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Abstract
Climate changes in temperature and precipitation are already occurring and are
projected to further exhibit increasing temperature and precipitation extremes and
increasing variation. Such increased temperature variation and decreased precipitation are
likely to have a profound impact on vegetation communities, particularly in regions that
are dominated by extreme temperatures and strongly seasonal precipitation events. Both
temperature and precipitation are tightly linked to vegetation growth and distribution, and
in regions such as the U.S. desert southwest, there are a number of rare and endangered
species that have a particularly tight knit relationship with their environment. Here, I
examine the relationship between these ecohydrological drivers and a specific, littleresearched cactus: the Pima Pineapple Cactus (Coryphantha scheeri var. robustispina).
C. scheeri is a small, hemispherical cactus that resides in the Santa Cruz and Altar
Valleys of Southern Arizona, and very little is known about the conditions that promote
C. scheeri distribution and growth. To provide information that may aide in managing
this species, I investigate aspects of the distribution and the phenology of this species.
With respect to distribution, I hypothesize that (H1) C. scheeri locations are associated
with spatial physical and climatic data within its geographic limits. A framework
describing the climatic associations of C. scheeri would enable species managers to take
advantage of suitable habitat when opportunities arise. With respect to phenology, within
established C. scheeri habitat we lack a clear understanding of the impact
ecohydrological factors can have on reproduction and size. Therefore, I also hypothesize
(H2) that C. scheeri flowering phenology is triggered by available moisture, which may
be in the form of precipitation, humidity, or soil moisture. My results indicate that
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through the use of the classification tree, C. scheeri habitat is strongly associated with
climatic and physical variables at a state-wide scale; these associations indicate large
losses of suitable habitat under future projected climate scenarios. Additionally, I find
that C. scheeri flowering phenology appears to be associated with precipitation and the
resulting increase of soil moisture; the data are also suggestive that bud formation might
be associated with water-year growing degree day. Because the results indicate a tight
coupling with climatic variables, with most suitable habitat within the current range in
Arizona projected to be lost under future climate, I suggest managers may be inclined to
increase monitoring C. scheeri in an ecohydrological context relative to the variables
identified here and to consider conditions and locations where supplemental watering or
microclimate amelioration could be beneficial for the species.
Key words: Classification tree, endangered species, phenology, spatial distribution
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Chapter 1: Context
1.1 Climate Change
Changes in climate are already underway and projected to increase in the future
(Garfin et al., 2013; IPCC, 2013). Projected changes include atmospheric composition
(Isaksen et al., 2009), temperature (Crowley, 2000; Hansen et al., 2006; Karl et al., 1991;
Meehl et al., 2000), precipitation (Christensen & Christensen, 2002; Gorman &
Schneider, 2009; Meehl et al., 2000), and species composition and distribution (Hansen et
al., 2001). Increases in greenhouse gas concentrations are primarily evident in the
changes observed in temperature (Crowley, 2000; Hansen et al., 2006; Karl et al., 1991)
and precipitation (Christensen & Christensen, 2002; Gorman & Schneider, 2009).
Projected temperature changes include increasingly frequent and extreme heat and cold
events (Mearns et al., 1984; Meehl et al., 2000). Additionally, average temperature ranges
are observed to be increasing toward the poles, and are projected to continue to do so
(Seager et al., 2007; Walther et al., 2002). Precipitation changes are projected to exhibit
more extreme flooding and drought events (Meehl et al., 2000), altering the hydrologic
cycle and moisture availability globally.
These changes in temperature and precipitation are impacting species
distributions (IPCC, 2014; Kotwicki & Lauth, 2013; Stevenson & Lauth, 2012) and the
timing of life cycle events—phenology (Kotwicki & Lauth, 2013; Ma et al., 2013;
Stevenson & Lauth, 2012). The magnitude of response to these changes varies across
species and ecosystems, leading to a variety of challenging consequences for natural
resource managers. Additionally, climate conditions are projected to occur so quickly,
even under the least extreme scenarios, that biome shifts are predicted to out-pace the
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species that exist therein (Sandel et al., 2011; Schloss et al., 2012). Species will require
dispersal and establishment rates to track climate-driven changes in suitable habitat if
they are to offset such losses (IPCC 2014).
Projected climate changes are expected to be particularly pronounced in the
Southwestern U.S. (Garfin et al., 2013). Both hotter and drier conditions are projected for
the Southwestern U.S. and associated deserts (Albright et al., 2010; Feng et al., 2014).
Additionally, greater variability in temperature and precipitation is projected (Albright et
al., 2010; Feng et al., 2014), as well a greater occurrence of extreme events including heat
waves and drought (Kharin et al., 2007; Welbergen et al., 2008). These climate changes
are expected to impact not only individual species, but also ecosystems, with respect to
factors such as nutrient availability and fire disturbance regimes (Hurteau et al., 2014;
Nitschke & Innes, 2007). Consequently, improved regional planning and management of
natural resources is needed to address this challenge.
1.2 Precipitation Pulse Dynamics
Of particular importance to Southwestern ecosystems and other drylands
worldwide is the spatiotemporal variability in available water resources (Cable &
Huxman, 2004; Huxman et al., 2004a; Huxman et al., 2004b), because in these locations
water is the dominant limiting factor for much of the year (Reynolds et al., 2004;
Rosenstock et al., 2005). The seasonal distribution of precipitation is important in the
Southwestern U.S., and varies along a gradient from the Mojave to Sonoran to
Chihuahuan deserts (Brutsaert, 2012; Cañón et al., 2011). The Sonoran desert,
intermediate between the Mojave and Chihuahuan, is characterized by precipitation
limited to a heavy monsoon season, variable winter precipitation, and long dry periods in
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between (Cable & Huxman, 2004). Much of biological activity in the Sonoran desert and
other dryland ecosystems has been characterized as pulsed responses to precipitation
“pulses” (Cable & Huxman, 2004; Huxman et al., 2004a; Huxman et al., 2004b;
Schwinning et al., 2004; Schwinning & Sala, 2004).
Diverse biological responses to precipitation pulses span microbial responses,
biological soil crusts, and vegetation physiology, growth, phenology and distribution. For
example, microbial responses to precipitation pulses in biological soil crusts exhibit
carbon ecosystem exchange and nutrient cycling pulses (Huxman et al., 2004b).
Precipitation pulses trigger responses even when they are small in magnitude. For
instance, biological soil crusts contribute to both carbon and nitrogen cycling (Belnap,
2006; Cable & Huxman, 2004) as a result of precipitation pulses that are too small to
activate shallow plant roots (Cable & Huxman, 2004). Biological soil crust response to
precipitation pulses also enables small pulses to infiltrate down into the shallow root later
(Belnap, 2006). Similarly, vegetative responses to precipitation pulses are reflected in
observed patterns in distribution (Schmidt et al., 2013), transpiration (Huxman et al.,
2004b; Nagler et al., 2007; Yepez et al., 2005), and phenological events such as growth
(Wu et al., 2009) and frequency and duration of flowering events (Crimmins et al., 2014,
2011, 2013).
In addition to the amount of precipitation occurring in an ecosystem and the
specific pulse dynamics of that precipitation, the seasonal distribution of the precipitation
in drylands is important (DeBano et al., 1995). For example, shifts in the timing of
precipitation can alter timing of phenological events (Lesica & Kittelson, 2010; Neil et
al., 2010). Consequently, shifts in the seasonal patterns of precipitation pulses in
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combination with other climatic variables (e.g. growing degree day) may impose
challenges for biota.
1.3 Phenology
Phenology examines the timing and magnitude of life-cycle events (Rathcke &
Lacey, 1985) and how they are triggered (Gunarathne & Perera, 2014; Ovaskainen et al.,
2013; Peñuelas et al., 2004). In the water-limited Southwestern U.S., phenological events
are often triggered by precipitation pulses (Angert et al., 2010; Miranda et al., 2014,
2009). Where precipitation pulses are seasonal, so then are the phenological responses
(Crimmins et al., 2014, 2013), which are proportionally greater with the size of the
precipitation pulse (Schwinning & Sala, 2004). The timing of phenological events is
often critical to the reproductive strategy of a species to reduce competition or take
advantage of prime reproductive conditions (Clements et al., 2010; Kaspari et al., 2001).
Understanding the phenology of dominant species is an important characterization of
landscapes (Kurc & Benton, 2010), and is particularly important for providing insight
into risks for threatened or endangered species, as well as identifying opportunities for
natural resource managers to take action (Neveu, 2009; Schiller et al., 2000; Ye et al.,
2006).
1.4 Endangered Species
Projected shifts in temperature and precipitation and associated shifts in suitable
habitat range can disproportionately affect threatened and endangered species (Hannah et
al., 2002; Sodhi et al., 2004; Wernberg et al., 2011). These species may already be more
susceptible to fluctuations in climatic conditions because their populations are typically
smaller, and may be less resilient to typical variations in climate and environment that
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induce fluctuation in healthy and robust species populations (Betini et al., 2014; Morita et
al., 2014). There are numerous threatened and endangered species in the Southwestern
U.S. (Dobson et al., 1997). Species in this region are often inherently sensitive to
precipitation and temperature changes, and therefore may be particularly impacted by
projected climate changes (Erickson & Waring, 2014).
1.5 Pima Pineapple Cactus
Of particular concern to natural resource managers are potential climate change
impacts on endangered species. An
additional challenge is that many
endangered species are little
studied, so key information on
basic biological characteristics
such as dispersal rates are lacking.
Vulnerability of an endangered
species to climate change can be
particularly great if dispersal rates
are slow, thereby limiting a species’

Figure 1: Map of Coryphantha scheeri var. robustispina
distribution, reproduced from: Baker, Marc, 2004 USGS Report.
Within this report, Coryphantha scheeri var. robustispina is
named Coryphantha robustispina var. robustispina.

ability to track changes in in climate if suitable habitat is projected to be lost.
An example of a little-studied and likely slow-dispersing endangered species is
the Pima Pineapple Cactus (Coryphantha scheeri var. robustispina, here C. scheeri) of
the Sonoran desert. This species has been federally protected since 1993 (Roller, 1996;
Schmalzel et al., 2004; U.S. Fish and Wildlife Service, 2007) and within the U.S. is
located only in a limited region of the Southwest (Roller, 1996; Schmalzel et al., 2004;

14 | P a g e

U.S. Depertment of Interior, 2001; U.S. Fish and Wildlife Service, 2007). Clusters of
Coryphantha scheeri subspecies are found within limited areas of Arizona, New Mexico,
and Texas, and small regions within Chihuahua and Sonora, Mexico (Figure 1; Baker,
2004; McDonald & McPherson, 2005; Roller,
1996; Schmalzel et al., 2004). There are only a few
published journal articles and theses on this species
and others in the genus, in addition to a limited
number of additional relevant reports (Table 1);
most of the studies focus on only a single aspect of
the species. C. scheeri are small (growing up to 46
cm), hemispherical cacti, with nodes referred to as
Figure 2: Photo of C. scheeri flowering.

“tubercles” rather than the typical “ribs”

characteristic of many cactus species in the southwestern U.S. (McDonald, 2007; Roller,
1996; Sayre, 2005; Schmalzel et al., 2004; U.S. Fish and Wildlife Service, 2007). Other
closely related species are often mistaken for C. scheeri var. robustispina but a phenetic
analysis indicated it is distinct from variations valida, uncinata, and scheeri (Baker,
2004). Another characteristic of the C. scheeri var. robustispina is that the pups that grow
around the base of the parent, produced asexually, and are speculated to serve as an
opportunity to continue reproducing if the parent dies (McDonald, 2007; Roller, 1996). A
C. scheeri adult can have as many as 100 pups in a cluster, though very rare, but typically
have fewer than 10 (McDonald, 2007).
Current observations of C. scheeri within the U.S. are limited to small regions in
the Southwest between 700 and 1,500 m on slopes of 10% or less (McDonald &
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McPherson, 2005; Roller, 1996; Schmalzel et al., 2004; U.S. Fish and Wildlife Service,
2007). Distribution is sparse, with existing literature indicating only a single individual
per ~10 ha (McDonald, 2007; McDonald & McPherson, 2005; Sayre, 2005), though they
can be found in much denser clusters (up to 8 plants per ~0.4 ha) (U.S. Depertment of
Interior, 2001; U.S. Fish and Wildlife Service, 2007). Habitat where C. scheeri is found is
characterized as gently sloping alluvial fans within desert scrubland and desert grassland
(McDonald, 2007; McDonald & McPherson, 2005; Roller, 1996; U.S. Fish and Wildlife
Service, 2007).
C. scheeri var. robustispina exhibits varied growth rates, declining in the fall and
winter months and in the summer monsoon season, and increasing during the spring
(Roller, 1996). C. scheeri flowers following rain events and can produce multiple flowers
in each flowering event (McDonald & McPherson, 2005; Roller, 1996; U.S. Depertment
of Interior, 2001). Flower abortion can occur, and can increase in frequency through the
flowering season for unknown reasons (McDonald & McPherson, 2005). Each C. scheeri
flowers multiple times each year, producing large (6 - 10 cm in diameter) flowers that
range in color from almost white to bright, vivid yellow (McDonald, 2007; Roller, 1996).
C. scheeri tends to flower synchronously across similar sites, and when successfully
pollinated will form a fruit approximately 7.5 cm long that turns from dark to pale green
when ripe (McDonald, 2007; Roller, 1996). The species is an obligate outcrosser with a
strong relationship with its primary pollinator, the Diadasia rinconis, a medium sized bee
whose preferred habitat coincides with C. scheeri habitat (McDonald, 2007; Roller,
1996). Although less well documented, other bee species and ants also visit its flowers
(McDonald & McPherson, 2005). Because C. scheeri flower after many other desert
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cactus, they offer pollen to Diadasia later in the year and are likely an important resource
to provide pollen to juvenile Diadasia (McDonald, 2007). Other potential competitors for
pollinator attention include prickly pear (Opuntia) and barrel cactus (Ferocactus), which
tend to flower in the spring and a few weeks after the monsoon season begins,
respectively (McDonald & McPherson, 2005). Distribution of seeds from developed fruit
is not well documented, though small mammals (e.g. rabbits, rodents) are thought to fill
this ecological role (Roller, 1996).
One of the many challenges facing C. scheeri is its proximity to the U.S./Mexico
border, and the resulting human impacts from border patrol and illegal immigration
activities (Marris, 2006). Much C. scheeri habitat is located within range of heavy traffic
from immigration and drug trafficking, which also increases the challenge in studying the
species safely (Marris, 2006). Another challenge to the success of C. scheeri is the
introduction of Lehmann Lovegrass (Eragrostis lehmanniana), which can subject C.
scheeri to increased resource competition and risk from fire damage (Roller, 1996; Sayre,
2005; U.S. Depertment of Interior, 2001; U.S. Fish and Wildlife Service, 2007).
Additional challenges include illegal collection, grazing, habitat fragmentation and loss
from anthropogenic activities such as mining, and development (U.S. Depertment of
Interior, 2001; U.S. Fish and Wildlife Service, 2007).
1.6 Thesis Format
In the following thesis, I present a summary of the key results and conclusions of
my research on ecohydrological associations for the distribution and phenology of C.
scheeri var. robustispina, followed by discussion of possibilities for future work.
Following the summary are two appendices which present manuscripts of papers
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intended for publication, followed by a third appendix with supplemental data. The
manuscripts present the data collected and analyzed in response to hypotheses on
ecohydrological controls on C. scheeri var. robustispina distribution and on phenology.

18 | P a g e

Chapter 2: Present Study
In 2013, in effort to better understand how to manage the endangered species on
their property, the United States Air Force (hereafter referred to as Air Force) provided
support to study a relatively dense population of C. scheeri var. robustispina at a location
in southern Arizona. This endangered species has little information on many of its key
biological characteristics. In addition to providing an opportunity to study this rarely
examined endangered species, the Air Force study enables the study of C. scheeri var.
robustispina at a site with controlled public access, potentially minimizing the effects of
some factors that may be influencing the cactus associated land disturbances such as
grazing and recreational pedestrian traffic. To advance our understanding of factors
influencing the distribution and phenology of C. scheeri, I take a two-part
ecohydrological approach that considers climate drivers and soil influences, first focusing
on larger scale patterns of distribution and second focusing on specific phenological
responses.
At the larger scale considering distribution, a fundamental conservation challenge
is assessing potential climate change impacts and management options for endemic,
specialized, and rare species (including threatened and endangered species) (Caldow et
al., 2007), many of which have been little studied and for which key information on
dispersal rates are lacking. Of particularly concern are species for which dispersal rates
are expected (even if not robustly documented) to be slow relative to “climate velocity”,
or the speed at which a species must track climate change to remain within suitable
habitat (Loarie et al., 2009; Sandel et al., 2011; Schloss et al., 2012). Given the need for
maximal insights based on limited available information for little-studied and likely slow-
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dispersing species, classification trees can be especially useful because they offer
potential for high predictive ability without a priori assumptions about functional
relationships between environmental variables used and species suitability (Bhattacharya,
2013; Pal & Mather, 2003). Here I develop classification trees for the little-studied
endangered desert cactus species, Coryphantha scheeri var. robustispina. I examine how
climatic and physical factors contribute to C. scheeri distribution across the landscape.
My hypothesis (H1) is that C. scheeri locations are associated with spatial physical and
climatic data within its geographic limits. Classification trees are developed both with
and without elevation, and with and without seasonal precipitation totals; these trees are
then used to predict current distribution and to project future distribution under climate
change scenarios. Based on functional type and limited literature, C. scheeri is likely a
relatively slow dispersing species and therefore may be particularly sensitive to changes
in suitable habitat associated with projected climate change.
At a smaller scale, I examine the climatic conditions associated with two key
phenological responses: budding and flowering. My hypothesis (H2) is that C. scheeri
flowering phenology is triggered by available moisture, which may be in the form of soil
moisture, humidity, or rainfall. I examine the physical site characteristics that coincide
with C. scheeri habitat including soil texture, infiltration rates, and incoming solar
radiation. I examine parameters associated with C. scheeri phenology, considering
attributes of precipitation, temperature, and soil moisture.
2.1 Summary of Results
For the distribution study, the classification trees correctly estimated either
predicted absence or predicted presence for > 95% of present distribution cases and were
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most influenced by maximum temperature and average annual precipitation; average
summer precipitation was also a strong influence when included. Using climate
projections for 2050, a classification tree with elevation estimated > 99% loss of suitable
habitat within its current Arizona distribution and only a few locations of additional
suitable habitat in Arizona outside of current Arizona distribution. However, without an
elevation constraint, extensive additional suitable habitat in Arizona was projected
outside the current Arizona distribution. When seasonal precipitation patterns were
included (and elevation was not included), the classification tree estimated only very
limited additions in future suitable habitat elsewhere in Arizona outside the current
Arizona distribution. The data limitations (e.g. spatial resolution) associated with these
estimates should be considered in application of the results, and field surveys will likely
be required for site-specific determinations.
For the phenology study, flowering events are generally associated with
precipitation events > 10 mm and a corresponding increase in soil moisture. Flowering
events occur multiple times within a single monsoon season within 6 days of
precipitation pulses. Soil texture type for study locations were mostly either sandy loam
or sandy clay loam, with larger sized individuals associated with lower sand content.
Higher infiltration rates are associated with smaller cacti and lower node count. Direct
site factor (DSF) values, a measure of the amount of near-ground incoming solar
radiation over a cloudless year, were not associated with metrics of size.
2.2 Summary of Conclusions
Collectively my results indicate that (1) C. scheeri distribution is tightly
associated with climate conditions, (2) flowers can occur multiple times per year,
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apparently in response to precipitation pulses, and (3) based on the developed
classification trees, this species is estimated to be at risk of large loss of suitable Arizona
habitat under future (2050) climate. Additionally, the classification trees estimate some
new suitable habitat in other parts of Arizona under projected future climate but this
habitat is mostly outside the species’ current range. Assuming that this species is a slow
disperser, the changes in suitable habitat could necessitate assisted migration for this
species to track climate change; however, any such assisted migration would have to
consider numerous complexities, including pollinator movement.
With respect to research approaches, my study highlights that classification tree
results for little-studied but likely slow-dispersing rare species can aide in assessing
species vulnerability, identifying locations within current range where climate velocity
might be tracked, and mapping candidate locations for assisted migration. My study also
highlights how phenological monitoring using time-series data can reveal important
aspects of species biology that are relevant for natural resource manager consideration.
2.3 Future Research Opportunities
Based on the results presented here and considering the relevant literature, I
identify three key possibilities for further research on C. scheeri in the context of its
surrounding environment and the phenology of the desert Southwest.
2.3.1 Soil moisture as an indicator of spatial distribution
Results from this study indicate the importance of soil moisture for C. scheeri
phenology, but soil moisture data is quite limited, especially relative to C. scheeri
locations. Work is currently underway to enable wide-scale, remotely-sensed spatial data
for soil moisture, which would enable the inclusion of soil moisture in a distribution
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analysis. Because moisture is such a limiting resource in arid and semi-arid
environments, the inclusion of spatially explicit soil moisture data could strengthen a
future C. scheeri analysis, as well as more fully enable the examination of other species
distribution in relation to soil moisture as a resource.
2.3.2 Shifting phenology as an additional threat to endangered species
Existing literature on C. scheeri from the 1990’s and early 2000’s indicates that
bud formation occurs in mid-May and flowering begins in June in response to monsoon
events in June and July (Roller, 1996, McDonald and McPherson, 2005). In this study,
phenological responses occurred later: bud formation was observed nearly 4 weeks later
in mid-June, and flowering events responded to monsoon events in July. A change of this
magnitude in the timing of phenology could potentially affect the ability of C. scheeri to
attract pollinators away from competitors and to attract fruit distributors if those species
do not exhibit similar changes in phenology. Because climate change can affect many
species across the landscape differently, phenological shifts could occur in many species
that desynchronize them from available resources and alter the ecological functional
relationships across the ecosystem. To better understand how these shifts may take shape,
a more comprehensive study on recorded shifts in desert phenology across taxa and
functional groups could be useful.
2.3.3 Shifting phenology and resource distribution in alternate ecosystem types
Such shifts in phenology and their consequences across the ecosystem in terms of
functional group interactions and nutrient redistribution are a topic that I wish to further
pursue my studies as a PhD student. I have gained much knowledge in the duration of
this project that is unrelated to the specifics of C. scheeri. This research experience has
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given me valuable experience in designing a research project with limited means in order
to best evaluate a set of hypotheses. Related to this, I’ve gained experience in examining
data for a single species, and based on existing knowledge of natural processes,
understanding how the data relates to the broader ecosystem. Although field data and
tools used within the course of this project may be limited in scope, practice in being
methodical in data collections, observations, and field campaigns are useful skills across
disciplines. Specific methods that are cross-functional include the programming and GIS
skills I’ve established in the course of this project which are valuable tools in many
disciplines. It is with these skills that I hope to ask questions of phenological shifts and
the resulting effects on resource availability in other ecosystem types, such as aquatic
freshwater and marine ecosystems.
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Focus (*C. scheeri is focus, ^C. scheeri is mentioned, "Genus related only)
*Analysis of taxonomic relationships between coryphantha robustispina variations, considers C. scheeri var. robustispina separate.
*Description of C. scheeri survey, description of habitat, physical description, and notes on specific populations through various biological
surveys, includes speculations on cause of low density and threats(e.g. fire, weevles, habitat loss)
*Extensive physical description of C. scheeri , germination process, growth rates, and flowering

Table 1: Journal publications and theses on C. scheeri and other species in the genus; also included noncomprehensively are some relevant reports..
Author
Baker, 2004
M ills, 1991
Roller, 1996

Phillips et al, 1981
*Extensive physical description, as well as description of typical habitat, and known (at the time) information on flowering and reproduction,
M cDonald & M cPherson,
2005
*C. scheeri more likely to be pollinated if near another, but not pollinator limited
*Determination C. scheeri should remain listed as endangered, thorough overview of existing literature. Accepts Baker, 2004 species delineation
USFWS 5-year review, 2007 over Schmalzel et al, 2004 based on comments of reviewers.
Schmalzel et al, 2004
*C. scheeri species distinctions are questionable, does not think distinctions between subspecies are significant.
M cDonald, 2007
*Undergone 9 name changes (robus var robus @ time of article), extensive physical description of C. scheeri .
^Impacts to threatened and endangered species is one of the strongest drivers of conservation banking and strong enforcement of regulations
Fox & Nino-M urcia, 20006 increases the demand for cconservation banking.

"Coryphantha vivipara included in study of resiliance to fire damage. C. vivipara was found to have 3.7x higher mortality rate and fire damage
observed to decrease breeding population, though re-establishment appeared to restore some of the previously observed spp. density.
"Coryphantha robbinsorum presented as study species for study examining the robustness and effectiveness of transient dynamic modelling on
short-term transient population dynamics, as compared to long-term. Results expand scope of model to include near-term sensitivity to growth
rate and segregate model into components that remove need for species age structure and a component that corrects for the removal of the agestructure assumption.

"Coryphantha werdermannii included in study of relationship between cactus growth, soil moisture, solar rediation (as the noted contributions
of a nurse plant). All species included responded to soil moisture, no strong response (if any) to different levels of solar radiation.
"Coryphantha vivipara studied for freezing effects. Found nocturnal temps below -15C kill some, while temps below -20C kill all observed
individuals. Cold night temps appear to affect CO2 uptake prior to cellular damage.
"Coryphantha werdermannii studied for effects of chronic anthropogenic disturbance at different study locations. Establishment and fecundity
seems to positivley relate to chronic disturbance, whereas growth seems negatively related, indicating that C. werdermannii is relatively
disturbance-tolerant.

US DOI Consultation, 2001 ^Overview of PPC habitat, threats, and known population dynamics within report to developer
^Private lands and lands with temporary grazing exclusions are easier to restore after fire; threatened and endangered species make restoration
Sayre, 2005
and other activities on state and federal lands more challenging.
M arris, Emma
^There is additional danger in field studies within Southern Arizona due to illegal imigrant crossings and drug trafficking.
M andujano et al, 2002
"Coryphantha pallida included in study on association with nurse plants. Relationship found, but statistically not robust.
"Coryphantha leuchtenbergia, georgii, glanduligera, guerkeana, macro var. macromeris, vaupeliana, ocatcantha, pulleineana, delicata, nickelsiae,
radians, salinensis, sulcata, and wohlschlageri included in represented species inventory of study of various locations to evaluate species
diversity and determine where conservation actions will be most effective.
Guadalupe et al, 2005
M artinez-Berdja &
Valverde, 2008
Nobel, 1981
Portilla-Alonso and
M artorell, 2011

Thomas, 2005

Yearsley, 2004
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Abstract
A fundamental conservation challenge is assessing potential climate change
impacts and management options for endemic, specialized, and rare species (including
threatened and endangered species), many of which have been little studied and for which
key information on dispersal rates is lacking. Of particularly concern are species for
which dispersal rates may be undocumented but are expected to be slow relative to
“climate velocity”, or speed at which a species must track climate change to remain
within suitable habitat. Given the need for maximal insights based on limited available
information for little-studied and likely slow-dispersing species, classification trees can
be especially useful because they offer potential for high predictive ability without a
priori assuming functional relationships between environmental variables used and
species suitability. Here we develop classification trees for a little-studied endangered
desert cactus species, Pima Pineapple Cactus (Coryphantha scheeri var. robustispina)
that, based on limited literature and functional type, is likely a relatively slow-dispersing
species. The classification trees correctly estimated either predicted absence or predicted
presence for >95% of present distribution cases and were most influenced by maximum
temperature and average precipitation. Using 2050 climate projections, a classification
tree with elevation estimated > 99% loss of current suitable habitat with little suitable
habitat added. Classification tree results for little-studied but likely slow-dispersing rare
species can highlight species vulnerability, identify locations within current range where
climate velocity might be tracked, and map candidate locations for assisted migration.

Key Words: Coryphantha scheeri var. robustispina, environmental modeling
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1.0 Introduction
A fundamental conservation challenge is assessing potential climate change
impacts and management options for endemic, specialized, and rare species (including
threatened and endangered species), many of which have been little studied and for which
key information on reproduction and dispersal rates are often lacking. Particularly
important is the potential spatiotemporal lag between the rate of climate change and the
reproductive and dispersal rates of species, described as a “velocity gap” between current
and projected suitable habitat (Loarie et al., 2009; Sandel et al., 2011; Schloss et al.,
2012, IPCC, 2014). Such velocity gaps are further affected by other factors that influence
species movement rates (Robinet & Roques, 2010; Schloss et al., 2012), such as barriers
related to development and urban areas, agricultural lands, and elevational barriers, in
addition to biotic barriers such as those related to competition or pollination (Cassidy &
Grue, 2000; Fischer & Lindenmayer, 2005; Harrison & Rasplus, 2006; Walther et al.,
2009). The uncertainty surrounding the ability of particular plant species and associated
vegetative communities to mobilize in response to their current climate creates a
significant challenge for natural resource managers, particularly in assessing risks for rare
species (Caldow et al., 2007). Rare species often have population sizes too small to
remain resilient to environmental stressors and as such, are suffering disproportionate
loss with increased effects of climate change (Bro-Jørgensen, 2014; Cahill et al., 2013;
Convertino & Valverde, 2013).
Among the more vulnerable are species for which dispersal rates are expected to
be slow relative to the velocity gap (Fordham et al., 2012; Hiddink et al., 2012, IPCC,
2014). Many endemic, specialized, and rare species (including threatened and endangered
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species) have been little studied and lack key information on dispersal rates. However,
limited information associated with a given rare species, along with related literature such
as that for the genus or functional type, can provide preliminary indications that a species
may be slow dispersing. Information on population dynamics and dispersal requirements
are often lacking in the literature due to the rare nature inherent to endangered species,
with the exception of the charismatic and economically important endangered species
that tend to be more fully researched (Bried & Mazzacano, 2010; Clucas et al., 2008;
Cove et al., 2013; Di Minin et al., 2013). In addition to challenges associated with
locating rare individuals, experiments and data collection possibilities are often limited
by the need for non-destructive methods (Ellender et al., 2012; Metcalf & Swearer,
2005). Additionally, access to existing data may be regulated in effort to protect the
species from interference.
Nonetheless managers need to obtain timely assessments of potential climate
impacts and management options despite data limitations. Expected ecosystem changes
potentially influencing rare species include expansion of invasive species (Pyke et al.,
2008; Rahel & Olden, 2008; Van Klinken et al., 2009), species density changes (Bertrand
et al., 2011; Rubidge et al., 2011; Thaxter et al., 2010), and species distribution shifts
(Chen et al., 2011; Parmesan & Yohe, 2003). In effort to understand the magnitude of
these changes, managers often turn to species distribution modeling, also referred to as
“environmental niche modeling” (Elith & Leathwick, 2009; Segurado & Araujo, 2004)
using an approach also referred to as “Machine Learning” (Bhattacharya, 2013).
Although there is no universally best approach to species distribution modelling (Austin,
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2007; Bhattacharya, 2013), there are a variety of tools are used for predictive modeling,
each with specific advantages and disadvantages.
Notable tools include the generalized linear model (GLM), the generalized
additive model (GAM), the Genetic Algorithm for Rule Set Production (GARP),
classification and regression trees (CART), artificial neural networks (ANN), and a
variety of specialized interpolation and niche analysis tools typically designed to
accommodate multi-faceted climate space (Anderson et al., 2003; Austin, 2007;
Bhattacharya, 2013; Elith & Leathwick, 2009; Segurado & Araujo, 2004; Stockwell &
Peterson, 2002). With the availability of so many different techniques, it is important to
examine (1) the available data and (2) the desired outcome to select the best suited model
for the species distribution analysis (Austin, 2002; Austin, 2007). One tool, the
classification tree, has specific strengths which are particularly useful in predicting
potential range for an under-informed species. Primarily, classification trees make no a
priori assumptions between the variables used and the species’ preference, or frequency
of species positive relationship to any particular variable (Bhattacharya, 2013; Pal &
Mather, 2003). They also allow for a predictive model to be created with only a few
variables while maintaining predictive accuracy (Aitken et al., 2007). This gives
classification trees additional flexibility when assessing variables that may have a nonlinear relationship with the species (Pal & Mather, 2003). Classification tree results are
such that step-wise rules are given to enable ease of decision making (Hannöver &
Kordy, 2005; Pal & Mather, 2003; Segurado & Araujo, 2004; Yeh et al., 2009).
Weaknesses of the classification tree include over-fitness, which in species distribution
models may translate to an over-abundance of predicted suitable habitat for the given
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species and variables (Van Ewijk et al., 2014); appropriate spatial scales for analysis and
sufficient number of verified presence locations relative to randomly determined
locations increase classification tree effectiveness (Aitken et al., 2007). Additionally,
since there is no assumption regarding the relationship between variables, the resulting
classification tree can give no indication of the potential probability of arriving at any
given branch of the tree (Haizhou & Chong, 2009). Despite these limitations, given the
need for maximal insights based on limited available information for little-studied and
likely slow-dispersing species, classification trees can be especially useful because they
offer potential for high predictive ability without assuming a priori functional
relationships between environmental variables used and species suitability.
Here we illustrate the functionality and usefulness of environmental modelling
with classification trees via an example endangered desert species: the Pima Pineapple
Cactus (Coryphantha scheeri var. robustispina), hereafter referred to as C. scheeri,
located in the southwestern U.S. and northern Mexico. We focus on the Arizona portion
of the distribution using available data sets. Based on limited literature and functional
type reviewed below, C. scheeri is likely a relatively slow-dispersing species, making
identification of projected changes in potential suitable habitat particularly useful.
Management of this desert species requires consideration of extreme heat in the summer
months in addition to great variability in rainfall patterns between localized heavy
summer monsoons and broad-scale winter rainfall. Because there is no clear
understanding of the climate envelope C. scheeri exists within, land managers are left
guessing at the best way to manage C. scheeri habitat. As projected climate change
scenarios take effect, a better understanding of the climate envelope for C. scheeri could
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aid in the management of protected lands and surrounding resources to promote the
success of this and other threatened and endangered species.
Highlighting the more general problem where little information is available on the
parameters that contribute to the distribution of a rare species, we use classification trees
to explore associations between climate and environmental (elevation, soil texture)
variables with C. scheeri distribution in both current and projected future climate
conditions. More specifically, our objectives are to: (1) identify the primary factors
associated with C. scheeri distribution, and (2) project how suitable C. scheeri habitat
may shift in response to climate change. More generally, we highlight the utility of
classification trees in determining the spatiotemporal gap between climate change and
species distribution changes, particularly for little-studied and likely slow-dispersing
species.
2. Methods
2.1 Study Species.
C. scheeri is a small, hemispherical species characterized by their tubercles,
which differs from the typical ribs of most cactus species in the southwestern U.S., as
well as by their starburst spine formation that includes a single spine protruding directly
out from the top of the node (Roller, 1996; Schmalzel et al., 2004; U.S. Fish and Wildlife
Service, 2007). C. scheeri are located in the Santa Cruz and Altar Valleys in southern
Arizona (Baker, 2004; McDonald & McPherson, 2005; Roller, 1996; Schmalzel et al.,
2004) and are federally protected within the United States; their distribution does extend
into northern Mexico (Baker, 2004). C. scheeri is small and difficult to detect, especially
in grassy areas, and as a result, has not been widely surveyed across its range (U.S. Fish
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and Wildlife Service, 2007). Previous research provides some description of the physical
landscape characteristics that C. scheeri is found in, such as on slopes <10% (U.S. Fish
and Wildlife Service, 2007), but there is very little information published and available to
the general public on the effects of climatic factors such as temperature and precipitation
(Table 1). The species depends on a specific pollinator bee species (Diadasia), and a
trace study of pollination patterns suggested pollination may not be limiting, but average
pollination distance was limited and less than the pollination area visited by individual
Diadasia (1 km; McDonald & McPherson, 2005). Little other data regarding
reproduction and dispersal rates exist, but in general cacti as a functional group are
expected to disperse relatively slowly (Butler et al., 2012; Gibbs et al., 2008; GodínezAlvarez & Valiente-Banuet, 2004); cacti species may have even slower dispersal rates
than trees, which were the slowest functional group relative to velocity gaps in a recent
synthesis (IPCC, 2014).
2.2 Spatial Data Sets
We conducted a spatial analysis with geographic information systems (GIS)
location data of the C. scheeri, along with shapefiles of environmental variables, to
quantify the association of these factors with the species’ distribution. The Arizona
Heritage Data Management System (AHDMS) group maintains spatial data for both
invasive and endangered species across Arizona as part of the state’s land management
and planning. The spatial data was first submitted to Arizona Game and Fish Department
through various land surveys completed by environmental consultants, development
agencies, land management agencies, and others as guided by the endangered species
management program in the state, and was then managed by AHDMS. Spatial location
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data for all known C. scheeri in Arizona (6905 individuals, alive and dead) was provided
by AHDMS for this study. This spatial data on the distribution of C. scheeri within
Arizona was combined with spatial data for each environmental factor to identify
parameters associated with C. scheeri.
Spatial data for climate and environmental data used for this analysis was
collected from a variety of sources and loaded into ArcMap 10.2. We identified six
environmental factors for use in our analysis: (1) elevation (Fig. 1a), (2) soil texture type
(Fig. 1b), (3) precipitation (Fig. 1c), (4) maximum annual temperature (Fig. 1d), (5)
minimum annual temperature (Fig. 1e), and (6) annual temperature range (Fig. 1f).
Elevation data (Elev) for the state of Arizona was obtained from the U.S. Geological
Survey (USGS) National Map Viewer (http://viewer.nationalmap.gov/viewer/) at a
resolution of one-third arcsecond. The map was highlighted to select Arizona as the
desired range within the National Map Viewer, which was then sent from USGS as 62
shapefiles. These files were imported into ArcMap and combined into a single raster; the
extraneous data outside of Arizona was clipped and removed from the raster.
Information on soil texture was obtained from the U.S.D.A Natural Resources
Conservation Service SSURGO (http://sdmdataaccess.nrcs.usda.gov/), which is a digital
soil survey database at a 1:24,000 resolution. The data were downloaded as a package
containing several different soil characteristics for the state of Arizona. The SSURGO
polygon shapefile was imported into ArcMap, and the polygon file was joined using the
map unit key field (MUKEY) to join the polygons with the soil texture data, identifying
the soil texture type for each polygon.
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The PRISM climate group (http://www.prism.oregonstate.edu/) maintains a
dataset of 30-year normal averages for precipitation (ppt) and maximum and minimum
temperature (Tmax and Tmin, respectively), each at a resolution of 800m. The shapefiles
were downloaded for each of these parameters and imported into ArcMap. Each file
contained data for the entirety of the United States and was clipped down to the extent of
Arizona. Using the raster calculator, Tmin was subtracted from Tmax to identify Trange as a
6th factor to evaluate as a contributor to C. scheeri distribution. In addition, the effect of
seasonal ppt was examined by using the raster calculator in ArcMap to sum monthly ppt
data into six-month totals; winter ppt consisted of October – March data (Fig. 1g) and
summer ppt consisted of April – August data (Fig. 1h).
Climate projection spatial data was obtained from WorldClim.org, a collection of
different data layers available for ecological and modeling research (IPCC, 2013). For
this analysis, projection data for the year 2050 via the CCSM4 model at 30 seconds
resolution was used due to the robustness of the model and its inclusion of factors that
directly impact the southwestern U.S., such as the El Nino Southern Oscillation (Gent et
al., 2011). Projections for Tmax, Tmin, and ppt were downloaded for the four available
climate change scenarios: R26, R45, R60, and R85. Each of these scenarios refer to a
representative concentration pathway (RCP), which each respectively indicate an
increasing level of climate change severity. R26 projections assume the maximum
abatement efforts of greenhouse gases (GHG) leading to peak levels of GHG in between
2010-2020 and decreasing after; R45 and R60 each indicate longer durations of GHG
concentration increases (approximately 2040 and 2060, respectively); and R85 assumes
GHG levels increase through the end of the century (IPCC, 2007). The monthly average
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data from each RCP scenario were averaged to create an annual average, spatially
projected in GCS North American 1983 coordinate system, and clipped to the same
extent as the current data projections.
2.3 Classification Tree Validation/Verification
Classification trees created in MATLAB R2014a were then developed to estimate
predicted presence or predicted absence of C. scheeri under specified environmental
conditions. Spatial data for all six environmental factors (Tmax, Tmin, Trange, ppt, Elev, and
soil texture) were imported as shapefiles into ArcMap along with C. scheeri location
data. All layers originated in GCS North American 1983 except soil texture, which was
transformed for consistency. In addition to verified presence data points specific to C.
scheeri location, we also selected 7000 randomly-generated location points within the
boundaries of Arizona for our analysis. Using a spatial analyst tool in ArcMap, the values
for the six predictors for each C. scheeri verified presence point and random location
point were extracted and exported into data tables.
Using a split sample design, we trained a classification tree in MATLAB with a
data set that combined 75% of points for both C. scheeri verified presence and for
random locations. Using the remaining 25% of the points of each type, we tested the
predictive ability of the tree (Iverson & Prasad, 1998). Points that the tree predicted
presence of C. scheeri (value = TRUE/1) were compared to points with verified presence
of C. scheeri, while points that the tree predicted absence of C. scheeri (value =
FALSE/0), were compared to random locations. To validate our method we randomly
shuffled the data five times, and each time recreated a classification tree.
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2.4 Classification Tree Model Prediction
To look at the potential distribution of C. scheeri within Arizona, we rasterized
the state into six grids of 695 x 742 pixels each. Using a single classification tree (Fig. 2),
we established the predicted presence or predicted absence of C. scheeri for each pixel.
To do this, environmental factors for the entire state of Arizona (see Section 2.4) were
exported as rasterized grids from ArcMap and loaded into MATLAB. The grids were
reshaped into column vectors, and the values throughout Arizona were evaluated with the
classification tree for C. scheeri habitat suitability. The resulting evaluation was then
reshaped back to the original grid and, with cell sizes identified, imported into ArcMap
displaying the state of Arizona.
Building on projected current suitable C. scheeri habitat, we next evaluated how
that spatial distribution might shift under future climate change scenarios. The climate
projection data (Tmin, Tmax, Trange, ppt) were also exported from ArcMap as rasterized
grids and loaded into MATLAB. Elevation and soil texture type are not expected to
change within this time scale, and as such, current spatial data was used to project future
C. scheeri habitat for 2050. Each future projection scenario was evaluated through the
classification tree, and a projection of suitable C. scheeri habitat was created for each
scenario.
Our initial classification tree included elevation as an important variable, but
because elevation is considered within PRISM climate data calculations, it is removed to
avoid redundancy. Additionally, in regards to plant distribution, elevation restrictions are
due to climate variables, and as such, future climate change might remove elevation
constraints associated with the first model (Beckage et al., 2008; Chen et al., 2011).
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Therefore, to consider future projected suitable habitat not constrained by elevation, we
developed another classification tree for current distribution that did not include
elevation; we subsequently used this tree to estimate another set of projected changes
under future climate. Finally, because seasonal precipitation distribution within the
species distribution range has been shown to impact growth and distribution of local
species (Cable & Huxman, 2004), we developed a classification tree that included totals
for winter and for summer precipitation (in addition to the annual total previously
considered; this tree also excluded elevation).
3. Results
The classification tree created as the predictor for C. scheeri distribution analysis
was evaluated for accuracy between iterations to review for sampling bias within the
creation data subset. All iterations of the classification tree (Table 2) demonstrate high
accuracy in predicting both verified presence locations and random locations. In creating
the second classification tree without elevation included as a predictor, the same review
of sampling bias was conducted, and again, all iterations of the classification tree
demonstrate high accuracy (Table 3). The third classification tree including winter and
summer precipitation was subject to the same review (Table 4).
The classification tree created in the analysis with elevation (Fig. 2) indicates that
Tmax is the primary predictor in determining suitable C. scheeri habitat, followed by ppt
and Elev as secondary predictors. These three predictors remain the dominant factors
through the top tiers of the classification tree. Tmin and Trange appear as tertiary predictors
with soil texture type as the least common predictor. In the classification tree created for
the second analysis (Fig. 3) without Elev as a predictor, Tmax and ppt remain the primary
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and secondary predictors, respectively. Trange and Tmin remain the tertiary predictors,
though in this analysis they are contributing factors notably higher on the classification
tree. The least common predictor remains soil texture type in this analysis. The
classification tree created in the third analysis (Fig. 4) that included winter and summer
precipitation indicates that Tmax and summer precipitation are the primary predictors, with
winter precipitation and Tmin as secondary predictors; Trange and ppt occur further down
on this classification tree.
The projections of suitable C. scheeri habitat under current conditions (Fig. 5) are
very similar between the analyses with and without elevation, and both are consistent
with the current known distribution of C. scheeri. The projections indicate that current
suitable C. scheeri habitat extends north and west of the currently observed C. scheeri
habitat at the southern extent of the projections. The projection of suitable habitat in the
analysis including seasonal precipitation (Fig. 5c) is consistent with current known
distribution, though this tree projects less suitable habitat to the north and west than the
first two analyses.
Projections of future C. scheeri habitat differ visibly between analyses with
elevation, without elevation, and including seasonal precipitation. In analysis of future
climate scenarios R26, R45, R60, and R85 with Elev as a predictor, there appears to be
little C. scheeri habitat within the boundaries of Arizona (Fig. 6). In the analysis without
Elev as a variable, each future climate scenario indicates that while little C. scheeri
habitat remains within the current range, there are extensive new areas with potential
suitable habitat in northern and eastern Arizona (Fig. 7). Future projections including
seasonal precipitation display some habitat loss within the current range, with sparse
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suitable habitat extending north and west of the current distribution (Fig. 8). For all
analyses, projections were consistent across all climate scenarios, indicating little change
between R26, R45, R60, and R85.
4. Discussion
Methodologically, the high accuracy of the classification tree as a model to
predict C. scheeri suitable habitat is notable. This type of model typically has good
results in habitat projection among species that exhibit a tight relationship with their
environment, as highlighted here by a prediction rate over 95% for all iterations of the
model for C. scheeri. The high reliability of the classification tree for current distribution
increases our confidence in its utility for projections for 2050.
It is important to note that these results are evaluating the conditions of C. scheeri
versus the current distribution. Location data for C. scheeri provided by AHDMS is often
collected as a result of development and land use activities such that known locations
may not indicate the full distribution of the species. Given the available resolutions of the
data used here (see section 2.2), projections are sufficient for estimating general suitable
C. scheeri habitat, but where detailed site-specific information is needed, thorough
surveys (e.g. using the approach detailed by Roller, 1996) should be completed to
confirm presence or absence.
An additional caveat is that the spatial data used for this evaluation are mean
values, and are not meant to indicate extreme climate conditions or events. Projections of
suitable habitat displayed here are estimates of where C. scheeri may exist; they are not
verified locations within the whole of the projected range. Results displayed are
indicative of suitable habitat, but these associations with average climate conditions may
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not correspond to specific conditions determining plant mortality, which may be more
related to extreme events (McDowell et al., 2008).
From a conservation perspective, the classification trees (with and without
elevation, and without or including winter and summer precipitation) all project an
enormous loss of suitable habitat within the species current range. This projection
reinforces the need for protection, active management, and DNA archival of the species
as climate change progresses. Given the severe loss projected, those actions may be
insufficient to conserve the species. The classification tree without elevation as a
constraint also highlights that large portions of Arizona outside the current C. scheeri
range could become suitable habitat. However, given the likely slow dispersal rate of this
species and its dependence on a specific pollinator bee species, the likelihood of this
species tracking the velocity gap of climate change seems low. Also, these additional
areas are not identified as suitable habitat when seasonal precipitation is considered.
Consequently, managers may need to actively intervene through microclimate
manipulations that reduce the maximum temperature and add soil moisture to help
preserve the species. Additionally or alternatively, managers could evaluate
implementing assisted migration to new suitable habitat, but would need to account for
pollinator issues, as well as uncertainties associated with several other aspects of the
species’ biology.
A further challenge to management includes trans-border issues since the
distribution of C. scheeri spans into northern Mexico. We expect that C. scheeri in
Mexico will be subject to the same climatic pressures as the population in southern
Arizona, without the protections assured by U.S. Federal regulations. As is the case for
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all species distributed across international borders, there is a matrix of land management
and land use practices that contribute to overall species health and distribution. In regards
to conservation efforts, international collaboration is often required from both
governmental and independent agencies to maintain robust ecosystems across political
boundaries.
More generally, our study illustrates how classification tree results for littlestudied but likely slow-dispersing rare species can be useful in a variety of contexts:
predicting existing suitable habitat within the current range of a rare species where other
individuals are most likely to be located; identifying future potential habitat and
associated vulnerabilities, including where climate velocity might be tracked, and
mapping candidate locations for consideration in the context of assisted migration.
Approaches such as this are needed to aide conservation managers in making the best
decisions possible for rare species in a timely manner despite substantial data limitations
on dispersal rates and other aspects of species biology.
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Focus (*C. scheeri is focus, ^C. scheeri is mentioned, "Genus related only)
*Analysis of taxonomic relationships between coryphantha robustispina variations, considers C. scheeri var. robustispina separate.
*Description of C. scheeri survey, description of habitat, physical description, and notes on specific populations through various biological
surveys, includes speculations on cause of low density and threats(e.g. fire, weevles, habitat loss)
*Extensive physical description of C. scheeri , germination process, growth rates, and flowering

Table 1: Journal publications and theses on C. scheeri and other species in the genus; also included noncomprehensively are some relevant reports.
Author
Baker, 2004
M ills, 1991
Roller, 1996

Phillips et al, 1981
*Extensive physical description, as well as description of typical habitat, and known (at the time) information on flowering and reproduction,
M cDonald & M cPherson,
2005
*C. scheeri more likely to be pollinated if near another, but not pollinator limited
*Determination C. scheeri should remain listed as endangered, thorough overview of existing literature. Accepts Baker, 2004 species delineation
USFWS 5-year review, 2007 over Schmalzel et al, 2004 based on comments of reviewers.
Schmalzel et al, 2004
*C. scheeri species distinctions are questionable, does not think distinctions between subspecies are significant.
M cDonald, 2007
*Undergone 9 name changes (robus var robus @ time of article), extensive physical description of C. scheeri .
^Impacts to threatened and endangered species is one of the strongest drivers of conservation banking and strong enforcement of regulations
Fox & Nino-M urcia, 20006 increases the demand for cconservation banking.

"Coryphantha vivipara included in study of resiliance to fire damage. C. vivipara was found to have 3.7x higher mortality rate and fire damage
observed to decrease breeding population, though re-establishment appeared to restore some of the previously observed spp. density.
"Coryphantha robbinsorum presented as study species for study examining the robustness and effectiveness of transient dynamic modelling on
short-term transient population dynamics, as compared to long-term. Results expand scope of model to include near-term sensitivity to growth
rate and segregate model into components that remove need for species age structure and a component that corrects for the removal of the agestructure assumption.

"Coryphantha werdermannii included in study of relationship between cactus growth, soil moisture, solar rediation (as the noted contributions
of a nurse plant). All species included responded to soil moisture, no strong response (if any) to different levels of solar radiation.
"Coryphantha vivipara studied for freezing effects. Found nocturnal temps below -15C kill some, while temps below -20C kill all observed
individuals. Cold night temps appear to affect CO2 uptake prior to cellular damage.
"Coryphantha werdermannii studied for effects of chronic anthropogenic disturbance at different study locations. Establishment and fecundity
seems to positivley relate to chronic disturbance, whereas growth seems negatively related, indicating that C. werdermannii is relatively
disturbance-tolerant.

US DOI Consultation, 2001 ^Overview of PPC habitat, threats, and known population dynamics within report to developer
^Private lands and lands with temporary grazing exclusions are easier to restore after fire; threatened and endangered species make restoration
Sayre, 2005
and other activities on state and federal lands more challenging.
M arris, Emma
^There is additional danger in field studies within Southern Arizona due to illegal imigrant crossings and drug trafficking.
M andujano et al, 2002
"Coryphantha pallida included in study on association with nurse plants. Relationship found, but statistically not robust.
"Coryphantha leuchtenbergia, georgii, glanduligera, guerkeana, macro var. macromeris, vaupeliana, ocatcantha, pulleineana, delicata, nickelsiae,
radians, salinensis, sulcata, and wohlschlageri included in represented species inventory of study of various locations to evaluate species
diversity and determine where conservation actions will be most effective.
Guadalupe et al, 2005
M artinez-Berdja &
Valverde, 2008
Nobel, 1981
Portilla-Alonso and
M artorell, 2011

Thomas, 2005

Yearsley, 2004
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Trial
1
2
3
4
5
Mean
SD

Predicted
Presence Correct
86%
99%
99%
99%
99%
96%
0.0513

Predicted
Presence
Incorrect
14%
1%
1%
1%
1%
4%
0.0513

Predicted
Absence Correct
99%
100%
100%
98%
98%
99%
0.0082

Predicted
Absence
Incorrect
1%
0%
0%
2%
2%
1%
0.0082

Table 2: An evaluation of the classification tree created with elevation for consistency
and accuracy and to determine any bias in the data selected to create the tree.
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Trial
8
9
10
11
12
Mean
SD

Predicted
Presence Correct
90%
99%
99%
99%
98%
97%
0.0346

Predicted
Presence
Incorrect
10%
1%
1%
1%
2%
3%
0.0346

Predicted
Absence Correct
100%
99%
99%
97%
97%
98%
0.0100

Predicted
Absence
Incorrect
0%
1%
1%
3%
3%
2%
0.0100

Table 3: An evaluation of the classification tree built without elevation as a predictor for
consistency and accuracy and to determine any bias in the data selected to create the tree.
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Trial
14
15
16
17
18
Mean
SD

Predicted
Presence Correct
92%
99%
99%
99%
99%
98%
0.0275

Predicted
Presence
Incorrect
8%
1%
1%
1%
1%
2%
0.0275

Predicted
Absence Correct
98%
99%
98%
98%
99%
99%
0.0019

Predicted
Absence
Incorrect
2%
1%
2%
2%
1%
1%
0.0019

Table 4: An evaluation of the classification tree built including seasonal precipitation as a
predictor (without elevation included) for consistency and accuracy and to determine any
bias in the data selected to create the tree.
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Figure 1: Environmental factors evaluated in CART model of C. scheeri distribution:
elevation (a), soil texture type (b), precipitation (c), maximum annual temperature (d),
minimum annual temperature (e), annual temperature range (f), winter precipitation (g),
and summer precipitation (h).
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Figure 2. The classification tree created in MATLAB® used to evaluate
environmental factors for C. scheeri predicted presence or predicted absence.
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Figure 3. The classification tree created in MATLAB® without elevation to evaluate
environmental factors for C. scheeri predicted presence or predicted absence.
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Figure 4: The classification tree created in MATLAB® including seasonal
precipitation to evaluate environmental factors for C. scheeri predicted presence or
predicted absence.
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a

b

Figure 5: Projected suitable C. scheeri habitat under current climate conditions
throughout the state of Arizona, with elevation as variable (a), excluding elevation from
the analysis (b), and including winter and summer precipitation as a variable (c).
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Figure 6: Projected suitable C. scheeri habitat under 2050 climate projections, with
elevation included, for scenarios R26 (a), R45 (b), R60 (c), and R85 (d).
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Figure 7: Projected suitable C. scheeri habitat under 2050 climate projections, without
elevation included, for scenarios R26 (a), R45 (b), R60 (c), and R85 (d).
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Figure 8: Projected suitable C. scheeri habitat under 2050 climate projections, with
seasonal precipitation included, for scenarios R26 (a), R45 (b), R60 (c), and R85 (d).
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Abstract
Flowering is a phenological event that plays a critical role in reproductive success, and
therefore influences the health and success of plant populations. Flowering phenology
can be particularly sensitive to changes in climate, especially in water-limited
environments. However, cactus phenology has been little studied and may be relatively
independent of pulse-dependent soil moisture dynamics because cacti are able to store
water in their tissues, or, alternatively, could use their stored moisture to regulate
reproductive phenology. Therefore an improved understanding of cactus phenology is
needed, especially for rare and endangered cactus species that drive natural resource
management decisions and associated economic costs. Our objective was to identify
ecohydrological controls on the flowering phenology and associated plant reproductive
characteristics of Pima Pineapple Cactus (Coryphantha scheeri var. robustispina), an
endangered species inhabiting a limited region of the Sonoran Desert. We focused on a
relatively healthy and dense population located at the northern limit of its range. Over a
two year study period (2013 and 2014), we used this dense population to quantify the
temporal dynamics of flowering phenology and link these dynamics to climate variables.
We examine the relationships between other abiotic factors such as soil texture and
patterns of solar radiation and C. scheeri plant characteristics such as size and number of
nodes. Both bud formation and flowering tended to be synchronous across plants.
Flowering events tended to occur within two to six days of precipitation and associated
peak soil moisture, usually after events larger than 10 mm. C. scheeri were located
mostly on sandy loam or sandy clay loam soils. Fraction of potential annual solar
radiation input near the ground (DSF) was relatively high (>0.95). Higher infiltration
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rates where soils had greater sand content tended to be associated with smaller
individuals and fewer nodes. These observations provide critical information for natural
resource managers on ecohydrological controls on the variability of flowering phenology
and associated plant physical characteristics for this endangered species. More generally,
our results suggest that cactus flowering phenology can be sensitive to precipitation
pulses, despite water stored within the individual.
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1.0 Introduction
Phenology has been defined as the study of the seasonal timing, duration, and
abundance of recurring life-cycle events (e.g. Morisette et al. 2009, Rathcke & Lacey
1985) including plant reproductive events such as budding, flowering, fruiting, seed
dispersal and germination. Flowering is a phenological event that plays a critical role in
reproductive success (e.g. Giménez-Benavides 2007, Rathcke & Lacey 1985). Because
reproduction is one of the key processes that influences the health and success of plant
populations, understanding controls on flowering phenology and associated plant
characteristics is essential for effective conservation and management of rare, endemic,
and endangered species (e.g. Kaye 1999, Lara-Romero et al., 2014, Walck et al., 1999).
Flowering phenology can be particularly sensitive to changes in climate
(Borchert, 1983; Inouye, 2008; Pfeifer et al., 2006), especially in water-limited
environments (Bowers, 2007; Crimmins et al., 2010; Liancourt et al., 2012). In waterlimited environments, vegetation is particularly responsive to precipitation pulses that
deliver moisture to the soil (Holmgren et al., 2006; Huxman et al., 2004; Schwinning et
al., 2004; Schwinning & Sala, 2004). In most semiarid ecosystems, these strongly
seasonal precipitation pulses are characterized by brief, sometimes intense, rainfall
events, segregated by periods of drought (Cable & Huxman, 2004). The primary abiotic
factor affecting flowering phenology in water-limited ecosystems has been shown to be
the dynamic soil water availability associated with these precipitation pulses (Borchert
1994, Borchert et al. 2004, Bowers & Dimmitt 1994).
Despite providing essential resources for a numerous insect and animal species
within water-limited desert ecosystems (e.g. Fleming & Holland 1998, Grant et al. 1979,
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Valiente-Banuet et al. 1996), cacti and other succulents are underrepresented in studies of
precipitation pulse effects on phenological activity. Cactus phenology may be relatively
independent of pulse-dependent soil moisture dynamics because they are able to store
water in their tissues (Pavón & Briones, 2001). Alternatively, this stored moisture could
provide a means to regulate reproductive phenological activity such as flowering and fruit
production. In some cactus species, increases in moisture has been associated with
improved reproductive phenology (Bowers, 1996; De La Barrera & Nobel, 2004),
whereas other cactus species appear to be insensitive to or negatively impacted by
increases in moisture (Petit, 2001; Ruiz et al., 2000). Overall, research identifying
climatic controls on cactus phenology is scarce (Bustamante & Búrquez, 2008), and this
is especially true for rare and endangered cactus species.
The Pima Pineapple Cactus (Coryphantha scheeri var. robustispina, hereafter C.
scheeri), is an endangered species inhabiting a limited region of the southwestern United
States restricted to elevations between 700 m and 2000 m with slopes less than 10%
(Roller, 1996; Schmalzel et al., 2004; U.S. Fish and Wildlife Service, 2007). These
populations are all located in Santa Cruz and Altar Valleys of Arizona with a small
region within Sonora, Mexico (Baker, 2004; McDonald & McPherson, 2005; Roller,
1996; Schmalzel et al., 2004). C. scheeri is a small, hemispherical cactus, with nodes
(also referred to as “tubercles”) rather than ribs that are characteristic of many other
cactus species (Roller, 1996; Schmalzel et al., 2004; U.S. Fish and Wildlife Service,
2007). Because of the limited range and the difficulty in locating individuals, C. scheeri
research is limited, resulting in vague management options. Understanding the controls
on phenological activity for this species is critically important because current

76 | P a g e

populations are at risk from mining and expanding anthropogenic activities that degrade
the habitat currently recorded and restrict new growth (Sayre, 2005; U.S. Depertment of
Interior, 2001; U.S. Fish and Wildlife Service, 2007).
The objective of our study was to identify ecohydrological controls on flowering
phenology and associated plant characteristics of the endangered C. scheeri. We focused
on a relatively healthy and dense population located at the northern limit of the C.
scheeri range on United States Air Force Plant 44. Over a two year study period (2013
and 2014), we used this dense population to quantify the temporal dynamics of flowering
phenology and link these dynamics to climate variables. We examined the relationships
between other abiotic factors such as soil texture, infiltration, and patterns of solar
radiation associated with C. scheeri characteristics, including size, number of nodes, and
pup count.
2.0 Methods
2.1 Site Description
The study site was located at the 567 hectare Air Force Plant 44 (AFP44),
approximately 13 km south of Tucson, Arizona. According to a 2010 survey, the AFP44
property hosts a relatively dense population of 308 C. scheeri (alive and dead) (Harrison
Environmental Report, 2010). The C. scheeri population at AFP44 is at the northern
boundary of the population range (Figure 1). AFP44 and the surrounding area is
predominantly industrial with Tucson International Airport residing to the north and east,
and undeveloped land owned by the Tohono O’odham Nation and private property
owners to the south and west. The landscape is dominated by creosotebush with patches
of mesquite, cholla, and barrel cacti (Harris Environmental Report, 2010). AFP44 is
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dominated by sandy loam soils with variation is evident across the site. Mean annual
temperatures range from 13.2oC - 28.4°C and, based on 33 years of data, AFP44 receives
294 mm of annual precipitation (http://www.wrh.noaa.gov/twc/climate/tus.php) with over
half falling between July and September (http://www.wrh.noaa.gov/twc/climate/tus.php).
Using location data from the Arizona Heritage Data Management System
(http://www.azgfd.gov/w_c/edits/species_concern.shtml; AHDMS), a map of C. scheeri
within the study areas was generated in ArcMap v10.2 (Figure 1). Using this map, at
AFP44, three study sites (AFP44 1, 2 and 3) were randomly selected and also had to meet
the following minimum criteria: (1) three or more C. scheeri could be identified together
within a 5 m2 area, and (2) the site had to be greater than five meters from any paved
roads or structures. All data were carefully gathered at AFP44 with the guidance of U.S.
Fish and Wildlife Service (USFWS) so as not to harm or disturb the endangered C.
scheeri plants.
2.2 Climate Data
Daily precipitation (precip, mm) and daily air temperature (temp, oC ) data were
obtained from the nearby Tucson International Airport (TIA) meteorological station
(http://www.ncdc.noaa.gov/cdo-web/search). The TIA property is adjacent to AFP44, and
the meteorological station is located near enough that measurements are representative of
conditions at the three AFP44 sites.
Using the TIA air temperature data, growing degree days (GDDs), a measure of
heat accumulation traditionally used by horticulturalists, were calculated as:
𝐺𝐷𝐷 =

𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛
− 𝑇𝑏𝑎𝑠𝑒
2
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where Tmax and Tmin are the maximum and minimum daily temperatures in oC respectively
and Tbase is a species-specific base temperature, which for C. scheeri we assumed to be
10oC, as assumed for other plant species (Mix et al., 2012). Traditionally GDD is
calculated as an accumulation of heat by summing of all of the preceding GDD for each
day for that calendar year. In our study, we began the accumulation of heat at the start of
the water year (October 1) as opposed to the start of the calendar year (January 1).
2.3 Soil Moisture Data
In both years, soil moisture measurements were made daily at AFP44 from June
into September to capture the moisture conditions both before and throughout the
flowering season using a handheld Fieldscout TDR soil moisture probe (Spectrum
Technologies, Aurora, IL). By inserting the 12 cm probe vertically into the ground, soil
moisture measurements reflected an averaged value for the top 12 cm of soil. At each
individual C. scheeri, four soil moisture measurements were made at a 45° offset from
the cardinal directions (NW, SW, SE and NE; Figure 2). These measurements were made
1 m away from the C. scheeri to prevent the probe from damaging any C. scheeri roots.
Daily average soil moisture at AFP44 was calculated by first averaging all four
measurements made at each individual C. scheeri, then averaging those averages for each
of the three individuals at each site, and finally averaging together the values for each of
the three sites.
2.4 Phenological Data
Daily visual observations of buds and flowering events were made from June into
September for both years. Additionally, Moultrie I60 game cameras (Moultrie, Calera,
AL) were installed at each of the three AFP44 sites. These cameras were programmed to
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take hourly photos to capture the phenological activity of the three C. scheeri at each site
and the surrounding vegetation. Each photo is stamped with barometric pressure,
temperature, and time. Memory cards were switched out every 30 – 60 days, and batteries
were changed every 120 – 150 days.
2.5 Other Abiotic Data
Measurements of infiltration rates were made around each individual in each of
the cardinal directions (N, S, E, and W; Figure 2). For each infiltration measurement, a 15
cm-diameter ring infiltrometer was filled with water to a height of 7 cm and allowed to
infiltrate into the soil. Infiltration rates were calculated by using the total time necessary
for the entire 638.5 mL to infiltrate into the soil. Infiltration measurements were made 1
m away from each C. scheeri plant under the guidance of USFWS so as to protect the C.
scheeri root structure from any potential damage by the infiltrometer. These
measurements were obtained once during the dry season within the two-year study
period. An average infiltration was calculated for each C. scheeri plant by averaging all
four measurements made at each individual C. scheeri.
A 5-cm diameter soil core was extracted from the upper 10 cm, located 1 m south
of each C. scheeri plant (9 total; Figure 2). Each soil sample was sieved to remove any
gravel > 2 cm in diameter. The remaining soil was analyzed for soil texture via Particle
Size Analysis by the Center for Environmental Physics and Mineralogy (CEPM) lab at
the University of Arizona.
Direct Site Factor (DSF) is an estimate of potential incoming solar radiation for a
cloudless year that ranges from 0.0 to 1.0, where a value of 1.0 indicates complete
exposure to incoming solar radiation and 0.0 indicates complete shading (Rich, 1989;
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Rich et al., 1999). The fractional reductions are determined by nearby vegetation
obstructions, as well as topographical effects (the latter are usually relatively small unless
in close proximity to tall topographic features). In our study, we derived DSF using
images taken with a Nikon Coolpix camera instrumented with a fish-eye lens to capture a
full 180° image directly south of each C. scheeri plant (Figure 2). We took images at each
C. scheeri plant (9 total) using the fish-eye lens either at dawn or dusk when there was
still daylight but when the sun was not in the sky to avoid the sun appearing in the photo.
The camera was placed on a small bean bag to level the camera and oriented with a
marker to indicate North in the photo. The image height was at approximately 25 cm
above the ground surface. The photographer was positioned on the north side of each C.
scheeri plant so as not to shade the C. scheeri plant in any way. Each image was
processed in Delta-T Devices HemiView v. 2.1 software to adjust the contrast so that the
sky is white and all other objects which would create shade are black. DSF is the percent
of the image that is white (open). We took these images once at each C. scheeri plant in
the two-year study period, which, based on the path of the sun in the sky at that location,
yields an annual value of DSF.
2.6 C. scheeri Plant Physical Characteristics
The height and diameter of each individual C. scheeri was measured with a
measuring tape; for circumference, a string was used to measure around the C. scheeri
between the spines. Height and diameter were multiplied together to calculate a C.
scheeri size; this size was normalized by dividing by the largest size in our dataset.
Additionally, the nodes on each individual C. scheeri were counted, as well as the
number of pups. Number of nodes and number of pups were also normalized by dividing
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by the largest number of nodes and largest number of pups in our dataset. C. scheeri were
classified as clusters if they had multiple heads and many more pups than a typical C.
scheeri. The height, diameter, and circumference of the entire cluster were measured,
though nodes were only counted on the C. scheeri heads, excluding the pups.
3.0 Results
3.1 Climate
Throughout the study period, temperature ranged from approximately -10°C in
the winter to 40°C in the summer. In both years, temperature increased in mid-late spring
(~DOY 100) until mid-summer (~DOY 180), when temperatures leveled off after the
summer wet season began (Figure 3a, b). Average temperature for during the warmer half
of the year (here designated as April 1 – September 7) was 28oC for both 2013 and 2014
(www.ncdc.noaa.gov). In both 2013 and 2014, GDD increased relatively steadily each
year, with a slight inflection occurring between May 20 and June 9 (Figure 3c, d).
Winter precipitation was greater in 2013 – 2014 (93 mm; Table 1) than in 2012 –
2013 (73 mm; Table 1). This difference between years was further amplified in total
water year precipitation (248 mm in 2014 versus 170 mm in 2013) due in part to
contributions from a late summer hurricane in 2014. Within the warmer half of the year,
precipitation was sparse prior to the wet season in both years, which began around July 1
(Figure 3e, f). Summer 2013 received fewer large (> 10 mm) storms than summer 2014
(Figure 3e, f).
3.2 Soil Moisture
Prior to the wet season (measured in 2014 only, Figure 3f), soil moisture (upper
12 cm) was low. Soil moisture responded rapidly to precipitation events, reflected in
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increased water content in same-day measurements, when feasible. Subsequently, soils
dried rapidly, progressing to background soil moisture levels unless altered by additional
precipitation within only a couple of days (Figure 3e, f). Temporal variation in soil
moisture was most influenced by a few large events, which generally yielded longer
subsequent intervals of above-background soil moisture (Figure 3e, f).
3.3 Flowering Phenology
Bud formation (observed only in 2014) tended to be synchronous across plants.
The initial bud event (5 of 9 plants) occurred on single day (June 10; Table 1), with three
of the remaining four plants budding within the next 22 days. This initial bud event was
associated with an inflection point in GDD while temperature was increasing (Figure 3b,
d) and was prior to the onset of the wet season (Figure 3f). For this initial bud event,
GDD reached 2858 and water year precipitation accumulated to 93 mm (Table 1).
Flowering resulting from this bud event occurred on July 11 (8 of 8 budded plants; Table
1), two days following a large 9 mm precipitation event. A second synchronous bud event
(7 of 9 plants; July 15) occurred during a large (14 mm) precipitation event. The majority
of the flowering resulting from this second bud event occurring only five days later (6 of
7 budded plants; July 20; Table 1); the final budded plant flowering the next day (July
21). Three days after the second flowering event, a third bud event occurred (4 of 9
plants; July 23) with no associated precipitation within eight days. Flowering resulting
from this third bud event occurred on August 6 (4 of 4 budded plants), five days
following a large 11 mm precipitation event.
Flowering events (observed in both years) occurred in mid-summer after onset of
the wet season (Figure 3e, f; Table 1). In both years, the first flowering event occurred
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after the first large (>10 mm) event. Flowering events tended to occur within two to six
days of precipitation and peak soil moisture (Figure 3e, f), usually after events larger than
10 mm (an exception was the August 11, 2013 flowering event following a 4 mm
precipitation event). Consequently, flowering generally occurred while soil moisture was
above baseline levels (Figure 3e, f). No clear relationship was observed between
flowering and temperature or GDD. Each individual bud flowered for only one day.
Some plants had a single lagging flower that opened one or two days after the flowering
date of other buds on that same individual. Duration between initial and final flowering
events was 30 to 40 days for both years, within which up to four unique flowering events
occurred per individual cactus.
3.4 C. scheeri Plant Physical Characteristics
The three C. scheeri plant physical characteristics—size, number of nodes, and
number of pups—all exhibited skewed frequency distributions with many more
individuals in the smallest size class of each and few individuals being in the largest class
(Figure 4). C. scheeri at our study site ranged from 12.9 – 28.7cm tall and 10.5 – 45.0 cm
diameter. Node count ranged from 47 to 462 nodes. For non-cluster C. scheeri
individuals, number of pups ranged from two individual C. scheeri having no pups, to
five individual C. scheeri having between one and ten pups. The smaller of the two C.
scheeri clusters had 18 pups and the largest had 33 pups.
3.5 Abiotic Factors Influencing C. scheeri Plant Physical Characteristics
C. scheeri individuals spanned a range of the three plant physical characteristics
(size, # of nodes, and # of pups) for three abiotic factors: two soil related metrics
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(infiltration rate and % sand) and a radiation input metric (fraction of potential incoming
solar radiation at a location; DSF).
Both size and node count appear to be related to infiltration, with higher
infiltration rates associated with both smaller and larger individuals, creating a concaveup relationship (Figure 5a, d). Maximum pup count appears to decrease with infiltration
rate (Figure 5g). At the scale of an individual (for which there were 4 measurements of
infiltration surrounding it; Figure 2), there was little variation in infiltration (0.017 SD)
although the point most downslope of any individual C. scheeri plant tended to exhibit
the slowest rates (personal observation). C. scheeri individuals spanned soil texture types,
but were mostly found on sandy loam (7 sites) or sandy clay loam (2 sites). Sand ranged
from 54-76% across individual C. scheeri locations; associated silt and clay composition
each ranged from approximately 10-30%. Sand composition did not appear to relate to
any of the three size metrics (Figure 5b, e, h). Fraction of potential solar radiation input
near the ground (DSF) was relatively high for all sites ranging from 0.95 to 0.99 (Figure
5c, f, i).
When each of the three the size metrics are aggregated into three size categories,
additional patterns were suggested. There is not a distinct trend with DSF but higher
infiltration rates (Figure 6a, b, c) and sand content (Figure 6d, e, f) appear to be
associated with larger individuals, more nodes, and high pup counts.
4.0 Discussion
4.1 Ecohydrological Controls on C. scheeri Flowering Phenology
The appearance of the first bud of the season in 2014 was associated with an
inflection in the accumulation of GDDs (Figure 3d). Though this observation was only
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made during a single year, the onset of budding and thus the initiation of the flowering
season for C. scheeri appears to be associated with an accumulation of energy.
Conversely, based on the observations of our two-year study, C. scheeri flowering events
do not appear to be associated with energy or temperature triggers (Figure 3a, b, d).
Instead, flowering events appear to have a moisture trigger associated with large rainfall
events and their associated peak in soil moisture (Figure 3e, f). This is not a surprise since
previous research has shown that C. scheeri flower in response to the monsoon
precipitation pulses (Baker, 2004; McDonald & McPherson, 2005; Roller, 1996;
Schmalzel et al., 2004). However, our research specifically shows that while repeat bud
events tend to occur soon after the C. scheeri plants recover from their last flowering
event, C. scheeri appear to wait to flower until specific moisture conditions are met.
These conditions seem to occur two to six days following a large (> 10 mm) precipitation
event and associated peak in soil moisture. While the flowering phenology of some
cactus species has been shown to be associated with the onset of increasing spring
temperatures (Bustamante & Búrquez, 2008; Crimmins et al., 2010; Fleming et al., 2001),
our results are consistent with other cactus species that flower in the summer (Crimmins
et al., 2011). Notably, our study indicates cactus flowering occurring within a fixed
window of days following a precipitation event that exceeded a minimum threshold (10
mm). This relationship has important implications for climate change impacts. For
reproductive success of C. scheeri precipitation events will need to include appropriately
timed, larger events (generally >10 mm). Current projections indicate precipitation will
be reduced in the future (Garfin et al., 2013), but information on the distribution and
timing of event sizes remains uncertain.
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4.2 Ecohydrological Controls on Plant Physical Characteristics
In this study, we examined the associations between three physical plant
characteristics—plant size, number of nodes, and number of pups—and three abiotic
factors—infiltration, %sand, and potential incoming solar radiation. All C. scheeri
individuals were located on loam soils, generally sandy. Capillary forces tend to be the
major contributor to matric potential in these coarser-grained soils, as opposed to finertextured soils where adsorptive surface forces dominate. These types of soils tend to have
low runoff potential and high infiltration rates even when thoroughly wetted (NRCS
Hydrologic Soil Groups). Interestingly, for our study populations higher infiltration rates
and sandier soils tend to be associated with smaller cactus and with less nodes (Figure 6).
While counterintuitive, this may be a result of quick draining soils decreasing the amount
of plant available moisture for C. scheeri, as reported in studies with other plant species
(Borchert et al. 2004).
For all C. scheeri locations, the fraction of potential solar radiation input near the
ground (DSF) was relatively high (> 0.95; Figure 5c, f, i). At AFP44, creosotebush and
cholla are the dominant plant species, with bare ground between cactus and shrubs
(Harris Environmental Report, 2010). We suspect that because of the lack of grass cover
at AFP44, C. scheeri have more full sun exposure and reduced competition for shallow
soil moisture resources. This is consistent with other studies in water-limited areas where
cactus are competing with other species for limited water resources (Coffin & Lauenroth,
1990).
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4.3 Implications for Management and Conservation Practices
Although previous research has suggested that precipitation pulses trigger
responses in C. scheeri (McDonald & McPherson, 2005; Roller, 1996), there is still a
paucity of knowledge related to the size and distribution of the pulse needed to trigger
these responses. This leaves species managers without a sufficient understanding of the
conditions C. scheeri require for reproductive success. Our study suggests that C. scheeri
are larger on loamy soils with some sand, perhaps because infiltration can occur but not
too quickly. Soil texture may also be important in the context of its effect on evaporation
loss. Additionally, we show that individuals in this high-density population of C. scheeri
were located in sparsely vegetated and sunny locations, especially those with minimal
competition for surface water resources. With this knowledge, locations that host known
C. scheeri with these abiotic conditions could be preferentially protected to maximize
successful conservation. For reproductive success, our study also suggests that C. scheeri
is dependent on large (> 10 mm) precipitation events that occur in the warm summer
season. With this knowledge, managers could focus on conservation strategies associated
with harvesting seeds (Fox & Nino-Murcia, 2005) in years with good precipitation.
Additionally, this understanding could be used to focus on relocation management
strategies (Bouzat et al., 2008; Massei et al., 2010) in which individuals could be
relocated to areas with ideal abiotic conditions which may be converting to a
precipitation regime conducive to C. scheeri establishment.
We note that the results of this study are based on only 1 year of bud data and two
years of flowering data, both within one population of C. scheeri within the known size
and distribution of this species. Data collected here present C. scheeri response to climate
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events within the study period and are not indicative of species response to extreme
climate events. Furthermore, results describing flowering phenology and individual site
characteristics presented here do not indicate the health or distribution of the overall
population across its range.
5.0 Conclusions
Here we identify ecohydrological controls on the flowering phenology and
associated plant physical characteristics of an endangered cactus species inhabiting a
limited region of the Sonoran Desert. We used a dense population to quantify the
temporal dynamics of flowering phenology and link these dynamics to climate variables
and examine the relationships between abiotic conditions such as soil texture and patterns
of solar radiation and the reproductive plant characteristics such as size and number of
nodes. We show that while bud events appear to be unassociated with moisture,
flowering events are preceded by large rainfall events and their associated peaks in soil
moisture. We also show that C. scheeri prefer loamy soils, with some sand so that
infiltration can occur but not too quickly and that C. scheeri prefer sparse sunny
locations, especially those with minimal competition for surface water resources. With
this knowledge, locations that host known C. scheeri with these ecohydrological controls
should be preferentially protected to maximize successful conservation.
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Figure 1: C. scheeri habitat range with AFP44 highlighted. Distribution of C. scheeri is
presented in dark grey and study site is indicated by black area.
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Figure 2: Diagram indicating the measurement design for field data collected.
Measurements depicted here include volumetric water content, infiltration, soil texture
type, and hemispherical photos. Per guidance from Arizona Fish and Wildlife, invasive
measurements were made 1m away from the C. scheeri so as not to risk damaging the
root structure.
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Figure 3: Daily measurements of temperature (a, b), growing degree days (GDD) (c, d),
precipitation and volumetric water content (e, f) are presented here in conjunction with
phenological events (e.g. bud formation, square, and bloom events, diamonds) for both
study years.
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Figure 4: A histogram of C. scheeri size indicators: size (a), node count (b), and pup
count (c) frequencies.
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Figure 5: Physical C. scheeri habitat characteristics as they related to C. scheeri size
indicators. Site characteristics include infiltration rate (a, d, g), % sand as an indicator of
soil texture type (b, e, h), and Direct Site Factor (DSF) for fraction of potential annual
radiation input (c, f, i). Size indicators are normalized for context, and include size (a, b,
c), node count (d, e, f), and pup count (g, h, i).
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Figure 6: C. scheeri histograms of grouped data for infiltration (a, b c), % sand (d, e, f),
and Direct Site Factor (DSF) for fraction of potential annual radiation input (g, h, i); each
as related to size (a, d, g), node count (b, e, h), and pup count (c, f, i). Different letters
above bars indicate significant differences within a given panel; significance was
determined by the Friedman’s Rank Test, and is set at P<0.10. Size is determined to be
effected by infiltration (a) and %sand (d) at p=0.096. Node count is determined to be
effected by infiltration (b) and %sand (e) at p=0.079. Other trends are determined to be
non-significant.
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# of unique bud/flower events
Date of 1st bud
Date of 1st flower
Water year GDD at 1st bud
Water year GDD at 1st flower
Water year precip 1st bud
Water year precip 1st flower
Temp at 1st bud
Temp at 1st flower

Y2013
4/4
July 10
2830
75 mm
100 mm
30.3°C

Y2014
3/3
June 10
July 11
2187
2858
93 mm
111 mm
32.5°C
31.4°C

Table 1: Data describing chronology of ecohydrological events and phenological
response which enhances the time series data presented.
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APPENDIX C: SUPPLEMENTAL DATA FROM SANTA RITA EXPERIMENTAL
RANGE ON PLANT PHYISCAL CHARACTERISTICS AND ASSOCIATED
ABIOTIC CHARACTERISTICS
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1.0 Methods
1.1 Site Description
The Santa Rita Experimental Range (SRER) is a large, multi-use area located
approximately 40 km south of Tucson, Arizona and covers about 21043 hectares (Figure
1). The area is used for camping, grazing, hunting, and has been a location for study and
experiments for over 100 years, managed initially by the U.S. Forest Service in 1902, and
transferring authority to the University of Arizona in 1987 (http://cals.arizona.edu/srer/).
Soil types and vegetation cover vary greatly within the SRER as a consequence of an
elevational gradient and a variety of different anthropogenic activities (e.g. grazing)
(http://cals.arizona.edu/srer/). Mean annual temperature at the SRER is 18.44°C
(McClaran & Wei, 2014) and based on 80 years of data, mean annual precipitation ranges
between 275 mm – 450 mm across the range (McClaran, 2010).
Using location data from the Arizona Heritage Data Management System
(http://www.azgfd.gov/w_c/edits/species_concern.shtml; AHDMS), maps of C. scheeri
within the study areas were generated in ArcMap v10.2 (Figure 1). Maps generated using
AHDMS data were used to identify locations of C. scheeri within the SRER. However,
because the small C. scheeri are very sparse within the SRER, individuals were difficult
to locate. In the end, our study made use of the randomly selected C. scheeri individuals
that could be successfully located within the SRER (11 total). All data were carefully
gathered with the guidance of U.S. Fish and Wildlife Service (USFWS) so as not to harm
or disturb the endangered C. scheeri plants.
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1.2 Abiotic Data
A 5-cm diameter soil core was extracted from the upper 10 cm, located 1 m south
of each C. scheeri plant (11 total). Each of these soil samples was sieved to remove any
gravel > 2 cm in diameter. The remaining soil was analyzed for soil texture via Particle
Size Analysis by the Center for Environmental Physics and Mineralogy (CEPM) lab at
the University of Arizona.
Direct Site Factor (DSF) is an estimate of potential incoming solar radiation for a
cloudless year that ranges from 0.0 to 1.0, where a value of 1.0 indicates complete
exposure to incoming solar radiation and 0.0 indicates complete shading (Rich, 1989;
Rich et al., 1999). The fractional reductions are determined by nearby vegetation
obstructions, as well as topographical effects (the latter are usually relatively small unless
in close proximity to tall topographic features). In our study, we derived DSF using
images taken with a Nikon Coolpix camera instrumented with a fish-eye lens to capture a
full 180° image directly south of each C. scheeri plant. We took images at each C.
scheeri plant (11 total) using the fish-eye lens either at dawn or dusk when there was still
daylight but when the sun was not in the sky to avoid the sun appearing in the photo. The
camera was placed on a small bean bag to level the camera and oriented with a marker to
indicate North in the photo. The image height was at approximately 25 cm above the
ground surface. The photographer was positioned on the north side of each C. scheeri
plant so as not to shade the C. scheeri plant in any way. Each image was processed in
Delta-T Devices HemiView v. 2.1 software to adjust the contrast so that the sky is white
and all other objects which would create shade are black. DSF is the percent of the image
that is white (open). We took these images once at each C. scheeri plant in the two-year

108 | P a g e

study period, which, based on the path of the sun in the sky at that location, yields an
annual value of DSF.
1.3 C. scheeri Plant Physical Characteristics
The height and diameter of each individual C. scheeri was measured with a
measuring tape; for circumference, a string was used to measure around the C. scheeri
between the spines. Height and diameter were multiplied together to calculate a C.
scheeri size; this size was normalized by dividing by the largest size in our dataset.
Additionally, the nodes on each individual C. scheeri were counted, as well as the
number of pups. Number of nodes and number of pups were also normalized by dividing
by the largest number of nodes and largest number of pups in our dataset, which included
data from Appendix B.
2.0 Results
2.1 C. scheeri Plant Physical Characteristics
The three C. scheeri plant physical characteristics—size, number of nodes, and
number of pups—all varied substantially among individuals (Figure 2) and exhibited
skewed frequency distributions with many more individuals in the smallest size class of
each and few individuals being in the largest class (Figure 3). C. scheeri at our study sites
ranged from 3.5 -12.0 cm tall and 6.3 -12.5 cm diameter. Node count ranged from 20 to
56 nodes. Number of pups ranged from five individual C. scheeri having no pups, to six
individual C. scheeri having between one and ten pups.
2.2 Abiotic Factors Influencing C. scheeri Plant Physical Characteristics
C. scheeri individuals spanned a range of the three plant physical characteristics
(size, # of nodes, and # of pups) for two abiotic factors: a soil metric (% sand) and a
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radiation input metric (fraction of potential incoming solar radiation at a location; DSF).
C. scheeri individuals spanned soil texture types, but were mostly found on sandy loam
(6 sites) or sandy clay loam (4 sites), with one individual on clay loam. Sand ranged from
40-78% across individual C. scheeri locations; associated silt and clay composition each
ranged from approximately 10-30%. Sand composition did not appear to relate to any of
the three size metrics (Figure 4b, e, h). Fraction of potential solar radiation input near the
ground (DSF) was relatively high for all sites ranging from 0.90 to 0.99, with most >
0.95.
When each of the three the size metrics are aggregated into three size categories
relative to C. scheeri size values studied at another site (Appendix B), additional patterns
were suggested. Higher DSF values (Figure 4f) appear to be associated lack of pups.
There were not pronounced differences in size with % sand (Figure 4c).
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Figure 1: C. scheeri habitat range with SRER highlighted. Distribution of C. scheeri is
demonstrated in dark grey and study sites are indicated by black area.
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Figure 2: Physical C. scheeri habitat characteristics as they related to C. scheeri size
indicators. Site characteristics include % sand as an indicator of soil texture type (a, c, e),
and Direct Site Factor (DSF) for fraction of potential annual radiation input (b, d, f). Size
indicators are normalized for context, and include size (a, b), node count (c, d), and pup
count (e, f).
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Figure 3: A histogram of C. scheeri size indicators: size (a), node count (b), and pup
count (c) frequencies.
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Figure 4: C. scheeri histograms of grouped data for % sand (a, b, c), and Direct Site
Factor (DSF) for fraction of potential annual radiation input (d, e, f); each as related to
size (a, d), node count (b, e), and pup count (c, f). Different letters above bars indicate
significant differences within a given panel; significance was determined by the
Friedman’s Rank Test, and is set at P<0.10. DSF is determined to have a relationship
with pup count with a p-value of 0.054. Other trends are determined to be nonsignificant.
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