
 Original Research

        Contrasting Effects of Long-Term Fire on Sagebrush Steppe Shrubs

     Mediated by Topography and Plant Community☆

 Ricardo Mata-González a,
⁎    , Claire M. Reed-Dustin b, Thomas J. Rodhouse c

a               Associate Professor, Department of Animal and Rangeland Sciences, Oregon State University, Corvallis, OR 97331, USA
b

              Rangeland Management Specialist, US Department of Agriculture Natural Resource Conservation Service, Goldendale, WA 98620, USA−

c            Ecologist, Upper Columbia Basin Network, National Park Service, Bend, OR 97001, USA

 a b s t r a c ta r t i c l e i n f o

 Article history:

   Received 4 June 2017

      Received in revised form 28 November 2017

   Accepted 7 December 2017

 Key Words:

 Artemisia tridentata

 broom snakeweed

 Gutierrezia sarothrae

     John Day Fossil Beds National Monument

   restoration of degraded areas

  Wyomin g b ig sagebr ush

                The role of fire in restoration of sagebrush plant communities remains controversial mainly because of paucity of

             information from long-term studies. Here, we examine 15-year post- re responses of big sagebrush (Artemisiafi

            tridentata ssp wyomingensis) and broom snakeweed (Gutierrezia sarothrae), the two most abundant native

                 shrubs at the John Day Fossil Beds National Monument, a protected area in north-central Oregon, USA. Fire effects

             were studied along gradients of topography and community type through time post-burn. Community types

               were distinguished as brush, plots dominated by big sagebrush and woodland, plots with a significant presence
                 of Western juniper (Juniperus occidentalis) trees. Fire reduced big sagebrush cover in brush plots up to 100% and

                  in woodland plots up to 86%. Broom snakeweed cover declined by 92% and 73% in brush plots and woodland

                plots, respectively. Big sagebrush did not show signs of recovery 15 years after burning regardless of topography

             and community type while broom snakeweed populations were clearly rebounding and prospering beyond pre-
                 burn levels. Our results showed that an area initially dominated by big sagebrush (cover of big sagebrush 10-20%,

                cover of broom snakeweed 2-4%) dramatically shifted to an area dominated by broom snakeweed (cover of big

               sagebrush 1%, cover of broom snakeweed 5%) in brush-dominated plots. Our results indicated that brush-dom-b

                 inated plots at lower elevation and southern exposures are the least post- re resilient. We also observed a declin-fi

                 ing population of big sagebrush on unburned areas, suggesting the lack of post- re recovery on burned areas wasfi

                perhaps a result of low seeding potential by extant populations. Although more years of observation are required,

               these data indicate that recovery time, the encroachment of opportunistic competing shrubs, and the initial con-

              diti on of vege tati on are esse nti al consi dera tion s by land ma na ger s when pre scrib ing r e in big sage brus hfi

communities.

           Published by Elsevier Inc. on behalf of The Society for Range Management.

Introduction

           The sagebrush (Artemisia sp.) steppe is one of the largest and most

         threatene d ecosystems in North America ( ). TheseDavies et al., 2011

         systems have declined from 25 million ha pre-European settlement to
            about 13 million ha ( ). TheMiller et al. , 2011; Chambers et al., 2014a

           loss of sagebrush steppe has been primarily due to past land manage-

        ment approaches resulting in overutilization of forage species, invasion
          by annual grasses and woody species, declines in species diversity, and

           changes in re frequency (fi Davies et al., 2011; Svejcar et al., 2014).

         Fire is a common disturbance in sagebrush communities (Miller and

          Heyer dahl, 2008; El lswo rth et a l., 2016). Ye t t he histori c re re turnfi

          interval, re behavior, and ultimately re effects have been altered byfi fi

           change s to p reburn plan t communit ies as a result of late 19th and

        early 20th cent ury overgraz ing, acti ve re suppress ion, annua l grassfi

        invas ion, and con ifer encroac hment (Davies et al ., 201 1; Chambers

         et al., 2014b). In addition, increased temperatures and earlier springs

        associated with climate change are correlated with increased wild refi

         frequency and total burned area throughout the western United States

       (Westerling et al., 2006; Svejcar et al., 2014).
         Increased re size and frequency in conjunction with burn patternfi

       h o m og e n ei t y ( Miller and Ed dlema n, 2 001; Miller and Heyerda hl,

        2008) create barriers to reestab lishment for native sagebrush steppe
          specie s such as A r t em i s i a t r i d en t a ta a f t e r fire. is aA. tride ntat a

         nonspro uter th at establ ishes by seed a n d is entirely de pende nt on
        neigh borin g unbur ned si tes, to reesta blis h on a bur ned si te

           ( ). The long- term recovery of can beMill er et al., 201 3 A. tr ident ata

         variab le d ependi ng on subspecies (Lesic a et a l., 200 7) . A. tridenta ta
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           ssp. in Monta na h as re cover ed in arou nd 30 yr to pre burnv a s e y a n a

         levels (Lesica et al., 2007; Mata-Gonzalez et al., 2007; Mata-Gonzalez
           et al., 2008), but the few long-te rm reports that exis t f or ssp.

          wyomin gensis seem to in dica te a lo nge r recove ry time. Lesica et al.

            (2007) West a nd York s (2002 )and con clude d that af ter 18 − 2 5 y r
           post burn the re cover y of is low toA. tridenta ta s s p . w y o m i n g e n s i s

           negligible. In addition to its slow recover y after re, ssp.fi A. tridentata

       wyomin gensis commu nities are gener ally re gard ed to exhib it low
        resili ence to d istu rbanc e and low re sista nce t o invasion ( Chamb ers

            et al. , 2 007 ; Mi ller et a l., 20 13; Chambe rs et al., 2014 a). The sl ow
         recovery and low resilience of degraded sagebrush ecosystems may be

       responsible for declines in populations of sagebrush-obligate wildlife
       species, such as the Greate r sage-grouse (Centrocercus urophasianus)

       (Beck et al., 2009; Dinkins et al., 2014).

        Gutier rezi a saroth rae Purs h (broo m snak eweed) is also a na tive
           sagebr ush steppe specie s t hat, in c ontras t to can be aA. triden tata,

           post re sprouter (although a weak one) ( ), tends tofi Miller et al., 2013
          incre ase its pop ulation in re spons e to re, and re mains a dom inantfi

       shrub compone nt under disturb ance ( ).Ralp hs and Mc Da niel, 2011

          G. sarothrae is a short-lived species that thrives under disturbance, can
           be toxic to livestock, and is typically dominant on rangelands in poor

         condit ion ( ) . This speci es is rela tiv ely drough tTh acker et al ., 2008
            tolerant and able to adapt to variations or pulses in soil water conditions

             ( ), and once established in a plant community it can beWan e t al., 2002

    persistent (Thacker et al., 2008).
        Prescribed re remains a controversial tool in shrubland manage-fi

            ment around the world (van Wilgen et al., 2010; Dalgleish et al., 2015;
         Ellsworth et al., 2016). Thus understanding both short- and long-term

        fire eff ects on shrubl and e cosyste ms is im porta nt for c onserv ation

        effor ts and sust ainabl e manag e ment. It is especia lly impo rtan t to
           understand the response to re of native shrubs such asfi A. tridentata

          a n d G. sa rothr ae in the sa gebrus h st eppe becaus e of the d iffere nt
        functions these species display within vast ecological communities of

         North Amer ica. is a foun dat ion a l long-li ved spec ies inA. tride ntata

         sagebr ush ste ppes a nd play s a f un damen tal ro le in the ecos ystem s’

           structure and function ( ). InDavies et al., 2011; Rodhouse et al., 2014

         contrast, G. sarothrae is an opportunistic species that responds rapidly
       to increased resource availability (Ralphs and Sanders, 2002).

       In North America, studies of short-term ( 5b yr    ) responses of plant

           species to fire are relatively abundant within the literature , in contrast to
          long-term (N 10 yr) responses (Miller et al., 2013). Furthermore, often

         the currently available long-term research utilizes multiple burn sites of
          different ages in different locations instead of repeat ed measures on the

          same site (substitute space for time), lacks unburned control plots, a nd

           does not have preburn plant community data (Miller et al., 2013). Informa-
          tion on long-term species respo nses are needed to bridge gaps between

        scientific research and management applications (Chen et al., 2013).
         Responses of vegetation to re are likely mediated by topographicalfi

         conditions because factors such as exposure and elevation modify soil

       moist ure, soil nut rients , a nd te mpe ra ture s ( Mata-G onz alez et al .,
         2 0 0 2 ), and thus the de gree of resil ien c e of pla nt comm uniti es

           (Rodhouse et al., 2014). Other factors being equal, plants are more likely
            to rebou nd after re in coole r and moiste r soils th an in warmer an dfi

             dryer s oils (Miller et al., 2013). In addition, the effects of re on individ-fi

         ual spe cies ma y vary for di ffere nt co mmunit y type s becau se speci es
        interactions may temper or enhance species responses to disturbance

           (Engel and Abella, 2011). The objective of this study was to characterize
        long-term (15-yr) responses of subsp. andA. tridentata wyomingensis

        G. sarothrae, two important and functionally contrasting native shrubs
        of the Nor th Amer ica n sageb rush st eppe, to re, topog raph icalfi

         variation, and community type using data with repeated measures on

        plots through time, unburned controls, and preburn community data.
          Our s tudy area has lo w pr ecip it ati on a nd m a inly arid ic so ils (see

         descriptions later), and thus plant community resilience is expected to

          be inherently low (Chambers et al., 2014b). We hypothesized that the
         two s peci es of st udy would show diffe renti al recov ery respon ses to

         fire t hroug h tim e and that top ogra phy a nd com munit y ty pe wo uld

  influence their responses.

  Materials and Methods

 Study Site

            The study site is part of the John Day Fossil Beds National Monument
          (hereafter, JDFBNM), which is a protected area managed by the National

          Park Service of the United States located in north-central Oregon, United
               States. The site is part of the John Day River Valley and a subunit of the

       Colum bi a Rive r Platea u physio graph ical re gion (U SD I Nation al Park
          Service, 2009). This study was conducted in the Sheep Rock manage-

           ment un it of the JD FBNM, 14 km west of D ayvill e, Ore gon, Un ited

             States ( ). The Sheep Rock unit enco mpasses 3 648 ha and ha s aFig. 1
          histo ry of b oth she ep and cattle grazing from 19t h centu ry Euro -

          American settlement of th e Joh n Day River Valle y t o the establishm ent

             of the JDFBNM in 1975 ( ). The study area ranges inErixson et al., 2011
               elevation from 610 m at the river valley bottom to 1 370 m at the top

            of the steep hills. The Sheep Rock unit is semiarid with average annual
        precipitation of approximately 270 mm. Precipitation falls primarily as

           rain from November to June with peaks in May and November. From

             1999 t o 201 4, th e yea rs of this stu d y, 201 0 was the we ttest yr and
            2002 was the d ri est yr with 36 2 m m and 18 6 m m of preci pitat ion

             ( ). Soils of the study area are general ly aridic , a nd mos t of theFig. 2
         study plots are located within the following Natural Resource Conserva-

          tion Se rvice ( NRCS) ec ologic al site s: JD Drou ghty So uth 9-1 2 PZ, JD

           Droughty North 9-12PZ, JD North 9-12 PZ, and JD Loamy 9-12 PZ.
      There are 52 plant assoc iati ons, primar ily defi   ned by ge ograp hic

va ri           abilit y within the Shee p Rock unit ( ). Up landErixso n et al., 2 011
         woodlands are dominated by the tree Juniperus occidentalis Hook (west-

           ern juniper) and an understory of native grasses and shrubs. Hill slopes
          and alluvial fan s are prim arily dominate d by the s hrubs A. tride ntata

        subsp . as we ll as enc roach ingwyomin gensi s a n d G. sarothr ae,

       J. occide ntali s Pseudoro egne r ia spica ta. Downslop e, grass es such as
         (Pursh ) A. Löve (blu ebunc h wheatg rass) an d J. Pr eslPoa secunda

       (Sandberg bluegrass) are dominant. Annual grasses including Bromus
       tectorum Taeniatherum caput-medusaeL. (cheatgrass) and (L.) Nevski

        (medusah ea d) are widely dispersed throug hout the JDFBNM but are

         concentrated on southern exposures and at ground (fl Rodhouse et al.,
         2014). Throughout the whole JDFBNM area the most common shrub

        species are A. tridentata wyomingensissu bsp . and G. saro thrae.

    Data Collection and Experimental Design

       Study plot loca tions were se lecte d usin g re stric ted rand om

           sampling. If a potential plot location exceeded 60% slope, it was exclud-
        ed. Experi mental pl ots were esta blis hed on areas with dif feren t

          exposu re and slope. Our plots were locate d in a reas domin ated by

         A. tridentata wyomingensisssp. but some had a signi cant componentfi

        of Thus plot lo cati on s were dif feren tiall y identi edJ. occide ntal is. fi

             as 1) brush plots, those that had fewer than 10 J. occidentalis trees per
            ha and 2) woodland plots, those that had more than 10 J. occidentalis

            trees per ha ( ). The total area ofReed-Dustin et al., 2016 A. tride ntata

           or dominant land within a given burn unit was dividedJ. occidental is
        into equa l-si zed poly gons cor respon ding to th e desired number of

          plots of each commu nity type. A single plot was random ly locate d
  within each polygon.

            A total of 37 plots were established, 21 brush plots and 16 woodland

             plots (Table 1). Of the 21 brush plots, 5 were unburned controls. Of the
         16 woodla nd plot s, 8 were unburned c ontr ol s. The b urned and

        unburned pl ots were randomly obtai ned across ve pres cribed burnfi

           areas and bur ning to ok pl ace in the fa ll (earl y Sept emb er to earl y

           October) of the following yr: 1999 (6 brush plots, 5 woodland plots);

           2001 (6 br ush pl ots, 3 woo dlan d plot s); 200 2 ( 3 brush pl ots, 3
          woodla nd plo ts); 200 4 (3 bru sh plot s, 3 wo od lan d plots) ; and 200 5
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          (3 brush plots, 2 woodland plots). Data collection and monitoring were

         based on the Nati onal Park Se rvice s re effe c ts monito ring prot ocol’ fi

          ( ), modi ed for the conditions of theUSDI National Park Service, 2003 fi

           JDFBNM. All monitoring was conducted during June or July of the partic-

             ular monitoring year. All plots were read preburn, 1 yr post burn, 2 yr
             post burn, an d 5 yr post burn, an d th e olde st plots have been read

           10 yr pos t b urn (1999, 2001, 2002, and 2004 pr escri bed res) andfi

          15 yr post burn (1999 prescribed re). Due to monitoring irregularities,fi

          not all plots were read consistently on this monitoring interval, particu-

         larly unbur ned c ontrol plot s. To incre ase s ample size of un burned
             control plots, we read 3 unburned plots at 9 yr post burn and treated

               them as 10 yr post burn and 1 unburned plot at 13 yr post burn and
         treated it as 15 yr post burn in our analysis.

               Brush plots were 5 × 30 m in size, and woodland plots were 20 × 50
           m in size. To determine species cover, the point intercept method was

         appli ed alon g the 30- m (bru sh ) or 50 -m (wood land) transe ct and

             read every 30 cm. All species intercepted at a point were recorded as a
         hit. To determine species density, all shrubs within 150 m 2  (brush) or

 2 5 0 m 2        (wood land) belt tr ansec ts were coun ted. The cou nting uni t
           was an individual shrub even when the plant may have had regrowth.

          The different size plot for densi ty measurement s was a cho ice based

         on operational convenience, but we acknowledge that this may have

           caused some unwanted small noise in the data analysis. We chose to
         study subsp.A. tridentata wyomingensis G. sarothraeand because they

          are the dominant shrub components in the JDFBNM and because they

        have contrasting niche and life history strategies (foundational long-
   lived vs. weedy short-lived).

 Statistical Analysis

       We constructed generalized linear mixed models (GLMMs) using
         the generalized linear mixed effects model (GLMER) function from the

           L M E 4 p a c ka g e ( Bates et al., 2 014) for ana lyses in R ve rsio n 10.2 .2
           ( ). Mixed models with binomial links were used toR Core Team, 2014

        model cover, an improvement over standard normal models (Gaussian

           or id entit y link) for cover data bo unded betwe en 0 an d 1, wh ich
         presents an inherent violation of analysis of varia nce assumptions of

         normality and unequal variance in residual s ( ). We alsoStroup, 2014
         constructed mixed models with the Poisson link function for modeling

         counts of shrub density. The mixed modeling capacity provided addi-

           tional exibility to model the nested structure of the design, in whichfl

        repeated observations were made within plots grouped into different

                             Figure 1. Location of the study plots by community type and burn status within the Sheep Rock Unit of the John Day Fossil Beds National Monument in Oregon, United Sta tes.

            338 R. Mata-González et al. / Rangeland Ecology & Management 71 (2018) 336–344



           years. Plots measured within the same year were likely to be correlated

            because of the common effects of weather; treating year as a random ef-
          fect explicitly accounted for that process. We also considered a model

        with an a dd itio nal random effect inc luded for repeat ed measures
       obtained within plots within years (the familiar repeated-measures“ ”

       construct). Within-year correlation was much higher than within-plot

         correlation and model coef cients signs and magnitude did not differfi

        meaningfully between the two model structures. We therefore report

           results only from the models with a single random effect for year.
            A model of cover and density for each species of interest was devel-

          oped using Burn, Community, Time, and Topography as xed effects andfi

             Year as a randomized effect. Burn was an indicator of a plot burn status,
          either burned or unburned. Community was an indicator of plot type

        identified by dominant vegetation, either woodland or brush. Topogra-
            phy was a continuous variable of a combined measure of slope and as-

             pect. It is cal culated as sin(slope) × cos(aspect) where 1 is a steep−

            south-facing slope, 0 is at, and 1 is a steep north-facing slope, whichfl

           has been shown to be an important driver of plant community variation

          in p reviou s st udie s in the JDFBNM (Rod house et al., 2014; Espo sito,
           2015). The slope and aspect were calculated from a 10-m US Geological

           Survey digital elevation model in ArcGIS. Time is an indicator of years

           post burn for which each plot was read, corresponding to the monitor-
           ing interval. Calendar years in our analysis do not correspond to year

        post bur n bec ause mul tipl e presc ribe d res occur red th rough ti me.fi

          Time (year) is included in GLMM construction as a randomized effect

        to account for interannual variability in precipitation, weather patterns,

        and sampling between calendar years because precipitation before and
          post burn can b e an integr al f actor in po stbur n vege tati on re sponse

          ( ). Prec ipita tion data from PRISM dat a in dicate d aMill er et al., 2013
          large a mount of variability between calendar years and not a n increa s-

            ing or de crea sing tr end ov er the c ours e of this st udy in the JDF B NM

           (Reed-Dustin et al., 2016). Likelihood ratio tests, including 2 res log−

      likeli hood, A kaike in fo rmati on crite rion , a nd Bayesi an inform ation

          criterion, indicated the full model, with all interact ions, was the best
            fit for cover and density for each species. In addition, post hoc Student’s

         t-test s were used to det ermin e signi ca nt differe nces in cover andfi

            density of a species at time or year post burn between other indicators.

          All analyses were interpreted using a cance level.P b 0.05 sign ifi

Results

   Artemisia tridentata ssp. wyomingensis

         The three-way interactions Burn × Community × Topography (z =
             5.14, 0.00 01) an d Burn × Comm unity × Time ( z = 7.03,P b −

           P A. tridentatab 0.0001) were signi cant forfi cover ( ). Cumula-Table 2
          tively, these results indicate that effect of community type is dependent

          on topography and time post burn across both community types. The

          1-yr post bur n d ecre as e in cove r was more inte nse inA. tride ntat a
          brush plot s ( ). cov er de creas ed 99% on northernFig. 3 A. triden tata

          exposures and 100% on southern exposures in burned brush plo ts at
            1 yr post burn. In contrast, cover decreased by 86% in woodland plots

on          n o r t h er n e x p o s u r e s a n d b y 4 7 % o n s o u t h er n e x p o s u r e s. A f t e r a n
          initial decrease, cover of A. tridentata remained relatively stable and no

           signs of recovery were evident in any burned plot. Burning caused the

          least effect on woodlands with southern exposure with burned and un-
          burned plots in similar A. tridentata cover condition through the years.

       For densi ty, th ree three- way in tera c tion s wereA. tride ntata
              significant (Burn × Time × Topography, z = 2.23, = 0.03; Burn ×− P

           Community × Topography, z = 16.52, 0.0001; Burn × CommunityP b

          × T i m e , z = − 3 1 . 2 0 , P A. tri denta tab 0.0 001, ). Den sity ofTa ble 3
           decli ned mor e in br ush plots than in woodla nd pl ots ( ) . TheFi g. 4

            density of A. tridentata in burned brush plots declined by 96% on both
          northern and southern exposures 1 yr post burn. In burned woodland

          plots, density of declined by 71% on northern exposur esA. tr identata

           and 0% on southern exposures. As for cover, density was least affected
     in wood land plots with southern exposures.

        Unburned plots, regardless of exposure or community type, showed
              a decline of both cover and density of A. tridentata after yr 5 and partic-

               ularly after yr 10 and 15 (see Figs. 3 4− ). In some plots the decline was

            small and not signi cant, but in others it was of such magnitude thatfi

             after yr 10 or 15 cover a nd den sity we re not differe nt from thos e of

             burned plots. Thus , if only yr 10 or 15 would hav e been sampled, no

            F i g u r e 2 . Annua l p recip itati on (cm) in the John Day Foss il Beds Nati onal Monu ment,

             Oregon during the period of study (1998 2014). The represents the mean− dashed line

          annual precipitation for the site (27 cm) (PRISM Climate Group, 2004).

 Table 1

             Timeline of prescribed re, type of burned plot, and monitoring interval across ve burnfi fi

 units (yr).

 Monitoring interval

Prescribed

burning

 Number of

 brush plots

 Number of

 woodland plots

1 yr 2 yr 5 yr 10

yr

15

yr

       1999 6 5 2000 2001 2004 2009 2014

       2001 6 3 2002 2003 2006 2011 NA

       2002 3 3 2003 2004 2007 2012 NA

       2004 3 3 2005 2006 2009 2014 NA

       2005 3 2 2006 2007 2010 NA NA

 Table 2

               Full gen eralized linea r mixed model valu es and values for cover of each specie s ofz P

            interest: A. tridentata subsp. wyomingensis G. sarothraeand . Parameters are whether a plot

             burned (Bu.), community type (Co.), time post burn (Ti.), and topography (To.) as the

     combined effect of slope and aspect.

 Artemisia tridentata

 subsp. wyomingensis

 Gutierrezia sarothrae

        Parameter value P ( |z |) value P ( |z |)z N z N

       (Intercept) 3.86 0.0001 5.60 0.0001− − b

    Burn 0.80 0.42 2.75 0.006

     Community 0.84 0.40 2.77 0.006−

      Time 11.45 0.0001 1.04 0.30− b

Time
2

    4.12 0.0001 1.66 0.10b

      Topography 4.29 0.0001 1.58 0.11b −

        Bu. × Co. 0.62 0.54 2.89 0.004− −

        Bu. × Ti. 8.68 0.0001 2.61 0.009b −

        Bu. × To. 4.00 0.0001 0.88 0.38− b

        Co. × Ti. 7.59 0.0001 3.13 0.002b −

        Co. × To. 5.37 0.0001 0.74 0.46− b

       Ti. × To. 0.76 0.45 1.02 0.31−

          Bu. × Co. × Ti. 7.03 0.0001 2.33 0.02− b

          Bu. × Co. × To. 5.14 0.0001 0.07 0.94b −

         Bu. × Ti. × To. 0.65 0.52 0.31 0.76−

         Co. × Ti. × To. 1.24 0.22 1.45 0.15−

           Bu. × Co. × Ti × To. 1.45 0.15 0.58 0.56−
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       vegeta tion differe nces a ss ocia ted wi th burn ing wo uld hav e been

   detected on these areas.

 Gutierrezia sarothrae

         The third-order Burn × Community × Time interaction was signifi-

              cant for G. sarothrae Pcover (z = 2.33, = 0.02, see ). However,Table 2
         topogr aphy did not in uence thes e ef fects . I n bur ned brus h pl ots,fl

           c o v e r o f G. saroth rae dec lined signi can tly from a mea n of 3.12% ±fi

              0.77% cover befor e burn, to a mean of 0. 25% ± 0.14% cover 1 yr post

              burn ( ). The cover of at 5 yr post burn increa sed inFig. 5 G. sar othrae

         burned brus h pl ots and was n o lo nger sign i cant ly di ffere nt fromfi

            prebur n cover . The inc rease in c over cont inu ed at yr 10 and 15 po st

          fi fire. In burned wood land plots, cover of declined signiG. saroth rae -
             cantl y on the rs t and seco nd yr after thefi fir e , f r o m 3 . 1 6 % ± 1 . 2 4 %

               cover before burn to 0.09% ± 0.09% at 2 yr post burn. As in the brush

           plots , the cover of G . s ar o t h r a e in wo odland pl ots show ed sign s of
              recovery, but at a much slower pace. At 10 and 15 yr post burn, cover

             was greater than that at yr 2, but not yet reaching the preburn levels.
          The four-way Burn × Community × Time × Topography interaction was

              significant for G. sarothrae density (z = − 12.06, P b 0.0001, see Table 3).

             These results are in contrast to G. sarothrae cover, which did not show a
          significant effect of topography. Overall, density of G. sarothrae was higher,

                            Figure 3. Cover of Artemisia tridentata wyomingensisssp (mean ± SE) through time post re at different community types and gradients of topography in John Day Fossil Beds Nationalfi

                        Monument, Oregon, United States. Topography was analyzed as a continuous variable, but for purposes of graphical representation it is grouped into northern and southern exposures.

 Table 3

                Full generalized linear mixed model values and values for density of each species of in-z P

            terest: A. tridentata wyomingensis G. sarothraesubs p. and . Parameters are whether a plot

             burned (Bu.), community type (Co.), time post burn (Ti.), and topography (To.) as the

     combined effect of slope and aspect.

 Artemisia tridentata

 subsp. wyomingensis

 Gutierrezia sarothrae

        Parameter value P ( |z |) value P ( |z |)z N z N

      (Intercept) 43.76 0.0001 16.16 0.0001b b

     Burn 11.13 0.0001 2.41 0.02b

       Community 14.46 0.0001 6.40 0.0001− b b

        Time 47.97 0.0001 53.63 0.0001− b − b

Time
2

     − 0.87 0.38 23.29 0.0001b

      Topography 0.79 0.43 16.73 0.0001− b

          Bu. × Co. 4.27 0.0001 20.31 0.0001− b − b

        Bu. × Ti. 40.52 0.0001 8.09 0.0001b b

        Bu. × To. 11.90 0.0001 11.86 0.0001b b

         Co. × Ti. 38.01 0.0001 12.78 0.0001b − b

          Co. × To. 8.25 0.0001 8.95 0.0001− b − b

         Ti. × To. 3.68 0.0002 6.52 0.0001− − b

            Bu. × Co. × Ti. 31.20 0.0001 7.58 0.0001− b − b

          Bu. × Co. × To. 16.52 0.0001 12.29 0.0001b b

          Bu. × Ti. × To. 2.23 0.03 6.10 0.0001− b

           Co. × Ti. × To. 0.27 0.79 5.78 0.0001− − b

            B. × C. × Ti × To. 0.58 0.56 12.06 0.0001− b
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                            Figure 4. Density of Artemisia tridentata wyomingensisssp. (mean ± SE) through time post re at different community types and gradients of topography in John Day Fossil Beds Nationalfi

                        Monument, Oregon, United States. Topography was analyzed as a continuous variable, but for purposes of graphical representation it is grouped into northern and southern exposures.

                          Figure 5. Cover of Gutierrezia sarothrae (mean ± SE) through time post re at different community types in John Day Fossil Beds National Monument, Oregon, United States.fi
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               at least twice, than that of A. tridentata (see Fig. 4 and Fig. 6). Burning caused

             a decline in G. sarothrae density in all conditions, but the decline in brush
            plots was more pronounced than in woodland plots (see Fig. 6). In bru sh

   plots on both northern and south ern exposures, G. sarothrae densit y bot-
            tomed out 1 year post burn. The mean density of G. sarothrae continued

           to recover through time post burn on northern and southern exposures in

           burned brush plots. In burned woodland plots on both northern and south-
          ern exposures, G. saro thrae declined gradually through time post burn and

             bottomed out at 5 yr post burn. G. sarothrae density continued to recover in
            burned woodland plots through time, but not to the degree of brush plots.

          Unlike cover and density of in unburnedA. tridentata, G. sarothrae

         areas remained fairly stable and did not change substantially through
               the 15 yr post re of t he study (se e ) . On ly d ensit y offi Figs. 5 and 6

          G. sarothrae in brush areas with southern exposure showed a tendency
             to increase in yr 2 and 5, but with large variation. Therefore, the cause

          behin d th e ch anges in un burn ed thro ugh the ye ars didA. tride ntata
       not have a similar effect on G. sarothrae.

Discussion

         Our hypothesis that both shrub species would respond differently to

           fire and the postfire environment was con rmed by the results. In short,fi

          A. tridentata wyomingensissubsp. did not show signs of recovery after

          15 yr of burning while G. sarothrae populations were clearly rebounding

        and prospering beyond preburn levels. Our hypothesis that topography
         and community type would in uence the vegetation rate of recoveryfl

     was also supported by our results.
          The cover and density of A. tridentata subsp. wyomingensis across both

         community types declined dramat ically 1 yr po st burn. The significant

decline in cover and density 1 yr post burn is consistent with literature
           reports (Watts and Wambolt, 1996; Ellsworth et al., 2016). Over the course

          of this study, n either A. tridentata ssp. wyomingensis cover nor density
          showed any appreciable change following the dramatic decrease 1 yr post

         burn. Similarly, studies have reported no signi cant postburn recovery infi

            A. tridentata ssp. wyomingensis cover after 18 − 30 yr (Watts and Wambolt,
            1996; West and Yorks, 2002; Lesica et al., 2007). Seemingly, the 15-yr time

           frame of this study is not necessarily long enough to determine if
  A. trident ata subs p.  wyomingensis wi       ll recover in the JDFBNM. Yet for

        A. tridenta ta ssp. wyomingensis to become reestablished and ac hieve
            preburn levels in the near future, the observed declines in cover and density

             should have started to show a reversa l o f tr end by yr 15 post burn.

          Ellsworth et al. (2016) reported some evidence that A. tridentata subsp.
           wyomingensis started to recover 17 yr postfire in southeast Oregon. Howev-

            er, that postfire recovery amounted to only 2.3% cover in A. tridentata subsp.
          Wyomingensis ( ). Our results, on the other hand,Ellsworth et al., 2016

         showed little or no evidence of recovery for this subspecies.

                           Figure 6. Density of Gutierrezia sarothrae (mean ± SE) through time post re at different community types and gradients of topography in John Day Fossil Beds National Monument,fi

                       Oregon, United States. Topography was analyzed as a continuous variable, but for purposes of graphical representation it is grouped into northern and southern exposures.
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           The rec overy of A. tridentata is dependent on proximity of burned sites

        to seed sources and seed dissemination from neighboring populations
         (Miller et al., 2013). Recent vegetation monitoring shows A. tridentata

         subsp. wyomingensis cover in the JDFBNM is low (Rodhouse, 2010),

         which coincides with the observed decline in the condition of
          A. tridentata ssp. wyomingensis in the unburned plots across our studied

           area. The extensive prescribed fires and the history of heavy grazing me-

           diating weed inva sion in the JDFBNM have likely contributed to a small
         extant population size. The limited source population for A. tridentata

       subsp. wyomingensis might limit the speed of reestablishment.
         Results indicated that re effects were in uenced by topography andfi fl

         community type on A. tridentata subsp. cover and density.wy omi nge ns is
         Woodland (J. occidentalis) sites are typically restricted to rocky outcrops

         with low productivity ( ). These conditions limitMiller and Rose, 1999

          fuel contin ui ty and prot ect fr om re (J. occi dental is fi Mill er an d Ros e,
             1999). The mean elevation of brush plots is 802 m, and the mean eleva-

           tion of woodland plots is 956 m. The difference in elevation between
          community types has likely played a role in their differential responses

           to fire. Higher elevations are more resistant to invasion because of cool-

         er an d wett er c ondit ions, allowi ng n ative spec ie s to bett er com pete
          with annual specie s (Ch amber s et al., 2014a; Miller et a l., 2013;

          Rodhouse et al., 2014) and because higher elevations are typically less
        subje ct to anthrop ogenic di sturb ance (Av erett et al. , 20 16) . Erixso n

           et al. (2011) suggested that areas at higher elevations of the JDFBNM

         were likely more insulated from historic grazing and cultivation than
            areas at lower elevations. Cover of B. tectorum is greater in brush plots

           than in woodland plots and on north slopes than south slopes (Reed-
          Dustin et al., 2016), perhaps also because of differential shading effect.

         Theref ore, we s uggest the som ewhat li mited e ffect of re onfi

        A. tridenta ta w yominge nsisssp. cover at h igher eleva tion woodla nd
            sites and on south slopes with re spect to bru sh plot s was rela ted to

         fuel continuity. Fuel continuity at lower-elevation brush sites was prob-
          ably not a limiting factor, thus allowing topography to be influential.

            Across all plots, cover of G. sarothrae declined 1 yr post burn, which

          has been previously observed ( ). Contrary to the lack ofParmenter, 2008
          post re recov ery obser ved in th e cover offi A. tride ntata, G. sa ro thr ae

            showed signs of a clear rebound; retur ning to preburn levels by 5 yr
            post burn in brush plots and with a clear trend of recovery, alth ough

          slower, in woodland plots. Previous studies in the Great Basin suggest

  G. sarothrae incre          ases in response to re and remains dominant in thefi

        c o m m u n it y u n ti l A. tride ntata or other dom inant shru bs get

       reestab lish ed (Pec hanec an d St ewart , 1954; Ra lphs an d McDanie l,
           2011; Morris and Leger, 2016). Our 15-yr study can only confirm that

          an area initially dominated by A. tridentata wyomingensisssp. (cover of

            A. tride ntata G. sarothra e10 20%, cover of− 2 4%) can dramatic ally−

             shift to an area dominated by (cover ofG. sarothrae A. tridentata b 1%,

          c o v e r o f G. saro th rae 5%) in br ush-d omina ted plots . Th is seem s to
      c o nfi firm obse rvati ons s ugges ting inc reases signiG. sarothra e c a n t l y

        post re, particularly infi A. tridentata subsp. wyomingensis communities

            (Thacker et al., 2008), which is likely related to its capacity for sprouting
            (although weak) after re (fi Miller et a l., 20 13) and a bility to thrive u nder

    dist urbanc e (Ralphs and McDaniel, 2011).
            It is possible that the current dominance gained by G. sarothrae is lost

            over ti me in the absenc e of re ( ), bu t suchfi Morris and Leger, 2016

         predictab ility is also ch allenged by clim ate change a nd the expected
        incre ase of la te-fa ll to ea rly- spring precipit a tion in sagebru sh area s

           (Palmquist et al., 2016). It is well established that G. sarothrae popula-
         tions are highl y responsive to in creased fal l and spring preci pi tation

          (Ralphs and Sanders, 2002; Ralphs and McDaniel, 2011). In general, an
          opportunistic species such as would be better equipped toG. saroth rae

        respond to precipit ation chan ge s or dist urbanc e than a slow-gro w,

     foundational species such as A. tridentata.
           The slower recovery of in woodland plots than in brushG. sarothra e

            plots is perhap s a result of t he great er abunda nce of gr asses such as

           P. spicata in wood land plot s at higher elev ation s in our study area
           (Reed-Dustin et al., 2016), given that P. spicata is an effective competitor

         and det erren t to esta blis hment ( G. sa roth r ae T h a c k e r e t a l . , 2 0 08 ).

Furt         hermore, the typically lower disturbance levels at higher elevation
          ( ) wo uld also ex pl ain the slow er recov ery ofAver ett et al., 2016

        G. sarothrae in woodland areas (Ralphs and McDaniel, 2011).

           The response of density to re is more complex thanG. sarothr ae fi

           G. sarothrae G. sarothrae G. sa rothraecover. Like cover, the density of

          decreased dramatically 1 yr post burn and showed varying degrees of

       increase across community types and topographic gradients thereafter.
           The higher recovery of G. sarothrae cover but lower recovery of density

          suggests individual plants are larger post burn than theyG. sarothrae
         were before burn. Plot mea n s in dica te so uthern expo sure s in the

         JDFBNM appea r to be mor e con duciv e to estab lish mentG. sar othrae
        than nor thern exposures. This was als o repor ted by Ma ta-Gonz alez

           et al. (2002) in desert mountains. The reduced resilience of south slopes

            to disturbanc e and lack of on south slopes would favor theP. sp icata
         estab lishmen t of ov er nor th sl op es (G. saroth rae Reed-D ustin et al.,

          2016). Our results suggest that more individuals of G. sarothrae became
           established on south slopes, but their size was limited by nutrient and

         water availability. In contrast, our results indicat e that the establish-

            ment of G. sarothrae on north slopes was limited by greater site resis-
        tance, b ut in cre ased nutri ent avail abi lity favo red inc reased si ze of

   individuals of this species.
          The noticeable decline in cover and density in unburned A. tridentata

        ssp. wyomingensins populations through time was unexpected. In some

           cases burned and unburned populations were not different at yr 10 and
            15 post re. The decline of this species in unburned populations may befi

           related to the extensive prescribed res and weed invasion in the areafi

         ( ). In fact, previou s work has sho wn that do minanceRodhouse, 2010

         by a nnual gra sses hinder s th e natural est ablis hment of A. t riden tata

          (Mata-Gonzalez et al., 2008). Other potential causes for the decline of
        unburne d popu lation s c ould be bro wsin g by nativeA. trid entata

         ungula tes as ob served in other protec ted are as (Si nger and Re nkin,
           1995; Bocca dori et a l. , 2008) or pes ts such a s the aro ga mot h

         ( ). H oweve r, these c auses a re only sp ecula tionsEver s et al., 20 13

           because our study was not designed to elucidate the causes of vegeta-
          tion change in unburned populations. Whatever the cause, the lack of

         vigoro us ex tant popu lation s is likely a restricti ng facto rA. trid entata
        that a dds to the slow recovery process af ter fire.

Implicatio ns

          Our results show a rapid decline post re and negligible long-termfi

          recovery (15 yr) of A. tridentata wyomingensisssp. concurrent with in-

  creasing dominance of   G. sarothrae in ou       r study area. Also, we did not

           see signs of recovery of A. tridentata wyomingensisssp. for the foresee-
         able future, corroborating the low resilience of this plant community

           (Chambers et al., 2014a). The recovery time needs to be considered by
         land managers when prescribing re infi A. tridentata wyomingensisssp.

        commun itie s. We agree with p reviou s re ports (Baker , 20 06; Be ck

          et al., 2009) that managers should avoid burning, especially in relation
          to preserving the habitat for wildlife species of concern. Other studies

           have shown signs of recovery of ssp. 17 yrA. tridentata wyomingensis
           post re ( ) report edly as a res ult of good -fi El lswo rth et al., 201 6

        condition neighboring stands, which favored the natural seeding and

          recru itmen t of t his subspe cies. Ou r s tudy was condu cte d in an area
         with overall declining populations of A. tridentata ss p. wy omi nge ns is de-

         spite protection from livestock grazing since 1975 (Rodhouse, 2010). A
           clear in dicat ion of suc h declin e was the lo w cover an d densi ty of

         A. triden tata wyomingen siss s p . in unburn ed plots . As suggeste d by

          Wrigh t (1990 ), fo r pla nt comm unit ie s to be respon sive to re theyfi

           need to be in good ecol ogica l c ondit ion. Thus, the use of pr esc ribed

          fire as a tool for ran geland re s torat ion shou ld be carefu lly anal yzed
          and restricted to areas with relatively intact plant communities and a

        high de gree of post re re silie ncy. Restorin g nati ve ve getati on, forfi

         example by reseeding, should be an important goal before considering
      fire for management of many degraded areas.
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          Even though our 15-yr st u dy is comparati vely long term for an

          ecological study, it is not long enough to fully characterize long-term
           responses of A. tridentata wyomingensis G. sarothraessp. and to fire. To

         gain a f uller perspect ive, thi s study should be c ontin ued, es pecia lly

         becaus e it repr esen ts a real lo ng-te rm study with no tim e-for- spa ce
         substi tuti on and wit h monit orin g throu gh inte rvals of time. As a

        comple ment to th is conti nuing stu dy, we sugge st evalu atin g t he

          observed overall decline in A. tridentata ssp. wyomingensis in th e s tudy
     area by analyzing its potential causes.
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