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Abstract. Predicting ecosystem responses to global change is a major challenge in ecology.  A critical step in that challenge is to understand how changing environmental conditions influence processes across levels of ecological organization. While direct scaling from individual to ecosystem dynamics can lead to robust and mechanistic predictions, new approaches are needed to appropriately translate questions through the community level. Species invasion, loss, and turnover all necessitate this scaling through community processes, but predicting how such changes may influence ecosystem function is notoriously difficult. We suggest that community-level dynamics can be incorporated into scaling predictions using a trait-based response-effect framework that differentiates the community response to environmental change (predicted by response traits) and the effect of that change on ecosystem processes (predicted by effect traits). We develop a response-and-effect functional framework, concentrating on how the relationships among species’ response, effect, and abundance can lead to general predictions concerning the magnitude and direction of the influence of environmental change on function. We then detail several key research directions needed to better scale the effects of environmental change through the community level. These include 1) effect and response trait characterization, 2) linkages between response and effect traits, 3) the importance of species interactions on trait expression, and 4) incorporation of feedbacks across multiple temporal scales. Increasing rates of extinction and invasion that are modifying communities worldwide make such a research agenda imperative.

Introduction
Human activities have changed global climate, land cover, and biodiversity at unprecedented rates (Steffen et al. 2004). It is reasonable to expect that nearly all ecosystems will experience directional changes in some abiotic and biotic controls, novel combinations of others, and in many cases, feedbacks that could lead to new types of ecosystems. The socioeconomic consequences of global change will depend on how these changes translate into altered ecosystem processes and services (Costanza et al. 1997; Balmford et al. 2002; Millennium Ecosystem Assessment 2003).

With the unprecedented nature of these changes, science is faced with the challenge of predicting how ecological systems will respond. Predicting future changes based on relationships and patterns in the current environment or in paleoecological records offers one way to address this question. While this approach has yielded important insights, it is largely correlational, making the identification of the roles of specific drivers of change (e.g. climate, atmospheric chemistry, land use, biota) difficult (Osmond et al. 2004). This approach also has limitations because climates in the near future may lack modern or paleo analogs (Williams et al. 2007) and because future change will likely not be incremental and proportional to past change (Clark et al. 2001; Thomas et al. 2004). A complementary approach is to identify the functional or mechanistic basis of the links between ecosystem functioning and global changes by scaling processes (Woodward et al. 1991; Field et al. 1992; Shaver et al. 2000; Currie 2001; Iverson & Prasad 2001). Here, we focus on critical needs in this latter domain.

Some processes scale more easily than others. Changes in the environment can affect ecosystem processes directly through effects on abiotic controls and indirectly through effects on the physiology, morphology, and behavior of individual organisms, the structure of populations, and the composition of communities. While our understanding of how some of these pathways influence ecosystem function is strong, other pathways are less well understood. For example, some physiological processes at the organ or individual level (e.g. photosynthesis, metabolism) scale well to regional and global patterns of ecosystem functioning (e.g. carbon flux) (Field et al. 1992). In contrast, many population and community processes (e.g. recruitment, species interactions, species turnover) do not (Bazzaz 1993; Chapin et al. 2000; Thompson et al. 2001; McGill et al. 2006). This difficulty in scaling up may arise from an emphasis in community ecology on context-specificity – the importance of site, pairwise interactions among species, and history – at the expense of general principles (McGill et al. 2006).  

While scaling through the community level remains a challenge, widespread evidence indicates its importance. For example, Grime et al. (2000) found that response to simulated changes in climate depended strongly on the functional characteristics of the community. Across geographic gradients in water availability, net primary production increases much more than predicted based on the response of a given community to interannual fluctuations in precipitation (Lauenroth & Sala 1992), due to species turnover along the geographic gradient. Similar patterns occur in response to nitrogen fertilization across moisture gradients (Hooper & Johnson 1999). Changes in primary productivity couple poorly with photosynthesis under experimentally warmed conditions in the arctic due to shifts in species composition (Hobbie & Chapin 1998). In cases such as these, community-level changes may amplify or dwarf physiological responses, resulting in changes in ecosystem processes that cannot be predicted by the physiology or morphology of individual plants present initially. 
Given the sometimes complex interdependencies at the community scale, ecologists will need to emphasize only the critical processes that will aid prediction. While the concern that community dynamics play a large but neglected role in global change predictions has been aired for some time (e.g. Woodward et al. 1991; Bazzaz 1993), incorporating these dynamics into a generalizable framework has been difficult (Grime 2006). Functional classification approaches offer a way to achieve such a framework (Grime et al. 1988; Woodward & Diament 1991; Gitay & Noble 1997).  We argue that a trait-based response-and-effect framework (Fig.1) is a very valuable tool for incorporating community dynamics into predictions of environmental change. By using this framework in the context of environmental change, we apply arguments about scaling through the community level to predict how response and effect components of change will affect ecosystem function. We then outline a research agenda to further advance applications of this trait-based scaling approach in global change research.

I. A Response and Effect Framework for Scaling from Individuals to Ecosystems

The response-and-effect framework for determining how community dynamics will influence ecosystem function involves integrating two components: 1) how a community responds to change, and 2) how that changed community affects ecosystem processes. The approach distinguishes functional response groups (groups of species
 with a similar response to a particular environmental factor such as resource availability, disturbance or CO2) and functional effect groups (species that exert similar effects on one or several ecosystem functions). While the distinction between response and effect has been used to describe competitive dynamics for some time, both phenomenologically (Goldberg & Werner 1983) and for functional traits (Goldberg 1990), it has been applied to ecosystem function only recently (Landsberg et al. 1999; Walker et al. 1999; Hooper et al. 2002; Lavorel & Garnier 2002; Naeem & Wright 2003). Here, we extend this approach to the challenge of scaling processes from individuals to ecosystems through the community level in the context of environmental change. 

The use of traits or groupings to predict functional response to environmental change has developed rapidly over the last two decades (Grime et al. 1988; Woodward & Diament 1991; Chapin et al. 1993; McIntyre et al. 1995; Gitay & Noble 1997; Poff 1997; Purvis et al. 2000), including bodies of work on traits related to the probability of extinction (e.g. Davies et al. 2000; Cardillo et al. 2005; Williams et al. 2005) and invasion (e.g. Grotkopp et al. 2002; Hamilton et al. 2005; Olden et al. 2006). The community assemblage that will affect ecosystem properties is the result of sorting processes among individuals with appropriate response traits (Weiher et al. 1998; Grime 2006). These response traits may encompass response to environmental change directly and response through compensatory dynamics due to consequent changes in species interactions. The altered community will impact ecosystem processes via changes in the representation of ecosystem-effect traits. Suites of effect traits are often reliable predictors of ecosystem function (Chapin et al. 1996; Wolters et al. 2000; Díaz & Cabido 2001; Garnier et al. 2004) across a wide range of ecosystem types (Grime et al. 1997; Reich et al. 2003; Díaz et al. 2004; Kremen 2005), and understanding of how traits affect various ecosystem properties is a currently growing area of research. The degree to which individuals with response traits favoured by the changed environment differ in their effect traits compared to the initial assemblage will determine the extent to which community change influences ecosystem function.
Evidence suggests that traits should often differ in their contribution to response or effect functional groupings. For instance, community response to environmental perturbations often depends on traits relating to fecundity, regeneration and dispersal (Clark et al. 1998; Hubbell 2001; Higgins et al. 2003; Kneitel & Miller 2003; Neilson et al. 2005; Grime 2006), while these traits themselves are not, in turn, important direct drivers of ecosystem processes. In contrast, functional effect groupings are likely to be based on traits that relate to nutrient recycling and storage (litter chemistry, grazer efficiency and behavior, biomass allocation). One major trade-off that might affect both response and effect is between attributes that allow rapid acquisition of resources (acquisitive type) and those that maximize conservation of resources (conservative type) for plants (Grime et al. 1997; Díaz et al. 2004; Wright et al. 2004) and animals (Arendt 1997; Schiesari et al. 2006). Traits related to trophic position and body size may also be strongly related to both effect and response (Chalcraft & Resetarits 2003; Schmitz 2004; Larsen et al. 2005). Hence, it is likely that the relationship between effect and response will depend on the particular traits considered. As we detail below, this variation produces several different types of dynamics that will influence how species traits scale to ecosystem functioning.

While traits influence per-capita effects and responses, abundance is also an important translator of response and effect. Clearly, a species that doubles its population size due to an environmental change would be more likely to cause a shift in function if it rose from 30% to 60% abundance rather than 3% to 6%. Abundant species are often more functionally important simply due to greater representation (Grime 1998; Sugihara et al. 2003; Garnier et al. 2004; Balvanera et al. 2005). While a simple “mass-ratio” rule applies in many circumstances (Grime 1998; Garnier et al. 2004; Quested & Eriksson 2006), in many cases a species or group has a disproportionate effect on ecosystem function (Power et al. 1996; Lyons et al. 2005). Some functional effects are proportional to abundance, with effect being determined by the most abundant one or two species, whereas in other cases functional effects may not scale as directly with abundance due to non-additive or higher order interactions. 

Thus, at least three factors should be important to predict how environmental change influences ecosystem function through community dynamics: species abundance responses as related by response functional traits; the relationship between response and effect functional traits; and the resulting altered representation of effect functional traits. In the next section, we further develop this framework, articulating the roles of these components and highlighting additional assumptions that add complexity to this approach.


II. Basic Scaling Approach: Response and Effect 
Most of the successful approaches that scale from the individual-level to ecosystem processes assume continuous response functions among the environment, plant traits, and ecosystem functioning. This implies that a particular trait or group of traits (X) produces a particular aggregate ecosystem effect (Y), regardless of species identity or community context. 
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While traits are important in the above relationship (e.g. a given environment supports biota that have a given trait distribution and a given effect on ecosystem function), community dynamics are not included. This omission may work if individuals of all species behave similarly or if there is one species that dominates all dynamics. For instance, photosynthesis research has successfully linked molecular patterns with global patterns (Schulze et al. 1994) because light response curves of net photosynthesis of plants acclimated or adapted to different light intensities, with variations in leaf angle and photosynthetic properties, can be translated into carbon fixation by the canopy as a whole (Farquhar & Sharkey 1982; Field et al. 1992). If the phenology of leaf carbon gain is taken into account, environmental controls over global primary production are identical to those described for net photosynthesis of individual leaves (Reich et al. 1997). When selection for optimal performance at the level of the individual in a certain environment gives rise to predictable patterns at the ecosystem level, such as for photosynthesis and primary production, there may be little reason to include more complex community dynamics in predictive models. However, these cases may not be widespread. While there have been few explicit tests of when or to what extent the inclusion of community dynamics may fundamentally alter model predictions, recent evidence (e.g. Grime et al. 2000; Joel et al 2001; Henry et al. 2005) suggests that community-level changes are likely to affect ecosystem processes in ways that cannot be predicted by the physiology or morphology of individual plants.

To incorporate community dynamics, we begin by aggregating all species or groups in the community. This in itself is not simple; here we assume that species contributions are additive, following the framework of Balvanera et al. (2005). We define the current contribution of a given species (or genotype or group of species), j, to an ecosystem process, Y, at time 1 as Cj1. Thus, the ecosystem function carried out by the initial community (i.e. prior to a change in the environment) is 
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According to the mass-ratio hypothesis (Grime 1998), which proposes that the controls on function are in proportion to productivity or abundance, the current functional contribution of a species, Cj1, can be broken down in terms of the per-gram or per-capita effect of a species on Y (Ej1) and its current abundance (nj1). 
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Thus, we assume that ecosystem functions are determined by the summed traits of the dominant species and are relatively insensitive to the traits and trait diversity of the subordinates. Most tests indicate that the effects of certain functional types or attribute combinations on ecosystem processes are often proportional to their local abundance (Hobbie 1992; Díaz & Cabido 2001; Garnier et al. 2004), although there are also well documented cases of species with effects disproportionate to their productivity or abundance. In most of these cases, the species have unique traits that modify or create habitat for other species (Lill & Marquis 2003; Wright & Jones 2004) or traits that contribute to a function that depends on relative trait diversity (i.e. resource partitioning) rather than absolute values (Lyons et al. 2005). We suggest ways to incorporate these alternatives in the following section (Question 3, below).
Determining per-capita species effects and their relationship to traits is tractable. Species contributions to ecosystem processes (Ej) should relate the effect (e.g. a process measurement such as N cycling or C storage) of a certain species or group of species to particular traits (e.g. an effect trait such as relative growth rate or wood density). Several different experimental approaches can achieve this goal, including trait and ecosystem measurements of mixed-species systems in the field (Garnier et al. 2004; Wright et al. 2004; Quétier et al. 2007), planted monocultures (Reich et al. 2001; Craine et al. 2002; Engelhardt 2006), and removal or invasion experiments (Díaz et al. 2003; Bret-Harte et al. 2004). Ultimately, all approaches break down Ej into functions describing a process (e.g. decomposition rate) and how that process is affected by a measurable trait (e.g. lignin concentration). There are several challenges associated with this step that will be fruitful avenues of research; we outline these in the following section (Questions 1, 2, below).
We can also use a trait-based prediction of response to a changed environment (t=2) where nj2, the abundance of species j in the new environment, is 
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Response (Rj) includes both the direct response to the environmental change and any compensatory dynamics following the perturbation due to changes in species interactions. In reality, different response traits could be predictive of these two types of response and thus necessitate separation into two or more components (e.g. Manning et al. 2006). In addition, this basic framework assumes that changes occur simultaneously, although feedbacks and time lags can affect the time course of responses (we suggest ways to incorporate temporal variation in Question 4, below).  

Several different approaches could be used to estimate response, Rj, to a change, as well as the traits related to that response. These approaches include spatial distribution along environmental gradients (Díaz & Cabido 1997; De Bello et al. 2005), temporal changes in the paleorecord (Jackson & Overpeck 2000), or experimental manipulations (e.g. Joel et al. 2001; Reich et al. 2001). While we show response in terms of abundance, it could also reflect presence or absence such as the probability of local extinctions or invasions (e.g. Larsen et al. 2005).  One challenge, however, is that the responses of particular species could differ depending on community composition. We expand on this challenge in the following section (Question 3, below).
To predict future ecosystem functioning, the contribution of a given species, j, to future aggregate ecosystem function, Y2, can be assumed to be function of the effect of a species on Y and its predicted abundance n2 (similar to eq 3). Substituting the response relationship (eq 4) for n2, the future ecosystem function can be estimated as
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Clearly, this relationship differs from the single trait-environment relationship (eq 1) in many ways. Incorporating several species or species groups into predictions of ecosystem function not only adds the challenge of aggregating multiple entities, but also the challenges of assessing effects and responses for several species or groups and explicitly incorporating changes in abundance. While the resulting formulation is still very basic, a major conclusion of this approach is that a particular environmental change does not have to give rise to the same suite of species traits and therefore the same ecosystem functioning. 
III. Applying the Effect and Response Framework: A Research Agenda
The effect and response framework above indicates that the relationship between effect, response, and abundance will strongly influence predictions of ecosystem function. While the framework lays a basic foundation for scaling through the community level, progress in several key research areas would aid its widespread application. In this section, we address how the effect-and-response framework can be implemented and then expanded to cover more complex and realistic processes. Below, we focus on advancing four major research themes necessary to apply this framework: functional trait classification, response-effect trait linkages, community context and indirect effects on species trait classifications, and feedbacks across multiple temporal scales.
Question 1: How reliably can we identify response traits that successfully predict species responses to key global changes? Likewise, how reliably can we identify which functional effect traits are relevant for a given ecosystem property? The power of the response-effect framework will be limited by the extent to which we can identify relevant response and effect traits (indicative of E and R in eq. 3, 4).  While improving trait classifications has been a research goal for at least a decade (Noble & Gitay 1996; Gitay & Noble 1997; Grime et al. 1997; Lavorel et al. 1997; Weiher et al. 1999; Craine et al. 2002; Wright et al. 2004), this remains a necessary step forward. Some species are well-studied, both in terms of their responses to key global change drivers and their effects on important ecosystem processes, but most species remain unmeasured. In one of the few empirical tests that used response and effect traits to predict consequences of environmental change, Engelhardt (2006) successfully identified traits in monocultures that were related to both effect and response. Whether these traits would have been identifiable in species mixtures in field settings is unclear, but it confirms the possibility of identifying traits that can predict response to key global changes and their subsequent effect on critical ecosystem properties. In a field-based study, Quétier et al. (2007) determined traits that linked changes in soil resource availability (due to fertilization) and disturbance regimes (grazing, mowing) to changed ecosystem properties in managed subalpine grasslands. Comparative trait ecology is a very active area of research, and further progress such as these studies will be fundamental to lay the foundation of a predictive framework.  

Although we expect species-level trait screening to form the backbone of future advances in this area (e.g. Williams et al. 2005; Díaz et al. 2007; Quétier et al. 2007), several other trait-based approaches are extremely promising. Comparative approaches informed by phylogeny offer a powerful tool for understanding the long-term role of particular traits in ecological interactions (Ackerly 2003; Cavender-Bares et al. 2004).  Analyses that incorporate trait variation within and among species (Cornwell et al. 2006; Ackerly & Cornwell 2007) and niche overlap (Mouillot et al. 2005) are also proving to be powerful approaches.

Functional classification also applies to groupings at other levels of organization, such as genotypes or phenotypes of individuals acclimated to different conditions. The challenge of trait characterization is ultimately at the phenotypic level; the average characteristics of a species could simplify this task if trait differences among conspecific individuals are less than differences among species. However, we know that some traits are highly variable within species and that environmental changes can cause shifts in abundance of different genotypes and phenotypes (Rehfeldt et al. 1999; Whitham et al. 2003; Mondor et al. 2005). For example, some leaf chemical components are more variable within a species than among species due to strong environmental controls (Grimshaw & Allen 1987). In such cases, aggregation of species using the mean of all individuals within a species is not appropriate. In addition, Wright et al. (2006) found that classification schemes based on some traits widely-assumed to be important (e.g. N-fixer, forb, grass) are no better than random groupings, suggesting the need to question traditional morphotype classifications and screen for effect classifications that link directly to ecosystem-level mechanisms.
Question 2: What linkages exist between effect and response traits and what are the consequences for ecosystem function? Evidence indicates that the response of ecosystem patterns and processes to environmental change is rarely linear (Ackerly & Bazzaz 1995; Mayer & Rietkerk 2004; Groffman et al. 2006): a small change in the environment can lead to rapid and large changes in structure and function. The relationship between response and effect groups as a system undergoes change is one factor that can contribute to non-linear relationships. How often are response and effect strongly correlated with one another? Are particular systems characterized by strongly correlated response and effect groups? Can we use the ideas of a uniform distribution of response and effect traits to aid resilience in management? 

In our view, an important research focus is to explicitly investigate response-effect linkages relevant to key global changes in different ecosystems. Understanding the relationship between response and effect trait groups may help predict the occurrence and pattern of nonlinear response of ecosystem function to environmental change. To illustrate, we evaluate the ramifications of three types of relationships: perfect correlation (a response group is an effect group), completely overlapping distribution (every response group contains every effect group) and random distribution (no consistent relationship between effect and response) (Fig. 1, 2). 
If effect and response are correlated or if important effect traits and response traits are the same (E =R), then we would expect to see nonlinear changes in ecosystem function due to a changing environment (Fig. 2a, b). For instance, in cases where functionally important effect groups are also the most extinction prone (i.e. have a negative response), we would expect particularly rapid losses of function; this results in a negative correlation of effect and response traits (Fig. 2a). For example, Larsen et al (2005) found that female body size of bees was both a response and effect trait because it was positively related to the probability of extinction due to agricultural intensification (response) and to pollination efficiencies (effect), leading to a strong decline in pollination function due to agricultural intensification (Fig. 3). Engelhardt (2006) found that root growth can be used simultaneously to predict the response of aquatic macrophytes to flooding, as well as their effects on sediment nutrient dynamics, suggesting potentially strong consequences of disturbance on water quality. Bunker et al. (2005) simulated a possible extinction scenario in a tropical forest plot of Barro Colorado Island, Panama, where the key response trait and key effect trait were both wood density (high wood density species were more extinction prone and contributed most to carbon storage). They found the loss of these high density wood species would lead to a 70% decrease in carbon storage, while random loss of species would lead to just a 4% loss of carbon storage. Similarly, when Solan et al. (2004) simulated the loss of large marine invertebrates, in which body size was positively related to both extinction risk (response) and per-capita effect of biogenic mixing depth (effect), they found that the effect of bioturbation changed more rapidly than in random extinction scenarios. In addition, they found that compensation by the remaining species, while possible when responses were not related to effect, did not mitigate the losses when effect and response traits were correlated because the remaining species were small and could not offset the functions performed by the missing large species. 

The above examples all deal with negative correlations among effect and response traits; positive correlations between response and effect traits are also possible (Fig. 2b). While still nonlinear, a change in community structure would result in less change in ecosystem function than expected if effects and responses were not associated. This relationship could occur, for instance, when traits related to negative response (e.g. more extinction prone, more likely to decrease in abundance) are associated with traits contributing a weaker effect (e.g. less carbon storage). In this case, the response in terms of extinctions would result in less change in ecosystem function relative to random extinctions. Note, the direction of effects and responses will depend on the type of response (e.g. increased probability of extinction but decreased population growth rates) and valuation of effect (e.g. whether more or less carbon storage constitutes a larger effect). Regardless of the direction of effect-response correlation, we expect changes in function that do not mirror the incremental change in environment in systems where effect and response are correlated.

If the distribution of effect and response completely overlaps (every response group contains species of every effect group), then we would expect to see resilience or dampened changes in ecosystem function (Fig. 2c). This scenario is based on the concept of response diversity, when species that contribute similarly to ecosystem function differ in their responses to environmental change (Hooper et al. 2002; Elmqvist et al. 2003; Nystrom 2006). While average expected change in ecosystem function would be small, this scenario differs from a completely random trait relationship in that it also dampens the potential variability in response (Fig. 2). Several studies support this prediction. In Australian rangelands, Walker et al. (1999) found that grazing caused many of the abundant species to decrease and minor species to increase in abundance. They predicted little change in many ecosystem functions (carbon storage, nitrogen cycling), however, because both increaser and decreaser species were functionally similar with respect to biogeochemistry. Likewise, in California serpentine grasslands, two functionally similar species had opposite responses to rainfall: Plantago erecta increased but Lasthenia californica decreased in low rainfall years (Hobbs & Mooney 1991). While these responses are possibly due to differences in reproductive strategies (Hobbs & Mooney 1985), if both forbs contributed similarly to production, the functioning of the system would remain relatively constant through time. In arctic tundra, species’ responses to temperature change are well-distributed among the dominant plant morphotypes (evergreen shrubs, deciduous shrubs, forbs, and sedges) (Chapin et al. 1996). Because all of the dominant morphotypes should thus persist under projected warming scenarios, functional effect changes would be less severe than expected without this across-group distribution of functional response types. As a last example, Forys and Allen (2002) studied vertebrate species turnover in Southern Florida due to European colonization. Although non-native species replaced many native faunal species, this turnover did not affect body mass distributions (a proxy for function). 
A third scenario, where response is random with respect to effect on ecosystem function, may result in ecosystem change roughly proportional to environmental change (i.e. linear responses). For example, the response groups tolerant to fire (e.g. species that have traits such as soil seed banks, thick bark, and resprouting capacity) and the effect groups that promote ecosystem flammability (e.g. species that have traits such as high volatile production, low tissue moisture, and retention of dead branches) show little direct overlap (Lavorel & Garnier 2002). In Minnesota grasslands, aboveground nitrogen tissue content best predicted plant response to elevated CO2.  However, total biomass in monoculture more closely predicted soil nitrogen availability under elevated CO2 conditions (Reich et al. 2001). Thus, although they were able to identify a trait predictive of response (tissue nitrogen content) and a trait predictive of effect (total biomass), these did not help predict effects of CO2 because the two traits were not correlated (Figure 4). When the traits that determine community response are not closely related to ones that contribute to how vegetation change influences ecosystem processes, we expect change to occur in a stepwise fashion that would approximate linearity over longer-time scales. 


While the limited work to date appears to indicate that linkages between effect and response traits have important consequences for environmental change, there have been no studies that have explicitly tested how these linkages translate to ecosystem function. We do not know how often each of these types of correlations occurs, or what situations or habitats may be particularly prone to a particular scenario of trait linkage. These research directions could improve our ability to generalize how different trait relationships relate to the response of ecosystems to global change.
Question 3: What are particularly strong and common pathways by which community context and indirect effects influence pathways of community change? 
In our basic framework, we assumed that community change results from a variety of independent species responding to environmental change and that their effects do not depend on the identity or traits of the other species present. If so, we expect predictable shifts in community composition based on the sum of independent species responses to a given perturbation. We would also expect predictable effects on ecosystem function based on the direct additive effects of traits on function. However, when interactions (e.g. predation, pollinator limitations, competitive hierarchies, microbial priming) are strong, species responses to environmental change are often contingent on whether they are alone or in multi-species mixtures; we refer to such contingency as “non-additivity.” This dilemma complicates the application of the effect and response framework because it indicates that R and E for a species can vary depending on context. How often and under what conditions can independent species responses be assumed? Are there some systems where species interactions and context-dependency play a relatively minor role in overall response? When non-additive effects are important, how can they be incorporated into model development? Are there particularly common or important traits (e.g. body size for animals) that can serve as general rules in absence of detailed understanding of all the contingencies and indirect interactions that may lead to non-additive effects?
Work to date indicates that non-additivity should be considered the rule rather than the exception, as outcomes are often contingent on combinations of interacting species (Agrawal et al. 2007). For instance, competitive interactions change predictions of species responses to elevated CO2 (Leadley et al. 1999; Joel et al. 2001); most species respond positively to elevated CO2 when grown alone (Korner 2000), but the presence of other species significantly alters individual outcomes (Poorter & Navas 2003). The effects of elevated CO2 on herbivores in mixed-stands couples poorly with individual herbivore-plant responses from single-species experiments (Díaz 1995; Díaz et al. 1998). Warming and nitrogen addition experiments show the same patterns (Woodward 1992; Hooper & Johnson 1999; Bret-Harte et al. 2004; Klanderud 2005). Traits that predict the direct response of a group to environmental change could be very different from the traits that influence species interactions (Manning et al. 2006). For example, Henry et al. (2005) found enhanced CO2 increased ligno-cellulose in all plants but that these increases were counteracted by an increase in the relative biomass of forbs, which contained less ligno-cellulose than grasses. Consequently, due to community-level changes, they found no net change in the overall ligno-cellulose content of senesced tissue under elevated CO2.  This evidence suggests it is critical to understand differential responses of component species and how these differential responses affect species interactions with one another and with the environment (Joel et al. 2001; Lee et al. 2003; Schmitz et al. 2003). 
While ecological context may be at the heart of accurately scaling through the community-level, our ability to generalize in this area is currently limited. Compensatory responses are notoriously contingent on composition and history. Traits predictive of competitive ability (Tilman 1982; Goldberg 1996), response to herbivory (Díaz et al. 2001; Wardle et al. 2003b), strengths of trophic interactions (van der Putten et al. 2004) and even symbiotic associations (Cornelissen et al. 2001) are sometimes found, but generalities are often not sought across systems.  Different ecosystems may be dominated by different suites of interactions, such as facilitative associations (Bruno et al. 2003), indirect interactions (Wootton 2002; Bardgett & Wardle 2003), and non-trophic interactions such as ecosystem engineering (Lill & Marquis 2003; Wright & Jones 2004). Species interactions also change along environmental gradients and the importance of different types of interactions is likely to change as well (Oesterheld 1992; Wilson & Tilman 1993; Fraser & Grime 1999; Waide et al. 1999; Pennings et al. 2001; Pugnaire & Luque 2001). As yet, we have no recognized suite of predictors for such changes.
To move forward on this issue, we must take a multifaceted, integrated approach to understanding the major pathways by which differential species responses affect species interactions. We are now poised to make substantial progress by asking not only whether a particular factor changes species interactions, but to quantify the relative magnitude of such changes. More studies are simultaneously addressing the importance of different types of interactions (Lambrinos 2002; Morris et al. 2007), as well as testing how these interactions vary across environmental gradients (Callaway et al. 2002). With this knowledge, it will be easier to identify traits that may be important to quantify in a particular community context. 
Recent studies on the role of functional diversity (e.g. Kremen 2005; Petchey & Gaston 2006) form an excellent springboard for understanding contingencies in ecosystem effects due to different combinations of species. Strong evidence indicates that the relative combination of species traits (functional and taxonomic diversity) can influence ecosystem function (Petchey & Gaston 2002; Naeem & Wright 2003). Recent findings about the relative roles of diversity and abundance indicate that both factors are important in determining ecosystem processes (Fargione et al. 2003; Symstad et al. 2003; Smith et al. 2004, Hooper et al. 2005). The relative, rather then absolute, importance of many species attributes, such as rooting depth and canopy structure, can determine how efficiently the system as a whole utilizes resources because niche differentiation both enhances species coexistence through reduced interspecific competition (i.e. niche complementarity) and allows a fuller use of locally available resources (Wardle & Peltzer 2003; Hooper et al. 2005). For instance, Jonsson et al. (2002) found that progressive loss of stream invertebrate species causes a greater than expected loss in leaf-shredding function due to rapid loss of interspecific facilitation of overall rates of shredding. Non-additive effects of litter mixing cause decomposition of whole communities to scale poorly with the decomposition rates of species in isolation (Wardle et al. 2003a). Petchey and Gaston (2002) found that complementarity in functional attributes led to rapid loss of functional diversity for simulated extinction scenarios in six plant and animal communities. While the mass-ratio approach is a robust first step in aggregating function, explicit comparisons of the similarity and dissimilarity among species (Walker et al. 1999) will greatly improve predictions of aggregated resource use or ecosystem function patterns.  
Question 4: What is the time scale over which the incorporation of community processes is important? In our basic framework, we assume that changes occur simultaneously, but there is strong evidence that community dynamics can both delay and accelerate predicted changes. While ecosystem responses to environmental change are likely to be initially dominated by changes in plant physiology and morphology, changes in relative dominance and abundance of species are likely to have important ecosystem influences at longer timescales (Lauenroth & Sala 1992; Knapp & Smith 2001; Wilson & Tilman 2002). Some species may appear to be resilient to change due to their longevity, reducing opportunities for species turnover at the regeneration or recruitment stages until after mortality-causing disturbance (Grime 1998; Epstein et al. 2004; van Nes & Scheffer 2004). This resistance can reduce the magnitude or variability predicted by models that do not take into account dynamics of species turnover (Epstein et al. 2004). Lodgepole pine, for example, is predicted to expand at its northern limits due to climate changes (Johnstone & Chapin 2003). However, the pine’s expansion may lag behind climate change, due to its dependencies on fire for recruitment into new environments. Alternatively, species turnover due to rapid invasions or local extinctions could increase the magnitude or variance often predicted by models (D'Antonio & Kark 2002; Levine et al. 2003; Larsen et al. 2005). Species turnover can also depend on temporal variation in environment, with establishment accelerated by prior severe disturbance (e.g. drought) and limited to transient favorable periods (Swetnam & Betancourt 1998; Lyford et al. 2003; Booth et al. 2005; Gray et al. 2006). Founder or priority effects can also lead to bifurcation in community dynamics, and consequently have long-lasting effects on ecosystem functioning (Jenkins & Buikema 1998; Corbin & D'Antonio 2004; Daehler & Goergen 2005; Gamarra et al. 2005). These trajectories of change could facilitate different assembly dynamics and the development of alternative states (Belyea & Lancaster 1999; Ackerly 2003). 

Strong plant-soil or above-belowground feedbacks can also influence how community dynamics contribute to ecosystem function over time (van der Putten et al. 2004; Wardle et al. 2004). Species effects can create feedbacks that either buffer or accelerate community change (D’Antonio & Vitousek 1992; Hobbie 1992). For instance, a change in temperature or moisture, predicted to change resource cycling and community composition, may not have as large an effect as predicted because species can counteract a portion of the change through effects on microbial processes (such as nutrient immobilization) or luxury nutrient uptake. The potential for feedback loops exists where plant responses to an environmental change alter resource supply rates or disturbance regimes, which then regulate species responses to subsequent climate change (van der Putten et al. 2004). For example, if an environmental change enhances the success of a species with nitrogen-fixing symbionts, then further responses will be a function of both the external driver and the increased nitrogen availability in the system (Vitousek et al. 2002). Problematic exotic species often exert large effects on ecosystem functioning, which in turn enhance their success through positive feedbacks (Levine et al. 2003). For instance, since exotic grasses invaded Hawaiian woodland in the 1960’s, there has been a 35-fold increase in the area burned by fire and a three-fold increase in fire frequency, which in turn favors the expansion of grasslands (D'Antonio et al. 2000). It is critical to know how often feedbacks such as these need to be incorporated into scaling predictions, as they can amplify any direct response several fold.

IV. Conclusions 
While the incorporation of community-level change into models of how global change influences ecosystem function is in its infancy, recent progress suggests that scaling through the community level might greatly improve our predictive capability. Attention to community organization, particularly functional dynamics related to species turnover and biotic interactions, will allow us to make vital advances.  

A functional response and effect framework can be a powerful new way to scale change through community dynamics. As a starting point, we demonstrate how the relationships among species response, effect, and abundance can lead to general predictions concerning the magnitude and direction of environmental change effects on function. Many uncertainties remain, including how best to quantify effect and response traits, the importance of the relationship between response and effect, the influence of community context and non-additive species interactions on trait classification, and incorporation of feedbacks across multiple temporal scales. While all of these research areas will advance the general framework, they also need to be carefully evaluated in terms of their value to predictive capacity at the expense of unneeded complexity. Despite the challenges this research agenda presents, the importance of understanding and managing species invasions, extinctions, and large changes in species composition in nearly every major ecosystem should make community-centered scaling a strong research priority in ecology.
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Figure Legends
Figure 1.  The response-and-effect framework for scaling through the community level distinguishes between the species (and their functional traits) that respond to environmental change (i.e. response groups, shown as different shapes), and the species and traits that impact ecosystem function (i.e. effect groups, shown as white, gray or black). These two groups may completely overlap (A), reinforcing the effects of environmental change through community dynamics. In other cases, effect groups may be represented by all response groups (B), which may lead to functional resilience to change, or effect groups may be random with respect to response groups (C).

Figure 2.  Possible outcomes due to differing relationships between effect and response traits: effect and response could be perfectly correlated (either negatively (a) or positively (b)), overlapping (c), or random (no relationship, d). To avoid valuing ecosystem functions, we express effect in terms of its magnitude (i.e. from weak to strong) on function. Responses are expressed as positive or negative changes due to the environmental change. Symbols are species. In all scenarios, we simulated the loss of the three species with the most negative responses (i.e. decrease in abundance, most at risk of extinction) due to a particular environmental change; these species are in the region of the graph highlighted in gray. We conducted a series of simple simulations to estimate effects of loss of these three species. In the initial 9-species community, abundances were log-normally distributed and independent of effect or response ranking.  Change in ecosystem function (right column) was estimated as the difference in the product of effect and relative abundance (eq 3) prior to and following the loss of the three species. Fifty permutations were run, each with abundance randomly assigned, to estimate the distribution of change expected in each scenario.  The scenario with no relationship between effect and response reflects the results of 200 permutations where effect, response, and abundance were all randomized with respect to one another. While scenarios a and b predict a change in ecosystem function, scenarios c and d, on average, do not. Instead, these last two scenerios differ in the variability of possible effects, with consistent resilience to change in scenario c and wide effects in both directions more likely in scenario d.
Figure 3. An example where response and effect traits are the same (Fig. 2a), which could lead to rapid loss of function (from Larsen et al., 2005). Mean body mass of bees (response trait) is correlated with the extinction risk of bees in response to agricultural intensification (response)(P=0.0009)(a). Abundance was not related to extinction risk. Pollination efficiencies (effect) were also weakly correlated with body mass (P=0.07)(b), and so body mass can be considered both a response and effect trait. There was a significant relationship between extinction risk (response) and functional efficiency (effect) (P=0.012)(c), leading to the situation where large bees, more apt to be lost to agricultural intensification, were functionally more efficient in terms of pollination services. Thus, ecosystem function would be predicted to decline due to agricultural intensification (scenario a in Figure 2). For comparison with figure 2 and 4, note the reversal of the extinction risk axis in panel a and c.

Figure 4. An example where response and effect traits are not the same nor tightly related to one another (from Reich et al., 2001), as in Fig. 2d. While aboveground nitrogen tissue  concentration (response trait) best predicted plant response to elevated CO2 (P<0.005)(a), total biomass (effect trait) more closely predicted soil nitrogen (effect) under elevated CO2 conditions (P<0.005)(b). Although traits (nitrogen tissue content, total biomass) were predictive of response and effect, respectively, they were only weakly correlated with each other (P=0.02). Consequently, there was no relationship between response (plant biomass response to CO2) and effect (soil nitrogen at elevated CO2)(c). Nitrogen-fixing forbs were dropped from these relationships, due to their functional contribution via symbiosis. These results were from experimental monocultures, excluding the role of compensation and non-additive effects of species interactions in mixtures. 
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� Although we discuss functional classification in terms of species and the grouping of species, it also applies to groupings at other levels of organization, such as genotypes or phenotypes of individuals acclimated to different conditions. The issues we address apply to all organisms, although many of the best documented examples (e.g. photosynthesis/carbon-gain relationships) are from plants.
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