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            Abstract
It remains unclear whether biodiversity buffers ecosystems against climate extremes, which are becoming increasingly frequent worldwide1. Early results suggested that the ecosystem productivity of diverse grassland plant communities was more resistant, changing less during drought, and more resilient, recovering more quickly after drought, than that of depauperate communities2. However, subsequent experimental tests produced mixed results3,4,5,6,7,8,9,10,11,12,13. Here we use data from 46 experiments that manipulated grassland plant diversity to test whether biodiversity provides resistance during and resilience after climate events. We show that biodiversity increased ecosystem resistance for a broad range of climate events, including wet or dry, moderate or extreme, and brief or prolonged events. Across all studies and climate events, the productivity of low-diversity communities with one or two species changed by approximately 50% during climate events, whereas that of high-diversity communities with 16–32 species was more resistant, changing by only approximately 25%. By a year after each climate event, ecosystem productivity had often fully recovered, or overshot, normal levels of productivity in both high- and low-diversity communities, leading to no detectable dependence of ecosystem resilience on biodiversity. Our results suggest that biodiversity mainly stabilizes ecosystem productivity, and productivity-dependent ecosystem services, by increasing resistance to climate events. Anthropogenic environmental changes that drive biodiversity loss thus seem likely to decrease ecosystem stability14, and restoration of biodiversity to increase it, mainly by changing the resistance of ecosystem productivity to climate events.
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                    Figure 1: Biodiversity effects on ecosystem stability, and its resistance and resilience components.[image: ]


Figure 2: Effects of biodiversity on stability measures with climate events defined over shorter or longer durations.[image: ]


Figure 3: Biodiversity effects on productivity during climate events or normal years.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Contrasting ecosystem productivity responses to climate events for low or high levels of resistance (Ω) and resilience (Δ).
In these stylized examples, productivity is decreased by a dry climate event during year one, is increased by a wet climate event during year 11, and is otherwise recovering back towards normal productivity levels either monotonically (black dashed lines and open triangles) or via damped oscillations (solid grey lines and filled circles). Ecosystem stability (μ/σ) depends on both resistance and resilience. See Methods for definitions of resistance and resilience.


Extended Data Figure 2 Map of study site locations (bottom) and frequency of climate events (top).
Bottom: locations for all 46 studies (yellow triangles) and an example of spatial variation in water balance, where SPEI-12 was classified as in the bottom panel. August 2005 was chosen for this example because many experiments were underway and harvested during this particular month of this particular year (Extended Data Table 1). The spatial patterns of wet and dry climate events shown on this map would differ at other times (that is, during a different month or year) and for climate events defined over other durations (that is, based on water balances aggregated over more or fewer than the preceding 12 months). There were multiple experiments at some sites (Extended Data Table 1), thus some symbols completely overlap on this map. Top: cutoffs for bins correspond to events occurring every 1 in 4 years (±0.67) or every 1 in 10 years (±1.28).


Extended Data Figure 3 Classification of extreme dry, moderate dry, normal, moderate wet, and extreme wet years for each year of the 46 experiments.
The 12-month version of the SPEI is shown, where positive values indicate wetter than normal water balances (precipitation minus potential evapotranspiration) during the 12-month time interval preceding and including the month of peak biomass harvest. For example, if peak biomass was harvested in September, then SPEI-12 accounts for the water balance from the previous October to September. Drought index values are based on month-by-month variations in climate over the past century (January 1901 to December 2011), based on monthly means of measurements made at more than 4,000 weather stations worldwide, and provided on 0.5 degree × 0.5 degree grids globally. Dashed lines show cutoffs for 1 in 4 (±0.67) or 1 in 10 (±1.28) year events. Seven experiments that included only normal years (Agrodiversity Germany a, Agrodiversity Ireland a, Czech Republic) or that did not include any normal years (Agrodiversity Poland a, Agrodiversity Spain a, Iowa BioGEN, North Dakota a) were excluded from subsequent analyses because it was not possible to compare perturbed with normal productivity levels for these studies.


Extended Data Figure 4 Productivity during and after both climate events and normal years for monocultures and mixtures of 16 species.
Values shown are predicted means and 95% confidence intervals from the mixed-effects model. Productivity tends to be decreased during dry events and increased during wet events. This trend is reversed during the year after climate events. This pattern of overshooting normal levels of productivity during recovery 1 year after climate events is consistent with damped oscillations, rather than monotonic recovery (Extended Data Fig. 1). Relatively high productivity after extreme droughts could be due to increased nutrient availability and/or decreased abundance of herbivores as a result of reduced plant productivity during the drought. This might be especially true for low-diversity communities, which have the lowest productivity during drought, possibly explaining why biodiversity increases resilience after extremely dry years (Fig. 1c). Similarly, relatively low productivity after extremely wet years might be due to decreased nutrient availability and/or increased abundance of enemies as a result of increased plant productivity during the wet event. This might be especially true for high-diversity communities, which have the highest productivity during wet years, possibly explaining why biodiversity decreases resilience after extremely wet years (Fig. 1c). Dashed horizontal lines show normal productivity levels.


Extended Data Figure 5 Biodiversity–productivity relationships for each year of each study, including normal years and climate events.
Points are plot-level values and lines are mixed-model fits (Fig. 3).


Extended Data Figure 6 A marginally significant interaction between biodiversity and intensity (moderate or extreme).
Table 1 indicates that productivity was marginally more resistant to moderate than to extreme climate events, especially at high biodiversity. All other interactions were non-significant (P > 0.10). Axes are logarithmic.


Extended Data Figure 7 Biodiversity effects on the resistance of productivity to climate extremes.
Shown for each study for which there were observations of productivity during both normal ([image: ]) and climate event (Ye) years (Extended Data Fig. 3). Points are plot-level values and lines are mixed-model fits (Fig. 1b). Axes are logarithmic.


Extended Data Figure 8 Biodiversity effects on the resilience of productivity to climate extremes.
Shown for each study for which there were observations during normal ([image: ]), climate event (Ye), and post-climate event (Ye + 1) years. Quantifying resilience requires more information (that is, Ye + 1) than quantifying resistance, thus we were unable to quantify resilience for eight of the studies shown in Extended Data Fig. 7. Specifically, we were unable to quantify resilience for studies where the only climate event occurred during the last year of the study (Extended Data Fig. 3) because in this case Ye + 1 is unknown, and for studies where the only normal year was also the only post-event year (Extended Data Fig. 3) because in this case [image: ] = Ye + 1 and resilience is undefined. Points are plot-level values and lines are mixed-model fits (Fig. 1c). Axes are logarithmic.


Extended Data Figure 9 Biodiversity effects on the resistance of productivity to climate events that were preceded either by a climate event (green lines) or by a normal year (black lines).
The significant interaction shown here indicates that biodiversity increased resistance more during climate events preceded by years with climate events than during climate events preceded by normal years (F1,64.8 = 7.21, P < 0.01). Axes are logarithmic. The sequence of climate events at each site is shown in Extended Data Fig. 3.


Extended Data Table 1 Study detailsFull size table
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        Editorial Summary
Biodiversity loss threatens ecosystem reliability
Tests to establish whether biodiversity buffers ecosystems against extreme climate events have produced strongly contrasting results. Forest Isbell et al. combine data from 46 experiments that manipulated grassland plant diversity and measured productivity across Europe and North America and find that yes, biodiversity does increase an ecosystem's resistance to climate extremes. Plots with just a few species had their productivity reduced by 50% during climate extremes, whereas this effect was halved with a greater number of species. However, biodiversity had no discernible effect on the ecosystem resilience, with both low and high biodiversity treatments recovering from climate extremes within a year.
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