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ABSTRACT: Interactions between species and individuals are considered to be important forces in determining community structure and organization. These interactions can both be positive and negative, and are called facilitation and competition. In ecological research, historically, a lot of attention has been given to competition and much less to facilitation. 
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Facilitation, the positive effect of plants on the establishment or growth of other plants, has long been recognized as an important driving force in primary and secondary succession (Clements et al., 1926; Connell and Slatyer, 1977). Nonetheless, competition has received far more attention in ecological research over the last decades (Connell and Slatyer, 1977; Connell, 1983; Schoener, 1983; Keddy & Shipley, 1989; Goldberg and Barton, 1992). Recently, however, there has been renewed interest in the topic of facilitation (Hunter and Aarssen, 1988; Goldberg, 1990; Callaway, 1995) and the environmental conditions that make it possible. Bertness and Callaway (1994) hypothesized that competition increases in importance toward the more productive part of the environmental gradient, whereas facilitation is more important under harsh conditions. 


Facilitative interactions have been demonstrated in a broad range of ecosystems. Most evidence comes from ecosystems where plants are exposed to severe stress, for instance, as a result of heat and desiccating conditions. In such situations, the establishment of new plants is often restricted to the shady places under the canopy of other plants, called “nurse plants”. Most studies of the nurse plant syndrome have focused on the interaction among just two or at most three species (Franco-Pizana et al., 1995; Morris and Wood, 1989). Such relative changes have also been associated with climatic fluctuation (de Jong and Klinkhamer, 1988 a & b; Greenlee and Callaway, 1996; Tielborger and Kadmon, 1997), but also due to the short periods of experimental observation.


Our understanding how interactions among plants affect community structure is largely based on studies in which specific mechanisms have been isolated and analysed. By this approach, ecologists have shown that resource competition (Connell, 1983; Schoener, 1983), allelopathy (Rice, 1984), and facilitation (Hunter and Aarssen, 1988; Callaway, 1995) have important effects on community organization. But facilitative and competitive mechanisms do not act in isolation from each other in nature, and by co-occurring within the same community, and even between the same individuals, they may produce complex and variable effects. Understanding facilitation in the context of general conceptual models of plant community structure that are now dominated by competition (Bertness and Leonard, 1997) may be more difficult. For example, the balance of facilitation and competition appears to vary with the life stages of the interacting species (Walker and Vitosek, 1991; Kellman and Kading, 1992; Chapin et al., 1994; Pugnaire et al., 1996), physiology of the interacting interactions with other neighbours (Miller, 1994), and the intensity of abiotic stress experienced by the interacting species (Bertness and Callaway, 1994).

In recent years, relationships between nurse species and understorey productivity (Callaway et al., 1991), or the spatial relations among all woody plants and shrubs forming nurse species (Franco-Pizana et al., 1995) have also been investigated. However, not much is known about the effect of nurse plants in terms of species richness of the associated plants.


Facilitation, or positive interactions among plants, has long been recognized as a factor shaping plant communities and has recently received renewed attentions (Bertness and Callaway, 1994). Plant may facilitate other plants directly by increasing availability of a key resource, improving substrate conditions or ameliorating some unfavourable environmental characteristics, indirectly facilitative interactions include introduction of beneficial organisms (e.g. mycorrhizae or soil microbes). There may be interplay between two plants. Net competitive facilitation occurs when the improvement of a key resource under the canopy exceeds the combined cost of the deterioration of the other factors (Holmgren et al., 1997). Changes in relative costs, which result in switches from interference of facilitation, have been detected along gradients of abiotic stress (Hillier, 1990) and micro-symbionts around shrubs (Aguiar and Sala, 1994), as well as by experimentally manipulating shade (Kellman and Kading, 1992), water (de Jong and Klinkhamer, 1988), or competitors (Aguiar et al.,  1992; Aguiar and Sala, 1994).


Bertness and Callaway (1994) hypothesized that the importance of facilitation in plant communities increases with increasing abiotic stress or increasing consumer pressure, because neighbours buffer one another from extremes of the abiotic environment (e.g. temperature or salinity) and herbivory. Alternatively, they hypothesized that the importance of competition would increase when abiotic stress and consumer pressure were relatively low. Competition, by definition, involves a struggle to pre-empt resources such as light, water, or nutrients that, in turn, control carbon acquisition. Under physical conditions that permit rapid resource acquisition, competition should be intense. However, severe physical conditions (e.g. extreme cold, heat, salinity) may restrict the ability of plants to acquire these resources.

Kellman and Kading (1992) found that the strength of facilitative interaction may depend on the age of the benefactor. Despite numerous example of the influence of life stage on the balance of competition and facilitation, many facilitative relationships are not closely tied to life stage. For example, facilitative relationships between understorey herbs and overstorey Savannah trees occur over a wide range of benefactor sizes and over the entire lifespan of the beneficiaries (Vetaas, 1992; Callaway, 1995). 


Shifts in facilitation and competition on gradients of moisture and light may be connected with the hypothesis that plants cannot simultaneously adapt to shade and drought tolerance (Smith and Huston, 1989; Huston, 1994). However, many researchers have noted that some plant species grow better in the shade of others in dry habitats (the nurse plant phenomenon) than in moist habitats, in response to this apparent contradiction. Holmgren et al. (1997) developed a model that portrays the basis of plant responses to water and light and the effects of plant canopies on microsite light and moisture. They argued that light limitation in mesic habitats, thus negating the possible favourable effects of slight increases in moisture limitation is more important in xeric habitats than light limitation; thus, the slight decreases in understorey light are outweighed by proportionally high increases in soil moisture. The importance of facilitation at Glaciers Bay may also be enhanced by low rates of nitrogen accumulation and a moist, moderate climate, all conditions that favour growth of vascular plants associated with symbiotic nitrogen fixers (Walker, 1993 & 1995). Furthermore, the facilitative effects of nitrogen fixers such as Alnus vary with their morphology, life-span, density and successional stage (Walker, 1993).   

The relationship between species diversity and ecosystem properties has become one of the major issues of animated debate and controversies (Lorean et al., 2001). Ecosystems collectively determine energy flow, carbon budget and biogeochemical cycles that regulate the biosphere; the issue whether or not species diversity contributes to ecosystem properties is of great ecological and environmental significance. A series of experiments conducted in temperate grassland ecosystems showed primary production was positively related to species diversity (Naeem et al., 1994; Tilman et al., 1997; Hector et al., 1999). 

Niche differentiation and facilitation of communities that are expected from the performance of individual species grown alone can together be referred to as complementarity (Lorean et al., 2001). Local and regional stochastic processes involved in community assembly represent another factor contributing to increased productivity with increasing species richness. The plots rich in species are likely to have a greater proportion of productive species than those poor in species (Huston et al., 1997). The relative importance of these two mechanisms can be determined indirectly, by comparing species performances between mixtures and monocultures (Hector et al., 1999). The individual traits of species and their interactions are expected to be key contributors to the functioning and stability of ecosystem (Lorean et al., 2001). 
Evidence of Facilitation

(i) Spatial Patterns: Evidence for facilitative interactions comes from a variety of ecosystems, such as deserts, marshes, tundra, temperate grasslands and forests. Facilitation is a common phenomenon in a wide range of plant communities and the improvement of plant water relations in the shade, increase of nutrients or a reduction of herbivory are commonly involved mechanisms. One of the first published reports of spatial patterns that suggested facilitation among plants was from the shrub steppe vegetation of Great Basin, where Phillips (1909) found that seedlings of pinyon pine (Pinus monophylla) were found predominantly under sage brush (Artemisia tridentate) and rarely in the open. In 1929, Compton reported strong positive associations among several species of shrub in the Karoo Desert and argued exceptionally stress-tolerant species provided shelter for less tolerant species.


Patterns that suggest facilitative interactions have also been documented at the upper edges of subalpine forests. Robertus et al. (1991) found that young Englemann spruce (Picea englemannii) and subalpine fir (Abies lasiocarpa) were consistently associated with older limber pines (Pinus flexilis) in the Colorado Front Range. They hypothesised that the highly stress-tolerant limber pine established and provided safe sites for subsequent establishment for spruce and fir.


In the Boreal forests, Jack pine (Pinus banksiana) growing in mixtures with paper birch (Betula papyrifera) grew larger in diameter than those in pure stands. Guevara et al. (1992) found five times as many seedlings of forest species under isolated adult trees than in the surrounding open grasslands in tropical pastures and concluded that “isolated trees function as nursery plants for rainforest species.”

Experimental units

The positive interactions among species, facilitation, received little attention in ecology. However, the first theories about this subject already included both positive and negative interspecific interactions as important forces in structuring communities. Nowadays the positive interactions seem to be reconsidered and many researches are being carried out to unravel their mechanisms and their role in structuring communities. Whilst competition research focuses on communities with a high productivity and favourable environmental conditions, studies focussing on facilitation mostly take harsh communities as study object. Of course, this difference is not very strange when accepting Grime’s R-C-S model, since research mainly focussed on competition most easily is carried out in system where a lot of competition occurs. Following Grime’s theorem, the latter primarily is the case in communities with high productivities, sometimes also communities with many species and hence many species interactions. The latter may seem a contradiction, because would not high competition intensities results in low species abundances? But, after introducing the effects of environmental temporal variability, which results in a constantly changing distribution of competitive strengths over the species, the combination of high species richness and high competition strengths becomes more plausible. 

If now we presume highly productive communities also to possess benign conditions for plant growth maybe this is a community state in which competitive interactions prevail.  This presumption is not that strange since in the absence of “very” limiting environmental conditions species can occupy a lot of their niche-space and competitive overlaps between species in the niches become more prominent. If all this is true than one could understand that overlooking positive interactions between species is the result of focusing on system in which these positive interactions are dominated by competitive interactions.

Nurse-plant syndrome

Now, with an increasing attention for positive species interactions completely different communities are subject of study, for example deserts and salt marshes; communities in which environmental conditions like temperature, water availability and nutrient concentrations are far from optimal for the species growing in it. From these harsh environments, many examples of positive species interactions are well known but not generally accepted as being facilitation. For example the “nurse-plant syndrome” (Niering et al., 1963) is such a well-known positive interaction between species in harsh environments like deserts. The “nurse plant syndrome” describes a phenomenon in which plant seedlings tend to establish under the shelter of adult plants of another species. Mature plants give shelter to seedlings by buffering limiting physical stresses like high temperatures. But not only for seedlings this is the case, there are many more samples known of nurse-plant like effects. The argument not to call these interactions facilitation hinges on the view that these interactions are the result of the specific environmental conditions and do not support any general principle (Bertness & Callaway, 1994). Of course, this is a strange argument because when true wouldn’t then the prevailing competitive interactions in species-rich communities also be idiosyncratic, for example in rainforests? No, the base is that environmental conditions lay boundaries to community structure but the way in which species interact finally determines the community organization and structure and depending on the environmental conditions, different kinds of interaction (competition and facilitation) may prevail. Tielbörger & Kadmon (2000) did an experiment, which illustrates this perfectly. Originally, the experiment was designed to measure facilitative effects of mature shrubs on understorey annuals through amelioration of the water availability in deserts. The hypothesis used resulted from the nurse-plant theory, which states that shrubs facilitate the development of understorey vegetation by ameliorating a variety of physical conditions beneath their canopies. For example, overstorey plants may shade the substrate and reduce evaporation loss. The actual hypothesis was that drier years would results in facilitation of annuals by shrubs and years that are more favourable would result in negative effects (competition) from shrubs on the annual understorey. This hypothesis was based on the idea that the more harsh environmental conditions (drought in this case) would prevail facilitative interactions. By doing this research over several years in an environment highly variable for annual rainfall, the environmental variability was taken care of. In contrast to the hypothesis, an opposite result was obtained. The drier the year, the more the balance between positive and negative interactions shifted towards negative interactions. From this research, the suggested nurse-plant syndrome thus seems to exist only in favourable years. Instead of facilitating the annual understorey plants when conditions are harsh, the shrubs negatively affected the annuals. Besides the interaction effects on plant density, which is most commonly measured, Tielbörger & Kadmon also measured plant fitness parameters like reproductive success. The overall positive effect of shrubs on the annuals with increasing rainfall was less pronounced for the density data as opposed to the fitness parameters. This difference in results is striking but Tielbörger & Kadmon also found an explanation. Since the abundance of a species is highly dependent on the previous year’s reproductive success (seed production) the results using the density parameter data do not really display the relation between the current environmental conditions and the plant interactions. What is measured is population performance, which is highly dependent on the former year’s seed production, which on its turn is dependent on the rainfall in the former year. When using the plant fitness parameters in relation to interaction effects one looks at individual plant performance without history dependency. The experiment of Tielbörger & Kadmon thus stresses the importance of looking at fitness parameters when considering environmental conditions in relation to interspecific interactions. This view also is supported by the results of a research of Holmgren (2000). Besides these findings also effects of variable intraspecific interactions (as a result of highly variable amounts of seed production) and facilitative effects of shrubs on soil nutrient content were found. Overall, by introducing both temporal and spatial variability into the experimental set-up the balance between facilitation and competition along changing environmental conditions became much more complex than supposed.  

Succession

During succession, one often sees processes like the nurse-plant syndrome. At the start of succession processes often the environmental conditions are harsh; this is especially the case when considering primary successions (Begon et al., 1986). Because of changing geophysicochemical forces or changes in resource pools a serial replacement of species occurs. In the case of primary successions, unvegetated areas are invaded by species, which often clearly ameliorate the environment and create possibilities for other species to settle. The latter is facilitation but the replacement of the species, which first facilitate others, most likely involves competitive forces. The balance between facilitation and competition thus may be very variable and dynamic in succession processes. In the biological study of succession, facilitation also got a lot of attention and for many years, the “facilitation-model” was the most cited model explaining succession patterns (Begon et al., 1986). It says that firstly certain “pioneer” species, which are capable of becoming established and can grow under the harsh environmental conditions, establish. These pioneer species ameliorate the environment in certain ways and make it more suitable for other species, which is facilitation. These other species, which are now also capable to invade, settle themselves. The modified habitat now will favour competition between the species and especially the pioneer species will be out-competed. This shift from an environment predominated by facilitation to one predominated by competition is also described by Tilman’s Resource Ratio Model. Tilman’s Resource Ratio Model describes succession patterns in which along changing environmental conditions the balance between competition and facilitation changes. Tilman argues that this is the consequence of the availability of two resources: a limiting soil nutrient and light. First the pioneer species experience a habitat with a lot of light and no or scarce nutrients. Because of litter input by these pioneers and the activity of decomposers, nutrient availability will increase with time. In addition, the standing plant biomass will increase with time and consequently the light availability will decrease. The pioneer species thus invade into a habitat in which less or no competition occurs simply because there are no species for competition. By their activity, the pioneers facilitate other species to also invade and later on in time, environmental conditions are so good that many species can invade. With these species, also good competitors invade, and the balance between competition and facilitation has swept to competition. However, this does not mean facilitative interactions disappear altogether; they may become less profound and probably start acting at other levels (e.g. mycorrhizal-associations).   

The Balance

The former three paragraphs more or less form the basis of a theory of Bertness and Callaway (1994). They state that although positive interactions are often ignored in models describing the organization of natural communities they may be predictable important forces in it. They believe that positive and negative interactions act simultaneously and the balance between the positive and negative interactions depends on the harshness of the physical environment. With an increasing harshness of the physical environment (e.g. abiotic stresses), facilitative interactions become more dominant over competitive interactions. However, Bertness and Callaway go further by stating that also consumer-related interactions can be seen as environmental stresses. In highly productive environments with low environmental stresses, big consumer pressures are found together with many examples of palatable vascular plants, which have been shown to derive associational benefits from less palatable neighbours. Without a high consumer pressure, these neighbours would show an entirely competitive form of interaction. However, analogous to harsh environmental conditions a high consumer pressure can mediate facilitative interactions through consumer-driven associational defences. Now in the model of Bertness and Callaway, this result in facilitative interactions prevailing over competitive interactions under high consumer pressures. Thus, highly depending on the state of a community or the community characteristics it self, positive interactions or negative interactions prevails but always it is a combination of the two. Competitive interactions only are dominant when physical stresses or consumer pressures are mild.  

Manipulative field experiments  

Strong positive spatial associations are important as pattern from which to develop hypothesis for cause, but manipulative field experiments are requested to separate biological effects of facilitators from microsites effects. This is done by comparing the performance of beneficiary plants with benefactors present to that with benefactors removed, or with the effects of benefactors altered by manipulating canopies or roots.


In 1945, Shirley conducted an experiment investigating interactive effects of hardwood roots and canopies on the survival and growth of conifer survival. In the hotter and drier climate of the Sonoran Desert, Turner et al. (1969) investigated the strong spatial relationship between young saguaros and nurse trees and shrubs by transplanting 5 cm tall saguaros in factorial treatments of shade and caging for protection from herbivores. They found that predation of seedlings was very high but the survival of seedlings that were transplanted in the shade of nurse plants was much higher than survival in the open. Using a combination of field and greenhouse experiments, Callaway et al. (1991) found that the addition of nutrients to the surface soil via the litterfall and throughfall of blue oaks was the primary reason for enhanced productivity of annual grasses in the understorey.


Although most studies have focussed on interspecific facilitation, Parker (1982) observed strong intraspecific associations among seedlings of Gutierrezia microcephala and conspecific adults. He found that survival of seedlings decrease when adults were removed, due to higher grasshopper herbivory. Such interactions suggest that cycles of self-replacement may be the norm for some plants. 


Facilitative relationships may be the direct result of amelioration of harsh environment conditions or an indirect effect of such mechanisms as the benefactor species eliminating species that otherwise would out-compete the beneficiary species (Miller, 1994). For example, in some California oak woodlands, oak seedlings recruit disproportionately higher under several species of Chaparral shrubs (Callaway, 1992).

Mechanism of Facilitation

(I) Resource Facilitation
(a) 
Light and Temperature: Shade provided by the canopies of large plants may protect seedlings and similar plants from temperature extremes, reduce water loss, and reduce photo-inhibition during stomatal closure, but it does so at the cost of reduced energy for photosynthesis. Turner et al. (1996) tested the combined effects of artificial shade, and sub-canopy soil types on survival of saguaro seedling; and found that 100% of unshaded temperature appeared to be more important than improved water relations, because irrigation of unshaded seedling did not improve water survivorship. Nurse plant canopies also appear to protect young saguaro from freezing temperatures in the winters (Steinberg and Lowe, 1997).

(b) 
Soil Moisture: Generally, species appear to compete for soil water; however, there are examples of facilitative interactions in which water availability for one species is enhanced by the presence of another species. Joffre and Rambal (1998) measured a significant “delay” in soil water loss under Quercus rotundifolia and Quercus suber in Spanish savannas relative to soils in open. They argued that increased soil moisture was accountable for large differences in species composition under trees and in open. In North America the sage grass (Artemisia tridentata) transports water from deep, moist soils to dry surfaces soils during the night is a “hydraulic lift” and this lifted water is distributed to neighbouring plants (Williams et al., 1993).

(c) 
Soil Nutrients: Many researchers have measured higher levels of nutrients in soils directly beneath the canopies of perennials than in the surrounding open spaces may occur as a result of “nutrient pumping” (Richards & Caldwell, 1987), in which deeply rooted perennials take up nutrients unavailable to shallowly rooted plants and deposited at the soil surface in litterfall and throughfall. Alternatively, perennials canopies may trap airborne particles which eventually are deposited at the base of the plant. Nutrient enrichment may also occur indirectly in nitrogen fixation.

(II) 
Substrate Modification
Perennial canopies can facilitate other species by altering the physical characteristics of substrate. Joffre and Rambal (1998) studied the effects of two evergreen oaks, Q. suber and Q.rotundifolia, on microsite characteristics and found that subcanopy soils had significantly lower dry bulk density and moisture release curves than did soils from the surrounding open grasslands. These differences were associated with much higher sub-canopy soil water storage capacities, higher seasonal soil water contents, and shifts in species composition. In Central Himalaya oak forest litter deposition and root penetration develop soils with lower bulk densities under tree canopies, which presumably also increase soil water storage capacity (Singh, 2002). 


Incompletely decomposed remains of plants may also facilitate the recruitment of other species by providing favourable substrate. In Sitka spruce western hemlock (Tsuga  heterophylla) forests of northwest America, 94-98% of tree seedlings are found on “nurse logs” that cover on 6-11% of the forest floor (Harman, 1985).

(III) 
Protection from Herbivores
Some of most clearly documented instances of interplant facilitation are indirect and medicated through herbivores. For example, Themeda triandra a highly palatable savannah grass suffers about 80% mortality from ungulate grazers when not associated with other less palatable grass species; however, as co-dominance with impalatable species increases mortality of Themeda rapidly decreases.

In northern Swedan, Hjatlen et al. (1993) found that birch experienced exceptionally high herbivory when associated with “plants of higher palatability” but exceptionally low herbivory when associated with “plants of lower palatability”.

(IV) 
Pollination

Plants may compete for pollinators under some conditions; however, co-flowering species have species for pollinators are greater than that of a neighbour. Thompson (1997) found that Hieracium florentinum received more visits from pollinators when it was mixed with H. auranticum than when alone.

(V) 
Root grafts and mycorrhizae

The principal interaction between roots of individual mature trees is generally considered competition for limited resources. However, there is evidence for intra and interspecific root grafting in which water, nutrients and photosynthate are passed between different individuals (Bormann and Graham, 1959). 


Mycorrhizal fungi also appear to form belowground connections between plants by which nutrients and carbon are exchanged (Francis et al., 1986).

(VI) 
Species diversity enhances ecosystem functioning through interspecific facilitation

Facilitation, between species is thought to be a key mechanism by which biodiversity affects the rates of resource use that governs the efficiency and productivity of ecosystems; however, there is no direct empirical evidence to support this hypothesis. Increasing the species diversity of a functional group of aquatic organisms induces facilitative interactions, leading to non-additive changes in resource consumption. Species diversity reduces “current shading” (that is, the deceleration of flow from upstream to downstream neighbours), allowing diverse assemblages to capture a greater fraction of suspended resource that is caught by any species monoculture. The fundamental nature of this form by hydrodynamic facilitation suggests that it is broadly applicable to freshwater and marine habitats; in addition, it has several analogous in terrestrial ecosystems where fluxes of energy and matter can be influenced by biophysical complexity. Thus, changes in species diversity may alter the probability of positive species interactions, resulting in disproportionately large changes in the functioning of ecosystems.
CONCLUSION: Facilitation, although recognised as important by early ecologists (e.g. Phillips, 1909; Compton, 1929) has not received as much attention until recently (Callaway, 1995). The relative importance of facilitative processes in structuring particular plant communities can best be understood by recognizing and experimentally evaluating the influence of this factor as abiotic stress. Long-term experiments designed to examine the facilitation while varying physical stress and age, size and density of benefactors or beneficiaries, would contribute much to a synthesis of facilitation in community ecology.       
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