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entire geographic range of each taxon. For each taxon, probability of occurrence maps 

were generated across its respective domain for each time step, reclassified as presence or 

absence, and linked together with a simple expansion threshold. The resulting distribution 

maps depict, for each taxon, areas under pressure of expansion, contraction, or 

persistence under each climate change scenario. All thresholds were kept constant for all 

models to provide a consistent comparison. The implications of these pressures, i.e. the 

manifestation of actual expanding or contracting populations in the landscape, must be 

considered in context of the spatial and temporal resolution of variables and the life 

histories unique to each species. 

We gauge the magnitude and spatial patterning of climate-driven distribution 

changes in terms of elevation, latitude, and overall area. Elevation shifts are simply 

gauged as changes in mean, variation, minimum, and maximum. Latitudinal shifts are 

gauged as changes in the centroid of the geographic distributions. Changes in areal 

distributions are used to gauge potential shifts in co-occurrence on the species level. We 

assess the potential role of hybridization through the geographic discordance between the 

sister-species models and the respective species models.  

 We investigated numerous environmental predictor variables hypothesized as 

related to the species distributions, and chose the simplest expressions of annual and 

seasonal temperature and moisture in order to avoid problems associated with forecast 

climatic conditions having no contemporary analogue. We used Random Forests (RF, 

Brieman 2001, Cutler et al. 2007), a commonly employed statistical tool for distribution 

forecasting (Lawler et al. 2006, Iverson et al. 2008, Refheldt, Ferguson, and Crookston 

2009). Observations of occurrence were derived from the USDA Forest Service 
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Inventory and Analysis Data (FIA, McRoberts et al. 2005). Problems associated with 

modeling incomplete geographic distributions (see Thuiller et al. 2004, Randin et al. 

2006) were avoided by focusing on species endemic to our study area. 
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METHODS 

Study area 

Our study area is in the mid-latitudes (31º N to 49º N) of North America’s Dry 

Domain, an area approximately 3,000,000 km2 in size (Fig. 1c, 1d). The Dry Domain is 

defined by an annual moisture deficit (Bailey 1989) resulting from a combination of the 

mid-latitude Hadley cell circulation and the orographic configuration of western North 

America. Sea surface temperatures of the Pacific and Atlantic oceans generally drive the 

annual and decadal climatic variation within the Dry Domain (Cayan et al. 1998). 

 

 

 

 
Fig. 1. Distribution of FIA observations for study piñons (a) and junipers (b) within their 
species-specific modeling domains. Distribution of all piñons (c) and section III sabinoid 
junipers (d) (Little 1978). 
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 There are two important climatic divisions within the Dry Domain that 

influence the overall northern and southern extent of our species distributions. The south 

is generally bounded by the zero degree annual minimum temperature isotherm. The 

north generally corresponds to a transition of asynchronous decadal-scale wet and dry 

phases driven by oceanic circulation (Jackson et al. 2005), and runs east-west between 

40ºN and 45ºN. This boundary is also the extent of the polar air mass during winter 

months (Mitchell 1976). A strong seasonal precipitation gradient runs from the winter 

dominated north-western Great Basin to the summer-monsoon of the south-eastern 

Colorado Plateau (Rodwell and Hoskins 2001). 

 Within the landscape, piñons and junipers are limited in low elevations by aridity 

in the winter-dominated regimes, where they give way to shrubs. In the summer-

dominated regimes they are out-competed by grass and limited by higher fire-return 

intervals. The upper elevations also correspond to a higher fire frequency that occurs in 

the more productive montane forests as conditions become more mesic.  

Physiographic provinces within the Dry Domain structure regional climate and 

also have characteristic topographies influencing the spatial configuration of woodlands. 

The Great Basin is composed of hundreds of narrow basins and ranges trending north-

south. Woodlands grow in the foothills from where they extend through gullies into the 

basin shrublands and reach into the higher elevation forest along exposed mountain 

slopes. The Colorado-Plateau is composed of numerous plateaus at various elevations 

dissected by deep canyons. Here, expansive woodlands cover middle elevation plateaus 

and extend into the higher and lower elevation plateaus through deep canyons. The 
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woodland zone along the interior Coastal Range, Wasatch Mountains and Southern 

Rockies is generally in the foothills like that of the smaller Great Basin ranges. 

 
Study Species 

 We focus on two piñons and four junipers that occur exclusively in our study area 

(Figs. 1a, 1b). Both are the northern-most reaching members of their respective groups 

(Figs. 1c, 1d) who have undergone speciation in western North America during the 

Neogene uplift ~15- 3 mya (Neogene uplift described in Wilson and Pitts 2010). 

Delineation of species within these groups is highly problematic; there is widespread 

hybridization and genetic classifications are at odds with morphological classifications 

(Gernandt, Liston, and Piñero 2003, Adams et al. 2007). We developed models for each 

species individually, and for the three sister-species groups where hybridization occurs: 

P. edulis- P. monophylla; J. occidentalis- J. osteosperma; and J. deppeana- J. 

monosperma. 

 Piñon pines, as a group, are endemic to North America. Fossils indicate this group 

originated in Mexico during the Laramide orogeny ~50 mya and radiated during the 

Neogene orogeny ~10 mya (Malusa 1992). Two species, P. edulis and P. monophylla, 

occur entirely in the midlatitudes and are the northern most extension of this group. P. 

monophyla is the most derived member, whose monophyllous trait is unique among all 

pines and arose ~5 mya in association with the orogenesis of the Sierra Nevada 

Mountains and consequent development of winter-dominated precipitation in the Great 

Basin (Malusa 1992). These two piñons hybridize wherever they overlap (Lanner 1974), 

but inhabit distinct precipitation regimes (Cole et al. 2008a). P. edulis requires the 
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summer rains that currently characterize the Colorado Plateau, whereas P. monophylla 

inhabits the winter dominated precipitation regime of the Great Basin.  

 The junipers modeled all belong to the serrate-margin junipers (Adams 2008). 

This group is distinguished by serrated leaf margins, thought to be an adaptation to arid 

conditions, and their overall phylogeny reflects adaptation to drought-resistance (Wilson, 

Manos, and Jackson 2008). This group originated in Eurasia ~45 mya and radiated in 

western North America during the Neogene uplift ~10 mya (Mao et al. 2010). J. 

occidentalis has two varieties; however, recent genetic analysis indicates J. occidentalis 

var. australis is a separate species from J. occidentalis var. occidentalis, which is more 

closely related to J. osteosperma (Adams 2008). Both varieties of J. occidentalis 

hybridize with J. osteosperma, facilitated by a shared timing of pollen shed in the late 

spring. We model J. occidentalis sensu latu. The chloroplast genome of J. occidentalis, 

associated with a foliar gland, is transmitted by pollen and found to be widely dispersed 

into western populations of J. osteosperma. Together they are found in varying levels of 

introgression across the entire Great Basin, with the likely implication being a more 

widespread distribution of J. occidentalis during the glacial conditions of the Pleistocene 

(Terry, Nowak, and Tausch 2000). Where they occur together, J. occidentalis occurs at 

higher elevations. 

 There are numerous allopatric varieties of J. deppeana which extend from 

Mexico, and are thought to have formed a contiguous distribution during the Pleistocene 

(Adams et al. 2007). We limit our analysis to J. deppeana var. deppeana, which occurs 

entirely within the midlatitudes. J. monosperma is also a member of closely related 

varieties who hybridize widely, but which extend into Texas (Adams et al. 2007). Of this 
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clade, we limit our analysis to J. monosperma which occurs in the Colorado Plateau 

(Adams 2008). J. deppeana and J. monosperma occur together throughout most of their 

range, with J. deppeanna growing in higher elevations. Although they both are members 

of different hybridizing groups, the phylogenetic divergence is of similar depth to J. 

occidentalis and J. osteosperma (see Mao et al. 2010). Hybridization between J. 

deppeana and J. monosperma has been reported in a cultivated setting (Hall 1961). 

Hybridization may potentially occur under wild conditions as they both shed pollen in the 

late winter/early spring (c.f. Adams 2008).  

 
Dispersal  

 Junipers and piñons both have seeds adapted to animal dispersal, although with 

markedly different strategies. The piñon nut is relatively large and composed of rich fats 

and carbohydrates (Vander Wall 1988). Piñon nuts are a primary food source for a 

number of corvid species (Lanner 1998) as well as some human cultures, and both are 

documented long distance dispersers of piñons. Corvids stash the nuts purposefully 

throughout the landscape according to their winter feeding habits. The piñon jay, 

Gymnorhinus cyanocepjalus, is most closely tied with the piñon pine, to such an extent 

that mast seed crops can actually trigger piñon jays to reproduce in the fall (Ligon 1974, 

1978). Piñon jays inhabit the woodlands year round and distribute seeds within the local 

woodlands (<10km) near their colonial breeding site (Marzluff and Balda 1992). The 

Clark’s nutcracker, Nucifraga Columbiana, is likely the most important long-distance 

dispersal agent (up to 22 km, Vander Wall and Balda 1977) because it lives in the 
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montane coniferous forests, harvesting the nuts from the woodlands but caching them 

in the higher elevation forests (Vander Wall 1988). 

 The juniper seed is encased in a fleshy berry-like cone which a wide array of 

mammals and birds disperse. Mammals include rodents, lagomorphs, foxes and coyotes 

(Schupp et al. 1997; Chambers, Vander Wall, and Schupp, 1999). Coyotes and foxes may 

play an important role in long distance dispersal (Schupp et al. 1997). In the Interior West 

there are at least fifteen species of over-wintering avian furgivores that rely on juniper 

berries to some extent, with the thrushes (Turdidae) and waxwings (Bombycillidae) the 

most important (Chavez-Ramirez and Slack 1994). Townsend's solitaires Myadestes 

townsendi, in particular, rely on juniper berries for their winter diet nearly exclusively 

(Poddar and Lederer 1982). Juniper berries are consumed whole by avian frugivores 

resulting in a spatial deposition pattern reflecting the daily habits of the over-wintering 

frugivores (Salomonson 1978, Chavez-Rameriz and Slack 1994). Transport by surface 

runoff is also likely to be an important dispersal vector for colonization of lower 

elevations (Chambers, Vander Wall, and Schupp, 1999). 

 Dispersal exhibits paradoxical, scale-dependent behavior (Clark 1998). The 

furthest observed dispersal distance for P. edulis is 22 km (Vander Wall and Balda 1977) 

but isolated northern populations of P. edulis are inferred to have dispersed from 40 km 

(Gray et al. 2006) to 200 km (Betancourt et al. 1991). Similarly, observed distances for 

juniper dispersal by thrushes and waxwings are reported in hundreds of meters (Chavez-

Rameriz and Slack 1994), whereas isolated northern populations of J. osteosperma are 

estimated to have dispersed 135 km (Lyford 2003). Dispersal is predominantly localized 

and regeneration is typically pulsed on decadal time spans, influencing population 
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distributions within a landscape. Yet for time spans of centuries to millennia the rare 

long-distance dispersal events appear to drive overall continental distributions.  

We compiled published accounts of dispersal distances (Table 1) for our species 

to aid in two objectives. First, to define a modeling domain for the entire distribution that, 

for each species, better reflects suitable and unsuitable conditions rather than the 

idiosyncrasies of historical biogeography (Soberon and Nakamura 2009). The second 

objective was to determine an informative dispersal rate to parameterize movement of 

forecast distributions.  

 

Table 1. Observed and inferred dispersal distances of piñon and juniper species 

Species 
Distance 

(km) Vector Reference 

P. edulis 200 unknown Bentancourt et al.1991 

P. edulis 40 unknown Gray et al. 2006 

P. edulis 22 Nucifraga columbiana Vander Wall and Balda 1977 

P. edulis 12 Gymnorhinus cyanocephala Balda Kamil 1998 

P. monophylla 10 Nucifraga columbiana Vander Wall 1981 

P. monophylla 38.9 scatter-hoarding rodents Vander Wall 1997 

J. osteosperma 135 unknown Lyford et al. 2003 

J. ashii .044 Turdus migratorius Chavez-Ramirez and Slack 1994 

J. ashii .012 Bombycilla cedrorum Chavez-Ramirez and Slack 1994 
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Modeling domains 

A modeling domain was generated for each of the six species and for each of the 

three sister-species group by buffering all respective presences by a dispersal-based 

distance (Fig. 2). Using the entire geographic range of a species allows for a more 

complete estimation of the realized distribution, which has important consequences in 

forecasting (Barbet-Massin, Thuiller, and Jiguet 2010). Limiting the modeling domain to 

areas within dispersal range of the respective species reduces uncertainty associated with 

the degree to which each distribution is at equilibrium with the current climate (e.g. 

Guisan, Thuiller, and Gotelli 2005), but introduces the risk of not capturing the entire 

tolerance-response curve of the species (Thuiller et al. 2004). In principle, the modeling 

domain is  

a balance between being small enough to experience frequent dispersal, but large enough 

to encompass the majority of long distance dispersal events which have occurred over the 

last several centuries. We compared the range of conditions inhabited by each species to 

that covered by their respective modeling domain (Appendix B). With this consideration 

we choose a distance of 100 km to buffer present distributions to become the species-

specific modeling domains. This same procedure was performed for the sister-species 

groups. 

 The modeling domains define the sampling frame to develop initial models and to 

bound subsequent model forecasts. The distribution of presences for all study species are 

contained by the mid-latitude Dry Domain, but for J. occidentalis and P. monophylla are 
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in places less than 100 km from the western boundary. The modeling domain of these 

species was restricted to the Dry Domain. Similarly, presences for the other four species  

 

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

 
Figure 2. Modeling domains and modeled current distributions for species and sister-
species. Distribution models are shown for the whole mid-latitude Dry Domain, but 
subsequent analysis is limited to the modeling domains. J. deppeana var. deppeana.(a); J. 
monosperma (b); J. deppeana var. deppeana - J. monosperma (c); J. occidentalis (d); J. 
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osteosperma (e); J. occidentalis - J. osteosperma (f); P. edulis (g); P. monophylla (h); 
P. edulis - P. monophylla (i). 
 
were in places less than 100 km from Mexico. In these instances, the modeling domains 

were limited to the U.S. to which the FIA is confined. This decision was made with 

support from distribution maps which indicate the study species, or variety in the case of 

J. deppeana var. deppeana, are entirely endemic to the U.S. (see Adams 2008 for 

junipers, Cole et al. 2008a for piñons). 

 
Data Structure 

 Presence and absence for each study species came from the United States Forest 

Service Inventory and Analysis program (FIA). The FIA recently established locations 

for permanent plots with a consistent spatial intensity (McRoberts et al. 2005). However, 

the spatial intensity of FIA plots currently varies geographically. To ensure a 

probabilistic sample we took a random subset of one plot per 10 km2, which is the lowest 

sampling intensity in our area. We collapsed plot observations to either presence or 

absence for each of our species. True plot coordinates were used throughout all model 

building. 

 Observations of presence were the basis for generating the 100 km buffer 

modeling domain for each species. Within these sample frames we randomly selected, for 

each species, a number of absences equal to the number of presences (Table 2) in order to 

simplify issues of prevalence (Manel, Williams, and Ormerod 2001). To ensure this 

subset of absences was representative of climatic conditions within the modeling domain 

we drew 101 random samples. The first 100 samples were used to generate a distribution 
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of sample variation against which the last sample was tested before becoming the 

training absences. The range of our species is contained by the area covered by the FIA, 

and so allows for a geographically complete model to be built (after Guisan, Thuiller, and 

Gotelli, 2005, Randin et al. 2006). 

 

Table 2. Prevalence of six piñon and juniper species from FIA observations within 
modeling domains. 

 JUDE JUMO JUOC JUOS PIED PIMO 

All FIA plots within species 100 km dispersal envelope 

A 7,557 10,110 8,660 23,688 13,546 10,618 

P 
766 
(9%)

1,377 
(12%)

691 
(7%)

3,444 
(13%)

2,449 
(15%) 

1,216 
(11%)

Random selection of one FIA plot/ 10km² 

A 7,410 11,544 3,913 24,823 13,924 10,546 

P 
729 

(8.9%) 
1,440 

(11.1%)
515 

(12.6%)
3,341 

(12.8%)
29,66 

(17.6%) 
1,172 
(10%)

JUDE = J. deppeana var. deppeana; JUMO = J. monosperma; JUOC = J. 
occidentalis; JUOS = J. osteosperma, PIED = P. edulis; PIMO = P. monophylla 
A = species absent; P = species presence 

 

Predictor variables 

 Although detailed physiological (e.g., West et al. 2008) and germination studies 

(e.g., Chambers 2001) of piñons and junipers have determined thresholds which may 

eventually parameterize mechanistic models (e.g., Chown et al. 2010) of mortality and 

colonization, the resolution of available environmental variables currently precludes this 

approach. Instead, we follow the approach common to distribution modeling efforts 

which rely on the empirical relationship of contemporary distributions to relevant 
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environmental variables.Environmental variables were chosen to correspond with the 

known variables that constrain the life cycle of our study species and thereby structure 

and limit their distribution (Table 3, Appendix B). The resolution of all predictor 

variables is 1 km2, which has been found to adequately portray distributions in the size 

range of our study species (Seo et al. 2008). At this resolution populations of piñons and 

junipers generally have both old and young trees (Tausch, West, and Nabi 1981). 

 Seasonal and annual climate statistics were generated from monthly statistics 

acquired from WorldClim (http://www.worldclim.org/, Hijmans et al. 2005). Seasonal 

variables included degree sums, temperature extremes, and precipitation sums. Degree 

sums were calculated for both above and below freezing temperatures by adding all 

maximum temperatures above freezing and all temperatures below freezing, respectively. 

Annual variables included temperature extremes and variation, heat sums above and 

below freezing, precipitation totals above and below freezing, and precipitation 

seasonality.  

 Topographic variables were all generated from a digital elevation model also 

acquired from WorldClim. Slope was calculated in degrees. Aspect was transformed to 

range from 1º at due north to 0º at due south. Finally, a topographic scalar was generated 

through a focal analysis which assigned to each cell the standard deviation of elevation 

values in a 3x3 neighborhood.  

 We choose the Hadley Center GCM for its ability to capture the regional 

dynamics of midlatitude climates, particularly the North American monsoon (Kim, 

Wang, and Ding 2008). The Intergovernmental Panel on Climate Change (IPCC) 

scenarios A2a and B2a model runs, obtained from WorldClim, were applied to the   
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distribution models. The A2a scenario is a high emissions scenario with the most 

severe climatic changes. The B2a scenario is a lower emissions scenario with 

comparatively moderate climatic changes. Each forecast is applied at a thirty year time 

step and represents the averaged conditions during each time step. 

 

Table 3.  Predictor variables used to model piñon and juniper distributions within their 
respective domains. Data sources are described in text. 

Variable class / 
Code Description Units 

Climate 

DGRS_AFMX 
sum of monthly maximum temperatures 
above zero 

°C×10 

DGRS_BFMN 
sum of monthly minimum temperatures 
below zero 

°C×10 

DGRS_SPRG 
sum of maximum temperatures for mar, apr, 
may 

°C×10 

DGRS_FALL 
sum of maximum temperatures for sep, oct, 
nov 

°C×10 

PREC_WNTR sum of precipitation for dec, jan, feb mm 

PREC_SPRG sum of precipitation for mar, apr, may mm 

PREC_SUMR sum of precipitation for jun, jul, aug mm 

PREC_FALL sum of precipitation for sep, oct, nov mm 
TMAX_ANUL annual maximum temperature °C×10 

TMIN_ANUL annual minimum temperature °C×10 

TAVE_TRNG annual range in temperature °C×10 

Topography 

ZTASP Transformed aspect derived from ZAVE 0=south, 1=north 

ZSLOPE Derived from ZAVE percent 

ZSTD 
Standard deviation from 3×3 km 
neighborhood 

n/a 
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Distribution model 

 Distribution models were built using Random Forests (RF) (Brieman 2001, Cutler 

et al. 2007). Ecological interpretations of the models are based on variable importance 

plots, which report the relative importance of each variable in classification accuracy and 

class purity. Model accuracies were evaluated in terms of percent correctly classified, 

sensitivity, specificity, kappa (Landis and Koch 1977), and area under the receiver curve 

(AUC, Fielding and Bell 1997), all generated through a ten-fold cross-validation. Models 

were generated in R (R Development Core Team 2008) through the randomForest 

package (Liaw and Wiener 2002) and applied to predictor variable grids with yaImpute 

(Crookston and Finley 2007), yielding a probability of occurrence surface for each taxon 

at each time step by scenario.  

 Three probability thresholds, in conjunction with dispersal parameters, were used 

to generate forecast distributions for each species (Table 4). The first threshold of 50% 

defines presence and absence for the initial distribution maps, and is based on the 

prevalence of presence observations in the training data (Real et al. 2006). The second 

and third thresholds define subsequent transitions to absence or presence, respectively, 

and are based on the concept of the juvenile niche being nested within a broader adult 

niche (e.g., Jackson et al. 2009). Although these latter two thresholds correspond to 

mortality and colonization, they are not absolute predictions of such at the resolution of 

the individual tree. Rather, they are considered indicative benchmarks on the spectrum of 

conditions which populations of piñons and junipers may exhibit within a given square 

kilometer. With this precaution, presence transitioned to absence for subsequent 
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probabilities less than 40% and absence transitioned to presence for subsequent 

probabilities equal to or greater than 60% within the expansion constraints explained 

below.  

 The modeled rate of expansion into newly suitable areas is balanced between 

observed and inferred dispersal distances and is weighted toward the observed (Table 1). 

We chose a dispersal rate of 30 km/30 year time step. The life cycle of piñons and 

junipers are nested within this time frame as they are known to become reproductively 

active within this period (Lanner 1998,  Adams 2008). Additional support for this 

dispersal rate comes from a study of  J. occidentalis colonization which found that stands 

without old trees were established an average of 24 years later than those with a local 

seed source provided by old trees (Johnson and Miller 2006). Although such observations 

of dispersal are used to inform this modeled dispersal rate, this approach simplifies the 

very complex and idiosyncratic behavior of dispersal as an initial step to examine 

distribution shifts on the continental scale. The expansion rate is held constant for all 

species to provide a consistent measure of the magnitude of change that is forecast for 

each distribution.  

 

Table 4. Thresholds for modeled presence and absence 
Time step probability spatial condition (for each species) 

initial distribution = 1 ≥ 50% within modeling domain 
i i+1   
1 1 ≥ 40% N/A 
1 0 < 40% N/A 
0 1 ≥ 60% within dispersal threshold 
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RESULTS 

Model performance 

 The modeling domains and sampling techniques were found to have climatic 

ranges encompassing the conditions of their respective species (Appendix C). Variable 

importance plots indicate all seasonal precipitation variables are important in all the 

models except J. deppeana var. deppeana, which is less sensitive to spring precipitation 

(Appendix D). In contrast, seasonal degree sums were generally less important, with 

spring being the most consistently important variable across all models.  

 Accuracy metrics for the species and sister-species models are reported in Table 

5. The percent correctly classified (PCC) for species models ranged from 93% for J. 

deppeana to 80% for P. edulis with the other four models near the overall average of 

85%. Errors of omission for species models were consistently less than errors of 

commission, with an overall average sensitivity of 89% and specificity of 80%. The 

kappa statistic was lowest for J. deppeana var. deppeana (0.58) which otherwise had the 

highest accuracies, and was highest for J. osteosperma (0.71). Kappa averaged 0.65 for 

all models. The AUC constituted our only threshold independent metric and had an 

average of 0.91 for all models. Accuracies metrics for sister-species were similar to the 

lowest accuracies of their component species except for J. deppeana-J. monosperma, 

which was roughly 5% higher.   

 Although each species and sister-species model was analyzed within its respective 

modeling domain, it is interesting to note the predicted distribution of current 

distributions applied across the entire mid-latitude Dry Domain (Fig. 2). For each species, 



 39
some likelihood of presence is predicted to occur outside the respective modeling 

domain and current, known distribution. In all cases a closely related species is currently 

present. For example, J, monosperma is predicted to occur in the southwestern Great 

Basin where J. occidentalis and other sabinoid junipers occur (Adams 2008). In turn, J. 

occidentalis has predicted suitable habitat co-mingled with the distributions of J. 

monosperma and the other study junipers. Both P. edulis and P. monophylla are predicted 

to extend into each others distribution along their hybridization zone. P. monophylla has 

extensive suitable conditions extending into the northwestern Great Basin, which is in 

agreement with the general observation that the distribution of this species is still 

adjusting to interglacial conditions. In all these cases the dispersal-based modeling 

domain limited the overestimation of current distributions through the exclusion of 

distant, but possibly suitable areas. 

 
Elevation shifts in distributions 

 Elevation shifts of species groups are generally less than their component species 

(Table 6, 7). Average elevation increases for all species under the a2 scenario is 350 m, 

with J. osteosperma shifting the least at 143 m, and J .occidentalis the most at 1,023 m. 

Average elevation increases under the b2 scenario average 300 m, with P. monophylla 

shifting the least at 139 m, and J. occidentalis the most at 895 m. The overall standard 

deviation of elevations increases an average of 2 m - 17m (a2, b2), but varies from J. 

occidentalis with the greatest increase of 54m - 92m to a decrease of 28 m for J. 

deppeana var. deppeana. The average minimum elevation is shifting faster (288 m, 363 

m) than the average maximum elevation (248 m, 360 m).  
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Table 5. 10-fold cross validation accuracy metrics for Random Forest models predicting 
distributions of six piñons and junipers, and their three sister groups.  

Model PCC Specificity Sensitivity kappa AUC 

Single species      

JUDE 92.73 90.26 95.2 0.58 0.97 

JUMO 83.67 79.74 87.58 0.67 0.9 

JUOC 82.32 76.26 88.38 0.65 0.9 

JUOS 85.71 83.09 88.33 0.71 0.92 

PIED 80.13 75.7 84.56 0.6 0.87 

PIMO 83.66 79.74 87.58 0.67 0.9 

Sister species      

JUDE-JUMO 78.01 74.83 81.19 0.56 0.85 

JUOC-JUOS 82.26 79.23 85.3 0.65 0.89 

PIED-PIMO 80.3 76 84.7 0.61 0.87 
JUDE = J. deppeana var. deppeana; JUMO = J. monosperma; JUOC = J. 
occidentalis; JUOS = J. osteosperma; PIED = P. edulis; PIMO = P. monophylla; 
JUDE-JUMO = J. deppeana var. deppeana + J. monosperma;  JUOC-JUOS = J. 
occidentalis + J. osteosperma; PIED-PIMO = P. edulis + P. monophylla. 

 



 

Table 6. Elevation shifts of modeled A2a forecasts (m.a.s.) 

Mean (Standard Deviation)  Minimum  Maximum 

Model 
current       2080 change current     2080 change current    2080 change

JUDE 2001 (317) 2325  (288) 323  (-28) 1220 1399 179 2908 3421 513 

JUMO 1927  (313) 2142  (312) 215  (-1) 696 1154 458 3134 3385 251 

JUOC 1626  (486) 2648  (540) 1022  (54) 518 961 443 3345 3916 571 

JUOS 1922  (276) 2065  (282) 143  (6) 733 1107 374 2880 3320 440 

PIED 2060  (269) 2290  (262) 230  (-7) 1053 1391 338 3047 3157 110 

PIMO 1942  (329) 2091  (322) 149  (-7) 720 1104 384 3197 3472 275 

JUOC-JUOS 1966  (305) 2175  (335) 209  (30) 709 1022 313 3150 3117 -33 

JUOC-  JUOS 1805  (370) 2007  (326) 202  (-44) 226 519 293 2869 3284 415 

PIED- PIMO 2040  (285) 2261  (299) 221  (14) 720 1285 565 3153 3470 317 

Species Mean 1913  (331) 2260  (334) 347  (3) 823 1186 363 3085 3445 360 

Sister-groups 
Mean 

1937  (320) 2148  (320) 210  (0) 552 942 390 3057 3290 233 

JUDE = J. deppeana var. deppeana; JUMO = J. monosperma; JUOC = J. occidentalis; JUOS = J. osteosperma, PIED = P. 
edulis; PIMO = P. monophylla; JUDE-JUMO = J. deppeana var. deppeana + J. monosperma;  JUOC-JUOS = J. 
occidentalis + J. osteosperma; PIED-PIMO = P. edulis + P. monophylla. 
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Table 7. Elevation shifts of modeled B2a forecasts (m.a.s.) 

Mean (Standard Deviation)  Minimum  Maximum 

Model 
current       2080 change current    2080 change current     2080 change

JUDE 2001 (317) 2249  (280) 248  (-37) 1220 1522 302 2908 3154 246 

JUMO 1927  (313) 2089  (162) 162  (2) 696 865 169 3134 3357 223 

JUOC 1626  (486) 2521  (578) 895  (92) 518 804 286 3345 3788 443 

JUOS 1922  (276) 2064  (300) 142  (24) 733 1032 299 2880 3151 271 

PIED 2060  (269) 2261  (270) 201  (1) 1053 1415 362 3047 3133 86 

PIMO 1942  (329) 2081  (351) 139  (22) 720 1031 311 3197 3418 221 

JUOC-JUOS 1966  (305) 2131  (340) 164  (35) 709 748 39 3150 3078 -72 

JUOC-  JUOS 1805  (370) 2020  (330) 215  (40) 226 419 195 2869 3239 370 

PIED- PIMO 2040  (285) 2246  (305) 206  (20) 720 1059 339 3153 3468 315 

Species Mean 1913  (331) 2211  (349) 298  (17) 823 1112 288 3085 3334 248 

Sister-groups 
Mean 

1937  (320) 2132  (325) 195  (5) 552 742 190 3057 3262 205 

JUDE = J. deppeana var. deppeana; JUMO = J. monosperma; JUOC = J. occidentalis; JUOS = J. osteosperma, PIED = 
P. edulis; PIMO = P. monophylla; JUDE-JUMO = J. deppeana var. deppeana + J. monosperma;  JUOC-JUOS = J. 
occidentalis + J. osteosperma; PIED-PIMO = P. edulis + P. monophylla. 
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Areal shits in individual distributions and their co-occurrence 

 Final distribution maps for each species and species group are shown in Fig. 3 

(A2a scenario) and Fig.4 (B2a scenario). Geographic discordance between species and 

sister-species models is shown in Fig. 5. The greatest difference between species models 

and sister species models are for J. occidentalis and J. osteosperma, where the sister 

species model predicts greater occurrence in the northwestern Great Basin while the 

species model predicts greater occurrence in the Sierra Nevada Mountains. Compared to 

individual species forecasts, species-groups are forecast to lose less area and gain more 

area. Individual species are forecast to lose an average of 62% to 52% of their modeled 

current areas for the A2a and B2a scenarios, respectively, while only gaining 14% for 

both scenarios (Tables 8 - 11). This trend is carried into relative areal shifts of co-

occurrence which all exhibit greater loss than gain under both scenarios (Tables 12 - 15, 

Fig. 7). The areal shifts are greatest for the Great Basin species, J. occidentalis and P. 

monophylla. Modeled areal loss is greatest for J. occidentalis which, for both scenarios, 

is forecast to lose 90% of its current distribution, remaining only in the high Sierra 

Nevada mountains and gaining an area of only 3% relative to its current distribution. J. 

osteosperma, which spans the Great Basin and Colorado Plateau, has the least relative 

areal loss 31% (B2a) and 39% (A2a) while having the second highest relative areal gain 

of 21% (B2a) and 19% (A2a). J. deppeana var. deppeana has the highest relative areal 

gain of 25% (B2a) and 21% (A2a), and the second lowest loss of 43% (B2a) and 48% 

(A2a). The other two Colorado Plateau species, P. edulis and J. monosperma, also lose 

50% of their current modeled areas while gaining 15%.  
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(a) (b) (c) 

 

(d) (e) (f) 

(g) (h) (i) 

 
Figure 3. Forecast distributions for A2a scenario. J. deppeana var. deppeana.(a); J. 
monosperma (b); J. deppeana var. deppeana - J. monosperma (c); J. occidentalis (d); J. 
osteosperma (e); J. occidentalis - J. osteosperma (f); P. edulis (g); P. monophylla (h); P. 
edulis - P. monophylla (i). The color ramp indicates presence (1) and absence (0) over the 
four modeled time steps. For example, the far left column, in blue, represents areas that 
were modeled as suitable for each time step. The far right column, in red, represents areas 
that were modeled as suitable in the first time step but not in any of the subsequent ones. 
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(a) (b) (c) 

(d) (e) (f) 

 

(g) (h) (i) 

 
Figure 4. Forecast distributions for B2a scenario. J. deppeana var. deppeana.(a); J. 
monosperma (b); J. deppeana var. deppeana - J. monosperma (c); J. occidentalis (d); J. 
osteosperma (e); J. occidentalis - J. osteosperma (f); P. edulis (g); P. monophylla (h); P. 
edulis - P. monophylla (i). The color ramp indicates presence (1) and absence (0) over the 
four modeled time steps. For example, the far left column, in blue, represents areas that 
were modeled as suitable for each time step. The far right column, in red, represents areas 
that were modeled as suitable in the first time step but not in any of the subsequent ones. 


