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Recent work has shown that antagonist (e.g.  predator–prey food web) and mutualist (e.g.  pollinator– plant) network structure can  be  altered by  global environmental change drivers, and that these altera- tions may have important ecosystem-level consequences. This  has prompted calls for  the conservation of network structure, but precisely which attributes of webs should be  conserved remains unclear. Fur- ther, the extent to which network metrics characterise the spatiotemporally-variable dynamic structure of interacting communities is unknown. Here, we  summarise the attributes of web structure that are  pre- dicted to confer stability or  increased function to a system, as  these may be  of greatest interest to con- servation biologists. However, empirical evaluation of  these effects is  lacking in  most cases, and we discuss whether stability is even desirable in  all  contexts. The  incorporation of web attributes into con- servation monitoring requires that changes in  these attributes can  be  recorded (sampled) with relative ease. We  contrast the sensitivity of metrics to sampling effort, and highlight those (such as  nestedness and connectance) that could easily be  incorporated into conservation monitoring. Despite our growing understanding of the characteristics of food webs that confer stability and function, numerous practical challenges need to be  overcome before the goal   of  conserving species interaction  networks can   be
achieved.
1. Introduction
All species interact with other species in complex antagonistic (e.g.   predator–prey)  or   mutualistic  (e.g.   pollinator–plant) net- works. Perhaps for  simplicity, conservation has  so  far  largely ig- nored the structure of these networks and has  instead tended to deal  with threat status on a species by species basis. However, fail- ure  to  consider the ecological network within which a threatened species is embedded may lead  to  counterproductive management measures. For  example, removal of exotic plants may lead  to  re- duced pollination of  a  rare native plant through changes in  the population of  pollinators that feed   on  both natives and exotics (Carvalheiro et al., 2008). Furthermore, recent studies showing ef- fects of anthropogenic changes on the structure of interaction net- works  (Albrecht et  al.,   2007;  Lopezaraiza-Mikel et  al.,   2007; Memmott et  al.,  2007; Aizen   et al.,  2008) even when  species richness is unaffected (Tylianakis et al., 2007) lend support to pre- vious calls  for the conservation of network structure (e.g.  Thomp- son,  1994; McCann, 2007). Despite this potential  importance,  the speciﬁc aspects of network structure that should be  prioritised in
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conservation efforts or the amount of structural alteration that net- works can  tolerate before functional changes become apparent re- main unclear (Tylianakis et al.,  2008). Here  we  discuss different aspects of  ecological network structure that could be  conserved, depending on  speciﬁc conservation priorities, and the future re- search required to inform such decisions. We assess the usefulness of various structural network metrics for conservation, and subse- quently discuss some of the practical challenges that must be over- come before we   can   even begin to  consider conserving entire interaction networks.
Obviously,  conserving  the  species  that  form interaction net- works is a pre-requisite for  conserving the networks themselves. However,  networks are  more than the sum of  their component parts (Lewinsohn et al.,  2006; Montoya et al.,  2006; Pascual and Dunne, 2006; Bascompte and Jordano, 2007). For interactions be- tween species to  occur, the species must not  only  be  present, but also  co-occur in space and time. This co-occurrence can  be affected by global environmental changes (Memmott et al., 2007; Hegland et al., 2009; Laliberté and Tylianakis, in press), altering the interac- tion structure of a web beyond that which would occur through changes in species diversity or abundances alone. Further, focusing strictly on a single group of organisms (e.g. plants) misses the fact that their persistence can  be  inﬂuenced by  the presence of other
groups of species with which they interact (e.g. pollinators; Basco- mpte et al., 2006; Fontaine et al., 2006). Thus,  a strict focus on con- serving  species  diversity  alone  will   not    necessarily  conserve network structure, yet  network structure may contribute to biodi- versity maintenance (Bascompte et al., 2006; Bastolla et al., 2009).
Determining conservation priorities is inherently subjective. Current conservation foci include ‘ﬂagship’ or ‘iconic’ species, bio- diversity (often measured simply as the number of species), rare or threatened  species, or  threatened habitats (with the implicit assumption that this will  result in  the conservation of numerous species). Which of these strategies is employed generally depends on  social, economic or  practical constraints (Wilson et al., 2007). Similarly, with regard to  the conservation of  species interaction networks, we  must be  speciﬁc about which attributes should be conserved. Given  the complexity of species interaction networks (May, 1973; Montoya et al., 2006; Pascual and Dunne, 2006; Basco- mpte  and Jordano, 2007), advocating a  single attribute  of  their structure that deserves priority for conservation would be  unwise given the current state of knowledge. Instead, we  outline some of the different options, focusing on appropriate measures for quanti- fying  changes in these attributes, and how these changes affect dif- ferent ecosystem-level properties such as  stability and functional rates.
2. Conserving characteristics that promote system stability and functional rates
Decades of theoretical work have suggested that network struc- ture  may affect ecosystem stability  (May,   1973;  McNaughton,
1978; Pimm, 1979; Neutel et al., 2002; Krause et al., 2003; McCann et al., 2005). However, stability is a multi-faceted concept in ecol- ogy (Grimm and Wissel, 1997) and deﬁning which particular facets of stability are  relevant to a given situation is critical (Ives and Car- penter, 2007). The deﬁnition of stability is not  merely a question of semantics; rather, it may determine the attributes of the web that should be conserved, and even whether maintaining stability itself is congruent with conservation objectives.
Conservation usually aims to preserve species diversity in gen- eral,  or certain charismatic, endemic or endangered species. Thus, the usual deﬁnitions of stability with regard to  network structure concern resistance to  secondary extinctions following species loss (e.g.  Solé  and Montoya, 2001; Terborgh et al., 2001; Dunne et al.,
2002a; Memmott et al.,  2004; Srinivasan et al.,  2007; Rezende et al.,  2007), network integrity (not breaking up  into parts; Solé and Montoya, 2001; Dunne and Williams, 2009) and resistance to   species  invasions  (Post and  Pimm, 1983;  Bartomeus  et  al.,
2008). In the former case,  species extinction would be  a direct re- sult of environmental changes such as habitat loss, and the interac- tion (link) between species would be lost  when one  of the partners disappears. However, loss  of the link itself due,  for example, to rar- ity  or  phenological mismatch of  the interacting partners (Visser and Both,  2005; Hegland et al., 2009), may also  potentially drive extinction of  one   or  both partners. Thus,  the mere presence of two interacting species does not  guarantee that their interaction will  be  realised (Laliberté and Tylianakis, in  press), and loss  of the interaction could potentially also  drive secondary species loss when one  or  more interacting partners depends strongly on  the other. In the following sections, we  describe in detail how particu- lar  structural attributes of species interaction networks inﬂuence these two facets of stability.
Recently, conservation science has  shifted its focus from strictly preserving species diversity, to also  considering the provision of vi- tal  ecosystem services and human welfare in general (e.g.  Dobson et al., 2006; Armsworth et al., 2007; Kareiva et al., 2007; Tallis  et al., 2008). This  view recognises that preservation of species diver- sity  is not  only  desirable for philosophical or moral reasons (Calli-

cott et al.,  1999), but also  because biodiversity loss  can  actually threaten  human well-being (Millennium Ecosystem Assessment,
2005; Díaz  et al., 2006). This  utilitarian approach to  conservation focuses on the composition and diversity of key ‘‘service-provider” species (Luck  et al., 2009). However, that view acknowledges that seemingly ‘‘redundant” species (Walker, 1992) still  need preserva- tion, because these species may become key  service providers fol- lowing environmental change (Ehrlich and Walker, 1998; Naeem,
1998). Hence, the type of  stability that the functional approach to conservation targets is the stability of provision of key  services, but not  necessarily stability of species composition. An additional short-term conservation goal  is  to  enhance the rates of key  pro- cesses and services. We  discuss in  the following sections which attributes of network structure are  relevant to  these goals. In par- ticular, we focus on pollination and biological pest control, because these are  important services that have received considerable atten- tion in the literature.
3. Structural attributes of networks
3.1. Interaction diversity
3.1.1. What is it?
Interaction diversity is directly analogous to  species diversity. In its  simplest form (i.e.  interaction richness), it is the number of interactions or ‘links’ within the network. However, just as species diversity can  be more than just species richness, interaction diver- sity  is usually measured in terms relative to the number of species in  the network (e.g.  connectance), rather  than  just interaction richness.
3.1.2. Why is it important?
Greater interaction diversity may increase the rate of ecosystem processes. This has  been tested predominantly on highly simpliﬁed bipartite networks where one  trophic level  is either monospeciﬁc or  contains few  species. For  example, higher predator  diversity led   to  greater herbivore suppression in  a  collard-aphid system (Snyder et al.,  2006). This  was   attributed to  greater resource exploitation with greater predator diversity (i.e.  complementarity effects), though there was  also  evidence for  sampling effects (i.e. greater chance of  having efﬁcient predator species under higher diversity) (Snyder et al.,  2006). Similarly, in  mutualistic pollina- tor–plant networks higher pollinator diversity increased seed set through higher functional complementarity (Hoehn et al.,  2008). Yet despite these positive impacts of interaction richness on  eco- system function, interference between consumer species can sometimes  outweigh potential  complementarity  effects, leading to reduced ecosystem function with increasing consumer diversity (Montoya et al., 2003; Finke  and Denno, 2004).
Interaction diversity can  also   stabilise the rate of  ecosystem processes through time under ﬂuctuating environmental condi- tions. If, for example, a diverse array of predators attacked a partic- ular pest species, compensation between different predator species following environmental change could maintain pest control through time. This  process, known as  ‘the  insurance hypothesis’ (Yachi  and Loreau, 1999), was  developed from the earlier concept of   ecological redundancy   (Walker,  1992;  Lawton  and  Brown,
1993;  Naeem, 1998). Ecological redundancy  assumes, however, that higher species richness implies higher diversity of behavioral, physiological or overall ﬁtness responses to environmental change (i.e. response diversity), something which should not  be  taken for granted (Elmqvist et al.,  2003). Response diversity  is  critical in maintaining ecosystem resilience to environmental change (Elmq- vist  et al., 2003), yet  it has  been little studied within the context of species interaction networks.
Recently, response  diversity  of  native bee   communities has been identiﬁed as an  important factor in maintaining watermelon pollination rates (Winfree and Kremen, 2009). In addition, for a gi- ven  network size  (number of species), increasing connectance (the number of  links) means increased generalism of  the species in- volved. This  may provide a  buffer in  the responses of  predators to  ﬂuctuations in  prey species abundances,  and generalist preda- tors that can  maintain their populations on  alternative prey may be  more effective biological control agents (Landis et al.,  2000). However, when comparing networks of different sizes, the proba- bility of  secondary extinction (Solé  and Montoya,  2001; Dunne et al., 2002a,b; Memmott et al., 2004; Rezende et al., 2007) is more likely   to  be  related to  the actual average number of  interacting partners of each species (i.e. generality or link  density), than a pro- portional measure such as connectance.
3.1.3. How is it measured?
The simplest measure of interaction diversity, interaction rich- ness, is  simply the number of  links within a  network. However, interaction richness can  also  be  divided by  the number of species in the network to calculate link  density, or divided by the number of potential links (number of consumer species multiplied by  the number of resource species) to calculate connectance. These binary measures also  have quantitative, abundance-weighted counter- parts based on  information theory that incorporate the frequency and the presence of interactions (Bersier et al., 2002).
3.1.4. How does it change with  perturbation?
Empirical studies have not  yielded consistent effects. Interac- tion diversity of  parasitoid-host food  webs can  be  positively or negatively affected by land use  intensiﬁcation. Restored areas have been found to  have higher interaction richness than intensively managed meadows (Albrecht et al.,  2007), whereas  a  previous study found higher interaction richness in more intensive manage- ment systems (Tylianakis et al., 2007). The  strong dependence of interaction  diversity  on   sample  sizes  (Banašek-Richter  et  al.,
2004; Tylianakis et al., 2007) may be the underlying cause of these patterns, as both studies found the highest interaction diversity in habitats with the highest insect abundances. Parasitoid-host webs in  organic farms have been found to  have slightly lower connec- tance than conventional farms, likely  due to  higher species rich- ness,   and    these    differences   were    not     signiﬁcant   when quantitative network metrics were used (Macfadyen et al., 2009). Integration of exotic species into a plant pollinator network was found to  have no  effect on  overall network connectance, although connectance among native species declined (Aizen   et al.,  2008). Similarly, neither connectance, link  density or interaction diversity in  plant–herbivore–parasitoid webs were found to  be  affected by invasion (Heleno et al., 2009).
3.2. Nestedness
3.2.1. What is it?
The  interactions in  a network are  said  to  be  nested when the species interacting with specialists are  a proper subset of the spe- cies  interacting with generalists. This means that as specialists are lost  from the network, the core  of interacting generalists remains unaltered, analogous to the peeling of layers from an  onion.
3.2.2. Why is it important?
Specialist species are  usually the ﬁrst to  go extinct from a net- work (Henle et al., 2004), but if the network is nested, the remain- ing species will  still  have others with which to interact. In the case of mutualist networks, obviously both interacting partners require the interaction. If a specialist pollinator or seed disperser goes  ex- tinct from a  nested network, the plant species that it  interacted

with can still be pollinated/dispersed by other more generalist spe- cies  (Memmott et al., 2004; Bascompte et al., 2006; Fortuna and Bascompte, 2006; Okuyama and Holland, 2008). Thus,  a  nested interaction structure provides a  buffer against secondary extinc- tions or  temporal ﬂuctuations in  the abundance of specialist pollinators, assuming that pollination by  a  generalist is  approxi- mately functionally equivalent to  pollination by  a specialist. In contrast, the extinction of a predator or herbivore would not  cause secondary extinction of its prey or host plant species, so the extent to  which nestedness  may provide stability in  antagonistic net- works remains unclear. Furthermore, the continual arms race  be- tween  plants  and  herbivores  through  defence  chemicals may drive specialisation, and herbivore networks have been shown to be  more specialised than mutualist networks, both phylogeneti- cally and in terms of the number of interacting partners per  species (Fontaine et al., 2009). Therefore, although the majority of research on  network nestedness has   centred around mutualistic interac- tions such as  pollination and seed dispersal,  the prevalence and consequences of nestedness in  antagonistic networks may differ. In fact, antagonistic networks (such as predator–prey or plant-her- bivore food  webs) may be more compartmentalised (Lewinsohn et al., 2006; but see  Thébault and Fontaine (2008)), though how this affects food  web functional stability remains unclear. Nestedness and compartmentalisation need not   be  mutually exclusive, as interactions within a compartment may be  nested (Lewinsohn et al., 2006).
3.2.3. How is it measured?
Usually nestedness is measured through appropriate software such as  the Nestedness Temperature Calculator (NTC; Atmar and Patterson, 1995). This  re-arranges the matrix of  consumer (col- umns) by resource (rows) interactions to  maximise nestedness, calculates an  isocline of perfect nestedness, and then weights all the unexpected absences and unexpected presences in the interac- tion matrix. A more recently developed software, ANINHADO (Gui- maraes and Guimaraes, 2006), adds the  possibility of  choosing among several null  models in order to explore whether a network has  signiﬁcantly greater (or lower) nestedness than if species inter- acted randomly. Other software giving alternative  measures  of nestedness  is   provided  by   Rodríguez-Gironés and  Santamaria (2006) BINMATNEST, which claims to improve on  NTC by produc- ing a unique isocline of perfect order and using genetic algorithms to re-arrange the matrix so it always maximises nestedness. It also implements  several null   models.  Similarly, Almeida-Neto et  al. (2008) proposed a new metric based on  two properties of nested- ness, namely whether marginal totals differ among rows and/or among columns, and whether  the presences in  less   ﬁlled rows and columns coincide with the presences in more ﬁlled rows and columns. An equivalent measure of nestedness based on the degree of overlap in  interacting partners across pairs of species (equiva- lent to  the second property of  the previous measure) has   been independently provided by  Bastolla et al. (2009). Other measures of nestedness are  reviewed by Almeida-Neto et al. (2008).
3.2.4. How does it change with  perturbation?
Super-generalist invaders become central nodes (most con- nected species) in the core  of the nested matrix and may increase the overall value of nestedness of the network (Aizen  et al., 2008; Bartomeus et al., 2008; Bjerknes et al., 2007).
3.3. Distributions and  patterns of interaction strength
3.3.1. What are  they?
Patterns in the strength of interactions can  be important at two scales. First,  at a coarse scale,  there can  be  differences in the rela- tive  abundance of weak vs. strong interactions within the web (i.e.
differences in the frequency distribution of interaction strengths). Several studies have now shown that networks of ecological inter- actions are  composed of a few  strong interactions within a matrix of weak interactions (Paine, 1980; Goldwasser and Roughgarden,
1997; Wootton, 1997; Bascompte et al., 2005, 2006). Second, given a  certain frequency distribution,  there may be  differences in  the way  these interaction strengths are  combined in species pairs; that is,  differences in  the interaction symmetry (Neutel et al.,  2002; Bascompte et al., 2005, 2006).
3.3.2. Why are  they  important?
Although empirical evaluations  are   lacking, theoretical  work suggests that the presence of many weak links within a network is stabilizing because they can  dampen strong oscillatory con- sumer–resource interactions by  reducing resource growth rates and consumer attack rates (McCann et al.,  1998). Weak interac- tions may become strong at different times/locations, providing robustness under ﬂuctuating conditions (temporal stability). In contrast, strong links make species more affected by  changes in population densities  of  the  species they are   linked to;   drastic changes in  one  species destabilise the system by  spreading along the strong links (May,  1973; McCann et al., 1998; Kokkoris et al.,
1999). In terms of the patterning of interaction strengths, minimis- ing  strong interactions in long  loops stabilises the food  web (Neu- tel   et  al.,   2002).  Likewise, the  infrequent  occurrence  of   two consecutive strong interactions in  a food  chain reduces the likeli- hood of a trophic cascade (Bascompte et al., 2005). Finally, Basco- mpte et al.  (2006) found that if  one   partner in  a  plant–animal pairwise interaction had  a  strong mutualistic dependence, the other partner’s dependence on that species was  much weaker than expected by  chance (i.e.  pairwise interactions are   asymmetric). These weak and asymmetric dependences in mutualistic networks make the entire ensemble more resistant to secondary extinctions (Bascompte et al., 2006), although as with nestedness, the impor- tance  of   asymmetric  dependence  in   antagonistic  networks  is unclear. Nestedness is somewhat related to  interaction asymme- tries.  Speciﬁcally, nestedness  implies asymmetric  specialisation (specialists interact with generalists), that is,  asymmetry at the level  of the number of interactions per  species. Conversely, asym- metry in  dependence values is deﬁned from pairwise interaction strengths in  quantitative networks. To some extent, dependence asymmetry is a conﬁrmation of specialisation asymmetry: if a spe- cies interacts only  with a generalist species, its dependence on that is total, while the generalist may depend on  a series of other spe- cies.  An additional fraction of the variance in  asymmetry in  pair- wise dependence remains, beyond that which can  be  explained by  the level  of nestedness, and therefore dependence asymmetry cannot be reduced to being identical to nestedness. Note,  however, that nestedness implies asymmetric specialisation but also  sym- metric generalisation (both generalist plants and generalist ani- mals   interact   among   themselves).   Therefore,  this   core     of generalists cannot be  explained based merely on  an  asymmetric pattern of  specialisation or  an   asymmetric pattern  of  pairwise dependences. Future work should quantify the percent of variabil- ity on these measures which is independent from the variability in others.
3.3.3. How are  they  measured?
Frequency distributions can  simply be  plotted, or incorporated in  metrics such as  interaction evenness (Tylianakis et al.,  2007). Patterning of interaction strengths can  be estimated by calculating the probability of two given classes of interaction strength occur- ring  in a speciﬁc combination, comparing the observed probability with that expected in an appropriate randomization (Bascompte et al., 2006).

3.3.4. How do they  change with  perturbation?
Theoretical work has  shown that as  a  community assembles through  waves  of   species  invasions, the  average  interaction strength decreases. Communities that are  not  vulnerable to further species invasions tend to  be  those that have average interspeciﬁc interactions that are  weaker than the average in  the species pool (Kokkoris et al.,  1999). Interestingly, this result matches several empirical studies. For example, the introduction of invasive species to  a mutualist network has  been shown to  reduce the average dependence of  each plant on  each pollinator and vice  versa (i.e. network-scale  mutualism  strength)  (Aizen   et  al.,   2008). With greater levels of invasion, invaders engaged disproportionately in the  most  asymmetric interactions. As  interaction  asymmetries can  increase network stability (Bascompte et al.,  2006), invader- dominated webs may be  more stable and thus more difﬁcult to restore  to   their  previous  uninvaded  state  (Tylianakis, 2008). Similarly,  interaction evenness of  parasitoid-host networks has been shown to  decline in  more disturbed habitats  (Albrecht et al.,  2007;  Tylianakis et  al.,  2007), but  interaction  evenness in plant–herbivore–parasitoid multitrophic webs may not  be affected by invasion (Heleno et al., 2009).
3.4. Compartmentalisation/modularity
3.4.1. What is it?
Compartments (modules) are  subsets of an interaction network in  which species interact frequently with one  another, but little with other species outside of the compartment (May,  1973; McNaughton, 1978; Pimm, 1979; Krause et al., 2003; Rezende et al., 2009). It is not  clear whether compartmentalisation and nest- edness are  related (networks can be highly nested within compart- ments, yet   highly compartmentalised;  Lewinsohn et  al.,  2006; Olesen et  al.,  2007). Compartmentalisation  may  be   caused  by coevolution (trophic specialisation; Olesen et al.,  2007; Dupont and  Olesen, 2009), such  as  long-tongued/billed pollinators and tubular ﬂowers, though it  may be  more common in  antagonistic than mutualistic networks (Lewinsohn et al., 2006; Olesen et al.,
2007; see Fontaine et al. (2009) for a discussion of the evolutionary reasons behind this pattern).
3.4.2. Why is it important?
It is often assumed that compartmentalisation increases stabil- ity of interaction networks (May,  1973; McNaughton, 1978; Pimm,
1979; Krause et al., 2003), as disturbances will  on  average spread more  slowly through  a  compartmentalised web  (though  they may spread quickly within a compartment). Lower  trophic level  re- source species are  more likely  to be compartmentalised across habitats, with mobile consumers linking these species (Rooney et al., 2008). This highlights the importance of generalists for ‘‘gluing” individuals within modules and keeping modules together in a net- work. Among these generalists, highly connected species within a compartment are  referred to  as  ‘‘module hubs” and species that link  two or  more compartments together are  called ‘‘connectors” (Guimerà and Amaral, 2005; Olesen et al., 2007). In terms of con- servation importance, extinction of module hubs or  connectors is predicted to  lead  to  the compartment or  entire network (respec- tively) being fragmented, with cascading extinctions within or across compartments (Olesen et al., 2007). However, research on the importance of  compartmentalisation for  real-world network stability is lacking, and many predictions remain to  be  tested.
3.4.3. How is it measured?
A variety of  algorithms exist for  assessing compartmentalisa- tion. For  example, a  module-ﬁnding algorithm combined with a simulated annealing optimisation approach (Guimerà and Amaral,
2005) uses a  heuristic procedure to  ﬁnd   an  optimal solution to
maximise a  function called modularity. Modularity is  higher  if there is  a  strong tendency for  the species of  a  compartment to interact among themselves, while they hardly interact with species belonging to other modules. This and similar module-ﬁnding algo- rithms are  reviewed in  the supplementary information to  Olesen et al.  (2007). In  addition, a simple quantitative measure of com- partment diversity (based on the exponential form of the Shannon index) can  be  used (Lewis  et al., 2002).
3.4.4. How does it change with  perturbation?
The  effects of  perturbations on  compartmentalisation are  not well  studied. Empirical tests of the effects of habitat modiﬁcation on  quantitative compartment diversity (Lewis  et al., 2002) within parasitoid-host webs have found either no  effect across different habitats (Tylianakis et al.,  2007) or  higher compartmentalisation in restored than disturbed meadows (Albrecht et al., 2007). Highly connected generalist species may cause fusion of  compartments (Olesen et al.,  2007), suggesting that  ‘super-generalist’ invasive species (Aizen  et al., 2008) may increase overall network connec- tivity. This  could potentially increase the spread of perturbations across  compartments,  even  though  the  increased  connectivity may reduce secondary extinctions and high interaction asymme- tries in  invaded webs may increase functional stability (see  Sec- tions  3.1   and  3.3   above).  As   a   general  rule,    the   effect  of individual species extinctions or invasions will  depend on the role of the species as a module hub or connector, with loss  of module hubs  increasing the  likelihood of  secondary extinctions within modules (i.e.  reduces web stability), and loss  of connectors decreasing the likelihood of trophic cascades across modules (i.e. increases web stability).
3.5. Connectivity distribution
3.5.1. What is it?
Connectivity is the number of interactions involving each spe- cies,  which is also  referred to as the ‘degree’  in network literature. The  connectivity distribution is  the frequency distribution of the number of interactions per  species. This  is analogous to a species abundance distribution, but instead of the abundance of each spe- cies,  the number of links is plotted.
3.5.2. Why is it important?
Knowing a network’s connectivity distribution is important for two reasons. First,  it can  suggest processes of network formation. For example, the random model of graph formation of Erdös  and Rényi  (1959), whereby a new node entering the network tends to

interact with any  existing nodes with the same probability, leads to  an  exponential connectivity distribution. On  the other hand, the preferential attachment model where new nodes tend to inter- act  preferentially with already well-connected nodes (a  type  of rich-gets-richer process) leads to power-law distributions. Second, the pioneering work of Albert and Barabasi (2000) demonstrated that there is  a  well-deﬁned relationship between  the  shape of the connectivity distribution and the robustness of  the network to secondary extinctions following the extinction of one  species se- lected at random, or following a ranking from the most connected to  the least connected species. Thus,   while scale-free networks (those whose degree distribution  follows a  power-law implying that there is no  single scale in  connectivities but a broad contin- uum from specialists to  super-generalists) are  much more robust to  random node elimination than exponential ones, they are  very fragile to the deletion of the most connected nodes (Albert and Bar- abasi, 2000).
3.5.3. How is it measured?
Normally, to smooth the connectivity distributions and to make them comparable, the cumulative degree distribution (i.e.  the probability of  one  species interacting with one  or  more species, with two or  more species, and so  on)  is  plotted (see  Figs.  1  and
2). Then,  the best model describing such connectivity distributions is ﬁtted. In most cases this best model tends to be either an  expo- nential distribution (representing a random network), a power-law distribution (or  scale-free, depicting a  complex network such as those formed through the preferential attachment mechanism) or a truncated power-law. The large majority of mutualistic networks are  best described by the truncated power-law functions (Jordano et al., 2003), while the majority of food  webs are  best described by exponential functions (Dunne et al., 2002b).
3.5.4. How does it change with  perturbation?
There are  neither empirical assessments nor  theoretical explo- rations of the effect of perturbations on the shape of the connectiv- ity  distribution. A tendency towards a more homogeneous distribution is  found as  one   decreases  sampling effort (Fig.  1), which may be used as a suggestion that perturbations causing loss of species or interactions will  lead  to  a more even distribution.
4. Stability: is it always desirable?
Despite many potentially beneﬁcial interpretations, stability may also  be associated with system states that are  not  considered desirable. For  example, weaker mutualism strength observed in
Fig.  1.  Cumulative connectivity distribution at different temporal scales of sampling. This shows the probability of one species interacting with one or more species, with two or more species, etc. in a log–log plot. Data are from plant–pollinator networks sampled in two study sites (a  clear cut and an old growth forest) in SE Norway (Nielsen and Bascompte, 2007). The  sampling was carried out throughout the summer of 2004.
Fig.  2.  Visual representation of the network metrics referred to in this review. Examples of low vs. high values of these metrics are shown, with a brief statement of why each metric is  important for  conservation. Letters indicate consumer (a,  b, c, d,  e)  and resource (v,  w,  x, y, z)  species.
exotic-dominated plant–pollinator networks (Aizen  et al., 2008) is associated with stability (see  Section 3.3 above), and this may lead to  self-perpetuating positive feedbacks that make invader-domi- nated communities less  likely  to switch to their previous uninvad- ed  state. Similarly, the presence of  many weak and few  strong interactions is known to  promote resistance to  external perturba- tions (McCann et al., 1998). Recent studies have shown that para-

sitoid-host food   webs from highly modiﬁed habitats  have few strong (highly frequent) interactions and many weak interactions (i.e. a decrease in the evenness of interaction strengths) (Albrecht et al.,  2007; Tylianakis et al.,  2007), characteristics that are  nor- mally associated with stability. In contrast, natural habitats tended to  have numerous moderate-strength  interactions (Tylianakis et al., 2007). Although it is unclear whether this will  make the webs
of modiﬁed habitats more resistant, it nevertheless raises the ques- tion of  whether maintaining stability is  always consistent with conservation objectives.
5. Impediments to implementing conservation of network structure
The  ﬁrst step required for  the conservation of interaction net- work structure is to  determine the most important structural ele- ments,  as   outlined  above. Yet,  even  if  we   settle  on   a  useful measure of  the most important structural attributes that should be conserved, how could this be put into practice? For conservation of network structure to ever be implemented widely, two require- ments must be  met. First,  it must be  demonstrated that informa- tion on  network structure provides signiﬁcant advantages over current conservation/monitoring foci  (e.g.  species diversity). We hope that from the above discussion, it will  be  clear that network structure may have important implications for ecosystem stability and functioning, and its  conservation is  thus warranted. Second,

the hurdle represented by  practical constraints  may be  greater than the theoretical challenges, and the integration of  network structure into conservation monitoring may face resistance if it re- quires signiﬁcantly more effort and resources than are  currently employed in conserving species.
Fundamental to  these practical constraints is  the difﬁculty of observing  interactions  (particularly  across  systems),  compared with simply counting species. Ease  of  recording interactions be- tween certain organisms such as host insects and their parasitoids, or plants and their ﬂower visitors, has  almost certainly caused the over-representation of these network types in  the literature. The paucity of  quantitative food  webs involving generalist predators may improve as DNA techniques and libraries improve our  ability to  quantify feeding links through  gut   content analyses (Jurado- Rivera  et al., 2009). In the meantime, we  must continue to use  eas- ily recorded kinds of interactions, or where interactions are  logis- tically difﬁcult to  measure, we  must rely  on  network metrics that require as  few  observations as  possible to  yield a  representative view of the whole network.
Fig.  3.  Effects of  sampling effort on interaction network metrics. The  relationship between number of  sampling events (temporal sampling effort) and (A, B) number  of species, number of links, (C, D) absolute nestedness (N),  relative nestedness, (E, F) connectance and P-value for  the statistical signiﬁcance of the nestedness value for  plant– pollinator networks sampled in two study sites (a clear cut and an old growth forest) in SE Norway (Nielsen and Bascompte, 2007). Each point represents the average value for the measure, obtained from 50 random combinations of 4, 6, 8, .. . up to 28 sampling days. Error bars are standard deviations.
Simple measures of interaction diversity (above) could poten- tially be  used to  guide conservation efforts, but these have some drawbacks. First,  some of these metrics (e.g.  link  density, interac- tion richness) are  notoriously sensitive to  the number of species in the network and to sampling effort (Goldwasser and Roughgar- den,   1997; Bersier et al.,  1999;  Nielsen and Bascompte, 2007). Thus,  the slow rate of  accumulation (saturation) of  interactions compared with species as  sampling scale increases (Fig.  3A and B) may impede the incorporation of interaction diversity into con- servation, even if it were highly meaningful. Connectance asymp- totes more quickly than species richness with increased sampling effort (Nielsen and Bascompte, 2007; compare Fig. 3A and B with Fig. 3E and F), making it potentially more useful as an index of net- work structure  than  interaction richness. Absolute and relative nestedness  and the  signiﬁcance value of  nestedness appear to asymptote quicker than species diversity (compare Fig. 3A and B with Fig.  3C  and D),  and cumulative connectivity distribution may shift from an exponential curve to a power-law with increased sampling effort (Fig. 1). These effects of sampling effort on network metrics may largely determine their usefulness in  conservation monitoring, as those attributes that are  most sensitive to sampling will  be  most difﬁcult to  monitor effectively.
6. Conclusions
There are  clearly a number of important emergent properties of stability and function that are  conferred by  interaction network structure.  Nevertheless, the  difﬁculty in   accurately  measuring some of these metrics is a potential drawback, and a choice must be made between the information that can  be gained from a given metric and its  ease of measurement in practice.
An additional problem is that commonly-used network metrics do not  incorporate the identity of interactions (although this does not   apply  to   nestedness; see   also   Laliberté and  Tylianakis (in press)) or  traits of  interactors. If conserving diversity of  interac- tions per  se  is  the goal,  existing metrics could sufﬁce. However, conservation biologists recognise that  species composition and preservation of native species is a greater priority than conserva- tion of  species richness itself. Similarly, unless interactions be- tween species are  deemed to  be  interchangeable, characterisation of  networks based on  simple metrics may not  yield results that are  always useful to conservation. This, combined with the practi- cal hurdle of the sampling effort required to catalogue large num- bers of interactions, suggests that it may be preferable to focus our attention on particular characteristics of interaction networks that confer functional outcomes, rather  than interaction diversity or complexity per  se. An alternative solution for  quantifying changes to interaction networks is to directly analyse through multivariate analyses (e.g. Legendre and Anderson, 1999) the most fundamental units of an  interaction network: the composition and relative fre- quency of  its  constituent  interactions  (Vázquez and Simberloff,
2003; Laliberté and Tylianakis, in press), rather than deriving sim- ple  metrics from network matrices.
Unlike interaction  diversity,  nestedness  does  not    seem  to change considerably with increasing sampling effort (Fig. 3C and D).  This,  combined with its  importance for  reducing secondary extinctions (Memmott et al., 2004), suggests that nestedness could be a good  candidate for monitoring changes in the structure of mutualist networks. Connectance (or  link  density when different sized networks are  compared) may also  be a useful measure of net- work structure due to  its  ease of  computation, rapid saturation with increased sampling effort, and potential link  to  functional redundancy of  interactions  (resilience). Connectivity distribution is related to  nestedness and is also  a good  descriptor of network robustness which has  been widely used in other ﬁelds. This  mea-

sure provides a clear link  between network structure and robust- ness and identiﬁes the ‘glue’ keeping the network together – that is, the hubs or super-generalist species in some heterogeneous eco- logical networks. It illustrates how robustness greatly depends on perturbation type, as  heterogeneous networks are  very  robust to random extinctions and yet  are  very  fragile when hub species go extinct. That  said,  connectivity distribution may be  inﬂuenced by sampling effort as  illustrated in  Fig. 1 (skewed distributions may seem less  heterogeneous if sampling effort is lower).
In conclusion, the incorporation of network structure into con- servation monitoring and strategy is challenging yet  promising, especially for  those metrics that saturate more quickly with sam- pling effort than species diversity. Rather than focusing on any  sin- gle  metric, conservation of complex emergent properties such as network stability will  likely  require monitoring of a suite of met- rics.  This could include: (1) some measure or measures of connec- tivity (e.g.  connectance,  link  density, average generality) and its distribution (which may affect the likelihood of secondary extinc- tion), (2)  compartmentalisation  (particularly when the spread of pollutants or perturbations threatens species), and (3) nestedness, when stability of functions such as pollination is of concern. How- ever,  further research on  the functional consequences of network structure,  and the response of  different metrics to  perturbation, will be required before a truly convincing argument for the conser- vation of network structure can  be  made.
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