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• Patterns of precipitation are likely to change significantly in the coming century, with important but poorly understood consequences for plant communities. Experimental and correlative studies may provide insight into expected changes, but little research has addressed the degree of concordance between these approaches. • We synthesized results from four experimental water addition studies with a correlative analysis of community changes across a large natural precipitation gradient in the United States. We investigated whether community composition, summarized with plant functional traits, responded similarly to increasing precipitation among studies and sites. • In field experiments, increased precipitation favored species with small seed size, short leaf life span and high leaf nitrogen (N) concentration. However, with increasing precipitation along the natural gradient, community composition shifted towards species with higher mean seed mass, longer leaf life span and lower leaf N concentrations. • The differences in temporal and spatial scale of experimental manipulations and natural gradients may explain these contrasting results. Our results highlight the complexity of responses to climate change, and suggest that transient dynamics may not reflect long-term shifts in functional diversity and community composition. We propose a model of community change that incorporates these differences between short- and long-term responses to climate change.



Introduction There is a growing need to predict how plant communities will respond to changes in climate (Parmesan & Yohe, 2003; Hoegh-Guldberg et al., 2008). Analyses based on plant strategies and functional traits may help to understand the responses of species, providing both a mechanistic explanation for changes and a means to apply predictions to other communities (Lavorel & Garnier, 2002; Fukami et al., 2005; Suding et al., 2008). Thus, there has been considerable interest in understanding the relationships among plant
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functional traits (Westoby et al., 2002; Wright et al., 2004) and between these traits and the environment (Wright et al., 2005; Cornwell & Ackerly, 2009). If functional traits prove to be generally predictive of responses to a particular climate change factor, couching climate change predictions in terms of shifts in community trait composition may be more useful and general than presenting them in species-specific terms (McGill et al., 2006; Westoby & Wright, 2006; Violle et al., 2007; Suding et al., 2008). Several methods have been used to describe trait composition at the community level, the most common being a
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mass-ratio approach where the product of each species’ mean trait and its relative abundance is summed across all species within a community (Garnier et al., 2004; Diaz et al., 2007a). Changes in trait composition at the community level can be caused by species turnover, shifts in species abundance and intraspecific trait variation resulting from plasticity and genetic differentiation. For example, drought might lead to a community with deeper average rooting depth if deep-rooted species invade the community, deeprooted species increase their abundance within the community or individuals increase allocation to deep root production. In this study, we are concerned with changes in community composition with changes in climate, so we focus primarily on the first two causes of change. Patterns of precipitation are likely to change over the next century, including both local increases and decreases in annual precipitation, as well as changes in the distribution of rainfall through the year (Meehl et al., 2007). These changes are expected to have significant impacts on plant community composition (Weltzin et al., 2003). Responses to changed water availability are likely to be species-specific, and may be predictable by the leaf, seed and growth characteristics of species. For example, drought tolerance is related to more conservative growth and resource use strategies (e.g. long leaf life span; Wright et al., 2004; Angert et al., 2007), water-conserving leaf traits (including high leaf N concentration; Wright et al., 2001) and larger seed masses (Baker, 1972; Leishman & Westoby, 1994; Pakeman et al., 2008). If these traits predict species’ responses to precipitation, changes in community composition (including both relative abundance and species presence ⁄ absence) caused by altered precipitation should correspond with changes in community mean trait values. Predictions of response to climate change may be derived from experimental and observational studies (Saleska et al., 2002; Dunne et al., 2004), both of which are amenable to a functional trait-based approach (Tautenhahn et al., 2008). While both types of study are common, relatively few authors have asked whether they produce similar predictions (but see Dunne et al., 2004). Experimental studies are typically limited in scope, both spatially and temporally (Rustad, 2006). Observational studies can often achieve broader spatial and temporal scales, but suffer from a lack of control over covariates. To minimize the weaknesses of each approach, it has been suggested that more research should explicitly unite observational and experimental work, perhaps by nesting experiments at multiple sites within a larger observational context (Saleska et al., 2002; Dunne et al., 2004; Hewitt et al., 2007; Wiedermann et al., 2009). In this paper, we take such a nested approach. We synthesize the findings of four experimental precipitation addition studies with an analysis of community changes along the natural gradient of precipitation across the continental
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United States. We use a trait-based approach, summarizing community changes as shifts in community mean values of growth, leaf and seed traits. We ask three main questions: which traits predict a species’ response to experimental water addition; do community mean trait values shift in the same manner after experimental water additions as along a natural precipitation gradient; how does the duration of the experimental treatment influence the direction and magnitude of trait shifts?



Materials and Methods Experimental data We compiled data from four experimental studies of water addition in grassland or mixed shrubland ⁄ grassland systems that ranged widely in their baseline precipitation (drawn from the dataset assembled by Cleland et al., 2008). These studies were conducted at Konza Tallgrass Prairie, a Long Term Ecological Research (LTER) site in Kansas (Knapp et al., 2001), the Shortgrass Steppe LTER in northern Colorado, the Sevilleta LTER in New Mexico (S Baez et al., unpublished) and Jasper Ridge in California (Zavaleta et al., 2003). The longest-running experiment is at Konza, which was initiated in 1991 and includes plant community composition data from 1991 to 2005. We also analyzed data for the first 4 yr of the watering study at Jasper Ridge (1999–2002), the first 3 yr at Sevilleta (2004– 2006) and year 4 at the Shortgrass Steppe (2000). Experimental sites received between 280 and 1450 mm of ambient precipitation each year, which was augmented in treatment plots by 10–190% (mean 50%) with experimental water additions. For each year of each study, we obtained the relative abundances of all species from replicated control and treatment plots. We determined the annual rainfall at each site in each year of the experiments by using publicly available weather data from stations close to the experimental sites or from the sites themselves, when available. We also determined the annual amounts of water added to each treatment site using experimental design information posted on associated LTER websites or described in Cleland et al. (2008). Natural gradient We used the VegBank database (http://www.vegbank.org) to investigate changes in species composition and community mean trait values along the natural precipitation gradient in the continental United States. We downloaded data for all 21 566 plots that were available on 20 April 2008. These plots ranged in size from 9 to 50 000 m2, with a median size of 400 m2. Data for each plot included its location and the relative abundance of all plant species in the plot. We then obtained a 30 yr average (1971–2000) annual
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New Phytologist precipitation value for each of our VegBank plots (Daly et al., 2008, PRISM Group, Oregon State University, 2008). Traits In total, there were 219 species in the experimental plots and 7813 in the VegBank plots. To obtain trait information for these species, we used several data sources. We used the USDA Plants database (USDA, NRCS, 2008) to determine the growth form and life span of each species. Growth form was separated into three categories: woody plant, forb and grass. Life span was similarly categorized into perennial, biennial and annual. Species that fit two life span categories (such as annual ⁄ perennial) were classified as having the longest applicable life span. We obtained seed size data by querying the Kew Gardens Seed Information Database (Liu et al., 2008) for each species. For species with more than one record, we took the average of all available records. We obtained leaf trait data by searching the Glopnet dataset (Wright et al., 2004) and two additional studies (Reich & Oleksyn, 2004; Tjoelker et al., 2005). These traits included carbon assimilation and nitrogen per unit mass (Amass, Nmass) and area (Aarea, Narea), as well as specific leaf area (SLA) and leaf life span (LL). Finally, we used plant height data from Cleland et al. (2008), which were available only for species at the experimental sites. Here, height was a categorical variable, where species were described as typically reaching the lower, middle or upper third of the vegetation canopy. To meet the assumptions of normality, all quantitative trait variables were log-transformed before analysis. For each natural or experimental plot, we calculated abundance-weighted and unweighted mean trait values for each continuous trait, based on the relative abundances and trait values across all species for which trait data were available (Garnier et al., 2004; Ackerly & Cornwell, 2007; Violle et al., 2007). Categorical traits were summarized at the plot level by simply summing the relative abundance of all species within each category. To improve normality, these proportions were then square root arcsine-transformed. Analysis – experimental responses In order to determine which traits responded to experimental water addition, we performed a two-way ANOVA on plot-level abundance-weighted trait values for each trait, treating study site and treatment as fixed factors. In this portion of the study, we limited our analyses to single years of data from each study in order to resolve problems with highly unequal numbers of years used in each study. We took two approaches to this: first, using data from just the last year of each experiment to maximize our potential to detect treatment effects and, secondly, using data from just the third year (or fourth year, at the Shortgrass Steppe
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LTER) of each study, to ensure that results among studies are as comparable as possible. These two approaches produced similar results, so we focus here on the last-year analysis (but see Supporting Information, Table S1, for results of the third-year analysis). For each analysis of a particular trait’s response to experimental watering, we used only plots that had trait data for at least 50% of the cumulative abundance of species present. We asked whether trait means continue to shift over time in long-running experiments using the fifteen years of data available for the Konza experiment. We performed a repeated-measures ANOVA (RM-ANOVA) on trait means at Konza, using treatment as a factor, with plots measured repeatedly across years. To avoid creating missing cases between years, we did not use the 50% coverage cutoff in this case. We repeated the ANOVA and RM-ANOVA analyses, substituting unweighted plot trait means for abundanceweighted means. The use of unweighted means to describe community composition means that only changes in species presence and absence can cause plot mean trait values to change; any change in species abundances within the plot could not affect the plot mean trait value. Finally, to examine rates of species turnover in experimental plots, we calculated species–time relationships (STRs) for each experimental plot. These curves represent the cumulative richness observed in plots after each successive year of sampling. We calculated the slope of the STR for each plot by regressing log(cumulative richness) against log(years). We then tested for a treatment effect on STR slope. Analysis – natural gradient We divided the continental United States into a 1 · 1 degree grid. For each 1 · 1 degree cell, we calculated the average trait value across all plots in that cell, weighted by the coverage of that trait in each plot. We then calculated an average precipitation for each cell (PRISM Group, Oregon State University, 2008). Finally, we performed a simple linear regression of cell-aggregated trait values on mean precipitation. Natural variation in precipitation in the years before sampling a plot may weaken the overall relationship between 30 yr mean precipitation and mean trait values. Specifically, plots sampled in unusually wet or dry years may produce unusually high or low mean trait values, relative to that expected given the 30 yr mean precipitation at the site. We addressed this possibility by obtaining, for each natural vegetation plot, the annual precipitation in the year that the plot was sampled (PRISM Group, Oregon State University, 2008). We then performed a linear regression of log(mean precipitation) and log(mean trait value) for each trait across all natural vegetation plots. We took the residuals from this
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regression, aggregated them at the 1 · 1 degree resolution, and regressed the precipitation anomaly (precipitation in the year of sampling – mean precipitation) against these aggregated residuals. Sensitivity The VegBank database included a wider precipitation range than that encompassed by the experiments, and accordingly spanned a wider variety of vegetation. Most significantly, VegBank plots contained a higher abundance of woody species (mean woody cover = 53%). To ensure that our results were not driven simply by the inclusion of this other vegetation type in our analyses, we conducted separate analyses for the full VegBank dataset, and for a reduced dataset including only plots that exhibited < 50% cover by woody species. This reduced dataset showed a mean woody cover of 23% (range 0–50%). Experimental plots contained an average of 20% cover by woody species (range 0–100%). Incomplete trait sampling can limit large-scale comparative analyses such as this one. We asked whether systematic variation in trait coverage with respect to water availability could explain our experimental and natural gradient results. In order to determine whether we had trait data for a larger portion of the community for watered or control plots, we used ANOVAs on the last year of data from each experiment (as described earlier), using percentage coverage for each trait as the response variables. Similarly, we tested for a correlation between percentage coverage and precipitation along the natural gradient for each trait. Additionally, while we are primarily interested in using community mean traits as a means to summarize changes in community membership and abundance, we also sought to estimate the possible impact of trait plasticity in modulating the actual trait means in experimental plots. We asked how strong within-species trait variation would have to be to overturn our results. To examine the effect of intraspecific trait variation on experimental results, we assumed withinspecies trait–precipitation relationships were linear, with a fixed slope equal to a constant factor of the between-plot natural gradient slope. These factors were allowed to vary between –1 (within-species trait variation is qualitatively opposite to between-plot) and 2 (within-species trait variation is twice as extreme as between-plot variation). One study that measured these within-species slopes relative to between-plot slopes found that most species had withinspecies slopes for SLA of between c. 0.1 and 0.55 times the between-plot slope, and between 0.13 and 0.66 for individual leaf area (Cornwell & Ackerly, 2009; see also Ackerly & Cornwell, 2007). Some species in the Glopnet database have trait measurements from more than one location (Wright et al., 2004).
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We used these species, and associated precipitation values from their sampling sites, to estimate the slope of within-species precipitation–trait relationships. For each species, we calculated the slope of the relationship between precipitation at its sampling locations and the trait values measured at those locations. These slopes were arctan-transformed (transformed to angles) to improve normality. We asked if all such slopes across species differ collectively from zero, using a one-sample t-test.



Results Community composition, summarized by abundanceweighted community mean trait values, changed along the natural precipitation gradient. Leaf life span and seed mass (Fig. 1a) increased, while Nmass, Narea (Fig. 2a), Amass and Aarea decreased with increasing precipitation (Table 1). Naturally wetter plots showed lower cover of grass species, forb species and annual species (Table 1, Fig. S1), resulting in an increase in woody and perennial species. Across experimental sites, communities showed consistent changes in composition following experimental water addition. Watering led to communities with greater cover by forbs (F1,561 = 6.842, P = 0.0091), and reduced cover of annual species (F1,561 = 60.67, P < 0.0001) and short species (F1,561 = 89.32, P < 0.0001, Table 1). The abundanceweighted community mean values of quantitative traits also responded to watering in consistent ways. Mean leaf life span (F1,67 = 6.525, P = 0.0129, Fig. S2) and seed mass (F1,560 = 7.294, P = 0.0071, Fig. 1b) decreased with watering, while SLA (F1,89 = 4.882, P = 0.0297) and Narea (F1,89 = 13.73, P = 0.0003, Fig. 2b) increased. Watering had no effect on the slopes of species–time relationships (F1,88 = 0.0166, P = 0.898). Overall, there was low concordance between the effects of naturally and experimentally increased precipitation on community composition (Table 1, Figs 1c, 2c, S3). Of the traits that showed significant shifts in the experimental and natural gradient studies, four out of five shifted in opposite directions in the two study types. These were leaf life span, Narea, seed mass and growth form (percentage cover of forbs). Only changes in the percentage cover of annuals were consistent between the experiments and natural gradient. Focusing on changes over time in the Konza experiment, there was little indication that the directions of watering effects were approaching those of the natural gradient. For example, while seed mass did show a significant treatment · yr interaction (F13,520 = 2.0435, P = 0.0161, Fig. 1b), the effect of watering on seed mass at Konza generally became more, not less, strongly negative over time. Similarly, the watering effect on Narea became more positive over time (F13,520 = 5.3164, P < 0.0001, Fig. 2b), while treatment effects on other traits showed little trend over time (Fig. S2).
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Log (precipitation (mm)) Fig. 1 Summary of the response of community mean seed size to natural (a) and experimental (b) variation in precipitation. Small gray points (a) represent individual sampling plots, while the large black circles are the aggregated 1 · 1 degree cells. In the experimental sites (b), we calculated a change in seed mass for each site and year as the mean treatment seed mass minus the mean control seed mass. In most cases, watering reduced plot mean seed mass relative to controls. Experimental and natural gradient results can be combined (c), by plotting the control plot precipitation vs control plot seed mass (left symbol on each line segment) and the equivalent values for the water addition plots (right symbol on each line segment) for each site and year. The black line represents the regression relationship determined from the natural gradient analysis. Control plots tended to lie close to this line, but water addition plots did not. The experimental sites are abbreviated KNZ (Konza Prairie), JRG (Jasper Ridge), SEV (Sevilleta LTER) and SGS (Shortgrass Steppe LTER).
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Log (precipitation (mm)) Fig. 2 Responses of community mean Narea (leaf N concentration per unit area) to natural (a) and experimental (b) variation in precipitation. Details are as in Fig. 1. Community mean Narea tended to decline as natural precipitation increased, while experimental water addition produced an increase in Narea. The experimental sites are abbreviated KNZ (Konza Prairie), JRG (Jasper Ridge), SEV (Sevilleta LTER) and SGS (Shortgrass Steppe LTER).



Analyses of trait shifts in the experimental studies were sensitive to the use of standard or abundance-weighted averaging. In some cases, abundance-weighting simply changed the perceived magnitude of the treatment effect, and generally made treatment effects more difficult to detect (Table S2). However, in eight of the 15 yr at Konza and
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Table 1 Summary of community changes, summarized by community trait composition, in response to experimental and natural variation in precipitation



a



Experimentalb



Natural gradientc



Treatment



All plots



Trait



Coverage (%)



Effect



P



Coverage (%)



Effect



r2



< 50% woody (r2)



LL SLA Nmass Narea Amass Aarea Seed Grass Forb Annual Short



30 41 42 40 38 40 94 100 100 98 100



) + ns† + Mixed† ns† ) ns† + ) )†



0.0129 0.0297 0.1601 0.0003 0.0189 0.3116 0.0071 0.0717 0.0091 < 0.00001 < 0.00001



21 34 43 32 23 23 80 89 89 90



+ ns ) ) ) ) + ) ) )



0.154 0.006 0.158 0.309 0.047 0.101 0.362 0.373 0.066 0.122



0.160 0.002 0.121 0.164 0.061 0.108 0.061



ns, not significant. a Trait abbreviations are leaf life span (LL), specific leaf area (SLA), leaf N concentration per unit mass (Nmass) and area (Narea), carbon assimilation rates per unit mass (Amass) and area (Aarea) and seed mass (Seed). Grass, forb, annual and short refer to the summed relative abundance of all members of the named group within a plot. b Summaries of ANOVAs on the last year of data for each trait. Coverage refers to the mean percentage of species for which trait data were available. When the main treatment effect was significant, the direction of the watering effect is indicated with a ‘+’, ‘)’, or ‘Mixed’, if there was no consensus among sites on the direction. †, indicates a significant treatment · site interaction. Significant P values (P < 0.05) are in bold. c Summaries of linear regressions relating precipitation and aggregated natural vegetation plots (see text). For all traits, N = 189, except for leaf life span (N = 187). All regressions except SLA were significant (P < 0.0028 in all cases shown).



two of the 3 yr at Sevilleta, seed mass responded in opposite directions to watering, depending on whether abundanceweighted or unweighted means were used (Fig. 3). Several other traits showed similar sensitivity to abundance-weighting (Nmass, Narea, Aarea, Fig. S4).
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Year Fig. 3 Comparison of weighted and unweighted methods for calculating community mean traits, illustrated with seed mass. Treatment effects calculated from abundance-weighted (W) community means (as in Fig. 1b) differed from unweighted (UnW) means, and were qualitatively opposite in some cases. Study sites are Konza Prairie (KNZ), Jasper Ridge (JRG), Sevilleta LTER (SEV) and Shortgrass Steppe LTER (SGS). Standard error bars are omitted for clarity.
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In several cases, the precipitation in the particular years that plots were sampled explained residual variation from the 30 yr mean precipitation–community mean trait regression (Table 2). In all such cases, the direction of the relationship between the precipitation anomaly and the trait–precipitation residuals was opposite to the overall relationship between precipitation and trait means. For example, wetter sites tended to have lower Amass, but in unusually wet years, plots had unusually high Amass. Sensitivity Removing natural vegetation plots with > 50% cover by woody species did not change the direction or significance of any trait–precipitation relationships, although r2 values were altered in several cases (Table 1). At the experimental sites, for most traits, coverage did not vary between control and watering treatments. Only seed mass showed such an effect, and only weakly (1.3% increase with watering, F1,560 = 4.435, P = 0.0357). In the natural gradient analysis, correlations between precipitation and trait coverage were weak (r2 < 0.08) and nonsignificant in most cases. There were 154 species in Glopnet with records from more than one site and associated precipitation values (mean = 2.32 records). For several traits (SLA, Nmass and Narea), > 100 of these species had more than one measurement of the trait, while for LL, Amass and Aarea, there were
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Main effect



Anomaly effectb



+ ns ) ) ) ) + ) ) )



) ns ns ns + + ns + ns ns



ns, not significant. a Trait abbreviations are leaf life span (LL), specific leaf area (SLA), leaf N concentration per unit mass (Nmass) and area (Narea), carbon assimilation rates per unit mass (Amass) and area (Aarea) and seed mass (Seed). Grass, forb, annual and short refer to the summed relative abundance of all members of the named group within a plot. b The relationships between the precipitation anomaly (precipitation in the year a plot was sampled minus that plot’s 30 yr mean average) and the residuals of the 30-yr mean precipitation–plot trait mean regression. When there was a significant relationship between anomalies and residuals, the direction of that effect is indicated with a ‘+’ or ‘)’.



only eight or nine such species. Hence, the power to detect intraspecific trait variation is fairly high for SLA, Nmass and Narea, but not for the other three traits. However, none of the traits showed consistent precipitation–trait relationships among species (t-test, P > 0.48 in all cases). Furthermore, if we incorporate the estimated degree of within-species trait responses to precipitation into our estimates of trait shifts in response to experimental watering, treatment effects usually become stronger (Fig. S5). Thus, while strong intraspecific trait variation that is also correlated with precipitation could potentially overturn or strengthen our experimental results, we found no evidence that empirical patterns are strong enough or sufficiently well correlated with climate to produce this result (Fig. S5).



Discussion Community composition, as summarized by seed size, leaf traits and growth form, showed significant shifts both along the natural precipitation gradient and within experimental manipulations of water availability. Thus, in addition to being a useful common measure that allows synthesis of results from multiple studies, functional traits also appear to have predictive power with respect to responses to changing precipitation. However, there were striking discrepancies in the direction of trait shifts between the experimental and observational components of this study. Our synthesis of results from four experimental studies suggests that in conditions of increased precipitation, species with smaller seeds, shorter leaf life
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spans and higher Narea are favored. In contrast, the analysis of trait patterns along the natural precipitation gradient suggests precisely the opposite. We propose that a two-phased response to climate change may explain this discrepancy (Fig. 4). In the initial phase, shifts in abundances of species within the local species pool cause shifts in community mean traits. In the second phase, immigration and extirpation of species cause trait shifts over longer timescales (Adler & Levine, 2007; Smith et al., 2009). Based on our results, we argue that trait shifts in these two phases may often be in opposite directions. This model has close ties to similar ideas in ecosystem ecology. For example, Shaver et al. (2000) described multiphase responses of net primary productivity to warming in several experimental warming studies, and showed that the directions of shifts can differ among phases. Similarly, the slope of the precipitation–productivity relationship is steeper among sites than it is among years at a particular site (Lauenroth & Sala, 1992), suggesting that local conditions, including community composition, constrain the response to short-term increases in resource availability. Prolonged exposure to increased resource availability (as experienced in areas with higher mean annual precipitation) produces stronger changes in productivity because community



D



Community mean trait



Table 2 Relationship of 1 yr precipitation anomaly with residuals of trait mean–precipitation regressions



C



A B



Time Fig. 4 Hypothetical two-phase process by which community mean trait values respond to a climate perturbation. The light gray line represents hypothetical yearly data, showing fluctuations around the smoothed curve (black line) resulting from interannual variability. Initially (A), a community shows stochastic fluctuation over time around some equilibrium trait value. A climate perturbation (B) causes shifts in the community, which are driven primarily by changes in abundance within the fixed local species pool. Over time (C), immigration into and extirpation from the species pool overwhelm trait shifts caused by changes in local abundance, causing initial, transient trait shifts to reverse. Rates of immigration eventually diminish, and the community settles at a new equilibrium (D). The timescale over which these transitions occur is largely unknown, but critical for the understanding of community responses to climate change.
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turnover can occur. We propose that similar mechanisms drive changes in plant community trait composition with increasing precipitation. We address two important questions regarding the proposed two-phase process. First, why would the changes in community composition (as summarized by trait composition) in the two phases be opposite? Secondly, what determines the timescales of the process? Answers to both of these questions will be critical as we seek to understand the impacts of climate change on plant communities. Short- vs long-term responses Theoretical work on population dynamics has shown that a population perturbed from equilibrium may show complex transient dynamics before arriving at a new equilibrium (Hastings, 2004; Stott et al., 2010). Although a particular change may increase the equilibrium population of a species, its initial response to it may be to decline. Such transient dynamics may occur in communities if changing biological interactions cause feedbacks that reverse the initial changes caused by the experimental treatment. For example, in an experimental study of water addition in northern California grasslands, species richness increased initially after water addition (Suttle et al., 2007). This increase was caused, in part, by an increase in N fixer diversity, which enriched the soil and led eventually to dominance by a few annual grass species and a subsequent decrease in species richness. In the experimental studies we examined, initial changes seem to represent a response to increased resource availability, while hypothetical long-term changes may reflect changes in vegetation type, biological interactions and shifts in the limiting resource. Our experimental results are consistent with expectations regarding which plant traits are likely to be advantageous when resources become more abundant. Species with leaves that produce rapid returns on investments (Wright et al., 2004) should be better able to utilize pulses in resources. Species with slow returns on leaf investments should be expected to respond more slowly to an increase in resources. The shifts in traits we observed in experimental studies, including shorter leaf life span and higher SLA, are consistent with faster return on leaf investments in watered plots (Cunningham et al., 1999). Reduced seed size in experimental plots is likely the result of a higher colonization probability of small seeded species, and a decreased importance of seed provisioning as seedling growth is facilitated by greater water availability (Leishman & Westoby, 1994). Trait shifts over longer timescales and across the natural gradient are likely a result of fundamentally different mechanisms. Cover of woody species increased with increasing precipitation, which may cause light to become an increasingly important limiting resource. Under low-
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light conditions large seeds are often favored (Bazzaz, 1979; Coomes & Grubb, 2003; Pakeman et al., 2008). Similarly, high Narea may be an adaptation to low precipitation by allowing high water use efficiency in photosynthesis, but it is costly to maintain when water is not limiting (Reich et al., 1999; Wright et al., 2001, 2005). Thus, the mismatch between experimental and natural gradient results may be a result of long-term shifts in vegetation type and corresponding biological interactions, which were not observed on the timescale of our experiments. However, given sufficient time, continued application of precipitation might cause a change in the limiting resource, causing further shifts in functional traits, possibly reversing the earlier, transient, shifts (Fig. 4; Smith et al., 2009). That shortstatured species became less abundant over time in experimentally watered plots may be a subtle indication that this shift is beginning to occur in the experiments. In several cases, traits shifted in one direction when calculated as an abundance-weighted mean, but in the opposite direction when calculated as an unweighted mean, reflecting changes in species presence and absence (Fig. S4). Thus, trait shifts resulting from changes in species presence and absence were opposed by trait shifts caused by changes in species abundance. This strongly supports the notion of a two-phase process, in which the directions of shifts in the two phases do not necessarily match (Fig. 4). Another piece of evidence for the proposed two-phase response is that natural plots sampled in unusually wet years tended to approach the trait composition of naturally drier plots (for the traits leaf life span, Amass, Aarea and % grass). Thus, the short-term temporal response to naturally increased precipitation resembles the response of experimentally wetter communities, both of which share the property of having been exposed to higher precipitation for only a short time. Response timescales Understanding the course of community changes over time will be a critical component of climate change predictions (Shaver et al., 2000). Two lines of evidence suggest that changes observed in the experiments were primarily the result of abundance shifts (phase 1). First, abundanceweighted plot trait means revealed more significant treatment effects than did unweighted means, indicating that including information on abundance differences between control and treatment plots was crucial for understanding treatment responses. Secondly, were there significant species turnover in watered plots, we should expect them to show higher rates of species accumulation over time, or steeper species–time relationships (Adler & Lauenroth, 2003; Adler et al., 2005). However, we detected no difference in the slopes of species–time relationships between control and treatment plots. The duration of the experiments examined here (3–15 yr) may have been insufficient to observe
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New Phytologist significant changes in species composition. However, over perhaps a century, persistent changes in precipitation might allow the colonization of novel species and the extinction of other species from the regional pool. Small spatial scales of the experimental studies may lead to slow turnover relative to what might be expected in naturally changing communities. Species may be lost only slowly from plots that are no longer suitable for them if their populations are maintained by immigration from a surrounding source habitat, particularly if plots are small relative to dispersal distances (Pulliam, 1988; Dias, 1996). Conversely, although an experimentally altered plot might be a suitable habitat for a certain species, if that plot is embedded in a matrix of unsuitable habitat, dispersal to the plot could be very rare. Both of these effects should reduce community turnover rates to the extent that experimental changes in abiotic conditions are imposed over a small area. Thus, small spatial scales may prevent even long-running experiments from demonstrating strong trait shifts as a result of changing species pools. Although we detected some trait shifts resulting only from changing species occurrences, the small spatial scale of the experiments may have limited these shifts. Intraspecific variation This study addressed changes in the species composition of communities, as summarized by changes in community mean trait values. We have shown that mean trait values for species, available from the literature and databases, are a useful tool to predict how communities change with experimentally or naturally increased precipitation. However, we cannot predict from these data how the traits of species might change with precipitation resulting from plasticity or evolutionary changes. For example, individual plants might increase their rooting depth with drought, and after prolonged drought, populations might evolve to be deeperrooted. Thus, the community trait mean value for a plot should not be interpreted literally, as the traits of individuals within a particular plot may not be similar to those found in databases. However, our analysis of the ability of intraspecific variation to reverse experimental results indicated that this was unlikely, assuming reasonable (and empirically derived) relationships of precipitation and within-species trait variation. The two-phase model we propose could easily be extended to incorporate intraspecific trait shifts with climate change. This would align our model closely with the hierarchical-response framework of Smith et al. (2009). Under this framework, ecosystem responses to chronic resource alterations are dominated first by individual responses, then by changes in species abundance, and finally by immigration of new species. More work will be required to determine whether intraspecific trait shifts (including both plasticity and evolutionary responses) strengthen or dampen
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the short-term responses of plant traits to changes in precipitation (Cornwell & Ackerly, 2009). Conclusion In this manuscript we are primarily concerned with the manner in which the abiotic environment, such as precipitation and water availability, can act as a ‘filter’ by restricting community membership to plants with a limited set of traits (Cornwell & Ackerly, 2009). However, higher trophic levels, such as herbivores, can also act as strong filters in their own right (Diaz et al., 2001). It will be valuable to explore how the intensity of these biotic filters will change with increasing precipitation in these systems, as these abiotic and biotic filters may have interactive effects on plant composition (Diaz et al., 2007b). We have proposed a two-phase process by which communities change in response to climate perturbations. In the first phase, community change is dominated by shifts in abundances of resident species. In the second phase, changes are dominated by the arrival of new species and the loss of resident species. Changing biological interactions, shifts in the limiting resource and new feedback mechanisms may cause the shifts in the second phase to differ in kind from those initially observed. This model has important implications for predictions of climate change impacts on plant communities. First, the duration of these phases is largely unknown, and may differ substantially depending on community type and the severity and type of the climate change. We suggest that understanding the timescales of these changes should be a major objective of future research. Secondly, when making climate change predictions, we must use the data and tools appropriate to the timescale of interest, and extrapolate beyond that timescale only with extreme caution. Experiments can provide useful insight into the immediate, but possibly transient, responses of communities to a change. On the other hand, observational studies may reveal the expected longterm changes in a community type (over perhaps centuries), but offer little information regarding immediate responses in plant communities to climate change.
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