Tree diversity drives forest stand resistance to natural disturbances
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Abstract 
Forests are frequently exposed to natural disturbances, which are likely to increase with global change, and may jeopardize the delivery of ecosystem services. Mixed-species forests have often been shown to be more productive than monocultures but it is unclear whether this results from mixed stands being in part more resistant to various biotic and abiotic disturbance factors. This review investigates the relationships between tree diversity and stand resistance to natural disturbances and explores the ecological mechanisms behind the observed relationships. 

Mixed forests appear to be more resistant than monocultures to small mammalian herbivores, soil-borne fungal diseases, and specialized insect herbivores. Admixing broadleaves to conifers also increases the resistance to fire and windstorms when compared to pure conifer stands. However, mixed forests may be more affected by drought depending on the species in the mixture. Overall, our findings suggest that mixed forests are more resistant to natural disturbances that are relatively small scale and selective in their effect. However, benefits provided by mixtures are less evident for larger-scale disturbances. Higher tree diversity translates into increased resistance to disturbances as a result of ecological trait complementarity among species, reduction of fuel and food resources for herbivores, enhancement of diversion or disruption processes, and multitrophic interactions such as predation or symbiosis.

To promote resistance, the selection of tree species with different functional characteristics appears more important than increasing only the number of species in the stand. Trees with different levels of susceptibility to different hazards should be intermixed in order to reduce the amount of exposed resources and to generate barriers against contagion. 
However more research is needed to further improve associational resistance in mixed forests, through a better understanding of the most relevant spatial and temporal scales of species interactions and to optimise the overall provision of ecosystem services. 
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Introduction
Forest ecosystems are frequently exposed to natural disturbances such as fires, windstorms and pest outbreaks that shape forest structure and drive their dynamics (Attiwill 1994, Ulanova, 2000, Bond and Keeley, 2005; Johnson and Miyanishi, 2007). While disturbances are essential for forest succession and biodiversity, biotic and abiotic hazards may have negative impact on forest health (Trumbore et al. 2015; Wingfield et al. 2015) and compromise the provision of ecosystem goods and services (Boyd et al. 2013). 

Drought has negative effects on tree growth (Bréda et al. 2006). Carbon starvation or hydraulic failure caused by severe drought can lead to tree mortality (McDowell et al. 2008). Such drought effects have been observed in forests worldwide (Allen et al. 2010). Wind is another major disturbance agent in forests (Payn et al., 2015). For example, several storms that occurred in 1999 in Europe caused windthrow and the loss of 240 million m3 of timber, representing approximately 60% of the annual European harvest (Gardiner et al. 2013). In the USA, forests across an area of 2.2 million ha were damaged by hurricanes “Katrina” and “Rita” in 2005 (Stanturf et al., 2007). Forest fires are a global phenomenon, affecting over 300 million ha annually (Giglio et al., 2006). They are very costly to society and the economy due to human casualties and loss of property, expenses for suppression activities (Williams,2013), air pollution (Goldammer et al., 2008) and soil erosion (Selkimäki et al., 2012).

Herbivory by mammals is an important source of tree damage and mortality during the early stages of forest establishment through browsing, stem breakage or bark stripping. Even when this damage is moderate and does not kill the trees, it often reduces tree growth and timber quality substantially (Gill et al. 2001). Insect herbivory causes similar levels of damage and can even result in widespread tree mortality. More than 85 million ha of forests worldwide were reported to have been affected by insect pests during the period from 2003 to 2012 (van Lierop et al. 2015). Apart from the direct damage, insect herbivory affects ecosystem functions such as primary production, carbon sequestration, water and nutrient cycles, biotic interactions and associated ecosystem services (Boyd et al. 2013). For example, massive bark beetle outbreaks in western Canada resulted in tree mortality equivalent to about one billion m3 of wood (Kurz et al. 2008). Pathogens causing diseases and dieback of forest trees can affect socioeconomic values provided by forests because of tree mortality, reduced tree growth or a reduction in timber quality (Ayres & Lombardero 2000). For example, the root and butt rot basidiomycete fungus Heterobasidion annosum s.l. has a significant impact on timber production, causing an estimated annual loss of 790 million Euros in Europe alone (Woodward et al. 1998). Similarly, sudden oak death in California is predicted to result in damage exceeding 200 million dollars (Kovacs et al. 2011). In addition to native pests, invasive species are a major increasing cause of disturbance in forests (Ehrenfeld 2010, Santini et al. 2013, Ramsfield et al. 2016) and their economic damage alone can amount to billions of dollars annually (e.g., Aukema et al. 2011). Examples of invasive insect pests and pathogens with particularly severe impacts include Dutch elm disease, emerald ash borer and ash dieback, which are responsible for widespread and nearly complete death of elm and ash trees in affected areas of North America and Europe (Boyd et al. 2013), or Phytophthora cinnamomii, a major threat to native forests and their biodiversity in southwestern Australia (Shearer et al. 2007). 

The frequency and severity of forest disturbances are likely to increase and there may be new combinations of disturbances as a result of global change and other anthropogenic influences (Millar and Stephenson 2015). For example, since the mid-1950s, a trend of increasing drought conditions has been reported for many northern hemisphere areas (Dai et al., 2004). Most climatic models predict a decrease in summer precipitations across Europe (Blenkinsop & Fowler, 2007) and the US (Cayan et al., 2010), particularly at lower latitudes where areas affected by drought are highly likely to increase (Planton et al., 2008). There are also serious concerns that wind damage will increase over the 21st century because of more intense storms and increasing susceptibility of forests (e.g., because of a reduction in periods of frozen soil in Fennoscandia) (Lindner and Rummukainen, 2013). Climatic factors affecting vegetation moisture and forest fuel accumulation are also changing (Heriwaty et al., 2015), and these are key factors that are likely to lead to an increase in the number of large fires (Dale et al 2001; Pechony and Shindell 2010). Populations of many mammalian herbivores (e.g., cervids) have increased over the last few decades as a result of changes in forest structure because of forestry practices such as clear-cutting, reduced mortality because of a lack of natural predators, and a decrease in hunting pressure (Lavsund et al. 2003). Global warming may enhance the activity of forest pathogens (Woods et al. 2016) and increasing drought could favour foliar pests and diseases (Jactel et al. 2012). Similarly, warming increases the population growth of many pest insects (Robinet and Roques 2010), may increase the number of generations per year, resulting in more background herbivory (Wolf et al. 2008) and higher probability of outbreaks (Klapwijk et al. 2012). Rising temperatures may also remove environmental constraints that have previously limited the geographic distribution of certain pathogen and insect species (Battisti et al. 2005; Desprez-Loustau et al. 2010; Redondo et al. 2015), albeit other areas may become less susceptible (Watt et al. 2011). Increasing international trade and movements of people have led to unprecedented rates of pest and pathogen invasion (e.g., Loo 2009, Aukema et al. 2010), which are projected to increase further in a globalized world (Hulme 2009; Leung et al. 2014; Wingfield et al. 2015). Climate change is also likely to facilitate further invasions by providing conditions conducive for the establishment of alien species, for example those originating from sub-tropical areas may exacerbate their impacts in temperate areas (Bellard et al. 2013). Furthermore, because there are time lags of many years between the arrival of an exotic species and when populations reach damaging levels across large areas (e.g., Siegert et al. 2014), the impacts of invaders are expected to increase even if no new introductions were to occur.
The multiple hazards that threaten forests not only increase concurrently but also interact and potentially synergize. For example, more intense droughts trigger more frequent or more severe fires as well as outbreaks of forest insects (Allen 2007; Ayres & Lombardero, 2000; Breshears et al., 2005; Netherer & Schopf, 2010) and epidemics of forest pathogens (Ayres & Lombardero, 2000; Moore & Allard, 2008) due to the increased susceptibility of drought stressed trees (Jactel et al. 2012, Oliva et al. 2014). Storm damage also leads to an increased risk of insect attack and fire because affected trees are vulnerable to bark beetles (Santoro el al., 2001; Stadelmann et al., 2013) and provide an additional fuel load (Woodall and Nagel 2007). Bark stripping by mammalian herbivores makes trees more susceptible to fungal infection, stem decay and wind damage (Gill et al. 2000, Shibata & Torazawa 2008) and decay caused by root rot fungi in the lower part of the stem increases the susceptibility of trees to overturning by wind (Szewczyk 2007).

This situation points to the urgent need to develop new forest management strategies that increase forest resistance to multiple risks, both for socioeconomic and ecological reasons (Millar & Stephenson 2015). While several recent reviews demonstrated the possibility to reduce stand vulnerability through changes in silvicultural treatments, including the choice of tree species (e.g., Jactel et al. 2009, Klapwijk et al. 2016), a given silvicultural operation may have multiple, sometimes opposing, effects on stand susceptibility to different damaging agents. For example, thinning can improve individual tree vigour and increase individual tree resistance to drought (Sohn et al. 2016), bark beetles (Fettig et al. 2007) or prevent shoot diseases (Niemelä et al. 1992). However thinned stands may also be more susceptible to defoliators (Regolini et al. 2014), root rot fungi (Thor and Stenlid 2005) and initially also wind damage (Cremer et al. 1982). It follows that there are trade-offs and that few forest management options simultaneously minimize the risks from multiple types of hazard. 

One generic approach for increasing forest resistance to multiple damaging agents that has been discussed in the literature, is increasing tree species richness at the stand level. There is growing evidence that mixed forests could be beneficial for a broad range of ecosystem functions and services (Gamfeldt et al. 2013; van der Plas et al. 2016). However, whether mixed forests are indeed more resistant to all disturbances remains controversial. Even though quantitative reviews suggest overall patterns of higher resistance in mixed forests (e.g., Jactel et al. 2005), there are many examples of ‘lucky monocultures’ (i.e., pure forests that experience little damage overall such as natural Nothofagus forests in New Zealand) and ‘unlucky mixtures’ (i.e., mixed forests that were heavily damaged in spite of their diversity such as Eucalyptus marginata forests in southwestern Australia following the invasion by Phytophthora cinnamomi) (Pautasso et al. 2005; Haase et al. 2015). 

The term ‘associational resistance’ (AR) was initially coined to describe the greater resistance of plants against herbivores when surrounded by heterospecific neighbours (i.e., adjacent plants of different species) as compared to plants growing among conspecifics (Root 1973; Barbosa et al. 2009). The opposite pattern is termed ‘associational susceptibility’ (AS). Several studies reported associational resistance against insect herbivores (Jactel and Brockerhoff 2007), mammalian herbivores (Hjältén et al. 1993, Vehviläinen and Koricheva 2006), and also against foliar pathogens (Hantsch et al. 2013; Hantsch et al. 2014a). We propose to extend this framework to resistance against numerous biotic and abiotic stressors. Associational resistance can thus be regarded as an emerging property of assemblages of several tree species resulting in less damage by natural disturbances.

The main objectives of this review were (1) to provide an up-to-date review of the scientific literature addressing diversity - resistance relationships in forests for a broad range of disturbances, namely drought, wind storms, fire, mammal herbivores, insect pests, fungal diseases and invasive species; (2) to identify common patterns of associational resistance (or trade-offs) against biotic and abiotic hazards in mixed forests; (3) to disentangle the ecological mechanisms underlying these relationships; and (4) to identify knowledge gaps and research needs. 

1. Patterns of associational resistance in mixed forests 
Drought
Two types of approaches have mainly been used to test for drought resistance in mixed forests, ecophysiological studies (e.g., assessments of water use efficiency or transpiration) and dendroecological methods (e.g., comparisons of tree growth in dry vs. wet years or sites). Ecophysiological studies revealed that the relationship between tree species diversity and forest drought exposure varied with the forest biomes (Grossiord et al. 2015). More diverse forests tend to be less affected by intense droughts (i.e., under severe drought conditions water availability was higher in diverse forest stands than in pure ones) in tropical regions (Kunert et al. 2012, Kunert and Cardenas 2015, Schwendenmann et al. 2015) and in temperate regions (Forrester et al. 2010, Gebauer et al. 2012, Grossiord et al. 2015, Forrester 2015). However, in forest biomes with harsher climates, such as Mediterranean forests (Grossiord et al. 2014a) or mountain forests (Grossiord et al. 2015), there was no significant effect of tree diversity on stand resistance to drought. Moreover, in boreal forests there was even greater drought exposure with increasing diversity (Grossiord et al. 2014b). 

Dendroecological studies focusing on tree growth in dry years or at dry sites more often report positive effects of tree species diversity (Lebourgeois et al. 2013, Pretzsch et al. 2013, Metz et al. 2016, but see Merlin et al. 2015). Recently, the long-term productivity of various mixed forests in Europe was demonstrated to be less affected by drought events than that of pure forests (Jucker et al. 2014). However, another important finding is that species-specific growth responses to drought are generally asymmetric. Some tree species benefit from growing in mixtures, like Abies alba (Lebourgeois et al. 2013) or Fagus sylvatica (Pretzsch et al. 2013), whereas growth of the associated species does either not differ between pure and mixed stands under drought conditions or it may even be adversely affected. Therefore, differences in drought response between pure and mixed forests are probably due to species identity effects rather than species diversity per se (Lübbe et al. 2015, Forrester et al. 2016). Yet, there is no clear indication about which functional groups of species (deciduous vs. evergreen, shade-tolerant vs. shade-intolerant, etc.) would benefit more from species interactions. Another general pattern is that when stand productivity increases with tree diversity, which is widely observed (Zhang et al. 2012, Gamfeldt et al. 2013, Jucker et al. 2014), there is generally also an increase in water-use efficiency (Forrester 2015), i.e. an increase in the ratio of productivity to transpiration. This is contrary to the common belief that more productive forests use more water (Law et al. 2002). Therefore, the response of tree species to drought in mixed forests is highly variable, depending on the composition of the mixture and the environmental conditions, particularly edaphic features (Forrester et al. 2016). Based on the available evidence, identifying a general pattern in the role of species diversity on stand-level drought resistance is difficult at this time (Forrester 2015). 

Fire
Forest susceptibility to fire greatly varies with tree species identity and composition (Catry et al., 2010) because fire damage depends on the capacity of a particular tree species to protect sensitive tissues and therefore survive the fire (Dickinson and Johnson 2004, Michaletz and Johnson 2007). In general, foliage with high contents of resins and oils and low ash content, such as that of many conifers and eucalypts, is considered to be more flammable than that of most deciduous broadleaved tree species (Bond and van Wilgen 1996, Ormeno et al. 2009). Therefore, pure conifer forests are thought to be more sensitive to fire than broadleaved forests (Catry et al. 2010), with mixed conifer and broadleaved forests being intermediate, depending on their species composition (Moreira et al. 2001). There is indeed a lot of evidence from regions with frequent fire events that mixtures of conifers and broadleaves are less prone to fire than pure conifer forests (e.g., Hely et al., 2000 and 2001; Fernandes 2009). In addition, fires in such mixed forests tend to be of lower extent and intensity (Kafka et al., 2001, Wang 2002, Gonzalez et al., 2006; Gonzalez and Pukkala 2007, Silva et al., 2009). 
Forest structure, characterized by the distribution of tree age and size, is recognized as a very important factor controlling fire spread (Gonzalez and Pukkala 2007; Silva et al., 2009; Garcia-Gonzalo et al., 2012), intensity (Fernandes 2009), probability of fire crowning (Kafka et al., 2001) and ultimately mortality rate at the stand level (Gonzalez et al., 2007). The effects of mixing tree species on forest structure needs to be considered to predict mixed forest susceptibility or resistance to fire because different species have different morphological characteristics. On the one hand, multilayer stands derived from species mixtures may generate an undesirable “ladder of fuels” that increase the probability of fire crowning, but on the other hand they may increase light interception, limiting the development of understory vegetation, which decreases the intensity of surface fires.
Mixing tree species may also change the physical 
of the litter layer and its decomposition dynamics and hence flammability. For example in Californian mixed-conifer forests, the flammability of litter mixtures from eight dominant tree species was non-additive in the sense that it was higher than can be expected from single-species litters owing to the disproportionally large influence of the most flammable litter component in mixtures (de Magalhaes and Schwilk 2012). However, there are so far too few studies to derive any general conclusion regarding the effect of mixing on litter flammability (e.g. van Altena et al. 2012). 

Windstorms
There has been a long history of suggestions that wind damage to forests can be reduced by the use of multi-species or multi-structure forest stands. This thinking has emerged from the observation that natural forest ecosystems, often characterized by a large diversity of tree species and dimensions, seem more resistant to storm disturbances (Cooper-Ellis et al., 1999). Recently, Griess and Knoke (2011) performed a meta-analysis comparing resistance to windthrow in pure vs. mixed stands. Based on seven published studies conducted in Europe, they demonstrated a significant and positive effect of mixing tree species on resistance against wind damage.

There is also increasing evidence for tree species differences in resistance to storms (von Lüpke and Spellmann 1999; Dhôte 2005; Albrecht et al. 2012;Hanewinkel et al., 2013; Mason and Valinger, 2013). In particular some conifers species such as Picea abies are more susceptible to wind damage due to more shallow rooting systems (Knoke et al. 2008), i.e. weaker anchorage, the presence of foliage throughout the year, which increases the size of the crown area exposed to the wind (Dhôte 2005). As a consequence the admixture of broadleaved species to conifers probably reduces the susceptibility of mixed forests to wind damage (Knoke et al. 2008; Felton et al. 2016). In fact a number of studies in Europe have shown that mixed stands of conifers and broadleaves are more resistant to windstorms than pure conifer stands, with a significant reduction of overall damage, irrespective of the tree species, suggesting a complementary effect (Schmidt-Haas and Bachofen 1991; Zindel 1991, Mayer et al. 2005, Schütz et al. 2006; Valinger and Fridman 2011). Similarly, Griess et al. (2012) indicated that a higher proportion of spruce in mixed stands increases the risk of wind damage. However, there is little evidence that the mixture of susceptible conifer species with less susceptible broadleaves also reduces the wind-throw damage to the latter (Bauhus et al. 2017a).
Mammalian herbivores
Several observational studies have shown relationships between tree species diversity and mammalian herbivory (e.g., Jalkanen 2001) but such studies cannot separate causes and consequences; for example, whether mammalian herbivory modified tree species diversity (through differential mortality) or whether tree diversity affected mammalian browsing. The establishment of long-term forest diversity experiments during the last two decades enabled more rigorous assessment of forest diversity effects on mammalian herbivory. In the Satakunta forest diversity experiment (Finland), Vehviläinen and Koricheva (2006) showed contrasting effects of tree species richness on seedling damage by voles (Microtus spp.) and moose (Alces alces). Vole damage to tree seedlings was higher in monocultures than in mixed stands, which corresponds to associational resistance. In contrast, moose browsing tended to increase with the number of tree species in a stand (associational susceptibility) and with the presence of the preferred tree species, birch, in a mixture. Later Milligan and Koricheva (2013) found that both the percentage of trees browsed by moose and the intensity of browsing per plot increased with tree species richness whereas browsing selectivity decreased, with tree species being targeted more equally in species-rich mixtures.

Mixed species plots were twice as likely to be visited and browsed by white-tailed deer than monocultures (Cook-Patton et al. 2014). However, the intensity of deer damage was higher in monocultures than in mixed-species plots. Tree seedling survival was overall higher in tree mixtures than in monocultures in the presence of deer. In particular, damage to highly preferred tree species was reduced in tree mixtures, presumably because the presence of less palatable species discouraged deer from entering and spending more time within a mixed stand. 

Because ungulate browsing mainly affects tree sapling survival, and hence natural regeneration of the stands, it is also relevant to consider the effects of diversity of the understorey vegetation. Many observational (Ward et al. 2008; Talamo et al. 2015) and experimental studies (Smit et al. 2007; Vandenberghe et al. 2008; Jensen 2012) have shown that unpalatable nurse plants or shrub species protect tree seedlings or saplings from ungulate browsing. In Australia, eucalyptus seedlings escaped browsing by wallabies for a longer period when surrounded by unpalatable native shrubs, resulting in higher survival (Stutz et al. 2015). To our knowledge, there are no studies that have examined the influence of tree mixtures on browsing by arboreal mammals.
Insect herbivores
Several meta-analyses showed that, on average, a given tree species is less damaged by insect herbivores when grown in mixtures than in monocultures (i.e., associational resistance) (Jactel and Brockerhoff 2007; Castagneyrol et al. 2014a). Recently, a large scale study (Guyot et al. 2015) focusing on more than two hundred mature forest stands in Europe demonstrated that overall herbivory damage to broadleaved species significantly decreased with the number of tree species in a mixture. This pattern of associational resistance was observed across tree species and countries, irrespective of their climate. However, the consistent general trend in these results hides the large variability in insect species-specific response to mixed forests (Haase et al. 2015), and several authors reported either neutral effects of tree diversity or even associational susceptibility (Vehviläinen et al. 2007; Schuldt et al. 2010, 2015; Plath et al. 2011, Wein et al. 2016). These differences probably result from differences in herbivore specialization (Jactel and Brockerhoff 2007; Heiermann and Schütz 2008; Plath et al. 2011; Castagneyrol et al. 2013, 2014a) since generalist herbivores can benefit from a large array of host plants. 
In a meta-analysis testing the effects of herbivore specialization, Castagneyrol et al. (2014a) showed that mixing tree species resulted in significantly lower damage by monophagous (-42%) and oligophagous (-15%) insect herbivores but had a neutral effect on polyphagous species. 

Variability in herbivory among species-poor mixtures is therefore expected to be high and strongly influenced by the identity and phylogenetic diversity of associated species. Admixtures of broadleaved and conifer species provide better associational resistance than mixtures of only conifer species or only broadleaved species (Jactel and Brockerhoff 2007, but see Haase et al. 2015). Similarly, tree diversity triggered associational resistance to generalist herbivores only when tree mixtures include tree species phylogenetically distant to the focal species (Castagneyrol et al. 2014a). However, as tree species richness increases, both the probability of finding suitable host tree species and the probability of recruiting polyphagous herbivores might increase, leading to overall associational susceptibility, as observed in a highly diverse tropical forest (Schuldt et al. 2010).

Fungal pathogens
Reduced damage in mixed forests, compared with single-species forests, has been consistently observed for numerous tree root pathogens. In North America, Armillaria ostoyae root rot in susceptible conifer species decreased substantially (50 to 100%) in mixed stands containing less susceptible hardwood species compared with pure conifer stands (Gerlach et al. 1997). Likewise, alternating rows with less susceptible tree species (cedar and birch) resulted in a reduced number and size of Armillaria disease centers in Douglas fir and lodgepole pine plots (Morrison et al. 1988). A large number of studies have been conducted to elucidate whether mixing conifers (Pinus, Picea, Abies spp.) with broadleaved tree species may decrease the spread and damage caused by the decay pathogen Heterobasidion annosum s.l. through dilution effects (see Korhonen et al. 1998, Pautasso et al. 2005 and references therein). Most studies concluded that mixed stands are beneficial in terms of reducing the incidence of damage from H. annosum although the resulting effects were often relatively small (Korhonen et al. 1998; Linden & Vollbrecht 2002; Martinsson 2002; Puddu et al. 2003). Apparently, at least 20 to 30% of evenly spaced trees of resistant species are needed in mixtures to reduce the decay frequency in susceptible conifers substantially (e. g. Piri et al. 1990). 
The effects of tree diversity on forest resistance to foliar pathogens are more variable. Recent results from a pan-European study showed that foliar disease incidence at the stand scale was only weakly related to tree diversity, and whether the effect increased or decreased resistance depended on the tree type (Nguyen et al. 2016). For conifer species, foliar damage significantly decreased with tree species richness (i.e., associational resistance), while there was a slight tendency for increased damage in broadleaved species (associational susceptibility). In temperate forest stands where tree species richness was experimentally manipulated, overall foliar fungal infestation of Tilia cordata and Quercus petraea was decreased with increasing tree species diversity of the neighbouring trees (Hantsch et al. 2014a). However, similar studies in other tree diversity experiments found no such general effect (Hantsch et al. 2013; Hantsch et al. 2014b). Nevertheless, a more general effect was observed in a plantation experiment in the tropics, where damage caused by pathogens was lower or equal in mixed-species plots compared to monocultures (Montagnini et al. 1995). 

Generalist pathogens with a broad host range may also be adversely affected by mixing tree species. In California, the disease risk of Phytophthora ramorum was reported to be lower in areas with higher tree species diversity, particularly in mixed evergreen forests (Haas et al. 2011). 

It should be noted that the magnitude of associational resistance to fungal pathogens appears to be larger when trees with more contrasting traits are assembled, particularly in mixtures of broadleaves and conifers (e.g. Morrison et al. 1988; Karlman et al. 1994; Gerlach et al. 1997; Linden & Vollbrecht 2002; Puddu et al. 2003; Haas et al. 2011; Hantsch et al. 2014). This is consistent with the results of experimental inoculations in a tropical rain forest where the likelihood of a pathogen infecting two tree species decreased with the phylogenetic distance between these trees, a proxy of their functional dissimilarity (Gilbert & Webb 2007).

Invasive species
A meta-analysis found a strong positive relationship between the diversity of primary producers and invasion resistance, as well as a negative relationship with invader fitness and invader diversity (Balvanera et al. 2006). However, most of the studies included in this meta-analysis addressed effects on invasive primary producers in grassland and aquatic ecosystems, and none were from forests. 

Studies on forest resistance to plant invaders have produced conflicting results. Some studies (e.g., von Holle and Simberloff 2005) suggest that biodiversity can enhance resistance to exotic plants. In contrast, data from forest plots across the USA showed a positive correlation between native plant species richness and exotic species richness (Stohlgren et al. 2003; Iannone et al 2016). There may not be a cause–effect relationship between native and exotic species richness. It is more likely that the richness of both native and alien plants is controlled by the same factors, in particular greater habitat heterogeneity at large scales and increased resource availability at small scales. Indeed, in the Eastern USA, Iannone et al. (2016) found a negative effect of tree phylogenetic diversity on invader establishment and dominance, i.e., a biotic resistance to plant invasion. The type and structure of forests are other possible controlling factors. In Central Europe, a study comparing broadleaved and conifer monocultures with woodland mixtures showed that broadleaved plantations were particularly prone to plant invasions, compared to all other forest habitats (Chytry et al. 2008). 

Regarding invasions by exotic insect herbivores, two studies in Europe documented negative relationships between the abundance of invaders or the damage they caused and tree species richness at the plot or stand scale, such that monocultures were generally more affected (Jactel et al. 2006, Guyot et al. 2015). However, an analysis of larger-scale patterns, at the county level in the USA, found that the number of invasive forest insect pest species was positively correlated with the number of tree genera, suggesting that diverse forests were more easily invaded by forest insects (Liebhold et al. 2013). 

While these observations are not necessarily applicable to stand-level processes, they suggest that forest ‘invasibility’ is not simply a function of tree species richness and also depends on the measure of invasion used and which trophic level is being considered. At smaller scales (e.g., plot or stand), greater plant diversity tends to reduce the ability of invasive plants to become established. By contrast, a greater number of alien insects can be expected to find host plants, although the outcome of the mechanisms leading to associational resistance may counter herbivore establishment as well as population growth to damaging levels (see section on insect herbivores above). At larger scales, positive correlations between native species richness and exotic species richness predominate at both producer and consumer levels and this has been interpreted as indicating that greater tree species richness facilitates invasion. However, these larger-scale patterns may obscure the outcome of processes occurring at smaller scales. 

General findings
Despite the large variability of mixed forests’ responses to the different types of natural disturbances, tree species diversity appears to more often lead to associational resistance (AR) than to associational susceptibility. However, the magnitude of AR, and perhaps the amount of empirical evidence for AR, differs among the types of disturbance. Based on the findings of our review, the effect of tree species diversity on associational resistance shows a gradient from weak or uncertain to strong or consistent against hazards ranked in the following order: drought, fire, windstorm, mammal herbivores, fungal pathogens and pest insects (native or invasive). This ranking parallels, at least partly, the spatial scale at which these disturbances normally occur and/or cause impacts (Fig.1). Drought is driven by continental or regional climate conditions and can affect large forest areas. Wind and fire are landscape level disturbances, potentially affecting many forest stands, often irrespective of their composition. Mammalian herbivores have relatively large home ranges and can forage on several trees within a stand. By contrast, within one generation, pathogens and insect herbivores are often restricted in their ability to move from one stand to another. This is particularly true for a number of specialist species. Generalists and species that disperse easily (comprising a number of pests and diseases) can cover larger areas during outbreaks. In such cases their propagule pressure may become so high that even diverse forests cannot limit the spread (e.g., during mountain pine beetle epidemics). However, there are only a few published studies on how associational resistance varies with pest density (Castagneyrol et al. 2016, Fernandez-Conradi et al. 2017). 

An additional, not mutually-exclusive, interpretation of this pattern relates to hazard selectivity, i.e. the property of affecting some tree species and not others (Fig.1). Indeed, the cases of large and positive effects of tree species diversity on associational resistance of mixed forests are more frequently observed against mono- and oligophagous herbivores (like specialized insects) or soil borne pathogens than against polyphagous herbivores (like generalist defoliators or mammal browsers) or airborne pathogens. On the other hand, AR is weaker or less frequently found in relation to drought, wind and fire, all of which are not "selective" damaging agents, as they can affect virtually all individual trees within a stand irrespective of the species.

Another general finding is that the composition of mixed forests (i.e., the identity and relative abundance of associated species in mixtures) is more important than tree species richness per se to explain the resistance of mixed-species stands. It often depends on the relevant traits of the participating species, how they respond to stress and disturbance. For some disturbances, the phylogenetic distance between assembled species and, ultimately, the functional diversity of species of which mixed forests are composed, are the main drivers of AR. This is akin to many ecosystem processes that are enhanced by plant diversity (Tilman et al. 1997). This is particularly obvious for the association of broadleaved and conifer species which are often less damaged by both biotic and abiotic agents, than pure forests of broadleaves or pure forests of conifers.

2. Mechanisms of diversity - resistance relationships in mixed forests
The most obvious reason why mixed forests are likely to be more resistant to disturbances than pure forest can be explained from a probabilistic perspective. Being composed of several tree species with different functional traits, mixed forests have a greater likelihood of containing at least some tree species that are more resistant to the various hazards they may face, thus providing more opportunities to maintain forest cover and to sustain basic ecosystem functions in the long term, despite possible damage to other associated species. This phenomenon of risk spreading is described in the ‘insurance hypothesis’ (Yachi and Loreau, 1999), which states that biodiversity insures ecosystems against the impact of disturbances. The rationale is that greater species richness and functional diversity increase the likelihood that at least some species will survive and continue to function even if others do not. A key factor here is the variability in species sensitivity or rapidity of responses (e.g., asynchrony) to disturbances that is displayed in species rich communities (Hector et al. 2010). Although mainly supported by observational studies (Perot et al. 2013, Jucker et al. 2014) and modelling studies (Morin et al. 2014) on the stability of mixed forest productivity, the insurance hypothesis is clearly relevant to mixed forests resistance to major natural disturbances as different tree species can display more or less strong responses and variable recovery times to forest hazards. However, beyond these probabilistic considerations, we suggest four general mechanistic explanations of mixed forest associational resistance, and two for associational susceptibility. These can apply to all types of disturbance, as discussed below. Based on our interpretation of the scientific literature, we further propose to rank the relative relevance of these mechanisms in explaining mixed forest resistance for the biotic and abiotic hazards addressed in this review (Fig. 2).

2.1. General mechanisms of associational resistance to natural disturbances in forests
2.1.a. Complementarity in resistance traits and facilitation
Resistance to drought of mixed forests is thought to result mainly from complementary below-ground processes, particularly root stratification (Grossiord et al. 2014a, 2014c). When droughts develop, deeply-rooted species may experience less competition for water when they are mixed with shallower rooting species, compared with the level of competition among conspecific neighbours in a pure forest. However, this mechanism will be only effective until the entire soil profile has fallen dry. Evidence of such below-ground stratification among tree species has been found in temperate European forests (e.g., Bolte & Villanuena, 2006; Reyer et al., 2010; Grossiord et al. 2014d). Hydraulic lift could also take place in mixed stands if a deep-rooting species takes up water and redistributes it to drier superficial soil layers. This case of facilitation has been assumed to occur in particular mixtures (Pretzsch et al. 2013). Niche complementarity in water use may also occur in mixed forests through reduced canopy interception of rain water and increased stem flow through combinations of species with different crown structures and leaf habits (deciduous versus evergreen) (Lebourgeois et al. 2013, Forrester 2017). 
Better resistance to wind damage of mixed forests is likely the result of the presence of more ‘wind resistant’ species, which will help to increase overall stability of the stand during a wind storm by providing a framework of stable trees (i.e., facilitation). In mixtures of species that differ in stem taper, elasticity, crown density or root anchorage, and hence exhibit different swaying characteristics (Moore and Maguire 2004), there may be more mutual support through stand structure than in monospecific stands of the participating species. In addition, the more stable species may reduce damage propagation during a storm. This occurs when an unstable or weak tree falls and creates a gap in the forest, thereby increasing the wind loading on trees on the downwind side of the gap, potentially leading to further damage (Dupont et al. 2015). More stable trees within the stand can therefore act as a way of arresting damage propagation and provide a more stable framework for the stand. When the canopy of mixed forests is multi-storied, the momentum absorption of the wind appears to take place over a greater depth into the canopy and this reduces the wind loading on the tallest trees (Gardiner et al., 2005). In some cases, slower growing species will eventually die and act as a self-thinning system that removes the dangers of artificial thinning when the canopy is opened up and immediately increases wind loading (Quine and Malcolm, 2007). There is also evidence that wind loading on broadleaved trees is reduced in the winter, when they have lost their leaves, and that an admixture of broadleaves to conifers may increase stand stability (Schütz et al. 2006). The proximity of broadleaved trees may also modify the crown architecture of neighbouring conifer trees, reducing their wind surface area (Knoke et al. 2008). 
The resistance of mixed stands to fire mainly results from the intermixing of tree species of varying levels of resistance to fire through specific traits like thick bark, high growth rates, pole-like form, rapid self-pruning and high insertion of lower branches and low flammability of litter and foliage (Schwilk and Ackerly 2001, Fonda 2001). As with wind resistance, the presence of the more fire-resistant species helps to reduce the overall stand susceptibility to fire by restricting the spread of flames in horizontal and vertical directions.

Because biological invasions typically begin with an initial small founder population in one location, the mechanisms that ultimately explain the relative invasibility of habitats are those that operate at the plot or stand scale. The availability of unoccupied niches is a key driver, but whether mixed forests provide fewer or more niches is a function of the trophic level of invaders. In the case of plants, it is generally assumed that habitats with greater plant diversity provide fewer vacant niches for invasive plants (e.g., Tilman 2004). In the case of herbivores such as plant-feeding insects and plant pathogens, greater plant diversity is likely to result in a greater variety of niches (e.g., more potential host plants), potentially leading to increased establishment opportunity and invasibility (e.g., Liebhold et al. 2013), although plant diversity and the density of particular niches are inversely related which would be expected to decrease invasibility. 

2.1.b. Reduction of fuel / food resources
In mixed stands, the more stable tree species may reduce wind damage propagation during a storm. This occurs when an unstable or weak tree falls and creates a gap in the forest, thereby increasing the wind loading on trees on the downwind side of the gap, potentially leading to further damage (Dupont et al. 2015). There are thus fewer susceptible trees in mixed forests to "feed" the windthrow (Lüpke and Spellmann 1999; Griess and Knoke 2011). The same appears to apply regarding fire resistance of mixed forests when there is a greater proportion of resistant tree species than fire-prone species thus reducing the risk to "fuel" the fire (Gonzalez et al. 2006, 2007). In addition, mixing of species with different shade-tolerances, in particular admixing of species with high shade-tolerance to light demanding species may reduce the development of understorey and hence levels of fine fuel. 
Greater tree diversity commonly results in a lower density of suitable host species for herbivores and pathogens (and reciprocally a higher amount of less favourable, or non-host species). The resource concentration hypothesis (Root 1973) predicts that dense stands of the same tree species would recruit more specialist herbivores than less dense stands, because they are easier to locate in the landscape and provide more resources for building up populations. This hypothesis received important empirical support from recent studies on insects (Sholes 2008; Castagneyrol et al. 2013; Castagneyrol et al. 2014a; Conner et al. 2014; Mangels et al. 2015). However, whether herbivory will increase (or decrease) with an increase in host tree density depends on the relative importance of concentration effects (where increased herbivore density results in more damage, e.g., through better reproduction) vs. dilution effects (where herbivores distributed across more trees result in reduced per capita infestation rates) (Otway et al. 2005; Bañuelos & Kollmann 2011; Régolini et al. 2014, Damien et al. 2016).
The resource concentration hypothesis also suggests that pest and disease risk is reduced with increasing host diversity due to reduced host density and increased distance between host trees, thus affecting the herbivore or pathogen-host encounter and transmission potential (Keesing et al. 2006). For example, several forest insects are wind-dispersed, such as the young larvae of the budworm Choristoneura fumiferana that show higher survival in pure stands of their host trees than in mixed stands due to the reduced risk of landing on a non-host (Kemp & Simmons 1979), thus resulting in more defoliation of balsam fir in pure stands (Cappucino et al. 1998). Such a dilution effect is also particularly relevant for pathogens, as they are often dispersed through passive transmission. Phytophthora lateralis infection of cedars, for example, was found to be related to host density at a site but also to the distance between inoculum source and the closest tree (Jules et al. 2002). Hantsch et al. (2013) observed a reduction in oak powdery mildew in mixed plots irrespective of the identity of heterospecific neighbours, suggesting that associational resistance was mainly driven by host dilution, i.e., a decrease of host tree density and spread opportunity for pathogen propagules. Similarly, Gerlach et al. (1997) demonstrated that conifer tree mortality caused by Armillaria ostoyae was inversely related to the proportion of non-host broadleaves in mixtures as a result of increasing spacing between host trees. 
Given that higher tree diversity in a stand usually results in lower average density per tree species, the reduced concentration and availability of particular host plant species in forest mixtures is also likely to reduce the probability of establishment of exotic, invasive species, according to the “resource availability” hypothesis (Kennedy et al. 2002).

2.1.c Reduced host/target tree accessibility through disruption or diversion
The presence of fire resistant trees in a mixture may provide a physical barrier, limiting flame propagation thus preventing ignition of neighbouring, less resistant trees (Azebedo et al., 2013). Likewise, the presence of shrubs or tree saplings with good defence against mammalian herbivores can prevent damage of nearby focal young trees (Smit et al. 2005, 2006; Ward et al. 2008, Vandenberghe et al 2009; Van Uytvanck et al 2010, Talamo et al 2015; Hazeldine and Kirkpatrick, 2015). 

Non-host trees may also reduce the physical and chemical apparency of host trees to insect herbivores, making them less likely to be found. For instance, tall heterospecific neighbours may physically hide smaller host trees from insect defoliators (Floater and Zalucki 2000; Dulaurent et al. 2012; Castagneyrol et al. 2013; Castagneyrol et al. 2014b). Non-host trees may also release volatiles interfering with insects host-searching behaviour (Zhang & Schlyter 2004; Jactel et al. 2011; Ruttan & Lortie 2015; Kerr et al. 2016) or triggering specific defences towards them (Himanen et al. 2010; Pearse et al. 2013). Importantly, reduced host tree density also comes with a decrease in the amount of olfactory and visual host cues, just as higher non-host density may increase the amount of confusing or repelling non-host cues (Andersson et al. 2013a; Andersson et al. 2013b). These processes rely on contrasting traits among tree species, which can explain why associational resistance to insect herbivores increases with the phylogenetic distance between tree species that make up forest mixtures (Castagneyrol et al. 2014a).

Reduced damage by root pathogens in mixed tree stands suggests that non-host species may also act as a barrier for further pathogen spread via root contact in the soil (Gerlach et al. 1997; Morrison et al. 1988)
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. Studying the root rot fungus Phellinus sulphurascens, McCauley and Cooke (1980) found an inverse relationship between tree diversity and the rate of mycelium growth in soil, indicating that mixed stands may reduce the rate of spread.

The attractant-decoy hypothesis posits that herbivory on a focal plant in a mixed stand can be reduced when it is surrounded by more attractive or palatable neighbours, through a diversion process (reviewed in Ruttan & Lortie 2015). Lower intensity of damage by mammalian herbivores in mixed-species stands could be due to selective browsing on competitive dominants. For example, deer preferentially consumed the most productive and competitive species, which enhanced the survival of subdominant species. But, as deer browsing in mixtures was not very intense, this was not enough to kill the highly preferred species, leading to higher seedling survival overall (Cook-Patton et al. 2014). Likewise, tree species were targeted by moose more equally in species-rich plots (lower within-plot selectivity) compared with species-poor plots where moose predominantly target preferred species such as pine (Milligan & Koricheva 2013). Polyphagous insect herbivores probably also behave like mammal herbivores in mixed forests (Jactel et al. 2005). Focal tree species could be protected from insect herbivory by the presence of associated, more palatable tree species that would be exploited first. For example, the presence of more palatable shrubs or trees in the inter-row of eucalyptus plantations resulted in lower infestation by Amblypelta cocophaga (Bigger, 1985) and Chrysophtharta bimaculata (Elek, 1997). However, using the attractant-decoy hypothesis as a basis for forest management should be considered with caution as the attractant species may eventually turn into a source of herbivores and pathogens which may spill over onto associated species as their population density increases (White and Whitham 2000). 

2.1.d. Multitrophic interactions enhancing symbiosis and predation
A potential mechanism behind improved resistance of mixed forest stands to drought is the positive influence of tree species richness on mycorrhizal fungi (Buée et al. 2011), which are known to improve tree water uptake (Lehto & Zwiazek 2011) .

There might also be benefits of tree species mixtures against wind damage on soils with limited nutrient availability, where the favourable mycorrhizal activity of the “nurse” species promotes faster growth (Mason & Connolly, 2014) and allows the dominant species to grow tall without compromising the root and stem diameter allocation necessary for tree stability. 

Natural enemies of insect herbivores such as parasitoids, spiders, insectivorous birds and bats are key components of pest regulation in forest ecosystems. The enemies hypothesis (Root 1973) states that the abundance and richness of predators and parasitoids increases with plant diversity. Because herbivores may spend more time to forage for food in mixtures than in monocultures, they may be more at risk at predation (the movement risk hypothesis, Straub et al. 2014). Although several studies confirmed that abundance and diversity of predators and parasitoids can increase with tree diversity (Quayle et al. 2003; Riihimäki et al. 2005; Sobek et al. 2009; Schuldt et al. 2011; Castagneyrol & Jactel 2012; Staab et al. 2014), it is still controversial whether this translates into a more effective herbivore suppression (Nixon and Roland 2012; Muiruri et al. 2016). A greater abundance and diversity of enemies is expected to provide a better top-down control of herbivores, but the opposite may occur if greater diversity of enemies results in more intraguild predation (Denoth et al. 2002; Letourneau et al. 2009). The positive relationship between the diversity of enemies and herbivore suppression may also be due to high population density of herbivores with patchy distribution and specialization of different enemies feeding on different life stages of the same prey (Letourneau et al. 2009; Tylianakis and Romo 2010). 

It has also been suggested that mixed forests are more resistant to fungal diseases because they can accommodate antagonistic microorganisms. For example, Eucalyptus marginata dieback was less prevalent in mixed forests with Acacia pulchella, presumably because the rhizosphere of A. pulchella contained bacteria and actinomycetes that were able to inhibit mycelial growth and spore production of the dieback pathogen Phytophthora cinnamomi (Murray 1987). Likewise, DeLong et al. (2002) showed that bacteria from soils under birch-Douglas fir mixtures have inhibitory effects against the decay fungus Armillaria ostoyae.

One of the main reasons for the success of alien herbivores (Shea and Chesson 2002) relates to the "enemy release hypothesis" (Keane and Crawley 2002), which states that herbivores escape their natural enemies because they have not followed them into newly colonized areas. It is thus expected that a large diversity of generalist predators, driven by higher tree diversity, would lead to a stronger regulatory effect on naïve, exotic prey, than on native ones. This was observed in the Mediterranean island of Corsica where a native generalist predatory bug occurs in mixed Corsican pine and maritime pine forests but not in pure maritime forests, and there is compelling evidence that this is the reason why pure maritime pine forests were more invaded by Matsucoccus feytaudi, a non-native scale insect (Jactel et al. 2006). 

2.1.e. Three facets of tree diversity that can drive the four mechanisms of associational resistance
Tree species richness at the stand level leads to three non-exclusive changes in the amount or diversity of resources that may drive the impacts of natural disturbances. Tree diversity can (i) increase resource heterogeneity through an assembly of tree species with different traits; (ii) reduce resource quantity through replacement of preferred/susceptible host trees (species A) with trees from unsuitable species; and (iii) limit resource connectivity by interspacing host/target trees (of species A) with heterospecific trees. Each of the three facets of resource change in mixed forests may trigger the proposed general mechanisms underlying associational resistance (Fig. 3). 

Greater resource heterogeneity mainly increases positive complementarity effects among tree species with contrasting traits and the likelihood that alternative prey and/or suitable habitats benefit to natural enemies, which are able to control pests, or to fungal symbionts, which can improve water and nutrient uptake. 

The lower relative amount of the focal host species in a mixed stand reduces resource quantity in terms of food (for herbivores) or fuel (for wind and fire) thus limiting the ability of disturbance to build up to high levels. 

Increasing the distance between trees of focal host species reduces resource connectivity and is likely to limit focal tree access and thus exposure to disturbance (e.g. spread of pathogens). It is noteworthy that reduction of both resource quantity and connectivity can be obtained with low levels of tree species richness (even as low as two species, Fig. 3). It also suggests that the spatial arrangement of individual trees from different species can greatly influence the magnitude of AR. 

2.2. General mechanisms of associational susceptibility to natural disturbances in forests
2.2.a. Competition for resources
Because mixed forests are often more productive than tree monocultures (overyielding) (Liang et al. 2016), greater stand basal area may result in increased water use (Law et al. 2002). This may make mixed forests more prone to drought effects (Forrester 2015). Faster growth and higher stand density in more productive mixed forests could also lead to higher sensitivity to wind damage because of increased height growth, higher canopy roughness and changes in tree allocation patterns (e.g. Cremer et al., 1982, Bauhus et al. 2017a). In addition, below-ground competition might lead to shallower root systems in one or more species. For example, root systems of Picea abies were shallower when the species was mixed with F. sylvatica than in monospecific stands (Schmid and Kazda 2002).
A greater abundance and diversity of natural enemies accommodated by mixed forests may, in some cases, result in competition for prey resources and stronger intraguild predation (Denoth et al. 2002; Letourneau et al. 2009), thus reducing their ability to control insect herbivores.

2.2.b. Spill-over, contagion, alternating between host trees
The presence of highly flammable tree species may translate into a potential increase in damage to less flammable tree species grown in mixed forests through a contagion process (Bond and Middley 1995). The non-additive effects of mixing fuels on flammability (de Magalhaes and Schwilk 2012; van Altena et al., 2012; Blauw et al., 2015) may further enhance this effect as the most flammable fuels appear to be the main driver of fire characteristics. In addition, multilayer mixed forest may provide a “ladder” structure that could result in increased risk of crown fire. In the case of tropical rain forests the introduction of fire tolerant species can modify the forest microclimate favouring the occurrence of fires (Cochrane 2003).
Under strong gusts, trees from less wind resistant species may fall and then cause subsequent wind damage in neighbouring trees, possibly leading to a domino effect. The potential occurrence of such a phenomenon has not been well studied, but it has been assessed in spruce – beech mixed forests where the results indicated that it was not a problem (Schütz et al. 2006).
Associational susceptibility to herbivores (i.e., more herbivore damage on a given species surrounded by heterospecific neighbours) has been observed with large mammals (e.g., moose, Milligan and Koricheva 2013) and polyphagous insects (Schuldt et al. 2010, Wein et al. 2016). Three main mechanisms may explain this negative diversity effect. First, generalist herbivores with a wide host range can build up their populations on preferred hosts but then spill over onto neighbouring, less suitable host trees when the resources provided by the former are becoming sparse (White and Whitham 2000). Second, polyphagous herbivores may take advantage of ‘diet mixing’ whereby their feeding on diverse food resources may provide a better balance of nutrients, while potentially reducing exposure to toxic compounds (Unsicker et al. 2008). For herbivores, the balance between attractant-decoy and spillover effects likely depends on herbivore density, which remains to be explored (Fernandez-Conradi et al. 2017). Third, mixtures of closely related species, given their shared evolutionary history, may be seen by pests and pathogens as homogeneous resource patches and may be as attractive and susceptible as monocultures (Castagneyrol et al. 2014a, Parker et al. 2015).

Increasing tree diversity may also lead to amplification effects on pathogens (Keesing et al. 2006)
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, which can occur if an added tree species in the mixture is important for completing the pathogens life cycle. This is the case for many rust fungi, for example. The susceptibility of Scots pine stands to pine twisting rust (Melampsora pinitorqua) was shown to be explained by the presence and number of aspen, the alternate host of the rust, in the stand (Mattila 2005).
3. Future research
Many more observational and experimental studies are needed to better ascertain the generality of patterns of forest diversity – resistance relationships proposed here, and better decipher the underlying mechanisms. We identified four main research avenues that are particularly in need of further work.

3.1. Metrics of biodiversity
In this review we mainly focused on tree species diversity and the diversity of tree species traits. Functional traits permit a relatively simple quantification and mechanistic interpretation of tree diversity effects on process rates, including resistance to disturbances (Cadotte et al. 2009). For example, certain leaf traits determine resistance to pathogens and herbivores or the flammability of litter. There are also most probably below-ground traits (e.g., root architecture) that are highly relevant to resistance patterns (to drought, wind, root pathogens, for example) but these are rarely measured.

Furthermore, recent studies have shown that relationships between biodiversity and ecosystem functioning can partly be explained by intraspecific variability and phenotypic plasticity of traits (de Bello et al. 2011, Albert et al. 2012). Interactions among adjacent trees of different species in mixed forest may explain effects of variation in species-specific traits, notably those involved in tree growth and palatability. For instance, leaf nutrient content and anti-herbivore defences were shown to differ between monocultures and mixtures (Moreira et al. 2014, Nickmans et al. 2015, Forey et al. 2016, Castagneyrol et al. 2017). However, how far such indirect trait-mediated effects of tree diversity are relevant to productivity has to be better evaluated. 

The genetic diversity within a tree species can have a large impact on susceptibility to pests and pathogens (Laine et al. 2011; Wingfield et al. 2015)
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. But whether the association of multiple tree genotypes (e.g., clones, full-sib families) may provide a similar level of resistance to natural disturbances as the mixing of tree species remains to be studied (e.g., Parker et al. 2010, Castagneyrol et al. 2012; Barton et al. 2015; Moreira et al. 2014, Fernandez-Conradi et al. 2017 for resistance to herbivores). 

3.2. Spatial scales of diversity – resistance relationships
The hierarchical framework of species assembly rules (Ricklefs 2004) states that communities are shaped by successive filters, operating at different spatial scales, including regional species pools, habitat area and isolation, local environmental constraints and biological interactions. These nested filters should also influence the functional diversity of local communities (de Bello et al. 2013) and associated ecosystem services. It is therefore important to better understand at which spatial scales the effects of forest diversity on resistance to disturbances are operating. For example, the propagation of damage from wind storms and fires is not only affected by forest stand structure and composition but also by forest landscape heterogeneity, which can either provide a succession of barriers (e.g., resistant patches of particular habitats) or increase the connectivity of susceptible land cover types (e.g., spatial arrangement of fuel, Fernandes and Cruz 2012). Likewise, herbivores (especially large mammals) select habitat and resources in a hierarchical spatial manner (Senft et al. 1987). Herbivores may decide to enter a patch of forest habitat depending on certain characteristics of habitats and adjacent patches, a process operating at the landscape scale. By contrast, mechanisms of associational effects, like reduction of apparency of the focal plant or induction of chemical defence (Barbosa et al. 2009), typically operate at smaller scales, for example, among neighbouring plants (Stutz et al. 2015). Within forest stands, the spatial configuration of trees of different species may also be critical. Stokes and Stiling (2013) showed that associational resistance to insects was stronger when trees of different species that shared herbivore enemies were closer to each other because this facilitated the spillover of parasitoids. The transmission of fungal pathogens is not only dependent on tree spacing within stands (e.g., Gerlach et al. 1997) but also on the configuration of the surrounding landscape which interacts with large-scale dispersal processes (Holdenrieder et al. 2004).
3.3. Temporal dimensions of diversity – resistance relationships
Temporal dynamics are a largely overlooked dimension of diversity – resistance relationships. Whether these relationships are present over the longer term or only temporarily is an important question that needs more investigation. Forest trees are long-lived organisms that are exposed to impacts of multiple stresses over long periods (many decades) and this can modify their resistance through ontogenic (Barton and Koricheva, 2010) or epigenetic processes (Bräutigam et al. 2013), plasticity (Bonello et al. 2006) or structural changes (Morrison et al. 2014). Similarly, stands are managed over forestry cycles of many decades during which a succession of disturbance events can affect both their productivity and also their structure and composition, thus in turn modifying their susceptibility to subsequent disturbances. Therefore it is important to better understand how tree diversity may reduce forest damage in the long term, at least for a forest rotation, and to assess the overall benefit at the time of harvesting.

Temporal variation is another important aspect of temporality. While an increasing number of studies confirm the positive influence of forest diversity on the stability of provisioning services, particularly on primary productivity (Jucker et al. 2014; Morin et al. 2014), the effects of tree diversity on forest resilience to natural disturbances are less well understood (Thompson et al. 2009, Bauhus et al. 2017a). Reducing the time of recovery from disturbance is as important for the functioning of forest ecosystems as limiting immediate impacts. A better understanding of diversity – resilience relationships requires long-term ecological studies that enable consideration of several successive disturbances (e.g., recurrent fires, cyclic epidemics) or the incorporation of risk factors in forest growth and dynamics models (Pedro et al. 2015).

3.4. Trade-offs, synergies and compromises
Tree diversity – resistance relationships are complex and responses to different types of disturbance that occur over the life of a tree may vary, including interactions that can be difficult to predict. For example, recent studies demonstrated that mammalian herbivory can affect tree diversity effects on insect herbivores. Moose browsing in mixed stands altered the direction of tree diversity effects on insect herbivory on birch with unbrowsed trees experiencing associational resistance to chewing insect damage while browsed trees suffered more damage from insect chewing in mixed stands (Muiruri et al. 2015). Similarly, diversity effects on insects can have cascading effects on pathogens, and vice-versa. This is because insect herbivores and pathogens commonly co-occur within the same trees, eliciting direct and indirect plant-mediated interactions (Tack and Dicke 2013). At the stand scale, the presence of broadleaved species in pine forests may reduce the impact of herbivores, although certain tree species may exacerbate impacts of heteroxenic pathogens like rusts (Mattila 2005). There are therefore many opportunities for either synergies or trade-offs amongst tree diversity effects on successive or simultaneous hazards. A more holistic approach is needed in order to design mixed species forests that are more resistant to multiple hazards while minimizing the risk of trade-offs. Better compromises are likely to result from the mixing of a large number of tree species, which should increase the occurrence of associational resistance to multiple disturbances (i.e., the insurance hypothesis), or from the mixing of particular tree species allowing better trait complementarity. However, it should be recognized that forest managers are at least as interested in improving ecosystem services other than regulating services (e.g., natural hazards regulation), such as improving provisioning (e.g., productivity) or supporting services (e.g., habitat for biodiversity). Furthermore, managers are also concerned that the cost of forest management does not threaten their economic viability. While mixed forests will certainly necessitate additional considerations and are likely to increase the costs of management and harvesting (Bauhus et al. 2017b), their improved adaptive capacity may still result in overall improved financial security and net benefits (Felton et al 2016, Knoke et al. 2017). 

Despite the fact that an increasing number of empirical studies demonstrate that mixed forests can deliver many ecosystem services to a higher level than pure forests (e.g. Gamfeldt et al. 2013; van der Plas et al. 2016), including regulating services (this review), only a tiny proportion (less than 0.1%) of today’s plantation forests worldwide are made of tree species mixtures (Nichols et al. 2006). At a time when planted forests continue to expand, potentially representing ca. 20% of the total forest area by the end of the century (Brockerhoff et al. 2013), more efforts should be made to develop new mixed planted forests (Bauhus and Schmerbeck 2010). Obviously it is essential to support this endeavour with interdisciplinary research. The collaboration of forest ecologists, silviculturists and economists is needed to determine the optimal design, species composition and management of mixed forests that are most likely to provide a good balance amongst these different objectives while improving cost effectiveness. The use of multicriteria analyses would provide a good basis for the development of such decision making tools (Jactel et al. 2012). 
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Fig.1 Putative relationships between the likelihood of associational resistance (AR) or associational susceptibility (AS) of mixed forests to natural disturbances and (horizontal axis) their spatial extent, from wide (i.e., region - km²) to narrow (i.e., single tree – m²) and (vertical axis) their selectivity , from low (i.e., irrespective of stand composition or structure) to high (dependent on tree size and species).
By selectivity we mean the property of affecting some tree species and not others.
The intensity of colours denotes the importance of AR (green colours) or AS (red colours) based on empirical evidence.
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Fig. 2. Preliminary assessment of the relevance of general ecological mechanisms explaining associational resistance (AR) of mixed forests to seven types of natural disturbances.
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Fig. 3 Correspondence between three facets of forest stand diversity and four putative mechanisms of associational resistance.
Increasing tree diversity by converting monoculture of focal tree species A (green squares for A trees) into species mixture leads to 1) increased resource heterogeneity (when several tree species are mixed – different colours of squares represent different species), 2) reduced quantity of species A per area (due to presence of species B – yellow), 3) increased isolation between trees of species A (due to interspersed trees of species B – yellow).
Increased resource heterogeneity mainly enhances biotic interactions (symbiosis, predation) through provision of alternative hosts, and increases the likelihood of assembling species with complementary resistance traits. Reduced target tree quantity limits fuel or food availability. Higher focal tree isolation enhances host finding disruption or diversion.
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