with a nearly constant predator–prey phase difference. Despite constant experimental conditions, we also observed shorter episodes of irregular, non-coherent oscillations without any significant phase relationship. However, the predator–prey system showed a strong tendency to return to the dominant dynamical regime with a defined phase relationship. A mathematical model suggests that stochasticity is probably responsible for the reversible shift from coherent to non-coherent oscillations, a notion that was supported by experiments with external forcing by pulsed nutrient supply. Our findings empirically demonstrate the potential for infinite persistence of predator and prey populations in a cyclic dynamic regime that shows resilience in the presence of stochastic events.
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                    Fig. 1: Phase analysis of a year-long, oscillatory predator–prey time series (experiment C1).[image: ]


Fig. 2: Resilience of phase relationship in experiments with two different prey species.[image: ]


Fig. 3: Dynamics and phase relationships in unforced versus externally forced systems.[image: ]



                


                
                    
                
            

            
                Data availability

              
              Experimental data are publicly available on Figshare (https://doi.org/10.6084/m9.figshare.10045976.v1).

            

Code availability

              
              Data analysis and the model were implemented in the language Julia v.1.141. The source code for the wavelet analysis is publicly available on GitHub (https://github.com/berndblasius/WaveletAnalysis).
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Extended data figures and tables

Extended Data Fig. 1 Detailed dynamics and phase relationship in experiment C1.
a, Time series of the predator, B. calyciflorus (red), and its prey, M. minutum (green), (normalized to the range of 0 and 1). b, Phase portrait of the bandpass-filtered predator–prey time series between days 90 and 130. The arrow indicates the direction of oscillation. c, Local WPS for the prey, ranging from 0 (blue) to maximum (red), and the instantaneous oscillation period \(\tilde{s}(t)\) (black line) of the highest WCO within the prefixed period length band (horizontal black lines). The cone of influence is also indicated (black). d, Global WPS P(s) for the prey (green). Horizontal lines as in c. e, f, As in c, d, but for the predator. g, WCS between predator and prey, colour-coding and other lines as in c. h, Amplitude of the global WCS for the predator and the prey. i, WCO between predator and prey, ranging from 0 (blue) to 1 (red). Significant areas (WCO > 0.83) are enclosed by thin solid lines; the thick black line segments show the instantaneous oscillation period \(\tilde{s}(t)\) in these segments. j, Histogram of period lengths within coherent oscillation regions as detected in i. k, Phase difference θ(t) to prey for the predator (red), the predator egg ratio (blue), the number of eggs (black) and dead animals (yellow). Significant relations between respective signals are marked as a solid line. l, Circular distribution of the mutual phase difference to prey (indicated in green) for the predator (red), the predator egg ratio (blue), the number of eggs (black) and dead animals (yellow).


Extended Data Fig. 2 Dynamics and phase relationships in three further experimental time series in a constant environment.
a–d, Analysis of experiment C2. a, Predator–prey time series. b, Phase signature. c, WCO. d, Global WPS. e–h, As in a–d, for experiment C3. i–l, As in a–d, for experiment C4. Details and colours as in Fig. 1.


Extended Data Fig. 3 Dynamics and phase relationships in measured time series with a different algal species (C. vulgaris).
a–d, Analysis of experiment C6. a, Predator–prey time series. b, Phase signature. c, WCO. d, Global WPS. e–h, As in a–d, for experiment C7. Details and colours as in Fig. 1.


Extended Data Fig. 4 Dynamics and phase relationship in surrogate data and length distribution of coherent oscillation regimes.
a–f, As in Fig. 1, but for surrogate data, obtained by time scrambling—that is, randomly drawing 360 values with replacement from the predator and prey time series in experiment C1—yielding a time series without temporal correlation (white noise) but with the same abundance distribution as the experimental data. The figure shows a typically outcome. Occasionally, for short bursts the randomized predator and prey time series oscillate with a common frequency (a), yielding areas of high coherence (c; WCO > 0.83; spurious coherent oscillation regimes) with random phase differences (e). Whereas most time intervals with coherent predator–prey cycles in the surrogate data have a short duration, in this example (by chance) there is one regime (days 187–209) with a duration of 23 days. g, h, Box plots of oscillation regime length. Boxes show the interquartile range, orange lines indicate the median, whiskers range from the lowest to the highest data point within 1.5× the interquartile range and markers indicate outliers. g, Length distribution of coherent oscillation regimes for the experimental data under free-running conditions (C1–C5) and for a large ensemble of surrogate data. This shows that time intervals with coherent oscillations are significantly longer in the experiments (n = 20; median, 16 days; mean ± s.d., 29 ±28 days) than in the surrogate data (n = 13,719; median, 8 days; mean ± s.d., 9 ± 7 days). The two outliers in the left box plot correspond to the two long coherent oscillation regimes of 111 days and 85 days in C1, which (even though they are outliers in the length distribution) effectively dominate the dynamic behaviour in C1. Consequently, we calculate the typical duration \(\tilde{T}\) of coherent oscillations as the expected regime duration for a randomly chosen time instance taken from a coherent oscillation regime (Methods) (\(\tilde{T}\) = 58 days in C1–C5; \(\tilde{T}\) = 15 days in the surrogate data). h, As in g, but for durations of non-coherent oscillation regimes, showing that time intervals of non-coherent oscillations are significantly shorter in the experiments (n = 15; median, 17 days; mean ± s.d., 16 ± 11 days; typical duration \(\tilde{T}\) = 23 days) than in the surrogate data (n = 12,719; median, 43 days, mean ± s.d., 60 ± 11 days; typical duration \(\tilde{T}\) = 113 days).


Extended Data Fig. 5 Detailed dynamics and phase relationships in a modelled time series.
a–l, As in Extended Data Fig. 1, but for a simulated time series of the stochastic time-delayed model in a constant environment. The simulation time was 300 days. A typical model outcome is shown. In this example, we obtained five coherent oscillation regimes (indicated as thick lines in i, k). Similar to the experimental systems (C1–C7), these regimes are interspersed by short non-coherent oscillation regimes without a significant phase relationship.


Extended Data Fig. 6 Dynamics and phase relationships in a model without juvenile maturation delay.
a, Simulated time series of algae (green), rotifers (red), eggs (black), egg ratio (blue) and dead animals (yellow) in a model without juvenile maturation delay, τ = 0, under constant conditions with all stochasticity removed (mean centred, relative units). b, Phase signature obtained from stochastic simulations (free-running conditions, τ = 0). c, d, As in a, b, but for an externally driven system (external nutrient concentration shown in magenta). The figure shows that in a scenario without juvenile maturation delay (τ = 0), the phase of the egg ratio coincides with that of the algae, both in a free-running and in an externally driven model. This is in contrast to the experimental observations (Fig. 3, rows 1 and 3) and simulations with non-vanishing juvenile maturation delay (τ = 1.8 days) (Fig. 3 rows 2 and 4, Extended Data Fig. 9d, f), in which the egg ratio is significantly preceding the algae signal. Thus, the phase signature helps to disentangle life-history mechanisms, as—by comparison of observed and simulated phase signatures—a delay of juvenile maturation is essential to attain the experimentally observed phase relations.


Extended Data Fig. 7 Dynamics and phase relationships in externally driven systems.
a–d, Analysis of experiment C8. a, Predator–prey time series. b, Phase signature. c, WCO. d, Global WPS. e–h, As in a–d, for experiment C9. i–l, As in a–d, for simulation results of an externally driven system. Details and colours as in Fig. 1. In a, e, i, the blue dotted line shows the input concentration in the external medium in normalized units. In b, f, j, the phase difference distribution between the external medium and the prey is shown in magenta.


Extended Data Fig. 8 Dynamics and phase relationships in experiments and simulations with changed dilution rate and press perturbations.
a–d, Analysis of experiment C5, which has an increased dilution rate (δ = 0.66 per day). a, Predator–prey time series. b, Phase signature. c, WCO. d, Global WPS. e–h, As in a–d, for experiment C10, which undergoes press perturbations (vertical black lines) at day 84 (dilution rate was increased from δ = 0.55 per day to δ = 1.2 per day) and day 123 (dilution rate increased further to δ = 1.35 per day). i–l, As in a–d, with simulation results of a system undergoing a press perturbation in which the dilution rate was increased to δ = 0.75 per day at day 100 (vertical black line in i, k). Under conditions of the increased dilution rate, the oscillations are suppressed (Extended Data Fig. 9a). Details and colours as in Fig. 1.


Extended Data Fig. 9 Bifurcation diagrams.
a, Simulated values of predator (red) and prey (green) for different values of the dilution rate. Thick solid lines show maximal and minimal values obtained in the unforced model without stochasticity. Shaded areas show range of values in the stochastic model. Sustained predator–prey oscillations appear for 0.47 < δ < 0.71 per day. For large values of the dilution rate, δ > 0.87 per day, the predator goes extinct. b, As in a, but for the externally forced system. The model shows oscillations for all parameters without predator extinction δ < 0.8 per day, it exhibits a bistability regime (small- versus large-amplitude oscillations) for 0.23 < δ < 0.31 per day and a period-2 oscillation regime for 0.42 < δ < 0.57 per day. c, d, Bifurcation diagrams of the unforced model as a function of the juvenile maturation delay τ. c, As in a, but for the different bifurcation parameter. d, Phase difference to the algae for the predator (red), eggs (black) and the egg ratio (blue). The shaded areas indicate the range of phase differences (±1 s.d.) from the experiments in a constant environment (C1–C5). For large values of τ, the simulated phase signature aligns with the experimental data, whereas for small values of τ, the simulated phase difference of the egg ratio approaches zero. e, f, As in c, d, but for the externally forced model. e, For small delay times, 0.4 < τ < 1 day, the model exhibits a chaotic regime. f, Additionally the phase difference between algae and external nutrients is shown (magenta). Vertical solid lines show the actually used parameter values δ = 0.55 per day and τ = 1.8 days.


Extended Data Table 1 Summary of all experimentsFull size table
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