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               Biodiversity is affected by anthropogenic activities, with a trend of decreasing species richness with habitat deg-

            radation. Decreasing species richness erodes evolutionary history and ecosystem function, but taxonomic, phylo-

               genetic and functional diversity can have contrasting patterns. It is essential to measure these dimensions of

               biodiversity explicitly and assess how they are valued in prioritizing protected areas (PAs) to conserve diversity.

              Madagascar is a biodiversity hotspot, with high diversity and endemism coupled with heavy anthropogenic pres-

                 sure. The endemic primates lemurs are the most endangered mammal taxon. A recent action plan prioritized– –

               PAs based on lemur species richness, weighted by endangerment. This scheme does not capture the evolutionary,

                functional, or biogeographic components of biodiversity, nor does it directly assess the level of human threat to

                 those PAs. I compiled the largest dataset on lemur community composition in 100 PAs, including almost all lemur

                species (98 species). I combined data on lemur occurrence, their phylogeny, functional traits, IUCN Red List status,

                and environmental variables including deforestation between the years 2000 and 2014. I ranked PAs based on 14

                 metrics as well as the sum of metrics to determine how PA priorities compare under different valuation schemes.

                   Based on the sum of seven metrics, I identified the top 25 PAs for lemur conservation. With these priority rank-

               ings, I propose areas of high lemur diversity, habitat heterogeneity and productivity, and deforestation be the

              focus of future conservation activities to maximize community resilience and prevent the erosion of evolutionary

   diversity and ecosystem function.

      © 2017 Elsevier Ltd. All rights reserved.

Keywords :

Deforestation

 Conservation valuation

Primates

 Endangered species

  Dimensions of biodiversity

 1. Introduction

       Variation in the distribution of endangered, geographically restrict-
         ed, functionally and evolutionarily distinct species has made the priori-

          tizat ion of c onserv ati on areas dif ). By wha tfic u l t ( Ka rp et al., 2015
       measur e should con serv ation bio logis ts and poli c y makers qua ntify

          and rank areas to compare them and choose which deserve protection

         and funding? Are there habitat features that promote exceptional biodi-
          versity, such as heterogeneous or highly productive habitats, and if so

           can these habitat variables be used as proxies for biodiversity to rank
          areas? The sum of multiple dimensions of biodiversity and habitat pro-

           ductivity, weighted by the threat of species extinction and rate of local

        habitat loss, provides a multidisciplinary measure of biodiversity and
    endangerment to rank conservation areas.

         Specie s ric hness has been quanti ed f or man y area s around thefi

           globe, and there is a general trend for decreasing species richness with

         human distu rbance (e.g., ). Spe cies ric hness hasNewbold et al., 201 5

           long been used as a measure of biodiversity and proxy for ecosystem
         function, but it does not capture the evolutionary history represented

           by species, nor does it always re uence of evolutionary histo-flect t he infl

         ry and trait diversity on community function, stability and resilience.

        The functional and evolutionary distinctiveness of species and commu-
         nities provides unique, historical depth to measures of biodiversity, as

           well as direct ties to ecosystem function and services provided for peo-
           ple (Naeem et al., 2016; Purvis and Hector, 2000). For example, conser-

         vation practi tion ers may opt t o weigh s pecie s' presenc e by th eir

       phylogenetic diversity and distinctiveness, which directly measure the
        evolutionary history represented by a community or individual species

            (Fait h, 1992; Fa ith et al., 2004 ; Graha m and Fine, 200 8; Isaac et a l.,
          2007). In two communities with the same species richness, one com-

          munity may encompass more of the phylogeny than another ( ).Fig. 1

        Preserving evolutionary history may warrant higher priority than spe-
         cies richness alone when some species represent the irreplaceable her-

        itage of a li neage ( ). Si milar ly, ph ylogen etic endem ismFait h, 199 2
       re ec ts the geograph ic isolati on of evolution ary histo ry, identi fyin gfl

         areas th a t may be reli cts of deep -tim e bi odiv ersit y f ound now here

           else (Rosauer et al., 2009) ( Fig. 1). Such areas may be higher priority
        for conservation because of the ancient geographically restricted biodi-

       versity they harbor. Species and phylogenetic complementarity capture
          variation in the uniqueness of species and the phylogenetic history rep-

          resente d if cer tain specie s a re pr eserv ed ( ), an dJense n et al., 2016
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       comple menta rity of c ommun ities qu anti es the d egree to whichfi

         protected areas represent unique biomes ( ). FunctionalFa it h et al. , 200 4

          diversity directly measures the traits of species that make up communi-
          ties ( ), especially ecologically relevant traits related to how speciesFig. 1

        partition niches (Zuppinger-Dingley et al., 2014), how productive com-

           m u n i t ie s a r e ( Gamfe ldt et a l., 2013 ), and how re sili ent they a re to
         changes in the environment (Oliver et al., 2015). Taxonomic, phyloge-

         netic and functional diversity are frequently assumed and/or found to
           be positively related, but they are not always, making it imperative to

        have functional trait data to complement taxonomic and phylogenetic

    information (Devictor et al., 2010).
            The diversity of communities on its own does not reflect the level of

        anthropogenic threat to those communities. One scheme for assessing
           the value of an area that integrates anthropogenic threats is to weight

          the presence of species by their endangerment status; e.g., by their

          IUCN Red List status (Schwitzer et al., 2014). Similarly, the evoluti ona ry
          distinctiveness of species, as m easured by the amount of unique evolu-

           tionary history represented by a species, can be weighted by the Red
        List status, yielding the evolutionarily distinct and globally endangered

         index, EDGE (Isaac et al., 2007). Incorporating the phylogenetic comple-

          mentarity of species with their probability of extinction yields the I-
          HEDGE index (Jensen et al., 2016). These schemes allow the community

           composition to be weighted by the threat level to individual species, but
             the level of threat to particular areas should also be a factor in conserva-

            tion priori ty zonation. For example, data on lan d cover over time in areas

            may be used to assess the rate of habitat loss and q uantify anthropogenic
            threat, and these data are available at global scales (e.g., Hansen et al.,

            2013). While the IUCN Red List status takes habitat loss (measured or es-
           timated) into account, it is also weighted heavily by the projected popu-

        lation change ( measured or esti mated), hunting pressure, a nd har vesting
           for tr ade. Wh ere new habitat loss data have no t been in corporated into

          the IUCN status, including the latest estimates of deforestation is impor-

          tant to re-evaluate the threat status of species and communi ties. Ther e-
           fore, I argue that in prioritizing c onservation e fforts, the di versity of the

           area as well as the anthropogenic threats should be taken into account.
          Madagascar is a biodiversity hotspot (Myers et al., 2000), with rapid

          loss of hundreds of threatened, endemic species (Allnutt et al., 2008;

            Goodma n and J un gers , 2014 ) and a hig h rat e of habi tat lo ss due to

       slash-and-burn agriculture, clearing land for pasture and commercial
           minin g ( ), as we ll as hea vy huntingHarper et a l., 2007; Scales, 2014

         pressu re in some regi ons (Borge rson, 201 5; Borg erson et al., 2016;

          Golden , 20 09). The prim ates of Mada gasca r the endemic le murs– –

         are the most endangered mammal taxon, with ~ 95% considered threat-

          ened with extinction (Schwitzer et al., 2014). Recent efforts to prioritize

         protected areas (PAs) for lemur conservation have weighted the species
             richness of PAs by the IUCN Red List categories of those species, and set

         conservation initiatives for the top-ranking PAs (Schwitzer et al., 2014).
           The Lemur Action Plan speci ed activities to be conducted in the top-fi

           rankin g PAs bet ween t he yea rs 2013 an d 2016 to stave of f fur ther
          lemur extirpations (Schwitzer et al., 2013). Th e PAs were not evaluated

          for their ranks in other measures of diversity, however, potentially pri-

           oritizing sites that would not have high rank based on other dimensions
 of biodiversity.

          Measuring diversity at the species level does not capture the evolu-
          tionary histories of species and contrasts with others who have advocat-

       ed assess ing cons ervati on priori ties b ased on the phyl ogenet ic

          distinctiveness of species as a measure of the evolutionary history rep-
    resented by each species (        Isaac et al., 2007; Lehman, 2006; Purvis and

        Hector, 2000). Hotspots of evolutionarily distinct lemur species, phylo-
         genetic diversity and endemism, and taxonomic richness do not align

        perfectly, each suggesting different priority areas (Gudde and Venditti,

          2016; Gudde et al., 2013; Lehman, 2006). Previous studies on phyloge-
          netic diversity of lemurs have used incomplete and poorly resolved phy-

         logenies, and no previous study has quantified functional trait diversity.
        Importantly for this study, previous evaluations of phylogenetic diversi-

             ty have not quantified diversity at the level of PAs, but rather at coarse

        resolutions of regions or grid-cells, the latter without ground-truthed
          veri cation of species occurrences. PAs should be the unit of analysisfi

         given that these are the de signa ted lo calit ies of co nserv ation action,
             and rather than seek out new areas, this paper aims to evaluate the con-

        servation priorities of existing PAs. Finally, previous priority rankings

          have not taken into account environmental factors such as habitat het-
           erogeneity, plant productivity, or the amount of habitat loss. I argue that

         priority rankings based solely on species richness weighted by species'
         threat stat uses fail to c apture dive rsit y in mult iple dimens ions and

           should be reconsidered. This paper evaluates PAs in a new light with

         comprehensive data that have not been combined until now, including
        almost all lemurs, their phylogenetic relationships, functional traits, ex-

       tinction risk, and the quality of the environment.
          Here, I examined 100 PAs, quantifying lemur diversity in terms of

       species richness and complementarity, phylogenetic diversity and en-

      demism, evolutionary distinctiveness and complementarity of species,
          and functional trait diversity, with and without weighting by species en-

       dangerment. I measured elevational heterogeneity and plant productiv-
          ity from remotely-sensed data, which have been shown to be significant

           predictors of diversity (Jetz and Fine, 2012), and the amount of recent

             fores t loss. I c ompa re d the ranks of PAs from each of my metri cs as
          well as a combined metric to previous priority rankings (Schwitzer et

         al., 2013), and found differences that suggest previous rankings under-
           represented threatened biodiversity. I rank the top 25 PAs and find that

         PAs in the northeastern rainforests and northwestern mosaic dry forests

          are the high es t priori ties , wh ile PAs in the south west ran ked lower
          based on lemur diversity, but highest based on deforestation. This new

        rankin g syst em pro vides a more c ompreh ensi ve ass essmen t of th e
           lemur and habitat diversity as well as threat status of Madagascar PAs

        than previous efforts, although I suggest socio-cultural and economic
           data are also needed to measure the value of PAs for people.

 2. Me thods

         I rst assembled a database of Madagascar bioregions and protectedfi

        areas (PAs), lemur geographic ranges, and environmental variables. I

       then quantified taxonomic, phylogenetic and functional alpha diversity

           Fig. 1. Schematic illustrating how community diversity varies depending on the metric

           used to quantify diversity. A) Phylogeny of species with shapes representing functional

            traits of sp ecies . B) Diagram ill ustra ting th e presen ce (black) an d absenc e (white ) of

              each species (rows) in each of four sites (columns, labelled 1 4). C) Diversity metrics for–

               each site, illustrating how sites with the same species richness (sites 1 and 2) can have

         different phylogenetic and functional diversities. SR: species richness, PD: phylogenetic

        diversity, ED: evolutionary distinctiveness, PE: phylogenetic endemism, FD: functional

diversity.
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          and phylogenetic endemism within PAs. I calculated the area and per-

              cent forest cover in PAs in the year 2000 and th e lo ss of fore st until
            2014 (Hansen et al., 2013) to estimate the total area and percent forest

   loss within protected areas.

  2.1. Study sites

        I defi fin e d ve bi ogeogr aph ic regi ons base d on th e delin eati on of
        ecoreg ions subd iv ided by river barrie rs (Ganzhor n et a l., 2006) a nd

        georeferenced them in a geographic information systems (GIS) data-
        base (Supple m entar y d ata deposited online , Appendix A). All layers

          used the WGS 84 coordinate system unless otherwise noted. These bio-
           regions contain unique habitat types and have been suggested to be re-

        lated to sp ecies end emis m be cause of ri ver/h abita t barrier s among

    them (Ganzhorn et al., 2006).
        Protected areas (PAs) are useful community-level units for analysis

           because they are tracts of forest with boundaries set aside for conserva-
          tion purposes and have been inventoried for lemurs. I obtained polygon

         shapefiles of over 100 PAs around Madagascar from the nongovernment

         organization CIRAD (Desbureaux et al., 2016, SAPM ver. 20101205, Ap-
            pendix A Dataset 5). I included terrestrial PAs with more than two spe-

          cies of lemurs present. This includes PAs that were established before
         2003 and considered national parks, protected by the Madagascar Na-

            tional Parks (AP gérée par MNP, n = 42), extensions of national parks

             (n = 2), new protected areas (Nouvelle Aire Protégée, n = 39), PAs con-
           sidered temporary (Aire Protegée à Statut Temporaire, n = 16), and one

         private reserve (Berenty). The exact boundaries of some PAs, especially
            the new PAs, have been contentious, but the shape le used in this studyfi

            represents the state of the PAs in 2014. The shape le used here closelyfi

       matched that available from REBIOMA in 2013 (http ://atlas.rebioma.
        net/). To generate species presence/absence matrices at regional and

          local scales, I obtained polygon shapefiles of extant lemur range maps
      from the IUCN terrestrial mammal database (http://www.iucnredlist.

    org/technical-documents/spatial-data, accessed 2/18/2015). I veri edfi

          each lemur range against primary and secondary sources to verify the
        limits of species distributions, editing polygons where necessary (Ap-

        pendix A). I tabulated a community presence/absence matrix (species
          X pro tecte d are a) usi ng the f uncti on in the p ackag ei nt ersec t r a s t e r

       ( ) for the R s tati stical envir onme nt (Hijma ns, 2015 R Core T eam ,

       2014). Presence/absence matrices were then verified against literature
           sources of ground-truthed surveys at the PAs and reports from field ex-

         perts (Appendix A) . A li te ratu re sea rch was conducted using Googl e
        Schola r with the k eyword s: lemur , inve ntory ,‘ ’ ‘ ’ ‘s u r ve y ’, and the

         names of the protected ar eas (condu cted be tween 1/16/ 2016 and 1/

         26/20 16). Forty four papers, repo rt s, and datasets were found, with
         publication dates between 1997 and 2016, and lemur surveys conduct-

          ed betw een 1 975 and 2015, with 66% of studi es c onducte d bet ween
          2000 and 2015. This li tera ture review was a thor ough evalu ati on of

        the av ail a ble informati on on lemur distributio ns and repr esents our

         best knowledge to date. The information used requires updating, how-
          ever, and a revision with re cent surveys and unpu blish ed d ata from

         fi field experts would improve the resolution of the ndings presented
here.

  2.2. Study species

            I used a total evidence phylog eny that included ~ 90% of living le-
          murs (Herrera and Dávalos, 2016, Appendix A). Species that were miss-

          ing from the original phylogeny (16 species) did not have comparable

          genetic loci to those used in the phylogenetic inference. Previous studies
         of lemur biogeography have included a subsampled diversity (e.g., ~ 36%

          of le murs in Gudde and Venditti, 2016), but comparative biological in-
           ferenc es are aff ected by mis sing da ta. To in clude almost all le murs, I

          grafted missing species onto the phylogeny manually based on the po-
          sition of missing species to their congeners in the original publications

          (Appe ndix A). This result ed in the most com plete datase t ever used

           for le mur biogeogra phy. The state of lemur taxonomy is in ux, a ndfl

          the n umber of spe cies recognize d h as ri sen from ~ 50 re cogni zed by
           some scholars in 2006 (Ganzhorn et al., 2006) to over 100 recognized

          in the most recent compilation (Mittermeier et al., 2010), with several

          new spe cies descri bed s ince then. Some of the n ewly erecte d taxa
         were formerly recognized as subspecies, while others are cryptic spe-‘ ’

          cies that were formerly recognized as one species. These taxonomic re-

          visions have been met with skepticism (Markolf et al., 2011; Tattersall,
           2007), but where rigorous tests have been done, the new species have

        been suppor ted b ased on ge netic , ph enotyp ic, and ge ogra phic data
            (Markolf et al., 2013; Radespiel et al., 2011; Yoder et al., 2016; Yoder

          et al., 2005). Further, some newly erected species were later subsumed
         based on multidimensional data (Groeneveld et al., 2009). The taxono-

             my is still in ux, however, and to standardize, in this paper the taxon-fl

             omy of Mittermeier et al. (2010) is used, with the addition of M. gerpi
           (Radespiel et al., 2011), M. tanosi, M. marohitaand (Rasoloarison et al.,

2013).
           Variation in traits related to body size, diet and activity pattern in

        sympa tric lemur s pecie s are impor tant fac tors in nic he parti tion ing

        that may b e re late d to comm unity com positi on (Ganzh orn, 1997 ;
        Ganzh orn, 1988; Kamil ar and Ledog ar, 2011) . Data wer e com piled

           from the literature on the following variables: 1) body size (grams, nat-
        ural log transformed), 2) diet category (folivore, frugivore, omnivore),

        and 3) acti vity patt ern (di urnal , noc turn al, cath emer al, Appe n dix A

 Table S1).

     2.3. Environmental and forest loss data

        To qu anti fy the envi ronmen tal facto rs pred icted to af fect lem ur

         community co mposition, I extract ed elevatio n data for ea ch PA from
         the WorldClim raster data layers and calculated the standard deviation

          of elevation with each PA as a measure of topographic heterogeneity
         (30 arc-second resolution, ). To quantify resourceHijmans et al., 2005

          availability in terms of habitat productivity, I included the Net Primary

         Produc tivi ty ( NPP) generate d from the MODIS imagery of the NASA
    Terra satellite (http://www.ntsg.umt.edu/project/mod17, accessed 1/

           11/201 6). I used th e extract rasterfunc tion in to calculate an unweighted
            mean of NPP. Forest cover and forest loss data were obtained from the

         high-r esol ution data prod uct s of , conver ted toHanse n et al. (2013)

          UTM pr ojec tion for area calc ulati on, and I ca lcul a ted the total and
            percentage of pixels with 50% c anopy c over, as well as the number of

            pixels with forest loss to calculate the total a nd percentage of forest loss
             in each PA. All the data for eac h PA are ava ilable o nline (Appe ndix A).

  2.4. Diversity metrics

           To compare the priority ranking of PAs based on the composition of
       local communities, I quantified taxonomic, phylogenetic and functional

           trait co mmunity al pha divers ity at each PA, wi th the species lists fo r

          each region as the sour ce pools. I a lso quanti ed phyloge neti c ende-fi

            mism, with all lemurs as the source pool, using code from Rosauer et

    al. (2009) https://github.c om/DanRo sauer/phyl ospatial( , accessed 5/
          24/2016). For each PA, I calculated taxonomic diversity as the species

           richness, or total number of species with ranges overlapping the PA. I

        calculat ed the th reat ened sp ecies in dex by mul tiplying ea ch speci es'
          presenc e by a quanti tativ e scale of thei r IUCN thre at stat us (Leas t

            Concern = 1, Near Threatened = 2, Vulnerable = 3, Endangered = 4,
        Critically Endangered = 5, accessed 2/18/2015). The conservation sta-

            tus of all lem urs wa s re -e valua ted in 201 2, and ~ 38% of spec ies th at

          were formerly data deficient were raised to near threatened or threat-
           ened status. For most species, their endangered status was based on ob-

          served or predicted declining population size due to high habitat loss
         across the island, with many species hunted for bushmeat (Borgerson

            et al., 2016; Golden, 2009), and at least 17 lemur species exploited for
            the illegal pet trade, especially Lemur catta (Reuter et al., 2016). T he up-

       dated lemur conservation status represents our current understanding,
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         although updates are needed with new information on species distribu-

         tions, population size estimates, and local threats. I calculated phyloge-
        netic communi ty structu re us ing the mea n neare s t ta xon index

          (MNTD), which is a measure of the mean pairwise branch-length dis-

          tance among pair s of co-o ccur ring taxa ( ). I asse ssed ifWebb, 200 0
        MNTD differed signi cantly from expectation based on species richnessfi

           by comparing the observed MNTD value to that expected given a null

       distribution from randomizing the presence/absence matrix but main-
         taining species prevalence (richness null model, in picante Kembel et

          al., 2010 ). Nega tive MN TD va lue s with a proba bility of meetin g the
       null expecta tion 0.05 were consid ered phylogene tically clus tered –

           species are more closely related than expected by chance – while posi-
        tive MNTD values with probabilities 0.95 were considered phyloge-

        netic ally overdis persed species are more di stan tl y rela ted th an–

          expected. The reason for using MNTD instead of, for example, phyloge-
          netic diversity (sensu Faith, 1992) is that MNTD measures the dispersion

             of species across the tree such that we may choose to prioritize a PA
           with species that come from dis tant parts of the phyl ogen y ( akin to

         local phylogenetic complementarity) rather than a PA that has several

         closely related species that represent a less diverse phylogenetic history.
        Further, ED (explained below) measures the phylogenetic diversity of

          each spec ies in a wa y relat ed to ph yl ogene tic di versit y sen su Faith
          (1992), and I chose to avoid double-counting the total phylogenetic his-

         tory represented by a species. Functional trait diversity was quanti edfi

         using MNTD, calculated based on the Gower dissimilarity matrix from
         the trait dataset ( ). The evolutionary distinctive-Maechler et al., 2015

          ness of each sp ecies in th e commun itie s (ED) was qu anti ed usin gfi

        summed unique br anch -lengt hs re prese nted by specie s (I saac et a l.,

          2007 Orme, 2013) , a s c alcul ated in ( func ti on,c a p e r e d . c a l c ). ED was

           weighted by the natural log of the conservation status, yielding the evo-
         lution arily distin ct an d gl obally endange red (EDGE) m etric , as in its

          original description ( ). Recent revi sions to the EDGEIsaac et al ., 2007
         paradigm evaluate the complementarity of species in terms of phyloge-

         netic history preserved if the highest priority species is ‘save d’, an d sp e -

           cies are ranked based on the phylogenetic history they would preserve if
         they are conserved (HEDGE Jensen et al., 2016). Phylogenetic endemism

         was calculated, taking into account the geographic restriction of phylo-
          genetic branch-lengths to PAs ( ). The species andRosauer et al., 2009

         phylogenetic complementarity of each PA was quanti ed using beta di-fi

          versity metrics, which measure the dissimilarity of the species and phy-
        logen etic branc hes in comm unit ie s; t he hig her the av erage bet a

              diversity, of a site, the more dissimilar it is from any other PA and thus
      provides high complementarity. Speci cally, I quanti ed dissimilarityfi fi

        using th e Soren son and phylogene tic Soren son in dices (us ing vega n,

         Oksanen et al., 2013, and picante packages, respectively, in R). Each PA
             was ranked based on the values of each metric, such that the PAs with

            the highest values were give n a ra nk of 1. These m easures were c orrelat-
         ed (Table S2), suggesting they are each measuring overlapping aspects

         of comm unity structure. Th erefore , in addition to ra nking PA s ba sed

            on each of these metrics, I also summed ranks based 1) diversity metrics
          that minimized collinearity: the sum of species' HEDGE ranks in each

        PA, phylog enet ic an d functi onal divers ity, and th e mean Sorens on's
          index, 2) metrics of habitat: NPP, standard deviation of elevation, and

            percent forest loss, 3) the diversity and habitat metrics. I chose to give

             the overall rank of each PA as the sum of diversity and habitat metrics
         because those metrics provide the most comprehensive summary of di-

      versity, threat, and habitat suitability (Appendix A).

 2.5. Analyses

         I tested the relationships among lemur diversity metrics using linear

          mixed mode ls, in which ea ch metric was z- score tr ansforme d, and a
         correlation structure was included based on the latitude and longitude

           of eac h PA centroid to a ccou nt for spatial autocorre lati on , a s well as
            grouping PAs based on the region within which they occur to further ac-

       commodate non-independence due to sharing the same biogeographic

            region ( function in the R packagelme nlme, Pinheiro et al., 2011). The

           ranks of each PA based on the threatened species index of Schwitzer
             et al. (2013) were compared to the ranks based on all the other mea-

          sures using Wilcoxon paired rank tests in R. Signi cant deviation fromfi

          0 rank differences indicates that ranks based on different measures are
         not equi vale nt. T h e corre lati ons amo ng ra nks for each metric , the

         summed ra nks, an d ranks based on habi tat characteris tics re late d to

      productivity (NPP) and topographic heterogeneity (standard deviation
       in elevation) were tested using Spearman's rank correlations.

         Diversity was mapped to visualize the distribution of diversity based
           on different measures. I reported the top 25 most diverse and threat-

            ened PAs for all of Madagascar, as well as provided the complete ranking
            in Appendix A. Based on the lemur diversity and threat level, I recom-

           mend the top 25 PAs be emphasized in further prioritization of conser-

           vation areas in Madagascar. I recognize that PAs should also be ranked
        based on measu res t hat qua ntify differ ent va luati on sch emes; for

            example, other taxonomic groups, as well as the impact of PAs for peo-
         ple. Future studies shou ld focus on th e socio-cult ural and economic

            values of PAs to local populations and at the country level to prioritize

  PAs a s well.

 3. Re sults

      Divers ity, endemis m, ha bitat variab ilit y and pr oduct ivit y, fore st
          cover and forest loss were not perfectly matched across the landscape

         ( ). While most variables were positively correlated, functional di-Fig. 2
          versity was negatively and least strongly related to other diversity met-

       rics ( ). Functi ona l diversit y decreas ed with incre asi ngTabl e 1

             percentage of forest cover (r = = 0.12) and increased with in-0.18, p
            creasing forest loss (r = 0.09, = 0.19), although these correlations arep

         weak and not statistically signi cant. This result indicates that greaterfi

         species richness does not increase functional diversity, which may be

           due to species having similar functional traits in species rich PAs. Max-

         imizing ecosystem function is recognized as crucial to preserving eco-
       syste m servic es, and f unct ional re dundan cy inc reases resili ence in

         commun itie s be cause if s ome specie s go extin ct local ly , ther e a re
         other functionally similar species to replace them and maintain func-

        tionality. The positive correlation between functional diversity and for-

           est loss reveals tha t the PAs wi th the most function ally dive rse and
       species poor le mur comm unit ies have the grea test ant hropo genic

        threat. These correlations should be interpreted with caution, however,
     because they were not statistically significant.

           The deforestation in PAs between the years 2000 and 2014 based on

     remotely-sensed forest cover totaled ~ 3000 km 2     , with the highest de-
         forestation occurring in montane rainforest PAs, such as Mangabe and

         Maromizaha. Western and southwestern PAs have also had high habitat
          loss, including Ranobe and the Kalabenono complex (SI Dataset 2). Such

          high deforestation r ates within PAs illustra tes t he need for targeted c on-

        servation efforts to re duce th e threa ts to natural habitats.
          T h e r a n k i n g s o f P A s b a s e d o n t h e t h r e a t e n e d s p e c i e s i n d e x d i f -

         f e r e d s i g n ific a ntly from ranks based on all ot he r me asu res (Wilc oxon
           sig ned ranks test, 0. 001 for al l c omp aris ons , T able S3). PAs r ank edp

         a s h i g h p r i o r i t y b a s e d o n p h y  l o g e n e t i  c d i v e r s i t y a n d e n d e m  i s m a s

          w e l l a s f u n c t  i o n a l d i v e r s i t y w e r e l o w p r i o r i t y b a s e d o n t  h e t h r e a t -
          e n e d s p e c i e s r i c h n e s s ( T a b l e 2 ) . R a n k i n g s o f P A s b a s e d o n h a b i t a t

        c h a r a c t e r i s t i c s f o u n d t o p r o m o t e l e m u r d i v e r s i t y ( N P P a n d / o r s t a n -
        dard devia tion of ele vat i on) were po sit ivel y c orre lat ed with ra n kin gs

          bas ed on PA divers ity measur es, sugges tin g th at PA selec tion and pr i-
         ori tiz a tio n ma y b e d one wi th ha bi tat fea tu re s a lon e (Sp earm an cor -

          r e l a t i o n s , p 0 . 0 0 1 f o r a l l c o m p a r i s o n s , T a b l e S 2 ) . T h i s i s e s p e c i a l l y

          u s e f u l w h e n a c c u r a t e d a t a o n l e m u r d i v e r s i t y a r e l a c k i n g ; e v e n i n
          the a bse nce o f dat a on le mur c omm uni ty c o mp osit i on, it is p o ss ibl e

           t o e x t r a p o l a t e f r o m t h e s e r e s u l t s a n d j u d g e i f a n a r e a m a y h a r b o r
       h i g h d  i v e r s i t y b a s e d o n i t s r e m o t e l y - s e n s e d p r  o d u c t i v i t y a n d

 top og ra phi c h eter og enei ty .
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 4. Discussion

       Previous studies have measured the evolutionary distinctiveness of

        species and phylogenetic community ecology in Madagascar. The phy-
        logenetic diversity of most lemur communities was previously found

          to be either not significantly different from null expectations based on
         specie s richn ess, or more divers e tha n expec ted (K amilar and Gu idi,

       2010; Raza ndrat sima et a l., 2013fi ). High phylog eneti c di vers ity

           (overdispersion) was found in this study as well with the most compre-
       hensive phylogeny, species representation, and number of communi-

          ties. Previous assessments of lemur diversity used a subset of species,
          and wer e con ducte d at re gion al or grid-cel l leve l ana lyses . Base d on

         the evolutionary distinctiveness of 36 species and their distribution at

         the re gional leve l, the north east ern humi d fo rest s and wes tern dry

          forest s were identi ed as pr iorit y regions be cause of th e high lemurfi

      phylogenetic diversity, distinctiveness and endemism (Lehman, 2006).

            Simila rly, sp atia l anal yses on a su bset of 38 or 6 7 lemur species a lso

           identified the north, east and northwest as areas of high lemur species
       richness, phylogenetic diversity, endemism, and body mass evolution-

           ary rates (Gudde and Venditti, 2016; Gudde et al., 2013). These results
            are upheld in the present study (Table 2), with the eastern PAs having

        high en dange red le mur diversity and endem ism. When rankin g PAs

        based on functi onal d iver sity, h owever , the so uthwe st regi on has
           more PAs with hi gh rank than othe r regions . Considering the su m of

       ranks from multiple biodiversity metrics, forest productivity, heteroge-
            neity, and forest loss, the southeast has the PAs with the highest median

          rank (316), followed by the northeast (320), while the southwest has

         the lowest median rank (380). The discrepancies among these studies
           emphasize that the priority ranking of PAs differs based on the metric

        used to evalua te th em. Cons ervat ion biolog ists and poli cy makers
           must make decisions on what metrics have the greatest value to focus

           conservation efforts. Based on these results, I suggest that the sum of

           ranks based on diversity and habitat metrics be used to prioritize PAs
         because it represents the greatest representation of dimensions of bio-

        diversity and habitat suitability, while avoiding collinear measures of
diversity.

         Early assessments of the conservation value of areas in Madagascar

         were based on the presence of charismatic, threatened “flagship spe-”

         cies (Wright and Andriamihaja, 2002), and later the maximal represen-

         tation of s pecie s, es pecia lly th ose that are ra nge re stri cted, acro ss
          multiple taxonomic groups ( ). In 2005, the formerKremen et al., 2008

         presid ent of Mada gasc ar pled ged to trip le th e amo unt of prot ec ted
          area, and protection was initiated for the priority zones identi ed byfi

         maximizing the diversity of multiple taxonomic groups. The system of

        protec tion varied among areas, includin g governance by the fede ral
       govern ment through th e Mad agasc a r Nat ional Parks serv ice, Special

         Reserves maintained by the forestry service, as well as locally-managed
        commun ity- ba sed conse rvati on a reas (Sca le s, 2014) . D u e t o a coup

          d'état a nd su bsequent political instabilit y in 2009, th e pla ns for enacting

                            Fig. 2. Spatial distribution of protected areas (PAs) colored by their values for lemur diversity, forest cover and deforestation, in which PAs labelled in blue are low conservation priorities

       while those labelled in red are high priorities.

 Table 1

          Correlations between the threatened species index and other diversity metrics, tested

          using linear mixed models on z-score transformed metrics, incorporating spatial autocor-

              relation and grouping by the region within which the protected areas occur to account for

 spatial effects.

  Metrics r p

  SR 0.93 0.0001

  PD 0.38 0.0001

  FD 0.20 0.036

  PE 0.93 0.0001

 EDGE 0.91

  ED 0.92 0

  HEDGE 0.79 0

  SOR 0.19 0.048

  PHYSOR 0.48 0

          r: Spearman's correlation coefficient, : probability, SR: species richness, PD: phylogeneticp

           diversity, FD: functional diversity, PE: phylogenetic endemism, EDGE: the sum of evolu-

           tionary distinctiveness and globally endangered scores, ED: the sum of evolutionary dis-

       tinc tiven ess sc ores, HE DGE: h eigh te ne d ev olut ion ary dist incti ve ness an d gl obal ly

            endangered scores, SOR: mean Sorenson's beta diversity index as a measure of species

          complementarity, PHYSOR: mean phylogenetic Sorenson's beta diversity index as a mea-

   sure of phylogenetic complementarity.
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          the previous conservation vision stalled. While many of the areas have

      been delineated and loc al commun ity conse rvati on assoc iati ons
          formed, on-the-ground efforts in many remote areas have not been pur-

  sued ( ).Scales, 2014

          In 2013, an updated conservation status assessment of all lemurs re-
           veale d tha t 93% of known spec ies were at ri sk of goin g ex tinct

            (Schwitzer et al., 2014). This led lemur specialists to advocate a PA pri-
           oritization scheme that ranked PAs by the richness of their lemur com-

        munit ies, weig hted by th e endan germe nt statu s of those le murs

           (Schwitzer et al., 2013; Schwitzer et al., 2014). Plans for realizing con-
         servation action between 2013 and 2016 were outlined and budgeted,

            with clear goals and measures of evaluating success. In total, it was esti-
           mated that 7.6 million US dollars (USD) would be needed to implement

            the action plan. In future plans for conservation action, the results of this

        study illustrate that a multidimensional approach to priority planning
         should be impl em ente d. To do s o, rese archer s acti vely workin g on

         lemur surv eys and quan tifyin g threats to le murs and their ha bitat
           should pool the latest data and standardize them for the most accurate,

        updated assessments of species diversity and threat in PAs.

             The value of PAs for people, both at the local stakeholder and the na-
          tional government scales, must be assessed and compared to the valua-

          tion based on bi odive rsit y. Pa rks can have great bene ts for lo calfi

       communities and nations, drawing international recognition and cur-

          rency. There are two natural and one cultural UNESCO World Heritage

         Sites in Madagascar, including the Tsingy de Bemaraha National Park
          in th e nor thwe st an d the Maro jejy Nation al Park in th e nor theas t,

           both of which are high priority areas based on lemur diversity. Revenue
             from tourism was estimated at 400 million USD in 2008, and one PA in

        southeast Madagascar, Ranomafana National Park, has brought in over
          1 million USD annually both through tourism and research (Wright et

            al., 2014). The economic bene ts of PAs do not always offset the costsfi

       to loca l sta kehol ders, however , lea ding to high defore statio n
           ( ). Data on the reve nue generated by the PAsDesbureaux et al. , 2016

         from tourist and research activities should be combined with informa-
            tion on the socio-cultural and utilitarian use values of the PAs for local

          stakeholders to further evaluate the proximal values of PAs for people.

        This study focused on taxonomic, phylo genetic and functional di-

        mension s of le mur bi ogeo graph y and c ommun ity eco logy to asse ss
          the priority PAs for lemur conservation. Past biodiversity loss has been

       quantified using hindcasting of the presumed pre-human distribution

           of species and communities and the rate of suitable habitat loss, illus-
            trating that ~ 40% of species may have gone extinct due to habitat loss

           ( ). Also, the present distribution of species may failAllnutt et al., 2008
        to represent their distributions under future climate change scenarios.

            The ranges of most species are predicted to change in the future, some

         expanding while most contract (Brown and Yoder, 2015). Forecasts of
         species distri but io ns, their suitable climate s and fores t cover ca n b e

        used to predict future community composition using generalized dis-
        s i m i l a r it y m o d e l l i n g ( Ferrie r et al., 2007 ) and subse que nt resea rch

           should apply these techniques to assess the predicted value of PAs for

           lemurs in the future. Further, lemurs are only one taxonomic group of
          high conservation concern; the value of PAs for plants, herpetofauna, in-

          vertebrates, birds, mammals and other groups should be assessed in the
           same framework presented here to further evaluate the value of PAs for

 whole ecosystems.

 5. Conclusions

         The results of this study reveal that previous conservation priority

         rankin g schemes based on the richnes s of thre aten ed lemur species

          may underv alue PAs with high dive rsit y in other meas ures, suc h as
       the evolutionary history, functional diversity, habitat productivity and

         level of anthropogenic threat. By combining data on multiple dimen-
         sions of biodiversity, I ranked PAs objectively, capturing different as-

          pects of diversity and endemism as well as habitat characteristics and

         threat level. Lemur diversity was related to habitat characteristics that
        measured environmental productivity and heterogeneity as well as for-

          es t cov er. T hi s res ul t fa cil ita te s a sses sme nt of are as f or f ut ure c on serv a -
         tion even with missing data on lemur community composition, solely

          based on re motely sensed hab itat fe ature s. Hig h hab itat lo ss h as oc-
          curred in the PAs with the highest combined diversity, revealing that

         the evolutionary history and functional diversity of PAs is eroding.

 Table 2

                                 Rankings of the top 25 priority protected areas (PA) for lemur conservation based on the sum of ranks in each of seven metrics (for the complete list of 100 PAs and all metrics evaluated,

     see the Supplementary information, Appendix B).

              PA Priority rank Sum of ranks TSI PD FD HEDGE SOR PFL NPP ALT.SD Region
a

            Corridor Fandriana-Marolambo 1 179 28 10 6 55 58 17 15 18 SE

           Ambatofotsy 2 203 98 18 20 15 100 5 7 38 NE

           Marotandrano 3 204 25 22 3 47 38 28 22 44 CH

             Tsaratanana Future SAPM 4 228 57 41 40 50 47 11 35 4 NW

            Anjozorobe Angavo 5 231 18 49 27 86 5 9 18 37 NW

           Manongarivo 6 233 31 5 7 74 82 29 33 3 NW

           Tsaratanana 7 235 35 14 30 80 52 21 36 2 NW

            Complexe Kalabenono 8 239 56 40 39 49 53 4 34 20 NW

             Midongy du Sud 9 244 26 20 51 41 80 23 19 10 SE

            Forêt Tsitongambarika 10 250 47 16 77 34 67 13 28 15 SE

           Bemarivo 11 258 58 9 4 63 10 39 51 82 NW

             Extension Ankodida Tsimelahy 12 260 64 44 2 39 2 74 66 33 SW

             Corridor Ankeniheny Zahamena 13 263 5 34 55 93 26 19 12 24 NE

           Ambohidray 14 278 46 35 53 40 8 44 24 74 CH

           Bemanevika 15 279 51 11 72 44 45 53 43 11 NW

             Montagne des Francais 16 282 70 29 26 1 87 20 63 56 NW

           Ambatovaky 17 283 17 28 58 82 49 26 21 19 NE

           Mangabe 18 284 13 17 78 94 23 1 1 70 CH

           Maromizaha 19 284 9 31 91 97 11 2 3 49 NE

           Masoala 20 286 19 3 28 62 77 75 27 14 NE

            Mananara Nord 21 289 10 13 41 52 69 45 17 52 NE

           Ranomafana 22 294 3 7 45 81 63 60 9 29 SE

           Mangerivola 23 296 6 30 92 91 20 34 16 13 NE

           Mantadia 24 296 14 21 87 92 19 24 14 39 NE

           Saha na 25 298 78 33 61 12 62 59 5 66 NEfi

                         TSI: threatened species index (not used in sum of ranks), PD: phylogenetic diversity, FD: functional diversity, HEDGE: the sum of heightened evolutionary distinctiveness and globally en-

                           dangered scores, SOR: the mean Sorenson's index of beta diversity, NPP: the net primary productivity, PFL: the percent forest loss between the years 2000 and 2014, ALT.SD: standard

  deviation of elevation.
a                     Region within which the PA is located, as follows: northeast (NE), northwest (NW), southeast (SE), southwest (SW), and central highlands (CH).

        6 J.P. Herrera / Biological Conservation 207 (2017) 1 8–



Acknowledgements

          I thank the American Museum of Natural History and Richard Gilder

        Graduate Sch ool for funding (Gerstner Scholarship). For helpful disc us-

            sions on the topics in this article, I thank N. Simmons, C. Raxworthy,
         and members of the Center for Biodiversity and Conservation especially

            M. Blaire, E. Sterling, A. Luz Porzecanski, P. Galante, G. Cullman, and S.

           Macey. I thank S. Desbureaux for the shapefiles of Madagascar PAs and
          for helpf ul discussion of this research. I thank three anonymous reviewers

           who highlighted ways to i mprove the quality of the manuscript and data.

   Appendix A. Supplementary data

         Detailed methods, raw data and sources associated with this article

        can be fo und in th e onli n e vers io n, at ht tp:// dx.do i.or g/10.1 016/ j .
bio c on .201 6. 12 .0 28.

References

             Allnutt, T.F., Ferrier, S., Manion, G., Powell, G.V., Ricketts, T.H., Fisher, B.L., Harper, G.J.,
            Irwin, M.E., Kremen, C., Labat, J.N., 2008. A method for quantifying biodiversity loss

           and its application to a 50-year record of deforestation across Madagascar. Conserv.
  Lett. 1, 173–181.

             Borgerson, C., 2015. The effects of illegal hunting and habitat on two sympatric endan-
      gered primates. Int. J. Primatol. 36, 74 93.–

            Borgerson, C., McKean, M.A., Sutherland, M.R., Godfrey, L.R., 2016. Who hunts lemurs and
       why they hunt them. Biol. Conserv. 197, 124 130.–

            Brown, J.L., Yoder, A.D., 2015. Shifting ranges and conservation challenges for lemurs in
        the face of climate change. Ecol. Evol. 5, 1131 1142.–

           Desbureaux , S., Au bert, S., B rimont, L. , Karsent y, A., Loha nivo, A.C ., Rakoto ndrabe, M.,
           Razafindraibe, A.H., Razafiarijaona, J., 2016. The Impact of Protected Areas on Defor-

          estation: An Exploration of th e Economic and Political Channels for Madagascar's
  Rainforests (2001 12). 2016.03.

             Devictor, V., Mouillot, D., Meynard, C., Jiguet, F., Thuiller, W., Mouquet, N., 2010. Spatial
        mismatch and congruence between taxonomic, phylogenetic and functional diversi-

             ty: the need for integrative conservation strategies in a changing world. Ecol. Lett. 13,
1030–1040.

          Faith, D.P., 1992. Conservation evaluation and phylogenetic diversity. Biol. Conserv. 61,
1 10.–

          Faith, D.P., Reid, C., Hunter, J., 2004. Integrating phylogenetic diversity, complementarity,
        and endemism for conservation assessment. Conserv. Biol. 18, 255 261.–

           Ferr ier, S ., Man ion, G ., El ith, J ., Ri c hard son , K ., 200 7. Usi ng g ener alize d di ss imi lari ty
            modelling to analyse and predict patterns of beta diversity in regional biodiversity as-

    sessment. Divers. Distrib. 13, 252 264.–

             Gamfeldt, L., Snäll, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P., Ruiz-Jaen, M.C.,

           Fröberg, M., Stendahl, J., Philipson, C.D., 2013. Higher levels of multiple ecosystem
            services are found in forests with more tree species. Nat. Commun. 4, 1340.

          Ganzhorn, J.U., 1988. Food partitioning among Malagasy primates. Oecologia 75, 436 450.–

             Ganzhorn, J., 1997. Test of Fox's assembly rule for functional groups in lemur communi-
      ties in Madagascar. J. Zool. 241, 533 542.–

           Ganzhorn, J.U., Goodman, S.M., Nash, S., Thalmann, U., 2006. Lemur biogeography. In:

         Fleagle, J., Lehman, S.M. (Eds.), Primate Biogeogra phy: Progress and Perspec tives.
 Springer, NY.

            Golden, C.D., 2009. Bushmeat hunting and use in the Makira Forest, North-eastern Mad-
        agascar: a conservation and livelihoods issue. Oryx 43, 386 392.–

           Goodman, S.M., Jungers, W.L., 2014. Extinct Madagascar: Picturing the Island's Past. Uni-
    versity of Chicago Press, Chicago.

           Graham, C.H., Fine, P.V.A., 2008. Phylogenetic beta diversity: linking ecological and evolu-
         tionary processes across space in time. Ecol. Lett. 11, 1265 1277.–

            Groeneveld, L., Weisrock, D., Rasoloarison, R., Yoder, A., Kappeler, P., 2009. Sp ecie s delim -
             itation in lemurs: multiple genetic loci reveal low levels of species diversity in the

      genus Cheirogaleus. BMC Evol. Biol. 9, 30.
              Gudde, R., Venditti, C., 2016. Comparison of conservation metrics in a case study of le-

     murs. Conserv. Biol. 30 (6), 1347–1356.
           Gudde, R.M., Joy, J.B., Mooers, A.O., 2013. Imperilled phylogenetic endemism of Malagasy

    lemuriformes. Divers. Distrib. 19, 664 675.–

            Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S., Tyukavina, A., Thau,
       D., Stehman, S., Goetz, S., Loveland, T., 2013.     High-resolution global maps of 21st-cen-

      tury forest cover change. Science 342, 850 853.–

             H a r p e r , G . J . , S t e i n i n g e r , M . K . , T u c k e r , C . J . , J u h n, D . , H a w k i n s , F . , 2 0 0 7 . F i f t y y e a r s o f
        d e f o r e s t a t i o n a n d f o r e s t f r a g m e n t a t i o n i n M a d a g a s c a r . E n v i r o n . C o n s  e r v . 3 4 ,

3 2 5 3 3 3 .–

            Herrera, J.P., Dávalos, L., 2016. Phylogeny and divergence times of lemurs inferred with
          recent and ancient fossils in the tree. Syst. Biol. 65, 772 791.–

         Hijmans, R.J., 2015. Raster: Geographic Data Analysis and Modeling. CRAN.
              Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high resolution in-

           terpolated climate surfaces for global land areas. Int. J. Climatol. 25, 1965–1978.
              Isaac, N.J., Turvey, S.T., Collen, B., Waterman, C., Baillie, J.E., 2007. Mammals on the EDGE:

          conservation priorities based on threat and phylogeny. PLoS One 2, e296.

            Jensen, E.L., Mooers, A.Ø., Caccone, A., Russello, M.A., 2016. I-HEDGE: determining the op-
         timum complemen tary sets of taxa for conse rvation using evolutionary isolation.

  PeerJ 4, e2350.
            Jetz, W., Fine, P.V., 2012. Global gradients in vertebrate diversity predicted by historical

       area- prod uct ivity dy nam ics an d c onte mpor ary env iron ment. PLoS Biol . 10,
e1001292.

           Kamilar, J.M., Guidi, L.M., 2010. The phylogenetic structure of primate communities: var-
        iation within and across continents. J. Biogeogr. 37, 801 813.–

          Kamilar, J.M., Ledogar, J.A., 2011. Species co-occurrence patterns and dietary resource
        competition in primates. Am. J. Phys. Anthropol. 144, 131–139.

            Karp, D.S., Mendenhall, C.D., Callaway, E., Frishkoff, L.O., Kareiva, P.M., Ehrlich, P.R., Daily,
         G.C., 2015. Confronting and resolving competing values behind conservation objec-

      tives. Proc. Natl. Acad. Sci. 112, 11132–11137.
           Kemb el, S.W., Cowan, P.D., Helmus , M .R., Cornwe ll, W.K., Morlon, H., Ackerly, D.D.,

           Blomberg, S.P., Webb, C.O., 2010. Picante: R tools for integrating phylogenies and
   ecology. Bioinformatics 26, 1463–1464.

           K r e m e n , C . , C a m e r o n , A . , M o i l a n e n , A . , P h i l l i p s , S . J . , T h o m a s , C . D . , B e e n t j e , H . ,

D r a n sfie l d , J . , F i s h e r , B . L . , G l a w , F . , G o o d , T . C . , H a r p e r , G . J . , H i j m a n s , R . J . , L e e s ,
         D . C . , L o u i s , E . , N u s s b a u m , R  . A . , R a x w o r t h y , C . J . , R a z afim p a h a n a n a , A . , S c h a t z ,

           G . E . , V e n c e s , M . , V i e i t e s , D . R . , W r i g h t , P . C . , Z j h r a , M . L . , 2 0 0 8 . A l i g n i n g c o n s e r v a -
         t i o n p r i o r i t i e s a c r o s s t a x a i n M a d a g a s c a r w i t h h i g h - r e s o  l u t i o n p l a n n i n g t o o l s .

  S c i e n c e 3 2 0 , 2 2 2 –2 2 6 .
          Lehman, S.M., 2006. Conservation biology of Malagasy Strepsirhines: a phylogenetic ap-

      proach. Am. J. Phys. Anthropol. 130, 238 253.–

             Maechler, M., Roussee uw, P., Struy f, A., Hubert, M., Hornik, K., Stude r, M., Roudier, P.,
       2015 . Cluster Analysis Extended Rousseeuw et al. CRAN.

            Markolf, M., Brameier, M., Kappeler, P., 2011. On species delimitation: yet another lemur
         species or just genetic variation? BMC Evol. Biol. 11, 216.

            Markolf, M., Rakotonirina, H., Fichtel, C., von Grumbkow, P., Brameier, M., Kappeler, P.M.,

          2013 . T rue lem u rs… true species-species delimitation using multiple data sources in
        the brown lemur complex. BMC Evol. Biol. 13, 233.

           Mittermeier, R.A., Louis, E.E., Richardson, M., Schwitzer, C., Langrand, O., Rylands, A.B.,
          Hawki ns, F ., Ra jaobe lin a, S. , Rats imba zafy , J. , Ras oloar ison , R., Roos , C. , Kap peler ,

          P.M., Mackinnon, J., 2010. Lemurs of Madagascar. third ed. Conservation Internation-
  al, Washi ngton D.C .

            Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000. Biodiver-
       sity hotspots for conservation priorities. Nature 403, 853–858.

               Naeem, S., Prager, C., Weeks, B., Varga, A., Flynn, D.F., Griffin, K., Muscarella, R., Palmer, M.,
           Wood, S., Schuster, W., 2016. Biodiversity as a multidimensional construct: a review,

             framework and case study of herbivory's impact on plant biodiversity. Proc. R. Soc. B.
    p. 20153005. The Royal Society.

              Newbold, T., Hudson, L.N., Hill, S.L., Contu, S., Lysenko, I., Senior, R.A., Börger, L., Bennett,
              D.J., Choimes, A., Collen, B., 2015. Global effects of land use on local terrestrial biodi-

   versity. Nature 520, 45 50.–

             Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O'Hara, R., Simpson, G.L.,
            Solym os, P., Steve ns, M ., Wagne r, H. , 201 3. P a c k a g e ‘v e g a n ’. R Pac kage Ver. 254

 pp. 20–28.

             Oliver, T.H., Isaac, N.J., August, T.A., Woodcock, B.A., Roy, D.B., Bullock, J.M., 2015. Declining
         resilience of ecosystem functions under biodiversity loss. Nat. Commun. 6.

           Orme, D., 2013. The Caper Package: Comparative Analysis of Phylogenetics and Evolution
     in R. R package version. 5.

              Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., 2011. nlme: linear and nonlinear mixed effects
          models. R package version 3.1 97. R Foundation for Statistical Computing, Vienna.–

CRAN.
       Pu r vi s, A ., H e cto r , A. , 20 00 . Getting the measure of biodiversity. Nature 405, 212–219.

             R C o r e T ea m , 2 0 1 4 . R : A L a n g u a g e a n d E n v i r o n m e n t f o r S t a t i s t i c a l C o m p u t i n g , I n R
      F o u n d a t i o n f o r S t a t i s t i c a l C o m p u t i n g , V i e n n a , A u s t r i a . h t t p : / / w w w .R - p r o j e c t .

o r g / .
         Radespiel, U., Rat simbazafy, J., Rasoloharijaona, S., Raveloson, H. , Andriaholiniri na, N.,

        Rakotondravony, R., Randrianarison, R., Randrianambinina, B., 2011. First indications
            of a highland specialist among mouse lemurs (Microcebus spp.) and evidence for a

        new mouse lemur species from eastern Madagascar. Primates 1–14.
          Rasoloarison, R.M., Weisrock, D.W., Yoder, A.D., Rakotondravony, D., Kappeler, P.M., 2013.

          Two new species of mouse lemurs (Cheirogaleidae: ) from eastern Mada-M icroc eb us
     gascar. Int. J. Primatol. 34, 455 469.–

          Razafindratsima, O.H., Mehtani, S., Dunham, A.E., 2013. Extinctions, traits and phylogenet-
        ic comm unit y s truc tur e: insi ghts fr om pri mate a ss emb lage s in Madag asc ar.

  Ecogra phy 36, 47–56.
              Reuter, K.E., Gilles, H., Wills, A.R., Sewall, B.J., 2016. Live capture and ownership of lemurs

        in Madagascar: extent and conservation implications. Oryx 50, 344–354.
            Rosauer, D., Laffan, S.W., Crisp, M.D., Donnellan, S.C., Cook, L.G., 2009. Phylogenetic ende-

         mism: a new approach for identifying geographical concentrations of evolutionary
    history. Mol. Ecol. 18, 4061 4072.–

              Scales, I.R., 2014. The drivers of deforestation and the complexity of land use in Madagas-
          car. In: Scales, I. (Ed.), Conservation and Environmental Management in Madagascar.

   Routledge, NY, pp. 105 125.–

    S c h w i t z e r , C . , M i t t e r m e i e r , R . , D a v i e s , N . , J o h n s o n , S . E . , R a t s i m b a z a f y , J . ,

          Razafin d r a m a n a n a , J . , L o u i s J r . , E .  E . , R a j a o b e l i  n a , S . , 2 0 1 3 . Lemu rs of Ma dag as car :
          A S tr age y for their Con ser va tion 201 3– 2 0 1 6 . I U C N S S C P r i m a t e S p e c i a l i s t G r o u p ,

       B r i s t o l C o n s e r v a t i o n a n d S c i e n c e F o u n d a t i o n . C o n s e r v a t i o n I n t e r n a t i o n a l , B r i s t o l ,
U K .

           Schw itzer , C., Mitt erme ier, R. , John son, S. E., Don ati, G. , I rwin , M .T. , Pe aco ck, H.,

          Ratsi mba za fy, J., Raza ndr amanan a, J., Louis Jr., E.E. , Chikhi, L., Colqu h oun, I.C. ,fi

           Tinsm an, J. , dolc h, R., La Fleu r, M. , Nash, S.D., P atel , E.R. , Rand rian ambi nina , B.,
        Rasol ofoh ariv elo, T. , Wr igh t, P.C ., 2014. A vert ing le mur ext incti ons ami d

     Madagascar's political crisis. Science 343, 842– 843.

       7J.P. Herrera / Biological Conservation 207 (2017) 1 8–



          Tattersall, I., 2007. Madagascar's lemurs: cryptic diversity or taxonomic inflation? Evol.
  Anthropol. 16, 12–23.

           Webb, C.O., 2000. Exploring the phylogenetic structure of ecological communities: an ex-
        ample for rain forest trees. Am. Nat. 156, 145 155.–

            Wright, P.C., Andriamihaja, B.R., 2002. Making a rainforest national park work in Mada-

         gasca r: Ranomafa na Nationa l Pa rk and its long- term resear ch c omm itme nt. In:
             Terborgh, J., van Schaik, C., Davenport, L., Rao, M. (Eds.), Making Parks Work: Strate-

          gies for Preserving Tropical Nature. Island Press, Washington, DC, pp. 112–136.
             Wright, P.C., Andriamihaja, B., King, S.J., Guerriero, J., Hubbard, J., Russon, A.E., Wallis, J.,

         2014 . Lem urs and to uri sm in Ranom afa na Na tion al Par k, Ma dag asca r: ec onomi c
         boom and oth er c onseq ue nces. Pr imate To urism : A Too l fo r C o nse rvati on?,

 pp. 123–14 6.

             Yoder, A.D., Olson, L.E., Hanley, C., Heckman, K.L., Rasoloarison, R., Russell, A.L., Ranivo, J.,
          Soarimalala, V., Karanth, K.P., Raselimanana, A.P., Goodman, S.M., 2005. A multidi-

         mensional app roach for d etecting specie s pattern s in Malagas y vertebrate s. Proc.
       Natl. Acad. Sci. U. S. A. 102, 6587 6594.–

            Yoder, A .D., Cam pbell, C.R., Bla nco, M. B., dos Reis, M., Ganzhor n, J.U. , Goodm an, S.M. ,
          Hunnicutt, K.E., Larsen, P.A., Kappeler, P.M., Rasoloarison, R.M., 2016. Geogenetic pat-

           terns in mouse lemurs (genus ) reveal the ghosts of Madagascar's forestsMicroc eb us
        past. Proceedings of the National Academy of Sciences (201601081).

            Zuppinger-Dingley, D., Schmid, B., Petermann, J.S., Yadav, V., De Deyn, G.B., Flynn, D.F.,
         2014. Selection for niche differentiation in plant communities increases biodiversity

   effects. Nature 515, 108–111.

        8 J.P. Herrera / Biological Conservation 207 (2017) 1 8–




