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            Abstract
Forests have a key role in global ecosystems, hosting much of the world’s terrestrial biodiversity and acting as a net sink for atmospheric carbon1. These and other ecosystem services that are provided by forests may be sensitive to climate change as well as climate variability on shorter time scales (for example, annual to decadal)2,3,4. Previous studies have documented responses of forest ecosystems to climate change and climate variability2,3,4, including drought-induced increases in tree mortality rates5. However, relationships between forest biomass, tree species composition and climate variability have not been quantified across a large region using systematically sampled data. Here we use systematic forest inventories from the 1980s and 2000s across the eastern USA to show that forest biomass responds to decadal-scale changes in water deficit, and that this biomass response is amplified by concurrent changes in community-mean drought tolerance, a functionally important aspect of tree species composition. The amplification of the direct effects of water stress on biomass occurs because water stress tends to induce a shift in tree species composition towards species that are more tolerant to drought but are slower growing. These results demonstrate concurrent changes in forest species composition and biomass carbon storage across a large, systematically sampled region, and highlight the potential for climate-induced changes in forest ecosystems across the world, resulting from both direct effects of climate on forest biomass and indirect effects mediated by shifts in species composition.
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                    Figure 1: Changes in growing-season Palmer drought severity index, community-mean drought tolerance and above-ground biomass between the 1980s and 2000s in the eastern USA.


Figure 2: Relationships between changes in community-mean drought tolerance, water availability and above-ground biomass within forest age classes from the 1980s to 2000s.


Figure 3: Changes in species composition amplify the response of biomass to climate variability.


Figure 4: Contributions of the different components to the change in community-mean drought tolerance.
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Extended data figures and tables

Extended Data Figure 1 PDSI and growing-season length in the 1980s and 2000s, and relationships between PDSI and precipitation in the eastern USA.
Maps show 1° latitude × 1° longitude grid cells. a–c, Mean growing-season PDSI (see Methods) for the 1980s (a), the 2000s (b) and the change in PDSI (ΔPDSI) in PDSI units (UPDSI) (c) between the two decades. d, Smoothed distribution of ΔPDSI; the vertical line is the mean, with the mean absolute change (MAC; mean of absolute values) indicated. e–g, Mean GSL for the 1980s (e), the 2000s (f) and the change in GSL (ΔGSL, months) (g) between the two decades. h, Smoothed distribution of ΔGSL; the vertical line is the mean, with the MAC indicated. i, The response of PDSI to precipitation change. The map shows regression slopes of ΔPDSIt (change in growing-season PDSI between successive years from 1948 to 2009) versus ΔPt (change in growing-season precipitation between successive years); slope units are PDSI units (UPDSI) per cm precipitation. The sample size for each regression (one regression per grid cell) is 61 (the number of annual changes from 1948–2009). j, Pearson’s correlation (r) between ΔPDSIt and ΔPt; samples sizes as in i. k, The percentage change in growing-season precipitation corresponding to a one-unit change in PDSI; percentages were calculated as 100 times the inverse of the slope from i divided by the mean (1948–2009) growing-season precipitation for each grid cell.


Extended Data Figure 2 Community-mean drought tolerance in the 1980s and 2000s in the eastern USA.
 was calculated within 1° grid cells and 20-year stand-age classes that contained at least five FIA inventory plots that satisfied filtering criteria (see Methods). From left, the columns show values of  for the 1980s, the 2000s, the change between the two decades and the smoothed distributions of changes (vertical lines show mean changes, with MAC indicated). Different stand-age classes are shown in each row as follows: a–d, 0–20 years; e–h, 20–40 years; i–l, 40–60 years; m–p, 60–80 years; q–t, 80–100 years.  units (UDT) are on the scale of the species drought tolerance (DT) index, which increases from 1 (very intolerant) to 5 (very tolerant); see Methods and Supplementary Methods 1 for details.


Extended Data Figure 3 Above-ground live biomass in the 1980s and 2000s in the eastern USA.
AGB (Mg ha–1) was estimated from allometries and averaged within 1° grid cells and 20-year stand-age classes that contained at least five FIA inventory plots that satisfied filtering criteria (see Methods). From left, the columns show values of AGB for the 1980s, the 2000s, the change between the two decades and the smoothed distributions of changes (vertical lines show mean changes, with MAC indicated). Different stand-age classes are shown in each row as follows: a–d, 0–20 years; e–h, 20–40 years; i–l, 40–60 years; m–p, 60–80 years; q–t, 80–100 years.


Extended Data Figure 4 Sample sizes and slopes for grid-cell and stand-scale analyses.
a, Summary of plot ages and sample sizes by age class for FIA data used in SAR models and other analyses (Figs 2, 3 and Extended Data Figs 7, 8). The bottom row of the table refers to the number of remeasured inventory plots used in stand-scale analyses (d, e), in which individual plots were tracked over time (Supplementary Methods 4). All other rows in the table refer to grid-cell-scale analyses that control for stand age by comparing plots in a given age class in the 1980s to plots in the same grid cell and age class in the 2000s (b, c). The number of grid cells varies across age classes because a grid cell was only included in the analysis for a given age class if the grid cell included at least five plot records that met our filtering criteria in both the 1980s and 2000s (see Methods). b, SAR model slopes quantifying the mean grid-cell-scale response of  (in DT units, UDT, in which DT increases with drought tolerance and ranges from 1 to 5) to ΔPDSI (in PDSI units, UPDSI) from the 1980s to 2000s. c, SAR model slopes quantifying the mean grid-cell-scale response of ΔAGB (Mg ha–1) to ΔPDSI and  from the 1980s to 2000s. d, e, Similar to b, c, but for stand-level SAR models fit to remeasured plots (see Supplementary Methods 4 for details). All SAR slopes are partial regression coefficients that control for changes in growing-season length, changes in community-mean shade tolerance, and spatial autocorrelation (see Methods). Error bars are s.e.m. of slopes, with P values shown outside of the bars: *P ≤ 0.05; **P ≤ 0.01.


Extended Data Figure 5 Community-mean shade tolerance in the 1980s and 2000s in the eastern USA.
 was calculated within 1° grid cells and 20-year stand-age classes that contained at least five FIA inventory plots that satisfied filtering criteria (see Methods). From left, the columns show values of  for the 1980s, the 2000s, the change between the two decades and the smoothed distributions of changes (vertical lines show mean changes, with MAC indicated). Different stand-age classes are shown in each row as follows: a–d, 0–20 years; e–h, 20–40 years; i–l, 40–60 years; m–p, 60–80 years; q–t, 80–100 years.  units (UST) are on the scale of the species shade tolerance (ST) index, which increases from 1 (very intolerant) to 5 (very tolerant); see Methods.


Extended Data Figure 6 Harvest intensity and mean drought tolerance of harvested trees in the 1980s and 2000s in the eastern USA.
Harvest intensity IH (per cent AGB harvested per year, units % yr–1) and  (units UDT) were calculated within 1° grid cells and 20-year stand-age classes for analysis (Supplementary Methods 3), but are shown here in aggregated age classes (0–40 and 40–100 years) because patterns were similar among 20-year age classes within each aggregated class. a–p, From left, the columns show values of IH (a–h) or  (i–p) for the 1980s, the 2000s, the change between the two decades, and the smoothed distributions of changes (vertical lines show mean changes, with MAC indicated). Different stand-age classes are shown in each row as follows: a–d, i–l, 0–40 years; e–h, m–p, 40–100 years. q, Slopes of  versus ΔPDSI from four versions of spatial regression models with different tree- and plot-filtering criteria and different approaches to modelling harvest effects (see Supplementary Methods 3 for details). Model 1 corresponds to Extended Data Fig. 4b (note that only the three significant age classes from Extended Data Fig. 4b are presented here: 40–60, 60–80 and 80–100 years). The similar slopes and significance levels (P values are shown above each bar) from the four models suggest that the estimated response of  to ΔPDSI is robust to including or excluding effects of tree harvest. Error bars are s.e.m. of slopes.


Extended Data Figure 7 Structural equation model and independent effects analysis results for the response variables  and ΔAGB.
a, SEM structure for the  model. b, SEM structure for the ΔAGB model. c, SEM structure for the alternative ΔAGB model that includes both direct and indirect effects of ΔPDSI on ΔAGB (see Methods and Extended Data Fig. 8a, b for further explanation of direct and indirect effects). d, Per cent contributions of ΔPDSI, ΔGSL and  to the explained variation in . e, Per cent contributions of ΔPDSI, ΔGSL,  and  to the explained variation in ΔAGB (SEM results are for the model structure shown in b). Direct and indirect effects from c are reported in Extended Data Fig. 8d. Both SEM and IEA provide variance-partitioning estimates. In addition, SEM provides significance tests for explanatory variables. Significant P values (P ≤ 0.05) are shown in the parentheses below the corresponding percentage contribution, *P ≤ 0.05; **P ≤ 0.01. See Methods for details of SEM and IEA analyses. Positive and negative signs in d, e indicate the signs of the SEM and IEA coefficients, which are consistent with the signs of SAR model coefficients (Extended Data Figs 4 and 8).


Extended Data Figure 8 Conceptual model and supporting evidence for direct and indirect effects of changes in water availability on forest biomass.
a, Conceptual model of direct (solid arrow) and indirect (dashed arrows) effects of decreasing water availability (ΔPDSI < 0) on forest biomass. b, Conceptual model of direct (solid arrow) and indirect (dashed arrows) effects of increasing water availability (ΔPDSI > 0) on forest biomass. The conceptual model in a, b is supported by our results (c, d), which show that the response of forest biomass to ΔPDSI is amplified by indirect effects; for example, if water availability decreases (ΔPDSI < 0), then biomass decreases owing to direct effects (for example, physiological tree-level responses) as well as indirect effects (shifts in species composition towards more drought-tolerant but lower-biomass species). c, Slopes and P values from SAR models (equations (1) and (2)) for different stand-age classes (1° grid-cell-scale results, as in Extended Data Fig. 4b, c). Slopes are partial regression coefficients, so the slope labelled ‘response of AGB to ΔPDSI’ is the direct effect of ΔPDSI on ΔAGB (controlling for  and other covariates), and the indirect effect is estimated by the product of the other two slopes (see Methods). d, Direct and indirect effects of ΔPDSI on AGB estimated from SEM (Extended Data Fig. 7c) and SAR models (see Methods). Sample sizes in these analyses (number of grid cells) are: 171, 247, 271, 271, and 193 for age classes from 0–20 to 80–100, respectively (as shown in Extended Data Fig. 4a). For consistency with SEM, SAR slopes are standardized in d (standard deviation units) but are otherwise equivalent to SAR coefficients in c and in Fig. 3. The percentages in d are calculated as 100 × indirect / (direct + indirect).


Extended Data Figure 9 Distributions of species influence on estimated responses of community-mean drought tolerance () to ΔPDSI, AGB to ΔPDSI, and AGB to .
Species influence (x axis) is the per cent change in SAR model slopes owing to including an individual species in the analysis (see Supplementary Methods 6, 7 for details). Probability density (y axis) is the relative frequency of species with a given per cent influence. Black curves are for all species, and red and blue curves are for gymnosperm and angiosperm species, respectively. Vertical lines are means. The distributions show that most species have little influence on the SAR slopes, some species have large influence, and gymnosperms and angiosperms have similar degrees of influence. From left, the columns show species influences on parameter dP from equation (1), and species influences on parameters aP and aD from equation (2). Different stand-age classes are shown in each row as follows: a–c, 0–20 years; d–f, 20–40 years; g–i, 40–60 years; j–l, 60–80 years; m–o, 80–100 years.


Extended Data Figure 10 Species abundance distributions in the northeastern, north-central and southeastern USA in the 1980s and 2000s.
a, Map of the three mentioned sub-regions of the USA. b–p, Species abundance distributions (number of species in different abundance intervals) for each age class (rows) in each sub-region (columns). Blue and red bars represent numbers of species in the 1980s and 2000s, respectively. Purple indicates overlap of the two bars. Abundance is quantified as the percentage of total above-ground biomass comprised by a given species in a given sub-region and age class. Abundance intervals are on a logarithmic (base-2) scale with the following lower limits: 2−6, 2−5, 2−4, …, 23% (that is, 0.015625%, 0.03125%, 0.0625%, 0.125%, 0.25%, 0.5%, 1%, 2%, 4% and 8%). Species with abundances of less than 2−6% (0.015625%) were excluded. Vertical lines are mean abundances of species with abundance ≥0.015625%. The number of common species (defined as species with an abundance ≥1%) is given for the 1980s (blue text) and 2000s (red text).
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        Editorial Summary
Fickle forests vulnerable to drought
Forests are home to an abundance of biodiversity and are important atmospheric carbon sinks, but they could be sensitive to annual or decadal variations in climate. Tao Zhang and colleagues use forest inventory data collected between the 1980s and 2000s to examine the effect of drought on the biomass and composition of forests in the eastern United States. Forest biomass responded to decadal-scale changes in water deficit over this period, falling with an increase in drought severity, and rising with a reduction in drought severity. This biomass response was amplified by coinciding changes in community-mean drought tolerance, driven by shifts in species composition. The authors suggest that this indirect effect of water availability on forest biomass, mediated by shifts in community composition, could have consequences for forest ecosystems, and the amount of carbon that they capture, around the globe.
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