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            Abstract
Ecological theory suggests that large-scale patterns such as community stability can be influenced by changes in interspecific interactions that arise from the behavioural and/or physiological responses of individual species varying over time1,2,3. Although this theory has experimental support2,4,5, evidence from natural ecosystems is lacking owing to the challenges of tracking rapid changes in interspecific interactions (known to occur on timescales much shorter than a generation time)6 and then identifying the effect of such changes on large-scale community dynamics. Here, using tools for analysing nonlinear time series6,7,8,9 and a 12-year-long dataset of fortnightly collected observations on a natural marine fish community in Maizuru Bay, Japan, we show that short-term changes in interaction networks influence overall community dynamics. Among the 15 dominant species, we identify 14 interspecific interactions to construct a dynamic interaction network. We show that the strengths, and even types, of interactions change with time; we also develop a time-varying stability measure based on local Lyapunov stability for attractor dynamics in non-equilibrium nonlinear systems. We use this dynamic stability measure to examine the link between the time-varying interaction network and community stability. We find seasonal patterns in dynamic stability for this fish community that broadly support expectations of current ecological theory. Specifically, the dominance of weak interactions and higher species diversity during summer months are associated with higher dynamic stability and smaller population fluctuations. We suggest that interspecific interactions, community network structure and community stability are dynamic properties, and that linking fluctuating interaction networks to community-level dynamic properties is key to understanding the maintenance of ecological communities in nature.
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                    Figure 1: Reconstructed interaction network of a subset of the Maizuru Bay fish community.[image: ]


Figure 2: Time-varying interspecific interactions in a subset of the Maizuru fish community.[image: ]


Figure 3: Time-varying stability, interaction strength and Simpsonâ€™s diversity index.[image: ]


Figure 4: Causal influences between dynamic stability, interaction strength and Simpsonâ€™s diversity index.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effectiveness of the S-map method examined in two-species model systems and laboratory experiment systems.
a, Illustration of the unidirectional two-species model system. X has a direct influence on Y, but Y does not have an influence on X. b, An example of the dynamics of the two-species system. The interaction strength from X to Y was set at âˆ’0.31 in this example. c, The estimation of interaction strength using the S-map method. True interaction strength is âˆ’0.31, whereas the mean of the S-map coefficients is âˆ’0.309. The length of the time series used for the analysis was 1,000. d, Test of the S-map method in a two-species bidirectional system. Interaction strength from Y to X was fixed for each panel (as denoted in the header of each panel), and interaction strength from X to Y was changed (x axis). The length of the time series used for each analysis was 1,000 (see Methods). Dashed lines indicate 1:1 lines. Dynamics that show strong linearity (for example, limit cycle and equilibrium) were excluded from the analysis; that is, regions around the origin were excluded. e, Population dynamics of Didinium (predator) and Paramecium (prey). f, Estimation of interaction strength between Didinium and Paramecium. g, Population dynamics of the rotifer (predator) and two types of algae (prey). Inset illustrates the three-species experimental system. R, Ar and AK indicate rotifers, r-strategy algae and K-strategy algae, respectively. Units for the y axis are 106 cells per ml for the algae, and 10 individual females per ml for the rotifer. h, i, Estimation of pair-wise interaction strength among r-strategy algae, K-strategy algae and rotifers.


Extended Data Figure 2 Time series of dominant fish species and jellyfish in Maizuru Bay in Japan.
During a 12-year census (2002â€“2014), 285 surveys were conducted. The width of the grey region corresponds to a 1-year interval that runs from January to December (24 observations per year).


Extended Data Figure 3 Evaluation of the phase-lock twin surrogate method.
a, A false high cross-map skill and convergence, owing to seasonality. We set Î²xyâ€‰=â€‰Î²yxâ€‰=â€‰0 (no causality between X(t) and Y(t)) and axâ€‰=â€‰ayâ€‰=â€‰0.3 (moderate seasonality). b, An example of the phase-lock twin surrogate time series. The original time series with strong seasonality is shown as a black solid line (Y(t); Î²xyâ€‰=â€‰âˆ’0.3, Î²yxâ€‰=â€‰0, Î±xâ€‰=â€‰1.0 and Î±yâ€‰=â€‰1.0). The surrogate time series, with the same seasonality and nonlinearity as the original data, is shown as a solid red line. câ€“h, Cross-map skill (terminal Ï�) and terminal Ï� âˆ’95% upper limit; Ï� of 100 surrogate data by CCM between X and Y, when X and Y have no interaction (c, d), unidirectional interaction (e, f) and bidirectional interaction (g, h). The length of the time series used for the evaluation was 288 (equivalent to a 12-year census with 24 observations per year).


Extended Data Figure 4 Sensitivity to the inclusion of subdominant species and observation errors.
aâ€“d, Relationship between the dynamic stability calculated from the community of 15 dominant species versus that of a 16-species community. A subdominant species (D. temminckii (a), P. cottoides (b), T. niphobles (c) or T. poecilonotus (d)) was added to the community of 15 dominant species, and the dynamic stability was calculated by the procedure described in the Methods. Inset shows the interaction network structures of the 16-species community. Solid black line indicates the 1:1 line. Red circle indicates the newly included subdominant species. Blue and red arrows indicate positive and negative time-averaged interactions, respectively, associated with the subdominant species. Grey arrows and circles indicate the edges and nodes, respectively, of the original community of 15 dominant species. eâ€“j, Effects of observation errors on the calculations of the dynamic stability. e, Observation errors were added to the original time series (see Methods), R2 was calculated between the original dynamic stabilities and those calculated from the time series with an added error. This procedure was repeated 100 times for each error magnitude (%). Midline, box limits, whiskers and points indicate median, upper and lower quartiles, 1.5Ã— interquartile range and outliers, respectively (nâ€‰=â€‰100 for each box). fâ€“j, Examples illustrating the relationships between the original dynamic stabilities versus those calculated after the addition of 1% (f), 5% (g), 10% (h), 20% (i) and 30% (j) observation errors. The solid line indicates the 1:1 line. The dashed line indicates the dynamic stabilityâ€‰=â€‰1.0.


Extended Data Figure 5 Relationship between dynamic stability and coefficient of variation of fish abundance.
a, Time series of mean values of CV. CV was calculated using a moving window (window widthâ€‰=â€‰6 time points; 3 months) for population dynamics of each fish species. Mean values of CV were then calculated by averaging CV values of the 15 fish species. b, Comparison of CV between stable and unstable periods (nâ€‰=â€‰56 for stable conditions and nâ€‰=â€‰203 for unstable conditions). Under stable conditions (dynamic stabilityâ€‰<â€‰1.0), the CV is significantly lower than it is under unstable conditions (Pâ€‰<â€‰0.0001, two-sided t-test). Midline, box limits, whiskers and points indicate median, upper and lower quartiles, 1.5Ã—â€‰interquartile range and outliers, respectively.


Extended Data Figure 6 CCM between dynamic stability and surface water temperature, species richness, total fish abundance and the s.d. and skewness of the interaction strength distribution.
aâ€“c, Time series of surface water temperature (a), richness of dominant fish species (b) and total abundance of dominant fish species (c). The width of the grey region corresponds to a 1-year interval (24 observations per year). dâ€“f, Results of CCM analysis between dynamic stability and surface water temperature (d), species richness (e) and total fish abundance (f). gâ€“h, Results of CCM between the dynamic stability and s.d. of interaction strength (g) and skewness of the interaction strength distribution (h). Dark solid lines indicate cross-map skill (Ï�) from dynamic stability to another variable. Shaded regions indicate 95% confidence intervals of 100 surrogate time series. Significant cross-map skills (Ï�) are highlighted in red (dâ€“h). i, j, Correlations between median:maximum interaction strength (IS) (weak interaction index) and s.d. of interaction strength (i) and the skewness (j) (nâ€‰=â€‰261 for each panel). The dynamic stability is indicated in blue. The weak interaction index and s.d. and skewness of interaction strength were predominantly linearly correlated, which suggests that the s.d. and skewness of interaction strength are alternative representations of the weak interaction index in our data.


Extended Data Figure 7 Abundance-based stability index of the fish community.
a, Temporal dynamics of the abundance-based stability index. Euclidean distance between W(tâ€‰+â€‰1) and W(t) was calculated (see Methods for the definition of W(t)). Note that the abundance of each fish species was standardized before calculating the Euclidean distance. bâ€“g, Results of CCM between the abundance-based stability and interspecific interactions, species richness, diversity and surface water temperature. Dark solid lines indicate cross-map skill (Ï�) from the abundance-based stability to another variable. Shaded regions indicate 95% confidence intervals of 100 surrogate time series. Significant cross-map skills (Ï�) are highlighted in red.


Extended Data Figure 8 Results of quantile regressions between Simpsonâ€™s diversity index and properties of the distributions of interaction strengths.
aâ€“h, Quantile regressions and their regression coefficients of the mean IS (a, b), median:maximum interaction strength (c, d), skewness (e, f) and s.d. of interaction strength (g, h) were plotted against Simpsonâ€™s diversity index. The solid red line indicates the 50% quantile and the dashed black lines enclose the 2.5% and 97.5% quantiles (a, c, e, g; nâ€‰=â€‰261 for each panel). Regression coefficients (slopes) were plotted against quantiles (b, d, f, h), and show that all coefficients exhibit an increasing trend as the quantile increases.


Extended Data Table 1 Result of CCM for the dominant fish species in Maizuru BayFull size table


Extended Data Table 2 Dimensionality and nonlinearity of the stability index and interaction strengthFull size table
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        Editorial Summary
Fish interactions and ecosystem stability
Ecological theory suggests that ecosystem stabilityâ€”the ability of an ecosystem to persist through perturbationsâ€”is influenced by changes in the interactions between different species. Masayuki Ushio and colleagues use a 12-year observational dataset of species interactions in a marine fish community in Maizuru Bay, Japan, to examine the link between fluctuations in interspecific interactions and community stability. They find that short-term changes in the interaction network influence the overall community dynamics, with weak interactions and higher species diversity promoting community stability.
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