Using Population Viability Analysis to Predict the
Effects of Climate Change on the Extinction Risk
of an Endangered Limestone Endemic Shrub,
Arizona Cliffrose

JOYCE MASCHINSKI,*t JOANNE E. BAGGS, 3 PEDRO E QUINTANA-ASCENCIO,§
AND ERIC S. MENGES**

*Fairchild Tropical Botanic Garden, 11935 Old Cutler Road, Miami, FL 33156, U.S.A., email jmaschinski@fairchildgarden.org
tThe Arboretum at Flagstaff, Flagstaff, AZ 86001, U.S.A.

$U.S. Forest Service, Humboldt-Toiyabe National Forest, 1200 Franklin Way, Sparks, NV 89431, U.S.A.

§Department of Biology, University of Central Florida, 4000 Central Florida Boulevard, Orlando, FL 32816-2368, U.S.A.
**Archbold Biological Station, PO. Box 2057, Lake Placid, FL 33862, U.S.A.

Abstract: The threat of global warming to rare species is a growing concern, yet few studies bave predicted
its effects on rare populations. Using demographic data gathered in both drought and nondrought years be-
tween 1996-2003 in central Arizona upper Sonoran Desert, we modeled population viability for the federally
endangered Purshia subintegra (Kearney) Henrickson (Arizona cliffrose). We used deterministic matrix projec-
tion models and stochastic models simulating weather conditions during our study, given bistorical weather
variation and under scenarios of increased aridity. Our models suggest that the P. subintegra population in
Verde Valley is slowly declining and will be at greater risk of extinction with increased aridity. Across patches at
a fine spatial scale, demographic performance was associated with environmental factors. Moist sites (patches
with the bighest soil moisture, lowest sand content, and most northern aspects) bad the bighest densities, bigh-
est seedling recruitment, and bighest risk of extinction over the shortest time span. Extinction risk in moist
sites was exacerbated by higher variance in recruitment and mortality. Dry sites bad bigher cumulative adult
survival and lower extinction risk but negative growth rates. Steps necessary for the conservation of the species
include introductions at more northern latitudes and in situ manipulations to enbance seedling recruitment
and plant survival. We demonstrate that fine spatial-scale modeling is necessary to predict where patches with
bighest extinction risk or potential refugia for rare species may occur. Because current climate projections for
the 21st century imply range shifts at rates of 300 to 500 km/century, which are beyond even exceptional
examples of shifts in the fossil record of 100-150 km, it is likely that preservation of many rare species will
require buman intervention and a long-term commitment. Global warming conditions are likely to reduce
the carrying capacity of many rare species’ habitats.

Key Words: drought, endangered species, global warming, population viability analysis, Purshia subintegra

Utilizacion de AVP para Predecir los Efectos del Cambio Climatico sobre el Riesgo de Extincion de Purshia subin-
tegra, un Arbusto Endémico en Peligro

Resumen: La amenaza del calentamiento global a las especies raras es una preocupacion creciente, a pe-
sar de ello pocos estudios ban predicho sus efectos sobre poblaciones raras. Utilizando datos demogrdficos
obtenidos en aiios con y sin sequia entre 1996 y 2003 en el centro de Arizona en el desierto de Sonora,
modelamos la viabilidad poblacional de Purshia subintegra (Kearney) Henrickson, federalmente en peligro.
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Utilizamos modelos deterministicos de proyeccion matricial y modelos estocdsticos que simularon las condi-
ciones del tiempo durante nuestro estudio, considerando la variacion climatologica bistoricay bajo escenarios
de aridez creciente. Nuestros modelos sugieren que la poblacion de P. subintegra en Valle Verde estd declinando
lentamente y estard en mayor riesgo de extincion con la aridez creciente. En una escala espacial fina, el
Juncionamiento poblacional se asocio con factores ambientales. Los sitios biimedos (parches con la mayor
bumedad del suelo, menor contenido de arena y con los aspectos mds nortefios) tuvieron las densidades mds
altas, el mayor reclutamiento de plantulas y el mayor riesgo de extincion en el plazo mds corto. El riesgo de
extincion en los sitios hiimedos fue exacerbado por la mayor variacion en el reclutamiento y la mortalidad.
Los sitios secos tuvieron mayor supervivencia acumulativa de adultos y menor riesgo de extincion pero tasas
negativas de crecimiento. Los pasos necesarios para la conservacion de las especies incluyen introducciones en
latitudes mads al norte y manipulaciones in situ para reforzar el reclutamiento de plantulas y la supervivencia
de plantas. Demostramos que el modelado a escala espacial fina es necesario para predecir donde pueden
ocurrir parches con mayor riesgo de extincion o como refugios para especies raras. Debido a que las actuales
Droyecciones climdticas para el siglo veintiuno implican cambios en los rangos de distribucion a una tasa de
300 a 500 km/siglo, que exceden aun a los ejemplos de cambios excepcionales de 100-150 km en el registro
Josil, es probable que la preservacion de muchas especies raras requiera de la intervencion humana con un
compromiso a largo plazo. Las condiciones del calentamiento global probablemente reducirdn la capacidad
de carga de los bhabitats de muchas especies raras.

Palabras Clave: anilisis de viabilidad poblacional, calentamiento global, especies en peligro, Purshia subinte-
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Introduction

Global meta-analyses, dendrochronological records, and
recent climate records substantiate the idea that global
climate change threatens biodiversity (IPPC 2001; Parme-
san & Yohe 2003), yet few studies have documented the
effects of climate change on rare populations. Most of
the knowledge of species’ responses to climatic change
has come from historical or prehistoric records on com-
mon species or from physiological-based models of well-
studied common species (i.e., Beerling et al. 2001; Davis
& Shaw 2001; Rehfeldt et al. 2001). Because rare species
have populations that are small, fragmented, restricted to
fine-scale geologic formations and/or have limited disper-
sal ability, extreme climatic shifts could significantly de-
crease population size, increase extinction risk, and alter
the distribution of species (Davis & Shaw 2001; McCarty
2001; Parmesan & Yohe 2003).

Models incorporating parameters from common plant
species suggest that southern latitudes of North Amer-
ica will most likely have higher temperatures and dry-
ing trends, which will probably have negative impacts on
species at the southern edge of their range (Rehfeldt et
al. 2001).

Hotter and drier conditions are predicted for interior
continents, with semiarid ecosystems being the most sen-
sitive (Risser 1995; Allen & Breshears 1998). Recent ob-
servations support these predictions. Within the past 7
years severe drought has caused up to 70% mortality of
some pinyon pine (Pinus edulis Engelm.) populations in
northern Arizona (Ogle et al. 2000). Although rare species
in the southwestern United States evolved with drought,
recent changes in temperature, rainfall patterns, and El

Nino oscillations present stressful conditions of magni-
tudes greater than any they faced historically and raise
the question of whether rare species can persist through
this period (e.g., Davis & Shaw 2001).

In the face of climatic change, conservation efforts
should be focused on parts of the landscapes and popu-
lations with highest risk and highest conservation value,
or on areas where species’ recovery is likely (Hannah
et al. 2002; Lavendel 2003). Interannual variation in mois-
ture influences regional recruitment and mortality of tree
populations in the Southwest over fairly large scales (Be-
tancourt et al. 1993; Savage et al. 1996; Swetnam & Betan-
court 1998). Yet, even at finer scales, vital rates vary sig-
nificantly depending on fire history and patch characteris-
tics (Quintana-Ascencio et al. 1998; Quintana-Ascencio &
Menges 2000; Menges & Quintana-Ascencio 2004). There-
fore, certain patches within a population may have greater
probabilities of persistence and greater conservation
value in the face of major climatic events. Relatively small
areas may have an important role to play in protecting
species and ecosystems by providing refugia that in turn
can be sources of propagules for future natural or human-
assisted expansion (Pulliam 1988; Lavendel 2003). Iden-
tifying areas of high conservation value is a priority for
preserving biodiversity.

Using demographic data gathered in both wet and
dry years between 1996 and 2003, we modeled popu-
lation viability and extinction risk for the federally en-
dangered Purshia subintegra (Kearney) Henrickson (Ari-
zona cliffrose) under current and 100-year past conditions
and under two scenarios of increased aridity. We hypoth-
esized that the predicted climate change of higher tem-
peratures and lower precipitation would negatively affect
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population viability. Furthermore, we hypothesized that
fine-scale structure would influence viability and conser-
vation strategies for the species. The southwestern United
States has undergone extreme drought within the past
7 years; therefore, this is a model system for addressing
the following conservation questions: How does popu-
lation viability of P subintegra in the Verde Valley, Ari-
zona, change under historical, current, and increasingly
arid conditions? Does population demography vary across
different patches such that some sites have greater suscep-
tibility to climate change than other sites? Are there some
patches of higher conservation value? Is demography re-
lated to environmental variables and is there spatial vari-
ation in these factors across the landscape? How would
conditions of increasing aridity influence extinction risk
and spatial distribution of the species?

Methods

Study Site and Organism

The federally endangered shrub P subintegra occurs on
limestone outcrops in four disjunct populations in cen-
tral Arizona (USFWS 1994). Occupied area ranges from
1.2 km? near Bylas to 3.5 km? each at Burro Creek and
Horseshoe Lake to 9 km? in the Verde Valley, where
we conducted our study. Verde Valley is approximately
10 km north of Cottonwood, Arizona (34°44.381'N,
111°59.026'W). From 1971 to 2000, mean annual pre-
cipitation was 32 cm and mean high and low tempera-
tures were 26.8° C and 8.6° C, respectively. Temperature
extremes from 1994 to 2004 were 47° C and —8.3° C,
and precipitation was below average in 7 of 10 years by
3-46% (NOAA 2003). Vegetation is the Upper Sonoran
Desert scrub community, part of the Larrea tridentata-
Canothia bolacantba association (Brown 1982). Four
rare limestone endemics co-occur with P subintegra
(Baggs 1998).

Usually <2 m tall, P subintegra is a Xeric rosaceaeous
nonclonal evergreen shrub with pale yellow flowers and
entire leaves that lack glands. Adult plants bloom from
late March through early June (Fitts et al. 1993; Baggs
& Maschinski 2000). Seeds disperse from July through
August and seed germination occurs the following spring
from March through June, depending on temperature and
rainfall. In dry years, plants may not produce any viable
seed and there may be no seedling recruitment (Baggs &
Maschinski 2000).

In the Verde Valley, P subintegra hybridizes with P
stansburiana (Torr.) Henrickson (Stansbury cliffrose), a
widespread species in the western United States that has
lobed leaves and glands on the hypanthium, young stems,
and leaves (Baggs & Maschinski 20015). Morphologically
there are distinctions within the hybrid swarm in which
some plants have “pure” P subintegra and P stansburi-
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ana characters and others have a blend of both. Plants
with pure morphological characters have unique phenol-
ogy, relative growth rates, and distinct root:shoot alloca-
tion patterns even when grown under common garden
conditions (Baggs & Maschinski 2001b; Maschinski et al.
2002; J.E.B., unpublished data). We monitored and mod-
eled morphologically pure P subintegra. Investigations
of the hybrid swarm are ongoing.

Demography

To determine the demographic patterns of P subintegra
growing in the Verde Valley, in 1996 we established 30,
4 x 10 m plots. We randomly selected 6 plots in each
of four patches that span the species’ 5-km range within
the valley. We systematically selected 6 plots in HD patch,
where we observed high densities of relatively young P
subintegra (HD, Fig. 1). All plots were located on simi-
lar geologic strata (limestone outcrops) and had similar
Sonoran Desert scrub vegetation. We quantified environ-
mental characteristics of each plot.

In October and November 1996, we established all
plots and monitored each in late spring (April through
June) from 1997 through 2001. For each individual, we
measured height, perpendicular canopy widths, basal di-
ameter, and total seeds. We determined canopy volume
(Ludwig et al. 1975), which proved to be a reliable char-
acter for classifying stages. Each year we classified indi-
viduals into four nonoverlapping stages: seedlings, juve-
niles, vegetative adults, and reproductive adults. Seedlings
had cotyledons present and fewer than six true leaves.
Seedlings retained green cotyledons for approximately 2
months. In greenhouse and field studies, we never ob-
served seedlings retain cotyledons for more than 1 year.
Juveniles had more than six true leaves, canopy volume
<550 cm?, and basal diameter <4 mm. We never observed
smaller plants flowering. Vegetative adults had canopy
volume >3550 cm? and produced no viable seed in the
observation year, and reproductive adults had canopy vol-
ume >550 cm?® and produced viable seed in the observa-
tion year. Because seeds can persist in the seed bank and
germinate up to 3.5 years following release from repro-
ductive adults, we included a persistent seed-bank stage
in the model and used mean values from the studies de-
scribed below to estimate seed-bank parameters.

Seed Bank

From 1997 to 2003, as part of a larger experiment, we
examined germination and longevity of 1600 P subinte-
gra seeds sown into 240 cages in an experimental seed
bank near a dry patch in the Verde Valley (BGR, Fig. 1;
Maschinski et al. 2004). We calculated average seedling
emergence in each year.
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Figure 1. Map of demographic plots in Verde Valley,
Arizona, showing relative locations of HD, RCR, MW,
DHRSE and BGR patches used to generate population
viability analysis. The HD and RCR patches were
moist and MW, DHRSE and BGR patches were dry as
determined by discriminant analysis. Field trials of
seed germination occurred near the BGR patches. The
legend refers to areas where bybrids are present and
areas with varying densities of P. subintegra (very low),
<4 plants/40 m?; low, <10 plants/40 m?; medium,
<20 plants/40 m?; bigh, <70 plants/40 m?).
Delineation of boundaries between densities and
hbybrids are marked for grapbic clarity but are less
abrupt in nature.

To assess the longevity of seeds in the seed bank, in
2001 we retrieved seeds from a subsample of 57 cages
(with 1140 of the seeds sown in 1996) and counted the
number of whole seeds with intact seed coats and seed
fragments remaining in the seed bank. Using methods
of Baggs and Maschinski (2001a), we stratified seeds for
4 weeks and quantified the germination of whole seeds
with intact seed coats for 34 days in a greenhouse. Thus
we quantified the mean proportion of fresh seeds germi-
nating from one transition year to the next, the mean sur-
vival of seeds in the seed bank, and the mean proportion
of seeds germinating from the seed bank for 3.5 years. We
used these values to derive seed bank and reproductive
values in the projection matrices.
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Environmental, Demographic, and Spatial Factors

To determine whether plant demography was related to
environmental factors and whether there was spatial dif-
ferential in environmental factors and demography, we
measured environmental attributes of plots: elevation,
slope, aspect, gravimetric soil moisture, total N, total P, to-
tal K, soil particle size distribution, and bulk density. We
determined elevation with an altimeter and slope with
a clinometer. From each plot we collected three O- to
10-cm soil cores and combined them for analysis of soil
chemistry, gravimetric soil moisture, and soil composi-
tion (g/10 cm®) in April 1997. We repeated soil moisture
measurements in April 1999. To determine gravimetric
soil moisture, we passed soil through a 2-mm sieve and
dried it to a constant weight at 105° C. We report results
as percent oven dry weight, determined from grams of
water lost in drying per gram of oven-dry soil x 100. De-
termining concentrations of total N, P, and K required a
Kjeldahl digestion on soil subsamples. We determined soil
particle size with a mechanical sieve method (Day 1965).

Using a Garmin GPS12 (Olathe, Kansas, U.S.A.), we
recorded the global positioning satellite (GPS) locations
of demographic plots to determine spatial location of
P subintegra patches (Fig. 1). For each patch we de-
termined density of plants per square meter and used
these to project population densities for scenarios of
global warming. We determined patterns of environmen-
tal and demographic attributes in plots with stepwise dis-
criminant analysis (SPSS 2001). We summarized demo-
graphic factors by quantifying total P subintegra density
in 1997, total seedling recruitment in 1997, and cumu-
lative seedling and adult survival in plots from 1996 to
2003. Before analysis we examined variables for autocor-
relations. None had correlations >0.8; therefore we used
all variables. Using only variables that met tolerance limits,
we examined patterns of environment and demography
separately.

Population Viability Analysis

We developed a five-stage model: (1) seed bank, (2)
seedling, (3) juvenile, (4) vegetative adult, and (5) repro-
ductive adult. All stages except seedlings had stasis and all
stages had transitions to larger class. Reproductive adults
could transition back to vegetative adults and were the
only stage that contributed to the seed bank and seedling
stages.

We classified patches into either dry or moist sites
based on discriminant analysis of environmental data and
conducted analyses on each site for 7 transition years.
We used conservative realistic estimates to model uncer-
tainty. When any matrix cell was zero, we pooled data
across years, excluding the transition 1998-1999, which
had considerably higher precipitation than the other tran-
sition years. When mortality was not detected in a given
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year, we adjusted cells based on calculations of cumula-
tive survival of cohorts within a site. When no juveniles
or reproductive plants changed stage, we decreased sta-
sis transitions by 0.001 and added this value to the corre-
sponding growth cell. In general transects in the dry site
had much less recruitment and mortality than transects
in moist sites; therefore they had more transitions with
estimated values included in the matrices.

We estimated fertility terms, seed-bank survival, and
germination from the seed bank with data either from
the seed-bank experiment or from observed seedling re-
cruitment and reproductive adults. We validated the fit of
the fecundity values by comparing model and observed
trajectories with chi-square tests (Sokal & Rolhf 1995).
In years that had no seedlings or seeds we used the low-
est nonzero combination of values for dry or moist sites.
We adjusted for seed predation by multiplying all four re-
productive matrix elements by 0.26, which represented
seed losses estimated in an arid system (Chambers 2001).
Details are available from www.thearb.org.

Model Scenarios for Current Conditions, Historical
Conditions, and Increased Aridity

To determine the relative climatic condition of any tran-
sition year, we used climatic data from Tuzigoot National
Monument, Arizona, a weather station 4 km from the
field site. We determined yearly and seasonal precipita-
tion patterns from 1994 to 2003 (NOAA 2003). We classi-
fied the observation transition years as wet or dry based
on mean 1994-2003 precipitation (1997-1998 and 2000-
2001 were wet transition years; all others were dry).

To determine precipitation patterns over a longer
time scale, we used region-wide climatic data. Tree-ring
records from El Malpais in northwestern New Mexico in-
dicate that within the past 2129-year dendrochronolog-
ical record a number of severe droughts have spanned
decades (Grissino-Mayer 1996; Kipfmueller 2003). At
the turn of the century there was a severe decade-long
drought (Sheppard et al. 2002; NOAA 2003), yet the cen-
tury that followed was relatively wet. Between 1903 and
2003, 43 years had average or above average precipita-
tion. In 7 of the last 10 years there has been moder-
ate to extreme drought. The most extreme occurred in
1999-2002, with precipitation 57% below average (Kipf-
mueller 2003). Thus, the 100-year-historical model had a
greater percentage of years with above average precipi-
tation than the random model, which encompassed pre-
cipitation patterns from 1996 to 2003.

To assess P subintegra population viability under his-
torical and simulated conditions of global warming, we
generated population viability analysis (PVA) models sep-
arately for dry and moist sites in four different scenar-
ios: (1) random, where each matrix for transition years
1996-2003 had equal probability of selection (0.143); (2)
100-year past, imitating actual precipitation probabilities

Conservation Biology
Volume 20, No. 1, February 2006

Maschinski et al.

of dry years and wet years in the past 100 years (dry
years 0.104; wet years 0.24); (3) 20% increased aridity
(dry years 0.144; wet years 0.14); and (4) 40% increased
aridity (dry years 0.184; wet years 0.04). We randomly
selected matrices from wet or dry years to include in the
models according to the proportional probabilities esti-
mated for increased aridity. The matrix selection tech-
nique preserves life-history correlations and avoids un-
realistic combinations of life-history traits (e.g., Menges
& Quintana-Ascencio 2004). It evaluates a more limited
sample of the range of parameter variation and covaria-
tion, however, and may underestimate the stochasticity in
the system and extinction risks. Matrix and element selec-
tion produce highly correlated population growth rates
and robust rankings of populations; therefore it is unlikely
that using the matrix selection technique altered the rela-
tive ranks of scenarios or the predictions for management
needs of the species (Kaye & Pyke 2003; McCarthy et al.
2003).

We used the stochastic simulation program POPPRO]J
(Menges 1990) to generate models with 1000 simulations
over 150 years. For dry-site simulations we used an initial
vector of [692227 00 121 0] and for moist site simulations
we used [717 0 51 500 0]. Model predictions included fi-
nal population sizes and probabilities of extinction (pop-
ulations falling below a threshold of 1 individual). We
calculated median stochastic A values for each scenario
following methods of Caswell (2001).

We verified the final random model predictions against
8 years of actual population numbers in the moist and
dry sites with maximum likelihood tests (Sokal & Rolhf
1995). Models closely approximated the actual popula-
tion numbers and were not significantly different (dry x>
=3.87, p > 0.05; moist x2 =5.9, p > 0.05).

To assess the change of P subintegra distribution in the
Verde Valley under global warming scenarios, we used
GIS to derive a map of the spatial change based on ob-
served densities and model outcomes.

Results

Seed Bank

Purshia subintegra emerged from our experimental seed
bank for 3.5 years after sowing. The first germination oc-
curred 6 months after sowing; therefore estimates of ini-
tial germination and survival were based on 6 months in
the first year and then 12 months in subsequent years. The
greatest germination (387 of 1600 seeds) occurred in the
first season after sowing, spring 1998 (a wet year). In sub-
sequent years, few seeds germinated (1999, 2 seeds; 2000,
1 seed; 2001, 1 seed), and no new seedlings emerged in
2002 or 2003.

For the subset of cages used to quantify seed bank prop-
erties, 13% (148 of 1140 seeds) germinated within the first
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6 months. By 2001 we retrieved 24 whole seeds and 388
seeds with split seed coats. We assumed that the seeds
with split seed coats (34%) had begun to germinate but
did not emerge. None of the 24 whole seeds we recov-
ered from the seed bank germinated when exposed to
misting in the greenhouse after 1 month of cold stratifi-
cation. Because no seeds recovered from the seed bank
in 2001 germinated, we assumed the longevity of seeds
in the seed bank was 3.5 years for estimates in the PVA.
We could not account for 51% of the seeds in the original
cohort. These may have been lost to herbivory or some
other factor.

Demography across Patches and Relationship to
Environmental Factors

Discriminant analysis indicated that patches had distinct
environmental characteristics that grouped into two clus-
ters (Fig. 2). Plots were correctly classified into appropri-
ate patches 73% of the time. Patches HD and RCR grouped
distinctively from patches MW, DHRSP, and BGR, based
on relatively high soil moisture and total P content and
low sand content. For the population viability analysis,
we therefore pooled the 12 HD and RCR plots and hence-
forth refer to them as the “moist” sites (Fig. 1). Similarly,
we pooled 18 MW, DHRSP, and BGR plots for PVA and
refer to them as the “dry” sites. Moist designation is only

5 e HD
|l BRCR
4 4 AMW
O O DHRSP
0] (s 4 OBGR

O,
o TN

Canonical score 2

Canonical score 1

Figure 2. Discriminant analysis of environmental
characters examined in group demographic plots (HD,
RCR, MW, DHRSPE, BGR, see Fig. 1): soil moisture
measured in 1997 and 1999, total N, total B total K,
DPH, proportion gravel, sand, silt/clay, elevation (m),
slope, aspect, and bulk density. Soil moisture 1997,
total B sand, and northern aspect were significant
Jactors. Circle encloses the moist site plots.
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relative to the dry sites and should not be construed to
mean mesic.

Discriminant analysis of demographic data indicated
that patches with the highest soil moisture, lowest sand
content, and greatest northern aspect tended to have high
seedling recruitment and densities, whereas plots with
the lowest soil moisture had the highest cumulative adult
survival. Environmental characteristics had better classi-
fication resolution than demographic characteristics.

Population Viability of Purshia subintegra

Moist and dry sites had similar yearly fluctuation pat-
terns and population growth corresponding to variation
in seedling recruitment and mortality. The moist site had
densities 2- to 4.5-fold higher than the dry site. In 1996
the dry site had 121 plants, whereas moist sites had 515
plants. In 1998 and 2001 many seedlings recruited in both
moist and dry sites, but mortality was high in 1999, 2002,
and 2003. In both dry and moist sites the highest mortality
occurred in the smallest individuals, either seedlings or
juveniles in the driest years. For example, between 2000
and 2001, dry sites had 86% juvenile mortality, whereas
moist sites had 60%. In 2001-2002 only 2% and 3% of
seedlings survived to the juvenile stage in dry and moist
sites, respectively. No seedlings recruited in either moist
or dry sites in 1996 or 2002. The 2003 recruitment of
77 seedlings we observed must have come largely from
the persistent seed bank because only five seeds were
produced on a single adult in the moist site in 2002. De-
spite recruitment in some years, the number of plants at
the moist and dry sites continued to decline precipitously
by 2003. Vegetative adult mortality was notably high in
2002-2003, especially in moist sites.

Based on random selection of matrices, projections sug-
gest that P subintegra will slowly decline in both dry (A =
0.983, Fig. 3) and moist sites (A = 0.970, Fig. 4). Variabil-
ity was higher in moist than dry sites. Median population
size of the moist site fell to 100 individuals within the
150 years, with a 20% extinction probability within 150
years (Fig. 3). Although the dry site had no extinctions
within 150 years, median population size decreased to
<20 individuals in 150 years (Fig. 4).

For models based on climate records in the last 100
years, when there were more years with above average
precipitation, there was a much slower decline of popula-
tion size and lower extinction risk in both dry (A = 0.988,
Fig. 3) and moist sites (A = 0.981; Fig. 4). Dry sites had
no extinctions within 150 years, whereas the moist site
had a 2% probability of extinction within that time span.
As was true with the random model, the moist site had
higher population size and much greater variation than
the dry site.

Elasticity analyses indicated that seed production did
not contribute significantly to population growth. Even
huge seed production (2 million seeds in 1997) in dry sites
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did not result in sustained population increases because
seedling survival ranged from 2%-17.5%, depending on
transition year. Seed bank and adult fecundity matrix el-
ements had inconsequential elasticities. Stasis elements
for vegetative adults in moist and dry sites contributed
most to A in most transition years. Exceptions occurred
in 1996-1997 and 1999-2000, when reproductive adult
stasis was the most important element.
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scenario.

Extinction Risk under Increasingly Arid Conditions

Under increasing arid conditions, extinction risk acceler-
ated for both dry 20% A = 0. 979; 40% A = 0. 973, Fig. 5)
and moist sites (20% A = 0.970; 40% A = 0. 964; Fig. 6).
Population size declined more slowly at the dry site than
at the moist site; there were no extinctions within 150
years. Variance and uncertainty increased dramatically in

¢ upper 25
—Dry 25 past
+ lower 25

4 upper 100
=== Dry 100 past
4 lower 100
Figure 4. Projected population
size of P. subintegra in the dry
site based on population
viability models generated
with 1000 simulations run for
150 years under random and
100-year past scenarios.
Random models bad equal
probability of transition
matrix entry, whereas
100-year models bad
probabilities of 0.104 for dry
years and 0.24 for wet years.
Upper and lower 95%
confidence limits are
indicated for each scenario.

121 131 141



Maschinski et al.

10000 - "

Rare Plant Extinction Risk with Climate Change 225

Figure 5. Projected

m% A
1000 - ”" ."’*’. - "—Qngﬂf ,f,;s A population size of P.
%% v‘o e p B subintegra in the moist site
* N % ASAA A g ,
. based on population

100

Log population size

101 & upper 20 R, M
—Moist 20% Arid "% \

A lower 20

0 T
+ upper 40 Lo A
w==Noist 40% Arid XD revy
o lower 40 ]
1 T T T L] T T T T T T L) L) L) T Qm L] T T T m T T T \.I o T T 1

viability models generated
with 1000 simulations run
Jor 150 years with 20% and
40% increased aridity

+  scenarios. Models of 20%
increased aridity bad
probabilities of matrix
selection as 0.144 for dry
years and 0.14 for wet years.
Models of 40% increased
aridity bad probabilities of
matrix selection as 0.184 for
dry years and 0.04 for wet

1 11 21 31 41 51 61 71 81 9
Time

the moist-site models (Fig. 6), such that predicted popu-
lation size between 75 and 105 years for the 20% and 40%
arid models ranged from O to 10,000. Within 105 years,
the probability of extinction at the moist site increased to
19% for the 20% arid model and to 63% for the 40% arid
model.
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years. Upper and lower 95%
confidence limits are
indicated for each scenario.
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In the face of increased aridity, these models suggest
that patches of P subintegra would shrink to extinction at
varying rates (Fig. 1). The moist site, which encompassed
approximately 20% of the total population density, had a
higher probability of suffering loss in a shorter time span
than the dry sites.
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probabilities of matrix
selection as 0.144 for dry
years and 0.14 for wet
years. Models of 40%
increased aridity bad
probabilities of matrix
selection as 0.184 for dry
years and 0.04 for wet

¢ lower 40

Time
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Discussion

The threat of global climate change to rare species has
been a growing concern that calls for novel approaches
to conservation management of rare species (McCarty
2001; Lavendel 2003). Capturing demographic behavior
of P subintegra during drought and nondrought years
provided us valuable data for building population viabil-
ity models under historical and hypothetical conditions
of increased aridity. Our models suggest that the P subin-
tegra population in Verde Valley is slowly declining and
will be at greater risk of extinction with global warming.

Other models of climate change in temperate North
America that incorporate increased temperature and dro-
ught predict reductions of forest stands, mortality of small-
stature plants (seedlings and saplings), gradual changes
in species composition (Hanson & Weltzin 2000), loss
of several key species (Bugmann et al. 2001; Iverson &
Prasad 2002), and change in species ranges (Iverson &
Prasad 2002). These models focus on widespread species.
Our models of the endangered P subintegra suggest sim-
ilar outcomes—reduced population size and higher mor-
tality of small plants. With decreasing population size, the
risks of genetic erosion and extinction increase, and these
risks become even higher when habitat is fragmented
(Young & Clarke 2000).

Further, our models suggest that within the P subinte-
gra population in the Verde Valley there is differential
demographic behavior across patches at a fine spatial
scale. The moist site had greater densities and recruit-
ment, greater variance of population size, greater stand
diversity, and higher risk of extinction than patches in
dry sites. Under global warming, our models suggest that
P subintegra could experience loss from the moist and
dry sites or a contraction of range, as has been predicted
by other models incorporating climate change (Iverson
& Prasad 2002), and it is probable that extinction would
occur more rapidly at moist sites than at dry sites (Fig. 1).

The spatial pattern of demography was related to as-
pects of soil moisture, northern aspect, and P and sand
content in soils. It is likely that underlying geomor-
phic structure influences the patterns we saw among
soil water content, plant performance, and demography
(McAuliffe 1994; Hamerlynck et al. 2002). In other desert
shrubs there is evidence that geomorphology is corre-
lated with demography and the spatial distribution of
species (McAuliffe & McDonald 1995; Hamerlynck et
al. 2002). Sites in the Verde Valley supporting the most
seedlings and juveniles of P subintegra had the greatest
surface soil moisture in a wet (1997) and dry year (1999),
but they still sustained high mortality of seedlings and ju-
veniles in the driest years (2001 and 2002). In contrast,
the driest sites tended to have the fewest seedlings and ju-
veniles but the largest, most fecund reproductive adults.
This pattern is consistent with an underlying soil struc-
ture that retains water at depths which can support large
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shrubs but not small individuals (e.g., Hamerlynck et al.
2002).

Conservation of the species will require population en-
hancement within and outside currently occupied habi-
tat. As has been observed in other long-lived species, sur-
viving P subintegra adults have the largest elasticity val-
ues, but the major threat to this species’ persistence is
lack of recruitment (Maunder et al. 2002; Schwartz 2003;
Kwit et al. 2004). Vital rates with high elasticities are not
necessarily the most productive targets for management
because frequently they have low variation (Pfister 1998;
de Kroon et al. 2000; Brigham & Schwartz 2003; Schwartz
2003; but see Pico et al. 2003) and therefore may have
limited impact on population growth.

Although restoring the population with adults is pos-
sible, this strategy will require a long-term commitment
for cultivation and irrigation after introduction (Baggs &
Maschinski 2001a). Further, it is the most technically diffi-
cult and resource-intensive approach and has proven less
successful than introductions of seeds unless plants are ir-
rigated over the long term (Maschinski 2006). Introduced
adult P subintegra with 6 months of weekly irrigation
had 98% mortality after 5 years; those with weekly irriga-
tion for 2 years, however, had 14% mortality (Maschinski
20006; S. Murray, unpublished data).

Enhancing seedling recruitment and plant survival is
essential and will require different strategies in moist and
dry habitats. Moist sites had the greatest seedling recruit-
ment and high episodic mortality, which suggests that
human intervention could be most effective at this site.
Given the high plant densities and higher extinction risk
at this site more immediate active management is needed.
We recommend enhancing survival of seedlings with pro-
tective caging (Maschinski et al. 2004). Dry sites have
sparse stands of adults with little recruitment. Experi-
ments are needed to determine whether introduced seeds
will germinate and survive at dry sites with the lowest
densities.

Enhancing the population with seeds in both moist
and dry sites could increase our understanding of the
seed bank, which is the least-understood part of the life
cycle. Storing seeds from dry and moist habitats is rec-
ommended to preserve genetic diversity and to provide
sources for introductions during wet years (e.g., Guer-
rant et al. 2004). Our observations showed that seedling
recruitment in 2003 was reasonably good following the
severe drought of 2002, when few seeds were produced,
suggesting that seeds in the seed bank rapidly responded
to favorable precipitation. Seed-bank responses (both nat-
ural and human assisted) may prove to be an important
hedge against extinction for many rare species.

Because it is possible that the Verde Valley habitat may
not be able to sustain larger numbers of P subintegra un-
der conditions of increased aridity, experimental attempts
to introduce the species to higher moister sites are recom-
mended. This solution is complicated by the presence of a
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common congener, P stansburiana, that grows at higher
elevation and is known to hybridize with P subintegra.

Imagining where it is likely that a rare species could
achieve successful establishment under conditions of
global warming is particularly difficult when habitats are
restricted and disjunct or if the species’ physiological tol-
erance thresholds may prohibit its survival at higher lat-
itudes. Because current climate projections for the 21st
century, which necessitate range shifts at rates of 300 to
500 km per century, are beyond even exceptional exam-
ples of fossil record shifts of 100-150 km (Davis & Shaw
2001), it is likely that preservation of many rare species
will require human intervention and a long-term com-
mitment. Human-assisted translocations of genetically di-
verse founder populations would improve the probability
for survival in new ambient conditions.

Our findings demonstrate that modeling the effects of
global warming on rare species requires a fine scale to
predict where possible refugia lie. By the nature of their
rarity, rare species cannot be considered in large spatial
or community scale because they are, as Gaston (1994)
suggests, statistically problematic. Nevertheless, if we are
to understand the implications of climate change on bio-
diversity and meet the objectives of the 1992 Convention
on Biological Diversity (Heywood & Watson 1995), it is
important to examine rare species too. Through fine-scale
examination one can come closer to predicting shifts in
ranges of individual species and communities and the in-
teractions between effects of climate change and habitat
fragmentation (Kappelle et al. 1999).

Acknowledgments

We thank W. Albrecht, J. Busco, D. Callihan, B. Cammack,
J. Campbell, J. and N. DeMars, K. Evans, M. Gibson, J.
Giguere, K. Hueston, A. Levine, T. Martinez, S. Murray,
N. Nahstoll, Kai, M. Petersen, G. Seymour, W. Hines, and
P. West for field assistance. We thank M. Burgman and
three anonymous reviewers for constructive criticism. T.
Huntsberger, Bilby Research Center at Northern Arizona
University, conducted the chemical analysis. We thank
B. Denham and B. Phillips, U.S. Forest Service, for creat-
ing and sharing Verde Valley distribution maps. This study
was funded by the Arizona Department of Transportation
through the efforts of B. Palmer, G. Ruffner, and D. Bowl-
ing, and was supported by The Arboretum at Flagstaff, E
B. McAllister, The Center for Plant Conservation, Fairchild
Tropical Botanic Garden, and Archbold Biological Station.

Literature Cited

Allen, D. A, and D. D. Breshears. 1998. Drought-induced shift of a forest-
woodland ecotone: rapid landscape response to climate variation.
Proceedings of the National Academy of Sciences of the United States
of America 95:14839-14842.

Rare Plant Extinction Risk with Climate Change 227

Baggs, J. E. 1998. Report on the long-term research on Purshia subinte-
gra in the Verde Valley. Report. Arizona Department of Transporta-
tion, Phoenix.

Baggs, J. E., and J. Maschinski. 2000. Annual report on the long-term
research on Purshia subintegra in the Verde Valley for 1999. Report.
Arizona Department of Transportation, Phoenix.

Baggs, J., and J. Maschinski. 2001a. From the greenhouse to the field:
cultivation requirements of Purshia subintegra, Arizona cliffrose.
Pages 176-185 in J. Maschinski and L. Holter, editors. Southwestern
rare and endangered plant conference: proceedings of the third con-
ference, 2000. RMRS-P-23. U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station, Fort Collins, Colorado.

Baggs, J., and J. Maschinski. 2001b. The threat of increasing hybridiza-
tion of an endangered plant species, Purshia subintegra, in the
Verde Valley, Arizona. Pages 213-220 in J. Maschinski and L. Holter,
editors. Southwestern rare and endangered plant conference: pro-
ceedings of the third conference, 2000. RMRS-P-23. U.S. Department
of Agriculture, Forest Service, Rocky Mountain Research Station,
Fort Collins, Colorado.

Beerling, D. J., A. C. Terry, P. L. Mitchell, T. V. Callaghan, D. Gwynn-
Jones, and J. A. Lee. 2001. Time to chill: effects of simulated global
change on leaf ice nucleation temperatures of subarctic vegetation.
American Journal of Botany 88:628-633.

Betancourt, J. L., E. A. Pierson, K. Aasen-Rylander, J. A. Faairchild-Parks,
and J. S. Dean. 1993. Influence of history and climate on New Mex-
ico pinyon-juniper woodlands. Pages 42-62 in E. E Aldon and D. W.
Shaw, editors. Managing pinyon-juniper ecosystems for sustainabil-
ity and social needs. Proceedings of the symposium. General techni-
cal report RM-236. U. S Department of Agriculture, Forest Service,
Fort Collins, Colorado.

Brown, D. E. 1982. Biotic communities of the American Southwest—
United States and Mexico. Desert Plants 4:1-342.

Brigham, C. A., and M. W. Schwartz. 2003. Population viability in plants.
Springer-Verlag, Berlin.

Bugmann, H. K. M., S. D. Wullschleger, D. T. Price, K. Ogle, D. E Clark,
and A. M. Solomon. 2001. Comparing the performance of forest gap
models in North America. Climatic Change 51:349-388.

Caswell, H. 2001. Matrix population models. 2nd edition. Sinauer Asso-
ciates, Sunderland, Massachusetts.

Chambers, J. C. 2001. Pinus monophylla establishment in an expanding
Pinus-Juniperus woodland: environmental conditions, facilitation
and interacting factors. Journal of Vegetation Science 12:27-40.

Davis, M. B, and R. G. Shaw. 2001. Range shifts and adaptive responses
to Quaternary climate change. Science 292:673-679.

Day, P. R. 1965. Particle fractionation and particle-size analysis. Pages
545-567 in C. A. Black, editor. Methods of soil analysis. American
Society of Agronomy, Madison, Wisconsin.

de Kroon, H., J. van Groenendael, and J. Ehrlen. 2000. Elasticities: a
review of methods and model limitations. Ecology 81:607-618.

Fitts, R. D., V. J. Tepedino, and T. L. Griswold. 1993. The pollination
biology of Arizona cliffrose (Purshia subintegra), including a re-
port on experimental hybridization with its sympatric congener P
stansburiana (Rosaceae). Pages 359-220 in B. Sivinski and K. Light-
foot, editors. Proceedings of the southwestern rare and endangered
plant conference. New Mexico Forestry and Resources Conserva-
tion, Santa Fe.

Gaston, K. J. 1994. Rarity. Chapman & Hall, London.

Grissino-Mayer, H. 1996. A 2129-year reconstruction of precipitation for
northwestern New Mexico, U.S.A. Pages 191-204 in J. S. Dean, D.
M. Meko, and T. W. Swetnam, editors. Tree rings, environment and
humanity. Radiocarbon, Tucson, Arizona.

Guerrant, E. O, Jr., K. Havens, and M. Maunder. 2004. Ex situ plant
conservation: supporting species survival in the wild. Island Press,
‘Washington, D.C.

Hamerlynck, E. P, J. R. McAuliffe, E. V. McDonald, and S. D. Smith. 2002.
Ecological responses of two Mojave Desert shrubs to soil horizon
development and soil water dynamics. Ecology 83:768-779.

Conservation Biology
Volume 20, No. 1, February 2006



228 Rare Plant Extinction Risk with Climate Change

Hannah, L., G. E Midgley, T. Lovejoy, W. J. Bond, M. Bush, J. C. Lovett,
D. Scott, and F 1. Woodward. 2002. Conservation of biodiversity in
a changing climate. Conservation Biology 16:264-268.

Hanson, P. J., and J. F Weltzin. 2000. Drought disturbance from climate
change: response of United States forests. The Science of the Total
Environment 262:205-220.

Heywood, V. H., and R. T. Watson. 1995. Global diversity assessment.
United Nations Environmental Programme. Cambridge University
Press, Cambridge, United Kingdom.

IPCC (Intergovernmental Panel on Climate Change). 2001. Climate
change 2001: impacts, adaptation, and vulnerability. Contribution
of Working Group II to the third assessment report of the Intergov-
ernmental Panel on Climate Change. Cambridge University Press,
Port Chester, New York.

Iverson, L. R., and A. M. Prasad. 2002. Potential redistribution of tree
species habitat under five climate change scenarios in the eastern
US. Forest Ecology and Management 155:205-222.

Kappelle, M., M. M. I. Van Vuuren, and P. Baas. 1999. Effects of climate
change on biodiversity: a review and identification of key research
issues. Biodiversity and Conservation 8:1383-1397.

Kaye, T. N, and D. A. Pyke. 2003. The effect of stochastic technique
on estimates of population viability from transition matrix models.
Ecology 84:1464-1476.

Kipfmueller, K. E 2003. Arizona recent and past drought fact
sheet. Arizona State University, Phoenix. Available from
http:www.Itrr.arizona.edu/climas (accessed May 2003).

Kwit, C., C. C. Horvitz, and W. J. Platt. 2004. Conserving slow-growing,
long-lived tree species: input from demography of a rare understory
conifer, Taxus floridana. Conservation Biology 18:432-443.

Lavendel, B. 2003. Ecological restoration in the face of global climate
change: obstacles and initiatives. Ecological Restoration 21:199-
203

Ludwig, J. A., J. E Reynolds, and P. D. Whitson. 1975. Size-biomass rela-
tionships of several Chihuahuan Desert shrubs. American Midland
Naturalist 94:451-461.

Maschinski, J. 2006. Implications of population dynamic and metapop-
ulation theory for restoration. In press in D. A. Falk, M. Palmer, and
J. Zedler, editors. Foundations of restoration ecology. Island Press,
Washington, D.C.

Maschinski, J., J. E. Baggs, and S. Murray. 2002. Annual report on the
long-term research on Purshia subintegra in the Verde Valley for
2001. Arizona Department of Transportation, Phoenix.

Maschinski, J., J. E. Baggs, and C. E Sacchi. 2004. Seedling recruit-
ment and survival of an endangered limestone endemic in its natural
habitat and experimental reintroduction sites. American Journal of
Botany 91:689-698.

Maunder, M., M. Bruegmann, and V. Caraway. 2002. A future for the
Hawaiian flora? Plant Talk 28:19-25.

McAuliffe, J. R. 1994. Landscape evolution, soil formation, and ecolog-
ical patterns and processes in Sonoran Desert bajadas. Ecological
Monographs 64:111-148.

McAuliffe, J. R., and E. V. McDonald. 1995. A Piedmont landscape in
eastern Mohave Desert: examples of linkages between biotic and
physical components. San Bernardino Association Quarterly 42:53-
63.

McCarthy M. A., S. J. Andelman, and H. P. Possingham. 2003. Reliability
of relative predictions in population viability analysis. Conservation
Biology 17:982-989.

Conservation Biology
Volume 20, No. 1, February 2006

Maschinski et al.

McCarty, J. P. 2001. Ecological consequences of recent climate change.
Conservation Biology 15:320-331.

Menges, E. S. 1990. Population viability analysis for an endangered plant.
Conservation Biology 4:52-62.

Menges, E. S., and P. E Quintana-Ascencio. 2004. Evaluating population
viability analysis with fire in Eryngium cuneifolium: deciphering a
decade of demographic data. Ecological Monographs 74:79-99.

NOAA (National Oceanic and Atmospheric Association). 2003. Na-
tional Climatic Data Center, Ashville, North Carolina. Available
from http://www.ncdc.noaa.gov/oa/climateresearch (accessed May
2003).

Ogle, K., T. G. Whitham, and N. S. Cobb. 2000. Tree-ring variation in
pinyon pine predicts likelihood of death following record drought.
Ecology 81:3237-3243.

Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of
climate change impacts across natural systems. Nature 421:37-42.

Pfister, C. A. 1998. Patterns of variance in stage-structure populations:
evolutionary predictions and ecological implications. Proceedings
of the National Academy of Sciences of the United States of America
95:213-218.

Pico, E X,, P E Quintana-Ascencio, E. S. Menges, and E Lopez-Barrera.
2003. Recruitment rates exhibit high elasticities and high tempo-
ral variation in population of a shortlived perennial herb. Oikos
103:69-74.

Pulliam, H. R. 1988. Sources, sinks and population regulation. The Amer-
ican Naturalist 132:652-661.

Quintana-Ascencio, P E, R. W. Dolan, and E. S. Menges. 1998. Hypericum
cumulicola demography in unoccupied and occupied Florida scrub
patches with different time-since-fire. Journal of Ecology 86:640-
651.

Quintana-Ascencio, P. E, and E. S. Menges. 2000. Competitive abilities
of three narrowly endemic plant species in experimental neighbor-
hoods along a fire gradient. American Journal of Botany 87:690-699.

Rehfeldt, G. E., W. R. Wykoff, and C. C. Ying. 2001. Physiologic plasticity,
evolution, and impacts of a changing climate on Pinus contorta.
Climate Change 50:355-376.

Risser, P G. 1995. The status of the science of examining ecotones.
Bioscience 45:318-325.

Savage, M., P M. Brown, and J. Feddema. 1996. The role of climate in
a pine forest regeneration pulse in the southwestern United States.
Ecoscience 3:310-318.

Schwartz, M. W. 2003. Assessing population viability in long-lived plants.
Pages 239-266 in C. A. Brigham and M. W. Schwartz, editors. Popu-
lation viability in plants. Springer-Verlag, Berlin.

Sheppard, P. R., A. C. Comrie, G. D. Packin, K. Angersbach, and M. K.
Hughes. 2002. The climate of the US Southwest. Climate Research
21:219-238.

Sokal, R. R., and FE J. Rohlf. 1995. Biometry. 3rd edition. Freeman, New
York.

SPSS. 2001. SPSS 10.1. SPSS, Chicago, Illinois.

Swetnam, T. W,, and J. L. Betancourt. 1998. Fire-Southern Oscillation re-
lations in the southwestern United States. Science 249:1017-1020.

USFWS (U.S Fish and Wildlife Service). 1994. Arizona cliffrose (Purshia
subintegra) recovery plan. USFWS, Arizona Ecological Services State
Office, Phoenix.

Young, A. G., and G. M. Clarke. 2000. Genetics, demography, and via-
bility of fragmented populations. Cambridge University Press, Cam-
bridge, United Kingdom.



