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Executive Summary

This report summarizes results of the Sonoran Desert Network (SODN)’s first season of 
terrestrial vegetation and soils monitoring in upland areas of Montezuma Castle National 
Monument (NM), in central Arizona. Our objectives were to determine the status of and de-
tect trends, over five-year intervals, in vegetation cover and frequency, soil cover, biological 
soil crust cover and frequency, and surface soil stability. Twelve permanent field-monitoring 
sites were established and sampled in 2010–2011. 

Unfortunately, our initial sampling frame did not adequately account for the riparian area 
surrounding Beaver Creek. Two plots were revealed to contain obligate riparian plant species 
and evidence of past flooding—characteristics that place those areas outside the scope of 
SODN uplands monitoring. We subsequently excluded areas within a 20-m buffer of the 100-
year floodplain and/or the Riverwash soil map unit to correct the sampling frame. However, 
this still did not remove all areas influenced by Beaver Creek. After constructing a relative 
elevation surface in a geographic information system and consulting with the SODN aquatic 
ecologist, we removed two additional plots from our sample because they were not true ter-
restrial plots. 

Stratifying the eight remaining sampling plots by rock-fragment content in the surface soils 
proved insufficient for partitioning the variance in vegetation at Montezuma Castle NM. We 
re-combined the plots into two revised strata based on a plot’s proximity to Beaver Creek 
and underlying geology. Here we present results from the remaining eight plots and revised 
strata. 

Our data indicated two general classes of thornscrub vegetation in the upland areas of 
Montezuma Castle NM. The plots within the Verde limestone stratum occur on the highest 
and steepest slopes of the monument. These exposed rocky and calcareous plots support the 
shrub-scrub communities that are typical of this region, where crucifixion thorn (Canotia 
holacantha) and creosote bush (Larrea tridentata) co-mingle, and perennial bunchgrasses 
and thorny shrubs are occasional. In contrast, plots in the terrace stratum occur on low-
gradient areas composed of old alluvium and are adjacent to the Beaver Creek floodplain. 
Terrace plots encompass transitional spaces between the active floodplain terraces (which 
support mesquite bosques) and the steep, scrubby uplands, and include species common to 
both. The vegetation communities of the terrace plots show greater floristic affinity to the 
northern Sonoran Desert.

Five exotic plant species were observed in the monitoring plots: red brome (Bromus rubens), 
redstem storksbill (Erodium cicutarium), horehound (Marrubium vulgare), Lehmann loveg-
rass (Eragrostis lehmanniana), and an annual grass in the genus Echinochloa. Red brome was 
one of the most widespread plants found in the park (recorded on 7 of 8 plots). Given the 
low cover of red brome, it appears that native species in upland areas can effectively compete 
with red brome under current conditions. However, red brome can promote fires and subse-
quently outcompete native species that are less fire-tolerant. 

Upland areas of the park, as a whole, appeared to be moderately protected from soil erosion. 
Only 7.2 ± 1.9% of the soil surface consisted of exposed, bare mineral soil. However, 20% 
of soil cover was composed of leaf litter, which could be rapidly lost following wildfire or 
prolonged drought. In addition, the stability of surface soil aggregates (an indicator of soil 
structure) was below our proposed management assessment point for the terrace stratum 
and several individual plots, indicating the potential for soil erosion. Although biological soil 
crust cover was fairly low, the occurrence of biological soil crusts was fairly high across our 
monitoring plots. 

We conclude that the terrestrial vegetation and soils in uplands of Montezuma Castle NM 
are within the historic range of natural variability. Our data reflect the influence of Beaver 
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Creek on vegetation that extends well beyond the 100-year floodplain. The Sonoran Desert 
Network will continue to monitor terrestrial vegetation and soils at Montezuma Castle NM, 
and will revisit the eight plots in 2015. We will add one plot to each stratum to try to increase 
species detectability and statistical power for detecting change in mesquite cover and soil ag-
gregate stability. Continued monitoring will permit us to detect any directional changes in the 
terrestrial vegetation and soils going forward.
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1  Introduction

1.1  Background
Generating more than 99.9% of Earth’s bio-
mass (Whittaker 1975), plants are the prima-
ry producers of life on our planet. Vegetation 
therefore represents much of the biological 
foundation of terrestrial ecosystems, and it 
comprises or interacts with all primary struc-
tural and functional components of these 
systems. Vegetation dynamics can indicate 
the integrity of ecological processes, produc-
tivity trends, and ecosystem interactions that 
can otherwise be difficult to monitor. Land 
management actions often focus on ma-
nipulating vegetation to achieve park man-
agement objectives, with defined conditions 
based on community structure or lifeform 
composition.

In the Sonoran Desert and Apache High-
lands ecoregions (Bailey 1998), vegetation 
composition, distribution, and production 
are highly influenced by edaphic factors, 
such as soil texture, mineralogy depth, and 
landform type (McAuliffe 1999). Especially 
as they relate to water, these influences are 
magnified at local scales, as described by pio-
neering desert ecologist Forrest Shreve: 

“The profound influence of soil upon desert 
vegetation is to be attributed to its strong con-
trol of the amount, availability and continuity 
of water supply. This fundamental requisite 
in plants is the most ef-
fective single factor in 
the differentiation of 
desert communities” 
(Shreve 1951). 

As such, a fundamen-
tal understanding of 
soils and landforms is 
essential for evaluating 
vegetation patterns and 
processes (McAuliffe 
1999).

The Sonoran Desert 
Network (SODN), as 
part of the National 
Park Service’s Inven-
tory and Monitoring 
Program, has identified 
terrestrial vegetation 

and dynamic soil functional attributes as im-
portant ecosystem monitoring parameters, 
or “vital signs” (NPS 2005), that provide 
key insights into the integrity of terrestrial 
ecosystems at Montezuma Castle National 
Monument (NM; Figures 1-1, 1-2). Indica-
tors of terrestrial vegetation integrity include 
vegetation community structure, lifeform 
abundance, status and trends of established 
exotic plants, and early detection of previ-
ously undetected exotic plants. Indicators of 
soil dynamic function and erosion resistance 
include the cover of mineral soil and biologi-
cal soil crusts, and the stability of surface soil 
aggregates.

Figure 1-1. Montezuma Castle, Montezuma Castle National Monument.
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Figure 1-2. Upland vegetation, Montezuma Castle, Montezuma Castle National Monument.
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1.2  Goals and objectives
The overall goal of the SODN terrestrial veg-
etation and soils monitoring program is to 
ascertain broad-scale changes in vegetation 
and dynamic soils properties in the context 
of changes in other ecological drivers, stress-
ors, and processes, and focal resources of 
interest. This integrated approach explores 
patterns and identifies candidate explana-
tions to support effective management and 
protection of park natural resources in a 
cumulative fashion, such that the results of 
each successive round of monitoring build 
upon the knowledge gained from previous 
efforts and related research and monitoring 
activities.

Specific, measurable objectives for SODN 
terrestrial vegetation and soils monitoring 
(Hubbard et al. 2012) at Montezuma Castle 
NM are to determine the status of and detect 
trends in (over five-year intervals):

1. Terrestrial vegetation cover for common 
(≥10% absolute canopy cover) perenni-
al species, including non-native plants, 
and all plant lifeforms. 

2. Terrestrial vegetation frequency of un-
common (<10% absolute canopy cover) 
perennial species, including non-native 
plants.

3. Terrestrial soil cover by substrate classes 
(bare soil, litter, vegetation, biological 
soil crust, rock fragments of several 
size classes) that influence resistance to 
erosion. 

4. Terrestrial soil stability of surface aggre-
gates by stability class (1–6).

5. Biological soil crust cover and fre-
quency by lichen growth form and 
generalized morphological group 
(bryophyte, light cyanobacteria, dark 
cyanobacteria).

1.3  Scope of this report
This document reports and interprets the 
results of the first round of terrestrial veg-
etation and soils monitoring at Montezuma 
Castle NM. SODN does not monitor ter-
restrial vegetation and soils at the Well unit, 
as that unit contains relatively little upland 
habitat. This report focuses on current sta-

tus, with trend evaluations to commence af-
ter the next sampling period in 2015. We do, 
however, contrast these current results with 
those from previous studies and interpret the 
information in the context of management 
objectives and ecological considerations. 

The thematic scope is limited to terrestrial 
ecosystems. Aquatic resources, including ri-
parian and xeroriparian vegetation, are ad-
dressed in the SODN streams and washes 
protocols. The temporal scope of this docu-
ment is 2010–2011. 

1.4  Overview of terrestrial 
ecosystems at Montezuma 
Castle NM

1.4.1  Park establishment and purpose

Established in 1906, Montezuma Castle NM 
protects and interprets a complex of impos-
ing cliff dwellings, pueblos, and other asso-
ciated prehistoric sites, and the unique and 
diverse natural environment that attracted 
and supported these early civilizations (Pro-
tas 2002). 

Using the new executive authority granted 
by the Antiquities Act (passed only a few 
weeks prior), President Theodore Roosevelt 
established a 65-hectare (160-acre) monu-
ment to protect “ . . . the prehistoric structure 
known as Montezuma’s Castle” because it 
was deemed to be “ . . . of the greatest ethno-
logical value and scientific interest” (34 Stat. 
3265). Subsequent expansions in 1937, 1943, 
1978, and 2003 increased park area to the 
current total of 334 hectares (826 acres), and 
included a new, detached unit: the unique 
sinkhole and riparian ecosystems and pre-
historic pueblos of nearby Montezuma Well 
(Protas 2002).

Although the Antiquities Act provided legal 
protection for natural and cultural resources, 
funds, guidance, and infrastructure for the 
park were largely absent until the appoint-
ment of site custodian Martin Jackson in 
1921, and the 1923 addition of the park to 
the Southwest National Monuments group 
led by famed Superintendent Frank “Boss” 
Pinkley (Protas 2002). Under the effective 
leadership of Jackson and Pinkley, and with 
slowly increasing resources and guidance 
from the relatively new National Park Ser-
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vice, preservation and protection efforts 
began to counteract years of vandalism and 
negligence at the impressive cliff dwellings 
and other prehistoric sites. 

As with other cultural sites in the American 
Southwest, the location of these important 
prehistoric resources is directly related to 
scarce and important natural resources: the 
perennial waters and associated rich natural 
resources of Beaver Creek, and the unique 
aquatic ecosystems of the sinkhole at Mon-
tezuma Well. 

1.4.2  Biogeographic and physiographic 
context

Montezuma Castle NM lies along Beaver 
Creek near the town of Camp Verde, in cen-
tral Arizona (Figure 1-3). Although the mon-
ument spans only about 300 feet in elevation 
(~3,200–3,500 ft, or 975–1,066 m), this small 
unit encompasses both lush aquatic and ri-
parian ecosystems and relatively dry and 
sparse upland thornscrub separated by im-
posing, steep limestone cliffs. Neighboring 
lands are managed by the Coconino National 
Forest, the Arizona State Land Department, 

the Yavapai Apache Nation, and private land-
owners (USGS 2011).

Montezuma Castle NM is within the Cen-
tral Highlands physiographic province of 
Arizona, which is a transition zone between 
the Plateau Uplands (Colorado Plateau) 
province to the north and the Basin and 
Range province to the south (USGS 1969, as 
cited in Konieczki and Leake 1997). Rugged 
mountains composed of igneous, metamor-
phic, and sedimentary rocks characterize the 
Central Highlands transition zone (ADWR 
2009). Valleys, mesas, canyons, plateaus, and 
peaks contribute to the area’s topographical 
diversity. 

Although part of the Sonoran Desert Net-
work, Montezuma Castle NM actually lies 
within the Apache Highlands Ecoregion 
(Figure 1-4). This ecoregion spans 30 million 
acres in Arizona, New Mexico, and Sonora 
and Chihuahua, Mexico, and is character-
ized by mountain “sky islands” separated by 
grassland and desert scrub “seas” (Marshall 
et al. 2004). Other U.S. national parks in the 
Apache Highlands include nearby Tuzigoot 
NM, as well as Chiricahua NM, Coronado 

Figure 1-3. Location of Montezuma Castle National Monument.
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National Memorial, Fort Bowie National 
Historic Site, and much of the Rincon Moun-
tain District of Saguaro National Park (NPS 
2005). 

The Apache Highlands have been subdi-
vided into north and south subregions for 
purposes of resource conservation (AGFD 
2006). The North Subregion covers 9.4 mil-
lion acres in Arizona, and is characterized by 
highly dissected mesas and mountains rang-
ing from approximately 2,100 to 8,800 feet 
(~640–2,682 m) in elevation (Marshall et al. 
2004). The northern extent of the eastern 
part of this ecoregion is defined by the Mo-
gollon Rim, where the primary landforms are 
steep canyons and broad, flat valleys, sepa-
rated by small mountain ranges, ridges, and 
plateaus. The higher elevations in the north-
western part of this ecoregion are dominated 
by more expansive, level-topped plateaus. 
Toward the south, the plateau country breaks 
into similarly highly dissected drainages and 
small mountain ranges (AGFD 2006).

1.4.3  Local geology and soils

Montezuma Castle is located in the Verde 

River Valley, a down-faulted Cenozoic sedi-
mentary basin dominated by Verde Forma-
tion sediment, and young lacustrine sedi-
ment with classic, evaporitic, and limestone 
facies (Lindsay 2000). Deposits of lacustrine 
and fluvial origin dominate the area sur-
rounding the monuments. Fluvial deposits 
from the Verde River are further separated 
into terraced (moderately sorted and lightly 
cemented) and alluvial (unsorted and unce-
mented) deposits (Woodward-Clyde 1997, 
cited in NPS 2005).

According to the NPS Geologic Resources 
Inventory, four geologic units occur within 
the monument. Holocene-age alluvium oc-
curs along Beaver Creek. Adjacent to the 
alluvium is the terrace gravels geologic unit. 
The Verde Formation–limestone unit cov-
ers much of the uplands area of Montezuma 
Castle NM, with the exception of the south-
west corner, which is Verde Formation–la-
custrine rock (NPS 2010b). 

Two broad types of soils predominate at 
Montezuma Castle NM: (1) riverine bottom-
land soils composed of alluvium and (2) up-
land, rocky calcareous soils (Figure 1-5). The 

Figure 1-4. Biogeography of Sonoran Desert Network.

!(
!(

!(

!(

!(

0 50 10025
Miles

Coronado NMem.

Organ Pipe
Cactus NM

Tumacacori NHP

Saguaro NP

Chiricahua NM

Fort Bowie NHS

Gila Cliff
Dwellings NM

Casa Grande
Ruins NM

Tonto NM

Montezuma Castle NM

Tuzigoot NM

Apache Highlands 
Ecoregion

Sonoran Desert
Ecoregion

Arizona-New Mexico 
Mountains Ecoregion

Chihuahuan Desert
Ecoregion

Colorado Plateau
Ecoregion

jave 
Desert

Ecoregion

Phoenix

Tucson

Flagstaff

Las Cruces

Albuquerque
!

!

!

!

!

November 2009Produced by Sonoran Institute

0 50 10025
Miles

Coronado NMEM

Organ Pipe
Cactus NM

Tumacácori NHP

Saguaro NP

Chiricahua NM

Fort Bowie NHS

Gila Cliff
Dwellings NM

Casa Grande
Ruins NM

Tonto NM

Montezuma Castle NM

Tuzigoot NM

Apache Highlands
Ecoregion

Sonoran
Desert

Ecoregion

Arizona-New Mexico
Mountains Ecoregion

Chihuahuan
Desert

Ecoregion

Colorado Plateau
Ecoregion 

Phoenix

Tucson

Flagstaff

Las Cruces

Albuquerque

Mojave
Desert
Ecoregion

National Park Service
U.S. Department of the Interior

Sonoran Desert Network
Arizona and New Mexico

Biogeography of the Sonoran Desert Network



 Chapter 1: Introduction     5

Retriever soil series, which consists of lime-
stone outcrops and soils derived from lime-
stone and is found on upland mesas, ridges, 
and side-slopes, dominates the soils derived 
from calcareous parent materials at the Cas-
tle unit. Riverwash soils along Beaver Creek 
consist of stratified sand, silt, and clay, with 
scattered deposits of gravel, cobbles, stones, 
and boulders. The remainder of the Castle 
unit is characterized by several series of finer 
calcareous soils (Figure 1-6) consisting of 
fine sandy loams, gravelly sandy loams, and 
clays (Rowlands 1999). However, soil prop-
erties can vary greatly over relatively small 
spatial scales—scales that are often not ad-
equately captured by traditional soil surveys. 
Soil properties have important consequences 
for vegetation composition, persistence, and 
productivity (McAuliffe 1999). 

1.4.4  Biological soil crusts

Biological soil crusts—a community of cya-
nobacteria, algae, lichens, and bryophytes—
provide key ecosystem functions, such as in-
creasing water and wind erosion resistance, 
contributing organic matter, and fixing at-
mospheric nitrogen. Cyanobacteria weave 

through the upper few millimeters of soil, se-
creting polysaccharides and binding soil par-
ticles together. In addition to reducing water 
erosion, the polysaccharides also contribute 
to soil aggregate structure, which is directly 
correlated with soil erosion resistance (Bel-
nap et al. 2003; Herrick et al. 2005a). Mosses 
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Figure 1-5. Soils at Montezuma Castle National Monument.

Figure 1-6. Bright white calcareous surface soils stand in sharp contrast to 
vegetation at Montezuma Castle National Monument.
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and lichens have small, anchoring structures 
that help them protect the soil surface (Bel-
nap et al. 2003). 

At Montezuma Castle NM, cyanobacteria 
(Nostoc commune) dominate the crust com-
munity on non-rocky soils derived from 
limestone (Bowker and Belnap 2008). Li-
chens, a composite, symbiotic organism 
comprising a fungus and either a cyanobac-
terium or a green alga, occur on the soil sur-
face. The rocky soils derived from limestone 
at the park support a rich lichen community. 
Nine lichens have been observed on the soil. 
Mosses also occur on the soil surface; five 
species have been observed at Montezuma 
Castle NM. According to a recent predic-
tive modeling effort, the uplands areas in 
the western portion of the monument (lime-
stone-derived soils) have the greatest poten-
tial for biological soil crust abundance but 
crust cover is highly variable (Bowker and 
Belnap 2008). 

1.4.5  Climate and hydrology

Montezuma Castle NM experiences climate 
typical of the Apache Highlands Ecoregion: 
highly variable, bimodal precipitation with a 
considerable range in daily and seasonal air 
temperature, and relatively high potential 
evapotranspiration rates (TNC 1999). Ap-
proximately half of the annual precipitation 

falls during summer, when maximum air 
temperatures often exceed 30°C and lead to 
violent (and often localized) rainstorms. The 
bulk of the remaining annual precipitation 
falls in relatively gentle events of broad ex-
tent, occasionally as snow. 

Park staff has operated a U.S. National 
Oceanic and Atmospheric Administration 
(NOAA) Cooperative Observer Program 
(COOP) station at Montezuma Castle NM 
since 1938. Recent (1981–2010) historic, or 
“normal” average annual precipitation is 
14.35 inches. Average maximum temperature 
is 81.2°F, and average minimum temperature 
is 43.6°F (Figure 1-7; NCDC 2013). 

Annual precipitation during the five years 
preceding and including vegetation and soil 
sampling (2007–2011) was 88% of the 30-year 
normal (12.65" vs. 14.35", respectively), with 
drier than normal periods during both winter 
and summer seasons (Figure 1-7). Maximum 
and minimum air temperatures were also 
consistently warmer during 2007–2011 com-
pared to the 30-year normal (Figure 1-7). 

Montezuma Castle NM lies within the mid-
dle Verde River watershed, which coincides 
with the 2,500-mi2 Verde Valley subbasin of 
the Verde River groundwater basin. Beaver 
Creek, a tributary of the Verde River, runs 
through Montezuma Castle NM and is char-

Figure 1-7. Climate data from 2007 to 2011 in the context of 30-year normals (1981–2010) for Montezuma 
Castle National Monument. Tmax: average daily maximum air temperature. Tmin: average daily minimum air 
temperature.
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acterized by intermittent water flow (Schmidt 
et al. 2006), with perennial segments within 
portions of the monument. The Verde Val-
ley subbasin extends along the Verde River 
between Paulden and Camp Verde, and in-
cludes Sycamore Creek, Oak Creek, Wet and 
Dry Beaver creeks, and West Clear Creek 
(Blasch et al. 2006).

1.4.6  Human habitation of the 
Montezuma Castle NM landscape 

Archeological evidence suggests a sequence 
of settlement by the Hohokam, Hakataya, 
and Sinagua peoples in the lush valleys and 
hills along the Verde River beginning around 
900 AD (Protas 2002). The Montezuma 
Castle cliff-house complex was constructed 
and occupied by the Sinagua people from 
around 1200 AD until their departure from 
the Verde Valley more than 200 years later 
(Protas 2002). 

During the periods of exploration and settle-
ment of the Verde Valley, Spanish explorers, 

fur trappers, surveyors, military officers, set-
tlers, and tourists noted the impressive pre-
historic structures and speculated on their 
origins (Protas 2002). 

Portions of a large area of fertile flat land 
along the creeks have been farmed intermit-
tently, beginning with the Sinagua around AD 
600–800. Farming ceased after the Sinagua 
left the area, but European settlers resumed 
cultivation in the 1800s (NPS 1994).

Today, the Southwest is one of the fastest-
growing regions in the United States. Popu-
lation in the Verde River watershed (on the 
upper Verde River and part of the middle wa-
tershed upstream of Camp Verde) increased 
from approximately 82,000 in 1990 to an av-
erage population of over 148,000 from 2005 
to 2009 (ESRI 2011). The number of housing 
units and households also increased, with 
more than 63,000 households and 75,000 
housing units estimated in 2005–2009. 

Table 1-1. Status of natural resource inventories for Montezuma Castle National Monument, August 2013.

Inventory Description Status (2013)
Air Quality Data Baseline air quality data collected both on and off-park.  

Products: http://www.nature.nps.gov/air/maps/AirAtlas/
Complete

Air Quality Related Values An evaluation of resources sensitive to air quality.  
Products: https://irma.nps.gov/App/Reference/Profile/2170560 
https://irma.nps.gov/App/Reference/Profile/2168592

Complete

Base Cartographic Data A compilation of basic electronic cartographic materials.  
Products: https://irma.nps.gov/App/Reference/Profile/2164781

Complete

Baseline Water Quality Assessment of water chemistry in Middle and West Forks of Gila River. 
Products: https://irma.nps.gov/App/Reference/Profile/2173766

Complete

Climate A basic assessment of nearby climate stations and instrumentation. 
Products: https://irma.nps.gov/App/Reference/Profile/2170162

Complete

Geologic Resources A synthesis of existing geologic data, resulting in a report and elec-
tronic map. 
Products: https://irma.nps.gov/App/Reference/Profile/2171392

Map complete, 
report in progress

Natural Resource Bibliography An electronic catalog of natural resource-related information.  
Products: https://irma.nps.gov

Complete

Soil Resources Electronic geospatial data regarding basic soil properties.  
Products: https://irma.nps.gov/App/Reference/Profile/1048933

Complete

Species Lists Documentation of the occurrence and distributions of >90% of the 
vertebrates & vascular plant species, based on prior research and field-
work. Products: Schmidt and others (2006) 

Complete

Species Occurrence and 
Distribution

Vegetation Characterization Description, classification, and mapping of vegetation communities, 
based on fieldwork.

In progress  
(complete 2014)

Water Body Location and 
Classification

Basic geographic data on hydrologic units. 
Products: https://irma.nps.gov/App/Reference/Profile/2176257

Complete
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1.4.7  Brief overview of natural resource 
inventories

Twelve basic natural resource inventories 
were authorized and funded through the Na-
tional Park Service for all 270 parks deemed 
to have “significant” natural resources, in-
cluding Montezuma Castle NM (NPS 2009). 
At time of writing, ten of these inventories 
had been completed and two others were 
in progress (Table 1-1). Coordinated at the 
national level, most of these inventories rely 
on existing information and deliver products 
ranging from electronic data sets to short 
reports. However, three inventories (spe-
cies lists/species occurrence and distribution 
and vegetation characterization) involved 
extensive fieldwork culminating in detailed 
reports. See National Park Service (2009) 
for additional information on the National 
Park Service Natural Resource Inventory 
Program.

1.4.8  Other long-term monitoring and 
related ecological research at 
Montezuma Castle NM

In addition to terrestrial vegetation and soils 
monitoring, the Sonoran Desert Network 
conducts long-term monitoring on air qual-
ity, birds, climate, exotic plants–early detec-
tion, groundwater, and aquatic and riparian 
resources associated with streams (Beaver 
Creek and Wet Beaver Creek). Details on 
these efforts are provided in NPS (2005) and 
on the Sonoran Desert Network website, 
http://go.nps.gov/sodn.

Vegetation research at the monument has 
historically focused on the unique habitats 
around the sinkhole at Montezuma Well 
(e.g., Spangle and Sutton 1949, Clark 1963, 
Clark and Burgess 1966). For the Castle 
unit, riparian plants received a similar (albeit 
much reduced) emphasis, with particular in-
terest on large riparian trees. 

The first detailed research on terrestrial veg-
etation was conducted by Ruffner and John-
son (1990) and Rowlands (1999), each of 
whom developed a vegetation map and used 
field data to assess the vegetation composi-
tion and condition of the monument. 

1.5  Natural resource management 
issues

1.5.1  Invasive exotic species

Long-term anthropogenic disturbance in the 
Verde Valley has contributed to the introduc-
tion and spread of non-native flora and fau-
na, a significant challenge to natural resource 
managers (Rowlands 1999) at Montezuma 
Castle NM. Non-native grasses, such as red 
brome (Bromus rubens) and ripgut brome 
(Bromus diandrus) are well-established. Ex-
otic plant inventories of Montezuma Castle 
NM in the late 1990s and early 2000s found 
43 exotic plant species within the Castle unit 
(Table 1-2; Halvorson and Guertin 2003; 
Mau-Crimmins et al. 2009). 

Non-native fauna include feral dogs and cats, 
cattle, European starlings, house sparrows, 
and bullfrogs (Schmidt et al. 2006). Declines 
in abundance and the extirpation of native 
fish, amphibians, and some aquatic reptiles 
may be caused by non-native fish, crayfish, 
and the American bullfrog (Bonar et al. 
2004). A study by Montgomery and others 
(1995) reported five non-native fish species 
in Wet Beaver Creek.

1.5.2  Visitation

Montezuma Castle NM has become an in-
creasingly well-known and popular park 
unit. This notoriety, along with the state’s 
efforts to promote tourism in Arizona, has 
resulted in significant increases in visitation. 
The close proximity to Interstate 17 and the 
popularity of the Phoenix and Flagstaff met-
ropolitan areas as year-round and winter 
retirement residences have also contributed 
to the upward trend. In addition, commer-
cial tours frequently stop at the Castle unit 
as people travel from the major nearby des-
tination/departure points of Phoenix and the 
Grand Canyon (NPS 1994).

Prior to 1951, visitors were permitted to di-
rectly access the dwellings via a series of lad-
ders. However, the combination of high visi-
tation and fragile cultural resources resulted 
in extensive resource damage. Consequently, 
visitor access is currently limited to a rela-

http://go.nps.gov/sodn
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Table 1-2. Non-native invasive plants detected at Montezuma Castle National Monument (Castle 
unit), 1999–2001 and 2003–2004.

Scientific name Common name Lifeform
Status during survey

1999–2001a 2003–2004b

Ailanthus altissima tree of heaven Tree non-target present

Avena fatua wild oat Graminoid present present

Avena sativa common oat Graminoid present absent

Boerhavia coccinea scarlet spiderling Forb/Herb present present

Brassica tournefortii Asian mustard Forb/Herb absent present

Bromus berteroanus Chilean chess Graminoid non-target present

Bromus diandrus ripgut brome Graminoid present present

Bromus rubens red brome Graminoid present present

Bromus tectorum cheatgrass Graminoid present present

Centaurea melitensis Maltese star-thistle Forb/Herb present present

Chloris virgata feather fingergrass Graminoid present absent

Conyza spp. horseweed Forb/Herb present absent

Cynodon dactylon Bermudagrass Graminoid present present

Cyperus esculentus chufa flatsedge Graminoid present present

Descurainia sophia herb sophia Forb/Herb present absent

Digitaria sanguinalis hairy crabgrass Graminoid absent present

Echinochloa crus-galli barnyardgrass Graminoid present present

Eragrostis cilianensis stinkgrass Graminoid present absent

Eragrostis curvula weeping lovegrass Graminoid present absent

Eragrostis lehmanniana Lehmann lovegrass Graminoid present present

Erodium cicutarium redstem storksbill Forb/Herb present present

Helianthus annuus common sunflower Forb/Herb absent present

Heterotheca subaxillaris camphorweed Forb/Herb present present

Hordeum murinum mouse barley Graminoid present absent

Lactuca serriola prickly lettuce Forb/Herb present present

Linaria dalmatica Dalmatian toadflax Forb/Herb non-target present

Lolium perenne perennial ryegrass Graminoid non-target present

Marrubium vulgare horehound Subshrub present present

Melilotus indicus annual yellow sweetclover Forb/Herb absent present

Melilotus officinalis yellow sweetclover Forb/Herb present present

Polygonum aviculare prostrate knotweed Forb/Herb present present

Polypogon monspeliensis annual rabbitsfoot grass Graminoid present present

Rumex crispus curly dock Forb/Herb absent present

Salsola spp. Russian thistle Forb/Herb present present

Schismus barbatus common Mediterranean grass Graminoid absent present

Setaria viridis green bristlegrass Graminoid genus present present

Sisymbrium irio London rocket Forb/Herb present present

Sonchus spp. sowthistle Forb/Herb present absent

Sorghum halepense Johnsongrass Graminoid present present

Tamarix spp. tamarisk Tree present present

Verbascum spp. mullein Forb/Herb present present

Verbascum thapsus common mullein Forb/Herb present present

Xanthium strumarium rough cockleburr Forb/Herb present present

a Halvorson and Guertin (2003)
b Mau-Crimmins and others (2009)
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tively small, highly managed area of the park. 

Based on monthly visitation from 2002 to 
2007, March is the busiest month for visitors 
to Montezuma Castle NM, with a second, 
smaller peak in October. Visitation drops off 
during mid-summer and winter, perhaps re-
flecting the climate preferences of many visi-
tors. Regional use is more evident on week-
ends and holidays. Heaviest use occurs from 
mid-morning to early afternoon, coinciding 
with tour-bus schedules and the travel time 
from Phoenix and the Grand Canyon (NPS 
2010a).

Following a pattern observed throughout 
the National Park Service, visitation at Mon-
tezuma Castle NM increased sharply follow-
ing World War II, as increased mobility and 
visitor services combined with strong pub-
lic interest to drive visitation numbers up to 
a peak of 1,029,336 in 1996—50 times the 

number seen in 1930 (Figure 1-8). After that, 
visitation declined to around 600,000 per 
annum, and has remained fairly stable since 
2002 (NPS 2011). Despite its small size and 
limited area of access, Montezuma Castle 
NM is among the most-visited national park 
units in the Southwest, and based on the re-
gion’s growing population and the increased 
development of tourism services, park man-
agers are predicting increased visitation over 
the next 15–20 years (NPS 2010a).

1.5.3  Adjacent land use, development, 
and water use

Yavapai County, which extends beyond the 
upper Verde River watershed, was the fastest-
growing rural county in the U.S. as of 1999, 
and its population (132,000 in the year 2000) 
is expected to more than double over the next 
50 years (Smith and Ledbetter 2011). Even by 
Yavapai County standards, the pace of growth 
in the Verde Valley is impressive, as demon-
strated by the dramatic recent increase in 
housing development in the vicinity of Mon-
tezuma Castle NM (Schmidt et al. 2006). The 
increased development on lands adjacent to 
and surrounding the monument results in di-
rect and indirect impacts, such as the intro-
duction of non-native species (e.g., landscap-
ing plants and feral domestic animals; Figure 
1-9), increased groundwater withdrawal, sur-
face water-quality problems and pollution, 
and visual intrusions to the natural landscape 
(NPS 1994; Schmidt et al. 2006).
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Figure 1-8. Visitation at Montezuma Castle National Monument. Data are from National Park Service park 
statistics (NPS 2011).

Figure 1-9. American bullfrog (Lithobates catesbeiana). 
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Groundwater and spring discharges con-
tribute to the perennial flow in Beaver 
Creek, and adjacent land uses can interrupt 
the natural flow regimes. An increase in the 
number of water-supply wells drilled, due 
to the rapid urbanization of the area (NPS 
1994), has lowered groundwater levels—
a trend that could threaten the flow upper 
Verde River (Smith and Ledbetter 2011). 
Most of the flow for Beaver Creek is diverted 
upstream for irrigation during the summer 
months, which affects the amount of creek 
water flowing through both the Montezuma 
Castle and Well units (NPS 1994). Potential 
threats to surface-water quality include non-
point source pollution from urban develop-
ment, agricultural and livestock runoff, and 
discharge from septic wastewater systems 
(Sprouse et al. 2002).

1.5.4  Management priorities and 
vegetation management

Historically, resource management efforts 
in the Castle unit have focused almost solely 
on the monument’s spectacular cultural re-

sources. The 1994 Resources Management 
Plan (NPS 1994) clarified the importance 
of natural resources at the monument and 
highlighted key issues with native vegetation, 
particularly (1) grazing impacts on terrestrial 
vegetation, (2) issues with exotic plants and 
animals, and (3) the consequences of modi-
fied river hydrology on riparian vegetation. 
The management plan identified the lack 
of consistent funding and staffing for natu-
ral resource management and research, and 
proposed professional positions to address 
these needs. Funding for such a position was 
secured in the late 1990s (pers. comm., Kath-
leen Davis), but such as position was not re-
cruited or filled until the mid-2000s. 
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2  Methods

2.1  Response design
The response design for this protocol em-
ploys permanent, 20 × 50-m sampling plots 
(Figure 2-1). The 50-m edges of the plot run 
parallel with the contours of the site. Vegeta-
tion sampling is done in conjunction with soil 
cover and stability measures along six tran-
sects within the plot. In the spaces between 
transects (subplots), within-plot frequency 
is estimated by noting the occurrence of any 
plant species or lifeform not observed on the 
adjacent transects. See Hubbard and others 
(2012) for details on plot configuration and 
collecting the measures.

2.1.1  Vegetation and soil cover: Line-
point intercept

Line-point intercept is a common and ef-
ficient technique for measuring vegetation 
cover of plants. Line-point intercept mea-
sures the number of “hits” of a given species 
out of the total number of points measured 
(Elzinga et al. 1998; Bonham 1989). Vegeta-
tion was recorded within three height cat-
egories along each of the six transects using 
the line-point intercept method with points 
spaced every 0.5 m (240 points total). The 
three height categories are field (<0.5 m), 
subcanopy (0.5–2.0 m), and canopy (>2.0 
m) (Table 2-1). Perennial vegetation was re-
corded to species. Annual vegetation was 
recorded to life form, with the exception of 
a suite of annual non-native plants that were 
recorded to the species level. Soil cover (see 
Hubbard et al. 2012, SOP #5) was recorded 
by substrate class (e.g., rock, gravel, litter), 
with biological soil crust cover recorded to 
morphological group (light cyanobacteria, 
dark cyanobacteria, lichen, moss). 

2.1.2  Vegetation frequency: Subplots

The area between any two adjacent transects 

formed the boundary of 10 × 20-m subplots 
that were used to estimate within-plot fre-
quency of perennial plant species, exotic 
plants, and all lifeforms. The occurrence of 
any species/lifeform that was not measured 
on the adjacent line-point transect was re-
corded to determine a within-plot frequency 
of 0–5. Figure 2-1 explains the relationship 
between each subplot and its corresponding 
adjacent transect.

2.1.3  Soil aggregate stability

Surface soil aggregate stability was mea-
sured using a modified wet aggregate stability 
method (Herrick et al. 2005b). Within each 
plot, samples were collected at pre-deter-
mined points on either side of the six line-
point intercept transects. A total of 48 uni-
formly sized (2–3 mm thick and 6–8 mm on 
each side) samples were tested per plot, in 
groups of 16. Each sample was placed on a 
screen and soaked in water for five minutes. 
After five minutes, the samples were dipped 
slowly up and down in the water, with the re-
maining amount of soil recorded as an index 
of the wet aggregate stability of the sample. 
Samples were scored from 1 to 6, with 6 be-
ing the most stable.

2.1.4  Biological soil crust cover and 
frequency: Point-quadrats

In addition to line-point intercept measure-
ments, biological soil crust cover was mea-
sured using 0.25-m2 quadrats. Three quad-
rats were measured per transect using the 
point-quadrat method (similar in concept 
to line-point intercept), with 16 intercept 
measurements per quadrat, resulting in 18 
quadrats and 288 measurements per plot. 
At each intercept, biological soil crusts were 
recorded as light cyanobacteria, dark cyano-
bacteria, bryophytes (moss and liverworts), 
or lichens by growth form. The observer then 
visually surveyed the quadrat for any lichen 
growth form or morphological group that 
was present. Soil-crust frequency by lichen 
growth form and morphological group was 
determined by the number of quadrats occu-
pied relative to the total number of quadrats 
(n=18). The SODN terrestrial vegetation and 
soils monitoring protocol (Hubbard et al. 
2012, SOP #6) provides a detailed descrip-
tion of the point-quadrat methodology. 

Table 2-1. Height categories for 
vegetation measurement.

Layer Height

Field <0.5 m

Subcanopy 0.5–2.0 m

Canopy >2.0 m
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Figure 2-1. Terrestrial vegetation and soils monitoring plot design. See Hubbard and others (2012) for additional details on design and data collection.

10 m

Vital Signs Monitoring

Plots are 20 x 50 m, with 20-m transects running parallel
to the dominant slope.

Corners of the plots are marked with rebar or nails.

Ends of transects are marked with nails.

Photo points are marked with rebar or nails and 
direction recorded to allow for repeat photography.

Plot Layout

 

 

50 m
0 m

20 m

A

Upslope

Downslope

 

B C D E

Vegetation in three height classes and substrate are measured every 0.5 m 
along six 20-m line-point intercept transects. Presence/absence of perennial 
species and a subset of invasive annual species is recorded in five subplots (A–E).   

Biological soil crust cover is measured using three 0.5 x 0.5-m point-quadrats 
(288 points total) along each transect.

Surface soil aggregate stability is measured ~2.5m from both sides of a 
transect at four random locations per transect.

Surface soil bulk density samples are collected at three  random locations, one
each within subplots A, C, and E.

1 2 3 4 5 6



 Chapter 2: Methods     15

2.1.5  Soil and site characterization

Proximate soil and landform factors influ-
ence vegetation and dynamic soil function 
parameters at local scales (McAuliffe 1999). 
To characterize the soil and landscape at-
tributes of each plot, a suite of topoedaphic 
variables was collected through site diagrams, 
repeat photo points, and collection of soil 
cores. Landform, slope position, and parent 
material were recorded at each plot. Slope 
measurements (%) and descriptions (type 
and position) were used to depict surface-
flow patterns of the hillslope within each plot. 
Permanent photo points were established at 
each plot corner to characterize general site 
physiognomy and as an aid to interpreting 
quantitative trend data in successive sampling 
periods. In addition, general site descriptions 
(including observed disturbances such as 
fire) were collected for each plot.

2.2  Sampling design
For a variety of reasons to be described be-
low, our sampling design underwent a num-
ber of iterations between the first year of data 
collection and the analysis that led to the re-
sults reported in this document.

2.2.1  Initial stratification

Initially, terrestrial vegetation and soils plots 
were proportionately allocated to two strata 
based on elevation and soil type. Stratifica-
tion (see Hubbard et al. 2012) was employed 
to reduce spatial variability and increase 
sampling efficiency. Both strata had eleva-
tions between 2,501' and 3,700'. The “non-
rocky” stratum (“201” plots) included areas 
where surface rock fragment content aver-
aged less than 35%, according to the Natural 
Resource Conservation Service (NRCS) soil 
survey (NRCS 2011). The “rocky” stratum 
(“202” plots) included areas where surface 
rock-fragment content averaged between 
35% and 90%, according to the NRCS soil 
survey (NRCS 2011). 

2.2.2  Initial sampling frame and 
adjustments

The sampling frame for Montezuma Castle 
NM includes all terrestrial areas within park 
boundaries, except for the following:

•	 Slopes	of	≥45°	(for	crew	safety)
•	 Roads	and	buildings	(including	100-m	

buffer)
•	 Trails	washes,	and	streams	(including	

100-m buffer)
•	 Selected	fragile	cultural	features	(such	

as the cliff dwellings)

The total area initially excluded under these 
criteria was 333 acres (~135 ha), or 46% of 
the park area. 

Initially, we allocated a total of eight perma-
nent monitoring plots in a spatially balanced 
arrangement (see Section 2.2.5), based on a 
priori expectations of required sample size 
to meet our criteria for statistical power and 
detectability (see Sections 2.2.8–2.2.9). After 
analyzing the 2010 data, however, we deter-
mined that our initial sampling frame did not 
adequately account for the riparian area sur-
rounding Beaver Creek, or for the influence 
of the river beyond the riparian area. Field 
observations suggested that the 100-m buf-
fer around Beaver Creek was insufficient, as 
some of the potential “terrestrial” vegetation 
plots contained obligate riparian plant spe-
cies and evidence of past flooding.  

To correct the sampling frame, we applied 
Federal Emergency Management Agency 
floodplain maps (FEMA 2011) and NRCS 
soil maps (NRCS 2011) to determine if a plot 
was in the riparian area (i.e., within a 20-m 
buffer of the 100-year floodplain and/or the 
Riverwash soil map unit; Figure 2-2). River-
wash soils occur around Beaver Creek and 
are frequently flooded (NRCS 2011). Two 
plots that fell within the riparian area were 
subsequently excluded (Figure 2-2). Data 
initially collected from those plots were ex-
cluded from the results presented here (and 
from subsequent sampling). 

To maintain our sampling intensity, we added 
two plots in the 201 stratum from our origi-
nal ordered list (see Section 2.2.5). We also 
added two plots to the 202 stratum to im-
prove our statistical power to detect trends 
in vegetation cover. The four new plots were 
sampled during the 2011 field season, and 
will be hereafter included as part of the long-
term terrestrial vegetation and soil monitor-
ing design for Montezuma Castle NM. 



16     Status of Terrestrial Vegetation and Soils at Montezuma Castle National Monument, 2010–2011

Correcting the sampling frame resulted in 
exclusion of approximately 100 acres from 
the 201 stratum and two acres from the 202 
stratum. Overall, 60% of the Castle unit was 
excluded from terrestrial vegetation and 
soils monitoring. Each stratum covered 20% 
of the Castle unit and half of the sampling 
frame.

2.2.3  Reconsideration of plots and 
strata

Subsequent to the changes described in Sec-
tion 2.2.2, we found that cluster analysis, 
non-metric multidimensional scaling, and 
PERMANOVA+ (Clarke and Warwick 2001; 
Anderson et al. 2008) results suggested that 
our initial strata, which were based on eleva-
tion and soil rock-fragment content, did not 

adequately explain the variance in vegetation 
composition and abundance. Based on this 
result, we began to suspect that two factors 
were driving the vegetation composition of 
plots, rather than rock-fragment content: 
proximity to Beaver Creek and underlying 
geology. In response, we further evaluated 
the adequacy of our definition for excluding 
areas influenced by Beaver Creek. 

2.2.3.1  Proximity to Beaver Creek
To establish proximity to Beaver Creek, we 
used a 5-m digital surface model generated 
by Western Mapping Company to estimate 
each plot’s elevation above and distance 
from the creek. Plots 201_V01 and 201_V04 
were less than five meters above and 200 m 
from Beaver Creek (see Figure 2-2), suggest-
ing that the vegetation there may have ac-
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Figure 2-2. Vegetation and soils monitoring plots that fell in upland vs. riparian areas following the initial allocation of plots. Riparian-
indluenced plots 201_V01 and 201_V04 were subsequently removed from monitoring (see Section 2.2.3.1).
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cess to shallow groundwater. Plots 201_V08, 
201_V10, and 202_V05 were 10–15 m above 
the river. Plot 201_V06 was approximately 25 
m above Beaver Creek. Plots 202_V01, 202_
V02, 202_V03, and 202_V06 were 40–100 m 
above the river’s elevation. 

We then consulted with the SODN aquatic 
ecologist regarding plots 201_V01 and 201_
V04. Although the plots are outside FEMA’s 
100-year floodplain and the Riverwash soil 
map unit, the geomorphology of the area 
suggests that Beaver Creek influences the 
plots, meaning they do not represent terres-
trial vegetation and soils. In response, we re-
moved plots 201_V01 and 201_V04 from our 
sample (see Figure 2-2). Results from those 
plots are not reported here and the plots will 
not be included in future uplands sampling. 
Chapter 3 summarizes results from the re-
maining eight plots. 

2.2.3.2  Underlying geology
According to the NPS Geologic Resources In-
ventory, four geologic units occur within the 
monument. Holocene-age alluvium occurs 
along Beaver Creek. Adjacent to the alluvium 
is the Terrace Gravel geologic unit. The Verde 
Formation, limestone unit covers much of 
the uplands area of Montezuma Castle NM 
with the exception of the southwest corner, 
which is Verde Formation, lacustrine rocks 
(NPS 2010b). Monitoring plots 201_V08, 
201_V10, and 202_V05 are on the Terrace 
Gravel. Plot 201_V06 is on the Verde forma-
tion, lacustrine geologic unit. Plots 202_V01, 
202_V02, 202_V03, and 202_V06 are on the 
Verde Formation, limestone unit. 

2.2.4  Revised strata

Based on a plot’s proximity to Beaver Creek 
and underlying geology, we utilized cluster 
analysis to identify potential new groupings. 
Cluster analysis of the vegetation composi-
tion and abundance in the remaining eight 
plots partitioned them into two groups (with 
>40% similarity). These groups became our 
new strata (Table 2-2). 

The new terrace stratum includes four plots 
<25 m above the elevation of Beaver Creek, 
three of which occur on the Terrace Gravel 
geologic unit (plot 202_V06 is on the Verde 
Formation, lacustrine geologic unit) (Table 
3-1, Figure 2-3). The new Verde limestone 

stratum includes four plots at least 40 m 
above Beaver Creek and occurring on the 
Verde Formation, limestone geologic unit 
(Table 3-1, Figure 2-3). 

Inference from the plots at Montezuma Cas-
tle NM is to all terrestrial areas of the park 
by stratum, excepting the areas discussed in 
Section 2.2.2.

2.2.5  Spatial balance

The spatial sampling design for this proto-
col employs permanent, 20 × 50-m sampling 
plots, allocated through a Reversed Random-
ized Quadrant-Recursive Raster (RRQRR) 
spatially balanced design (Theobald et al. 
2007), using the “spatially balanced sample” 
function in the STARMAP Spatial Sampling 
Toolbox in ArcGIS 9.0 (http://www.spatiale-
cology.com/htools/index.php). This tool pro-
duces a design that is spatially well-balanced, 
probability-based, flexible, and simple (Theo-
bald et al. 2007). Because it tries to maximize 
the spatial independence between plots, the 
spatially-balanced sampling design should 
provide more information per plot, thus in-
creasing efficiency (Theobald et al. 2007).

Spatially balanced designs, such as RRQRR 
(for polygon data) and the Generalized 
Random Tessellation Stratified (GRTS; for 
points and lines) approach (Stevens and Ol-
sen 2004), are increasingly being applied to 
ecosystem monitoring (e.g., Environmental 
Protection Agency Ecological Monitoring 
and Assessment Program) because they pro-
vide the advantages of a probabilistic design 

Table 2-2. Revised plots and strata by elevation above Beaver 
Creek.

Plot Stratum
Elevation (m) above Beaver Creek

>5 10–15 25 40–100
201_V01 Excluded X

201_V04 Excluded X

201_V08 Terrace X

201_V10 Terrace X

202_V05 Terrace X

201_V06 Terrace X

202_V01 Verde limestone X

202_V02 Verde limestone X

202_V03 Verde limestone X

202_V06 Verde limestone X

http://www.spatialecology.com/htools/index.php
http://www.spatialecology.com/htools/index.php
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(Stehman 1999) and ensure spatial balance 
regardless of overall sample size. RRQRR 
designs facilitate adding or removing plots 
in a spatially balanced manner if statistical 
power, financial considerations, or addi-
tional monitoring objectives warrant adjust-
ing the sample size. This scaling ability is an 
important advantage, as (1) the number of 
plots per park cannot always be adequately 
estimated a priori (see Hubbard et al. 2012) 
and (2) future changes in technology, objec-
tives, and budgets may necessitate increasing 
or decreasing sample sizes. 

2.2.6  Timing

All plots are sampled in the same year, then 
revisited at five-year intervals. If a major 
disturbance (e.g., fire, extended periods of 
temperature extremes, mass soil movement) 
occurs in the intervening years, we may col-
lect additional plot data to characterize and 

account for the potential effects of these im-
portant stochastic events. 

2.2.7  Management assessment points

To achieve the National Park Service’s core 
mission of resource protection, resource 
management and monitoring must be explic-
itly linked (Bingham et al. 2007). We advocate 
the use of management assessment points 
as a bridge between science and manage-
ment. Management assessment points are “. 
. . pre-selected points along a continuum of 
resource-indicator values where scientists 
and managers have agreed to stop and assess 
the status or trend of a resource relative to 
program goals, natural variation, or potential 
concerns” (Bennetts et al. 2007). 

Management assessment points provide 
context and aid interpretation of ecological 
information in a management context. They 

Figure 2-3. Final distribution of terrestrial vegetation and soils monitoring plots and strata at Montezuma Castle National Monument.
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do not define strict management or ecologi-
cal thresholds, inevitably result in manage-
ment actions, or reflect any legal or regulato-
ry standard. They are only intended to serve 
as a potential early warning system advising 
scientists and managers to pause, review the 
available information in detail, and consider 
options. Bennetts and others (2007) have 
provided a detailed explanation of this con-
cept and its application to monitoring and 
management of protected areas. 

While no management assessment points 
have been formally established for Mont-
ezuma Castle NM, we propose some below, 
based on the ecological literature and our 
knowledge of these ecosystems and park 
management goals. We intend these to (1) ini-
tiate a discussion of potential indicators and 
assessment points (a conversation that will 
expand as the park commences additional 
planning and as additional research and 
monitoring are completed) and (2) provide 
a useful framework for evaluating terrestrial 
vegetation and soils data in a broader ecologi-
cal and managerial context. Proposed assess-
ment points are summarized in Table 2-3 and 
discussed in detail in Chapter 4.

2.2.8  Statistical power to distinguish 
status from management 
assessment points

Estimating our statistical power to distin-
guish current conditions (status) from man-
agement assessment points (see Section 
2.2.4) is important for both protocol design 
(especially determining adequate sample siz-
es) and data interpretation. Adequate sample 
size (number of plots) is estimated by Her-
rick and others (2005a) as:

n = 2

22

)(
)()(

MDC
ZZS βα +

Where:

S= Standard deviation of the sample

αZ
= Z-coefficient for false-change (Type I) 

error (we set at 90%),

Zß = Z-coefficient for missed-change (Type 
II) error (we set at 10%), and

MDC = minimum detectable change from 
the assessment point (set at 5–20%).

Bonham (1989), Elzinga and others (1998), 
and Herrick and others (2005a) provide de-
tailed discussions of statistical power to de-
tect differences from a standard.

2.2.9  Statistical power to detect trends

Statistical power is also important for evalu-
ating trends (change over time) in monitor-
ing parameters. Adequate sample size (num-
ber of plots) for detecting a trend of a given 
size across a landscape with permanent plots 
is estimated from: 

n = 2

22

)(
)()(

MDC
ZZSdiff βα +

Where:

Sdiff = Standard deviation of the differences 
between paired samples,

αZ
= Z-coefficient for false-change (Type I) 

error (we set at 90%),

Zß = Z-coefficient for missed-change (Type 
II) error (we set at 10%), and

MDC = minimum detectable change size be-
tween Time 1 and Time 2 (set at 5–20%).

Because there is only one round of data for 
this report, we estimate “Sdiff” using the fol-
lowing equation:

)))1(2()(( 1 diffdiff coorSS −=

Where:

S1 = Sample standard deviation among sam-
pling units at first time period and

diffcoor
 = estimated correlation coefficient 

between Time 1 and Time 2, set at 0.75. 

Bonham (1989), Elzinga and others (1998), 
and Herrick and others (2005a) provide de-
tailed discussions of statistical power to de-
tect trend.

2.2.10   Evaluation of strata

The terrestrial vegetation monitoring design 
apportions long-term monitoring plots to 
strata to improve the efficiency of parkwide 
estimation of monitoring parameters of in-
terest. The assumption is that vegetation and 
dynamic soil functional attributes respond 
differently to environmental factors that can 
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Table 2-3. Proposed management assessment points for terrestrial vegetation and soils monitoring at Montezuma Castle National Monument.

Issue Management assessment point Strata Information source
Erosion hazard Exposed bare ground cover is >20% All Value is based on professional judgment of authors; modified from Las 

Cienegas National Conservation Area Management Plan (2003, as cited 
in Gori and Schussman 2005)

Surface soil aggregate stability (with no overhead 
vegetation) is <Class 3

All Value is based on professional judgment of authors; issue is described in 
Herrick and others 2005

Mature biological soil crust cover is <10% of available 
habitat

Verde 
limestone

Value is based on Bowker and Belnap (2008)

Site resilience Foliar cover of dead perennial plants is >15% (field) All Value is based on professional judgment of authors

Foliar cover of dead perennial plants is >15% 
(subcanopy)

All Value is based on professional judgment of authors

Exotic plant dispersal Extent of invasive exotic plants is >50% All Professional judgment of authors; see SODN Monitoring Plan (NPS 
2005) for an overview of the issue

Exotic plant invasion Total cover of exotic plants is >10% (field) All Professional judgment of authors; see SODN Monitoring Plan (NPS 
2005) for an overview of the issue

Exotic plant cover: total plant cover is >1:4 (0.25) (field) All Professional judgment of authors; see SODN Monitoring Plan (NPS 
2005) for an overview of the issue

Fire hazard Grasses + forbs is >30% (field) All Value is based on professional judgment of authors

Annual plant cover: total plant cover is >1:4 (0.25) 
(field)

All Value is based on professional judgment of authors
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be clearly defined and are immutable over 
management and monitoring timescales 
(Bonham 1989). 

To evaluate the efficiency and pertinence of 
our preselected elevation strata, we contrast-
ed the similarity of the vegetation commu-
nities on each stratum using permutational 
analysis of variance (PERMANOVA+), non-
metric multidimensional scaling (MDS), 

and SIMPER, a permutation procedure that 
reveals which species contribute the most 
to any between- and within-group dissimi-
larities. These non-parametric multivariate 
community analysis techniques make few as-
sumptions about the data, yielding a simple 
yet powerful analysis tool (Clarke and War-
wick 2001). 
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3  Results

3.1  Evaluation of strata
The revised strata (see Section 
2.2.4) proved much more effec-
tive at partitioning variance in 
the vegetation results. Permu-
tational analysis of variance in-
dicated significant differences 
between the composition and 
abundance of the adjusted stra-
ta (Pseudo-F = 5.27, P = 0.034), 
as illustrated by non-metric 
multidimensional scaling (Fig-
ure 3-1). 

SIMPER (Clarke and Warwick 
2001) analysis revealed that the 
trees, velvet mesquite (Proso-
pis velutina), crucifixion thorn 
(Canotia holacantha), oneseed 
juniper (Juniperus monosper-
ma), and catclaw acacia (Aca-
cia greggii), were strongly par-
titioned by the adjusted strata. 
Velvet mesquite and catclaw acacia domi-
nated the canopy and subcanopy on terrace 
plots, whereas crucifixion thorn and oneseed 
juniper dominated the subcanopy on Verde 
limestone plots. The shrub, mariola (Parthe-
nium incanum), also strongly differentiated 
the two strata, being present only on Verde 
limestone plots. The difference in abun-
dance of creosote bush (Larrea tridentata) 
between the adjusted terrace plots (greater 
abundance) and Verde limestone plots also 
contributed to the dissimilarity between the 
groups (Table 3-1). 

Based on the lack of significant differences 
between the two initial strata and the appar-
ent significant difference between the adjust-
ed strata, we conducted analyses and present 
results below based on the adjusted strata 
(terrace and Verde limestone). 

3.2  Parkwide vegetation patterns 

3.2.1  Exotic species

Five exotic plant species were observed in 
the monitoring plots, but only two were de-
tected on the line-point intercept transects. 
The annual grass, red brome (Bromus ru-
bens), and the annual forb, redstem storksbill 

(Erodium cicutarium), were encountered on 
line-point transects (Table 3-2) on both ter-
race and Verde limestone plots. Red brome 
was a co-dominant grass on terrace plots but 
had relatively low cover (4.0% ± 1.0%; Table 
3-1). Red brome was found on all four ter-
race plots (Figure 3-2). 

Although red brome was ubiquitous (3 of 4 
monitoring plots) on Verde limestone plots 
(Figure 3-2), it occurred at approximately 
one-half the cover as it did on terrace plots 
(1.7 ± 1.2%; Table 3-2). A two-tailed t-test 
(assuming unequal variance) failed to detect 
a statistical difference (P = 0.19) between 
groups, likely due to the high variability in 
cover across plots within the Verde limestone 
stratum.

Redstem storksbill cover also did not differ 
significantly (P = 0.68) between terrace and 
Verde limestone plots, with a parkwide cover 
of only 1.6 ± 0.8%. Redstem storksbill oc-
curred in three of the four terrace plots but 
only one of four Verde limestone plots (land-
scape frequency of 50%; Table 3-2, Figure 
3-2).

Less common exotics were the subshrub, 
horehound (Marrubium vulgare), the pe-
rennial grass, Lehmann lovegrass (Eragrostis 

Figure 3-1. Non-metric multidimensional scaling indicates similarity of vegetation cover. The 
distance between any two points increases as their composition and structure differ. Each stratum 
had at least 40% within-group similarity but less than 20% between-group similarity, suggesting 
that the two strata are well differentiated by vegetation composition.
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Table 3-1. Results of SIMPER analysis of vegetation communities indicating which species contributed most to the dissimilarity between strata.

Scientific name Common name

Average abundance Dissimilarity Percentage

Terrace Verde limestone Average Average/SD Contributing Cumulative
Prosopis velutina velvet mesquite 3.5 0 6.83 1.37 9.73 9.73

Parthenium incanum mariola 0 3.3 6.78 5.75 9.66 19.39

Canotia holacantha crucifixion thorn 0.23 3.12 5.89 1.57 8.39 27.78

Acacia greggii catclaw acacia 2.86 0.28 5.26 2.15 7.5 35.27

Juniperus monosperma oneseed juniper 0.54 2.11 4.15 1.07 5.91 41.18

Larrea tridentata creosote bush 2.99 2.03 4.02 3.34 5.73 46.91

Muhlenbergia porteri bush muhly 1.65 0 3.25 1.93 4.63 51.55

Krameria erecta littleleaf ratany 0.32 1.73 2.84 1.95 4.05 55.59

Aristida purpurea purple threeawn 1.02 1.98 2.68 1.18 3.82 59.42

Gutierrezia sarothrae broom snakeweed 2 0.72 2.68 1.52 3.82 63.24

Snag dead perennial plant 1.71 2.47 2.53 1.26 3.61 66.85

Erodium cicutarium redstem storksbill 1.33 0.23 2.46 1.27 3.5 70.35

Bromus rubens red brome 1.93 0.88 2.43 1.55 3.46 73.81

Berberis haematocarpa red barberry 1.21 0 2.37 1.16 3.38 77.19

SD = standard deviation

Table 3-2. Cover and frequency of non-native plant species sampled at Montezuma Castle National Monument, 2010–2011.

Scientific name Common name Lifeform

Cover Frequency

Plots with species 
presentTerrace stratum 

Verde limestone 
stratum Parkwide

Within-plot 
(mean ± SE)

Parkwide 
(extent) 

Bromus rubens red brome Graminoid 4.0 ± 1.0% 1.7 ± 1.2% 3.0 ± 0.9% 75 ± 17% 88% All but 202_V01

Erodium cicutarium redstem filaree Forb/Herb 2.6 ± 1.4% 0.2 ± 0.2% 1.6 ± 0.8% 40 ± 17% 50%
201_V08, 201_V10, 202_

V05, 202_V06

Marrubium vulgare horehound Forb/Herb n/a n/a n/a 3 ± 3% 13% 202_V01

Echinochloa sp. barnyardgrass Graminoid n/a n/a n/a 3 ± 3% 13% 202_V03

Eragrostis lehmanniana Lehmann lovegrass Graminoid n/a n/a n/a 3 ± 3% 13% 202_V03

Marrubium vulgare and Echinochloa sp. were not detected on the line-point intercept transects but were found in the subplots.  
n/a = species not detected on line-point intercept transects.  
A Student’s t-test (2-tailed, assuming unequal variance) failed to detect statistical differences between groups for either red brome or redstem filaree (P = 0.19 and P = 0.68, respectively).
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lehmanniana), and cockspur grass, an annual 
grass in the genus, Echinochloa. Horehound 
and Lehmann lovegrass were found on plot 
202_V03. The Echinochloa species was found 
on plot 202_V01 (Table 3-2, Figure 3-2).

3.2.2  Ubiquitous species

Several plant species were ubiquitous (wide-
spread) throughout the park (Table 3-3). 
The subshrub, broom snakeweed (Gutier-
rezia sarothrae), and the grass, purple three-
awn (Aristida purpurea), were observed on 
all plots. As described in Section 3.2.1, the 
non-native, red brome, was found on seven 
of eight plots. Although velvet mesquite was 
observed on all plots in the terrace stratum, 
mesquite was not found on plots in the Verde 
limestone stratum. 

3.3  Terrace stratum

3.3.1  Vegetation formations and 
lifeforms 

Vegetation formation types were determined 
using a key (Appendix C), and based on the 
relative abundances of different plant life-
forms within each monitoring plot. Tree sa-
vanna was the most common vegetation for-
mation within the terrace monitoring plots. 
Plots 201_V10 and 202_V05 were tree savan-
nas. Plot 201_V06 was a shrub savanna and 
plot 201_V08 was woodland (Figure 3-3; fig-
ures begin on page 26).

Terrace plots were dominated by grasses, 
forbs, shrubs, and small trees (generally less 
than 2 m height). All major lifeforms except 
vines were encountered on the monitoring 

Figure 3-2. Exotic plants in long-term monitoring plots across Montezuma Castle National Monument.
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Table 3-3. Ubiquitous species observed on monitoring plots at Montezuma Castle National Monument, 2010–
2011.

Scientific name Common name Lifeform
Frequency (%)

Terrace stratum 
Verde limestone 

stratum
Parkwide

Aristida purpurea purple threeawn Graminoid 100% 100% 100%

Gutierrezia sarothrae broom snakeweed Subshrub 100% 100% 100%

Bromus rubens red brome Graminoid 100% 75% 88%

Krameria erecta littleleaf ratany Subshrub 75% 100% 88%

Berberis haematocarpa red barberry Shrub 100% 75% 88%

Larrea tridentata creosote bush Shrub 75% 100% 88%

Muhlenbergia porteri bush muhly Graminoid 100% 50% 75%

Acacia greggii catclaw acacia Tree 100% 50% 75%

Yucca elata soaptree yucca Tree 100% 50% 75%

Cylindropuntia leptocaulis Christmas cactus Succulent 75% 50% 63%

Juniperus monosperma oneseed juniper Tree 50% 75% 63%

Erodium cicutarium redstem filaree Forb/Herb 75% 25% 50%

Canotia holacantha crucifixion thorn Tree 25% 75% 50%

Non-native plants are bolded.

Figure 3-3. Location of monitoring plots, vegetation formations, and approximate boundary of the terrace stratum, Montezuma Castle 
National Monument, 2010–2011.
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Figure 3-4. Lifeform cover in terrestrial vegetation monitoring plots, terrace stratum, Montezuma Castle 
National Monument, 2010–2011.
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plots, although succulents were found in 
only trace amounts (Figure 3-4).

3.3.2  Cover and extent of perennial 
plant species

Monitoring plots in the terrace stratum were 
dominated by a subcanopy (0.5–2 m) of 
short-statured velvet mesquite and catclaw 
acacia trees and creosote bush, with an un-
derstory (<0.5 m) of a matrix of the exotic an-
nual grass, red brome; the exotic annual forb, 
redstem storksbill; native perennial grasses; 
and subshrubs, such as Gutierrezia sarothrae 
(broom snakeweed; Table 3-4; tables begin on 
page 28). Velvet mesquite and catclaw acacia 
seedlings were also common on these plots. 
The greatest vegetative cover occurred in the 
field layer (<0.5 m; Table 3-4). See Appendix 
A (available with the digital version of this re-
port), Table A1 for plot-specific information.

3.3.3  Frequency and extent of 
uncommon plant species

An additional nine species and four genera 
were detected in the frequency subplots of 
terrace plots (Table 3-5). Five of the uncom-
mon species (found only on subplots) had 
within-plot frequencies above 10%: rushpea 
(Hoffmannseggia sp.); globemallow (Sphaer-
alcea sp.); the subshrubs, plains blackfoot 
(Melampodium leucanthum) and Coves’ cas-
sia (Senna covesii); and the cactus, pinkflower 
hedgehog cactus (Echinocereus fasciculatus), 
Table 3-5. The globemallow genus was the 
only uncommon species found at more than 
two of the terrace monitoring plots (Table 
3-5). See Appendix A, Table A3 for plot-spe-
cific information.

3.3.4  Soil cover and biological soil 
crusts

Litter and gravel dominated the soil surface 
(Figure 3-5). Approximately 10% was bare 
soil without vegetative cover. An additional 
8% was bare soil with vegetative cover. Plot-
specific information is provided in Appendix 
A, Table A4.

Light cyanobacteria crusts were ubiquitous 
and dominated the biological soil crust com-
munity, accounting for nearly 10% of the soil 
cover as measured on the transects. In con-
trast, dark cyanobacteria crusts, lichens, and 

mosses each accounted for less than 1% soil 
cover. Although lichen cover was low, crews 
observed crustose and squamulose lichens 
in two terrace plots and gelatinous lichens in 
one plot. Moss was observed in two terrace 
plots. Plot-specific information is provided 
in Appendix A, Tables A4–6.

3.3.5  Soil stability

The average surface aggregate stability rating 
for plots in the terrace stratum was 3.0 ± 0.5 
(“somewhat stable”), with high variability be-
tween plots. Overall, samples located under 
vegetation had higher stability ratings (3.3 ± 
0.5) than samples without vegetative cover (2.7 
± 0.6). However, in one plot, samples without 
vegetative cover were somewhat more stable 
than samples under vegetative cover. All plots 
in the terrace stratum had an average stabil-
ity rating of at least 2 (“somewhat unstable”). 
Plots 201_V10 and 202_V05 had average sta-
bility ratings of less than 3 for samples without 
vegetative cover. Plot-specific information is 
provided in Appendix A, Table A7.

3.3.6  Site and soil characterization

Surface soils in the terrace stratum were 
sandy loams, with the exception of plot 202_
V05, which was a loam. Rock-fragment con-
tent (fraction of soil sample >2 mm in diam-
eter by mass) ranged from 2% to 42% in the 
terrace stratum. Plot 201_V08 had 2% rock 
fragments, whereas the other plots had at 
least 37% rock fragments. The plots tended 
to have low organic contents (<2% total or-
ganic carbon). Bulk density ranged from 0.8 
to 1.6 grams/cm3. Plot-specific information 
for the soil characterization is provided in 
Appendix A, Table A8.

Half of the plots showed evidence of ero-
sion. Plot 202_V05 had a rill that affected less 
than 5% of the plot. Plot 201_V08 had mod-
est amounts (<5%) of pedestalling. Plot-spe-
cific information for the site characterization 
is provided in Appendix A, Table A8.

3.3.7  Management assessment points

Two parameters crossed an assessment point 
threshold: exotic plant dispersal and soil ag-
gregate stability. Exotic plants occurred on 
all terrace monitoring plots, although at rela-
tively modest cover (6.6% ± 2.2, Table 3-6). 
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Table 3-4. Average cover values for species measured in the field, subcanopy, and canopy height categories, terrace monitoring plots, Montezuma 
Castle National Monument, 2010–2011.

Species Common Name Lifeform
Field (<0.5 m) Subcanopy (0.5–2.0 m) Canopy (>2.0 m) Extent 

(of 4)AVG SE MDC n= AVG SE MDC n= AVG SE MDC n=
Astragalus calycosus Torrey’s milkvetch Forb/Herb 0.2% 0.2% 5% 1 --- --- --- --- --- --- --- --- 1

Astragalus tephrodes ashen milkvetch Forb/Herb 0.3% 0.2% 5% 2 --- --- --- --- --- --- --- --- 2

Erodium cicutarium redstem storksbill Forb/Herb 2.6% 1.4% 5% 3 --- --- --- --- --- --- --- --- 3

Aristida purpurea purple threeawn Graminoid 1.7% 1.0% 5% 3 --- --- --- --- --- --- --- --- 4

Bromus rubens red brome Graminoid 4.0% 1.0% 5% 4 --- --- --- --- --- --- --- --- 4

Dasyochloa pulchella low woollygrass Graminoid 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 1

Elymus elymoides squirreltail Graminoid 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 2

Muhlenbergia porteri bush muhly Graminoid 3.6% 2.3% 5% 4 --- --- --- --- --- --- --- --- 4

Chaetopappa ericoides rose heath Subshrub 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 2

Gutierrezia sarothrae broom snakeweed Subshrub 4.3% 1.2% 5% 4 --- --- --- --- --- --- --- --- 4

Krameria erecta littleleaf ratany Subshrub 0.4% 0.4% 5% 1 --- --- --- --- --- --- --- --- 3

Atriplex canescens fourwing saltbush Shrub 2.1% 2.1% 5% 1 1.3% 1.3% 5% 2 --- --- --- --- 1

Berberis haematocarpa red barberry Shrub 0.3% 0.3% 5% 1 1.8% 1.1% 5% 1 0.5% 0.5% 5% 1 4

Ephedra sp. jointfir Shrub 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 1

Ephedra viridis Mormon tea Shrub 0.9% 0.9% 5% 1 --- --- --- --- --- --- --- --- 2

Larrea tridentata creosote bush Shrub 4.6% 1.5% 5% 3 7.4% 2.6% 6% 4 --- --- --- --- 3

Cylindropuntia 
leptocaulis

Christmas cactus Succulent 0.6% 0.6% 5% 1 --- --- --- --- --- --- --- --- 3

Yucca elata soaptree yucca Succulent 0.4% 0.2% 5% 2 --- --- --- --- --- --- --- --- 4

Acacia greggii catclaw acacia Tree 4.5% 1.6% 5% 4 4.2% 1.1% 5% 1 0.5% 0.5% 5% 1 4

Canotia holacantha crucifixion thorn Tree --- --- --- --- 0.2% 0.2% 5% 1 --- --- --- --- 1

Juniperus monosperma oneseed juniper Tree --- --- --- --- 0.4% 0.4% 5% 1 0.7% 0.7% 5% 1 2

Prosopis velutina velvet mesquite Tree 5.8% 2.8% 6% 3 10.6% 5.7% 12% 4 1.8% 1.6% 5% 2 4

”MDC” = minimum detectable change (% cover) 
“n” = required number of plots for power criteria 
“Extent” = number of plots in which species was detected on transects or in subplots (out of 4). Exotic species are bold, and annuals are shaded. 
Highlighted species failed to meet our statistical power criteria. 
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Table 3-5. Within-plot frequency and extent of uncommon species encountered only on subplots of terrace 
monitoring plots at Montezuma Castle National Monument, 2010–2011. 

Scientific name Common name Lifeform

Within-plot frequency 
(n=5 subplots) Extent 

(of 4)Mean SE 
Astragalus allochrous var. playanus halfmoon milkvetch Forb/Herb 5% 5.0% 1

Astragalus sp. milkvetch Forb/Herb 5% 5.0% 1

Leptochloa dubia green sprangletop Graminoid 5% 5.0% 1

Echinocereus fasciculatus pinkflower hedgehog cactus Shrub 25% 18.9% 2

Rhus virens evergreen sumac Shrub 5% 5.0% 1

Ziziphus obtusifolia lotebush Shrub 5% 5.0% 1

Abutilon parvulum dwarf Indian mallow Subshrub 5% 5.0% 1

Melampodium leucanthum plains blackfoot Subshrub 25% 25.0% 1

Senna covesii Coves’ cassia Subshrub 20% 20.0% 1

Sphaeralcea sp. globemallow Subshrub 25% 12.6% 3

Opuntia phaeacantha tulip pricklypear Succulent 5% 5.0% 1

Hoffmannseggia sp. rushpea N/A 25% 25.0% 1

Tiquilia sp. crinklemat N/A 10% 10.0% 1

“Extent” = number of plots in which species was detected on transects or in subplots (of 4). 
Variables with an asterisk do not meet our statistical power criteria.

Figure 3-5. Average soil cover (% by class) 
in the terrace stratum, Montezuma Castle 
National Monument, 2010–2011. Variables 
with an asterisk did not meet our statistical 
power criteria. Mature biocrust = dark 
cyanobacteria + lichen + moss.
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Table 3-6. Terrestrial vegetation and soils monitoring data in the context of proposed management assessment points, terrace stratum, 
Montezuma Castle National Monument, 2010–2011.

Issue Management assessment point Mean ± SE Point met? Recommendation
Erosion hazard Exposed bare ground cover is >20% 10.3% ± 3.2 no Continue monitoring

Surface soil aggregate stability (with no overhead vegetation) is <Class 3 2.7 ± 0.6 YES Continue monitoring 

Site resilience Foliar cover of dead perennial plants is >15% (field) 3.1% ± 1.4 no Continue monitoring

Foliar cover of dead perennial plants is >15% (subcanopy) 0.4% ± 0.2 no Continue monitoring

Exotic plant dispersal Extent of invasive exotic plants is >50% 100% YES Meet and consider

Exotic plant invasion Total cover of exotic plants is >10% (field) 6.6% ± 2.2 no Continue monitoring

Exotic plant cover: total plant cover is >1:4 (0.25) (field) 0.16 no Continue monitoring

Fire hazard Grasses + forbs is >30% (field) 13.1% ± 3.0 no Continue monitoring

Annual plant cover: total plant cover is >1:4 (0.25) (field) 0.18 no Meet and consider
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The exceedance of the assessment point for 
exotic plant dispersal was largely driven by 
one species: red brome. 

The stability of surface soil aggregates was 
below our proposed management assess-
ment point (MAP; Table 3-6), indicating the 
potential for significant soil erosion. Indi-
vidually, two plots (201_V10 and 202_V06) 
failed to meet the MAP for soil aggregate sta-
bility, and plot 202_V06 had stability values 
of less than 2 for samples not located under 
vegetation cover.

Individually, plot 201_V10 failed to meet 
the MAPs for exotic plants and fire hazard, 
due to the relatively high cover of the annual 
grass, red brome. Appendix A, Table A9 for 
plot-specific results in the context of man-
agement assessment points. 

3.4  Verde limestone stratum

3.4.1  Vegetation formations and 
lifeforms 

Vegetation formation types were determined 
using a key (Appendix C), and based on the 
relative abundances of different plant life-
forms within each monitoring plot. Vegeta-
tion formations varied greatly across Verde 
limestone plots (Figure 3-6). Plot 202_V03 
was a tree savanna, plot 202_V02 was a shrub 
savanna, plot 202_V01 was a shrubland, and 
plot 202_V06 was a wooded shrubland. 

Small trees and shrubs dominated Verde 
limestone plots, although perennial grasses 
were also important (Figure 3-6; figures begin 
on page 32). Trees were generally under 2 m 
in stature. As on the terrace plots, the greatest 

Figure 3-6. Location of monitoring plots, vegetation formations, and approximate boundary of the Verde limestone stratum, Montezuma 
Castle National Monument, 2010–2011.
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Figure 3-7. Lifeform cover in terrestrial vegetation monitoring plots, Verde limestone stratum, 
Montezuma Castle National Monument, 2010–2011.
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plant cover was in the field layer (<0.5 m). All 
major lifeforms except vines were encoun-
tered on the monitoring plots, although pe-
rennial forbs and succulents were found in 
only trace amounts (Figure 3-7).

3.4.2  Cover and extent of perennial 
plant species

Verde limestone plots contained a sparse 
canopy and subcanopy of crucifixion thorn, 
an emblematic species of the higher latitudes 
of the Sonoran Desert, and oneseed juniper 
(Table 3-7; tables begin on page 34). The un-
derstory was dominated by the native annual 
grass, purple threeawn; the shrub, mariola; 
and the subshrub, littleleaf ratany (Krameria 
erecta; Table 3-7). Plot-level results are given 
in Appendix A, Table A2.

3.4.3  Frequency and extent of 
uncommon plant species

An additional 29 species and 4 genera were 
detected in the frequency subplots of Verde 
limestone plots, including the non-native, 
cockspur grass; Lehmann lovegrass; and 
horehound (Table 3-8). Five of the uncom-
mon species (found only on subplots) had 
within-plot frequencies above 15%: desert-
peony (Acourtia sp.); the forb, broom milk-
wort (Polygala scoparioides); the subshrub, 
featherplume (Dalea formosa); the grass, 
bush muhly (Muhlenbergia porteri); and the 
shrub, red barberry (Berberis haematocarpa) 
(Table 3-8). Red barberry was found at three 
Verde limestone monitoring plots; other-
wise, none of the uncommon species was 
found at more than two of the plots (Table 
3-5). See Appendix A, Table A3 for plot-spe-
cific information.

3.4.4  Soil cover and biological soil 
crusts

Gravel dominated the soil surface, covering 
60% of the soil surface along the transects 
(Figure 3-8). Litter, rock, and bedrock also 
occurred frequently. Approximately 7% was 
bare soil, roughly half of which was without 
vegetative cover. Plot-specific information is 
provided in Appendix A, Table A4.

Biological soil crust cover was low across 
the Verde limestone plots. Light cyanobac-
teria crusts accounted for 1% of the soil 

cover as measured on transects, and “ma-
ture biocrusts” (dark cyanobacteria, lichen, 
and moss) covered 2% of the soil surface on 
the transects and 4% of the available habitat 
in the quadrats. However, the occurrence 
of biological soil crusts was relatively high 
across the monitoring plots. Crews observed 
squamulose lichens in three Verde limestone 
plots, gelatinous lichens in two plots, and 
crustose lichen on one plot. Plot-specific in-
formation is provided in Appendix A, Tables 
A4–6.

3.4.5  Soil stability

The average surface aggregate stability rat-
ing for plots in the Verde limestone stratum 
was 3.5 ± 0.6 (“stable”), with a high degree 
of between-plot variability. Plot 202_V06 
had an average stability rating of less than 2, 
“unstable.” Samples under vegetation had 
somewhat higher stability ratings (3.8 ± 0.5) 
compared to samples without vegetative 
cover (3.3 ± 0.6). Plot-specific information is 
provided in Appendix A, Table A7.

3.4.6  Site and soil characterization

All surface soil samples were loams (sandy 
loam, loamy sand, or loam) with at least 
30% rock fragments. Rock-fragment content 
(fraction of soil sample >2 mm in diameter 
by mass) ranged from 30% to 52%. The plots 
tended to have low organic contents (<2% 
total organic carbon). Bulk density ranged 
from 0.9 to 1.1 grams/cm3. Plot-specific in-
formation for the soil characterization is pro-
vided in Appendix A, Table A8.

All plots exhibited evidence of relatively mi-
nor (<5%) burrowing. Two plots (202_V01 
and 202_V03) had tunneling over less than 
5% of the plot. None of the plots had rills or 
gullies or showed evidence of sheet erosion 
or pedestalling. Plot-specific information for 
the site characterization is provided in Ap-
pendix A, Table A8.

3.4.7  Management assessment points

Exotic plants occurred on all Verde lime-
stone monitoring plots but had relatively low 
cover (Table 3-9). The exceedance of the ex-
otic-plant dispersal MAP was driven by red 
brome, which occurred on three of the four 
plots.
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Table 3-7. Average cover values for species measured in the field, subcanopy, and canopy height categories, Verde limestone monitoring plots, 
Montezuma Castle National Monument, 2010–2011.

Scientific name Common name Lifeform
Field (<0.5 m) Subcanopy (0.5–2.0 m) Canopy (>2.0 m) Extent 

(of 4)AVG SE MDC n= AVG SE MDC n= AVG SE MDC n=
Erodium cicutarium redstem storksbill Forb/Herb 0.2% 0.2% 5% 1 --- --- --- --- --- --- --- --- 1

Aristida purpurea purple threeawn Graminoid 5.4% 3.4% 8% 4 --- --- --- --- --- --- --- --- 4

Bouteloua curtipendula sideoats grama Graminoid 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 1

Bromus rubens red brome Graminoid 1.7% 1.2% 5% 2 --- --- --- --- --- --- --- --- 3

Tridens muticus slim tridens Graminoid 0.6% 0.6% 5% 1 --- --- --- --- --- --- --- --- 1

Brickellia sp. spearleaf brickellbush Subshrub 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 1

Brickellia atractyloides brickellbush Subshrub 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 2

Encelia farinosa goldenhills Subshrub 0.2% 0.2% 5% 1 --- --- --- --- --- --- --- --- 1

Gutierrezia sarothrae broom snakeweed Subshrub 1.0% 0.6% 5% 2 --- --- --- --- --- --- --- --- 4

Krameria erecta littleleaf ratany Subshrub 3.1% 0.7% 5% 4 --- --- --- --- --- --- --- --- 4

Aloysia wrightii Wright’s beebrush Shrub 0.2% 0.2% 5% 1 0.1% 0.1% 5.0% 1 --- --- --- --- 1

Ephedra sp. jointfir Shrub 0.2% 0.2% 5% 1 --- --- --- --- --- --- --- --- 2

Ephedra viridis mormon tea Shrub 0.8% 0.8% 5% 1 0.4% 0.4% 5.0% 1 --- --- --- --- 1

Larrea tridentata creosote bush Shrub 2.3% 0.5% 5.0% 4 2.1% 0.9% 5% 1 --- --- --- --- 4

Parthenium incanum mariola Shrub 10.6% 1.6% 5% 4 0.4% 0.2% 5% 1 --- --- --- --- 4

Acacia greggii catclaw acacia Tree 0.3% 0.3% 5% 1 --- --- --- --- --- --- --- --- 2

Canotia holacantha crucifixion thorn Tree 4.0% 1.6% 5% 3 7.8% 3.7% 8.0% 4 2.0% 1.1% 5.0% 1 3

Juniperus monosperma oneseed juniper Tree 1.5% 0.8% 5% 2 4.9% 2.9% 7% 3 2.6% 1.6% 5.0% 2 3

Eriogonum sp. buckwheat N/A 0.1% 0.1% 5% 1 --- --- --- --- --- --- --- --- 1

Krameria sp. ratany N/A 0.5% 0.5% 5% 1 --- --- --- --- --- --- --- --- 1

Tiquilia sp. crinklemat N/A 0.3% 0.3% 5% 1 --- --- --- --- --- --- --- --- 2

”MDC” = minimum detectable change (% cover) 
“n” = required number of plots for power criteria (see text) 
“Extent” = number of plots in which species was detected on transects or in subplots (out of 4). Exotic species are bold, and annuals are shaded.
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Table 3-8. Within-plot frequency and extent of uncommon species encountered only on subplots of Verde 
limestone monitoring plots, Montezuma Castle National Monument, 2010–2011. 

Scientific name Common name Lifeform
Within-plot frequency 

(n=5 subplots) Extent 
(of 4 plots)

Mean SE 
Allionia incarnata trailing windmills Forb/Herb 5% 5.0% 1

Astragalus calycosus Torrey’s milkvetch Forb/Herb 5% 5.0% 1

Chamaesyce sp. sandmat Forb/Herb 10% 10.0% 1

Delphinium scaposum tall mountain larkspur Forb/Herb 10% 10.0% 1

Mirabilis multiflora Colorado four o’clock Forb/Herb 5% 5.0% 1

Nicotiana obtusifolia desert tobacco Forb/Herb 15% 15.0% 1

Polygala scoparioides broom milkwort Forb/Herb 20% 20.0% 1

Echinochloa sp. cockspur grass Graminoid 5% 5.0% 1

Eragrostis lehmanniana Lehmann lovegrass Graminoid 5% 5.0% 1

Muhlenbergia porteri bush muhly Graminoid 20% 11.5% 2

Piptochaetium fimbriatum pinyon ricegrass Graminoid 5% 5.0% 1

Setaria grisebachii Grisebach’s bristlegrass Graminoid 5% 5.0% 1

Atriplex canescens fourwing saltbush Shrub 5% 5.0% 1

Berberis haematocarpa red barberry Shrub 55% 18.9% 3

Calliandra humilis dwarf stickpea Shrub 5% 5.0% 1

Lycium pallidum pale desert-thorn Shrub 5% 5.0% 1

Purshia mexicana Mexican cliffrose Shrub 5% 5.0% 1

Rhus aromatica fragrant sumac Shrub 5% 5.0% 1

Rhus trilobata skunkbush sumac Shrub 10% 10.0% 1

Ziziphus obtusifolia lotebush Shrub 15% 9.6% 2

Brickellia microphylla brickellbush Subshrub 15% 15.0% 1

Dalea formosa featherplume Subshrub 25% 15.0% 2

Eriogonum microthecum slender buckwheat Subshrub 5% 5.0% 1

Marrubium vulgare horehound Subshrub 5% 5.0% 1

Melampodium leucanthum plains blackfoot Subshrub 15% 15.0% 1

Thymophylla acerosa pricklyleaf dogweed Subshrub 10% 10.0% 1

Tiquilia canescens woody crinklemat Subshrub 10% 10.0% 1

Cylindropuntia leptocaulis Christmas cactus Succulent 10% 5.8% 2

Opuntia phaeacantha tulip pricklypear Succulent 15% 15.0% 1

Purshia stansburiana Stansbury cliffrose Tree 15% 15.0% 1

Yucca elata soaptree yucca Tree 15% 9.6% 2

Acourtia sp. desertpeony N/A 20% 14.1% 2

Streptanthus sp. twistflower N/A 5% 5.0% 1

Exotic species are bold, and annuals are shaded.
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Figure 3-8. Average soil cover (% by class) in the Verde limestone stratum, 
Montezuma Castle National Monument, 2010–2011. Variables with an 
asterisk did not meet our statistical power criteria. Mature biocrust = dark 
cyanobacteria + lichen + moss.

Table 3-9. Terrestrial vegetation and soils monitoring data in the context of proposed management assessment points, Verde limestone 
stratum, Montezuma Castle National Monument, 2010–2011.

Issue Management assessment point Mean ± SE Point met? Recommendation
Erosion hazard Exposed bare ground cover is >20% 4.1% ± 0.6 NO Continue monitoring

Surface soil aggregate stability (with no overhead vegetation) is <Class 3 3.3 ± 0.6 NO Continue monitoring

Mature biological soil crust cover is <10% of available habitat 4.3% ± 1.5 YES Continue monitoring

Site resilience Foliar cover of dead perennial plants is >15% (field) 7.0% ± 3.0 NO Continue monitoring

Foliar cover of dead perennial plants is >15% (subcanopy) 0.2% ± 0.2 NO Continue monitoring

Exotic plant dispersal Extent of invasive exotic plants is >50% 100% YES Meet and consider

Exotic plant invasion Total cover of exotic plants is >10% (field) 1.9% ± 1.2 NO Continue monitoring

Exotic plant cover: total plant cover is >1:4 (0.25) (field) 0.06 NO Continue monitoring

Fire hazard Grasses + forbs is >30% (field) 9.2% ± 2.6 NO Continue monitoring

Annual plant cover: total plant cover is >1:4 (0.25) (field) 0.1 NO Continue monitoring

Gravel*
60.0%

Litter
14.1%

Rock, 7.5% 

Bedrock
6.0%

Other
10.3%

Mature biocrust
2.1% 
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Dark cyanobacteria crusts, lichens, and 
bryophytes (collectively known as mature 
biological soil crusts) covered just over 4% 
of the available habitat on the soil surface, 
which is less than the 10% cover reported 
by Bowker and Belnap (2008) for the park. 
Individually, none of the Verde limestone 
plots met the MAP for biological soil crusts. 
The variability reported by Bowker and Bel-
nap (2008) was high and the methodolo-
gies used by SODN and Bowker and Belnap 
(2008) were different. Therefore, the authors’  
opinion is that the biological soil crust com-
munity warrants further investigation before 
any action is contemplated.

Individually, plot 202_V06 failed to meet the 
MAP for soil aggregate stability, with stabil-
ity values of less than 2 for samples not under 
vegetation cover. Plot 202_V02, with 34% 
of the total plant cover from annual plants, 
failed to meet a fire-hazard MAP. See Ap-
pendix A, Table A10 for plot-specific results 
in the context of management assessment 
points.

3.5  Design considerations

3.5.1  Power to detect trends in 
common species and lifeforms

Our proposed sampling design, using the up-
dated strata, generally exceeded our expec-
tations for statistical power to detect trends 
in plant lifeforms and common perennial 
species based on our design criteria (i.e., to 
detect a 10% absolute change in foliar cover 
with 90% power and 10% chance of a false 
change error). Our data indicate that we will 
be able to detect a parkwide and within-stra-
tum 5% change (absolute foliar cover) for 
nearly all detected perennial species and life-
forms (Appendix A, Tables A1–A2). 

Only one perennial species failed to meet our 
criteria: velvet mesquite in the subcanopies 
(0.5–2.0 m) of the terrace stratum (Appendix 
A, Table A1). We estimate that we can only 
detect a 12% change in this species for this 
height and stratum, based on the 2010–2011 
data. The high between-plot variability of 
this species likely contributed to the failure 
to meet our initial design criteria for tree 
lifeforms, as well, as we estimate that we can 
only detect an 8% change in subcanopy trees 
parkwide and an 11% change in subcanopy 
trees in the terrace stratum (Appendix A, 
Table A1). Although no single tree species 
failed to meet our criteria within the Verde 
limestone stratum, we estimate that we can 
detect a 12% change in subcanopy trees in 
that stratum (Appendix A, Table A2). 

Also of concern was our difficulty in detect-
ing change in total cover in (1) the field layers 
(<0.5 m) of terrace plots and (2) the subcan-
opy of each stratum. We estimate that we can 
only detect a 13% change in total cover in the 
field layer of terrace plots (Appendix A, Table 
A1). Within the subcanopy layer, we estimate 
that we can detect a 12% and 11% change 
in the terrace and Verde limestone plots, re-
spectively (Appendix A, Table A1–A2). 

3.5.2  Plant species detectability and 
power for trend in uncommon 
perennial species

Line-point intercept transects on the eight 
monitoring plants detected 32 species; em-
ploying the frequency subplots added 41 
species. Of the 73 species detected, 68% 
were exclusive to plots in one stratum or the 
other (14 exclusively in the terrace stratum, 
36 in Verde limestone). Species accumulation 
curves (Figure 3-9) suggest that adding plots 
would increase species detections, particu-
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larly in the Verde limestone stratum. 

For the 41 species encountered only in fre-
quency subplots, our design met or exceeded 
our sampling objectives for detecting trends 
(i.e., detect at least a 10% change in within-
plot frequency with 90% power and 10% 
chance of false change error) in approxi-
mately 60% of these uncommon perennial 
species. We had less power to detect change 
in 17 species.

3.5.3  Power to detect trends in soil 
parameters

Our design met or exceeded our sampling 
objectives (i.e., to detect at least a 10% 
change, with 90% power and 10% chance of 
false change error) for most soil-cover types 
at the proposed sampling intensity. The ex-
ceptions were gravel in both strata and park-
wide, and litter in the terrace stratum. We 
estimate that we can detect a 12% change in 
litter cover and a 31% change in gravel cover 
along the transects for the terrace stratum 
and a 12% change in gravel in the Verde lime-
stone stratum. 

Overall, we did not meet our criteria for av-
erage soil stability estimates (i.e., to detect at 
least a 1 stability class change, with 90% pow-
er and 10% chance of false change error) at 
the proposed sampling intensity. For the ter-
race stratum, we estimate that we can detect 
a stability-class change of 1.1 for samples un-
der vegetation and a stability-class change of 
1.2 for samples not under vegetation. For the 
Verde limestone stratum, we estimate that 
we can detect a stability-class change of 1.1 
for samples under vegetation and a stability-
class change of 1.3 for samples not under 
vegetation.

Within the point-quadrats, our power to de-
tect change in cover of biological soil crusts 
by morphological group and lichen growth 
form consistently outperformed our statisti-
cal power criteria. We estimate that we will 
be able to detect at least a 5% change in all 
groups and growth forms for all groups and 
parkwide, with the exception of light cya-
nobacteria crusts in the terrace plots, which 
failed to meet our criteria (i.e., to detect at 
least a 10% change, with 90% power and 
10% chance of false change error). For light 
cyanobacteria crusts in the terrace plots, we 
estimate that we will be able to detect an 11% 
change. 

We failed to meet our power objectives for 
detecting changes in the frequencies of most 
growth forms and morphological groups of 
biological soil crusts. 

3.5.4  Biological soil crust cover along 
transects vs. in quadrats

Biological soil crust cover was measured (1) 
as part of the soil-substrate cover measure-
ments on the line-point intercept transects 
and (2) in point-quadrats placed adjacent to 
the transects. In order to help evaluate the 
protocol, we compared the methods of esti-
mating biological soil crust cover (line-point 
intercept vs. point-quadrat) using paired t-
tests in which each plot was a sample. The 
different sampling approaches did not result 
in statistically significant different results (at 
the P <0.10 level) for any of the morphologi-
cal groups. However, the cover of light and 
cyanobacteria crusts and bryophytes was 
somewhat higher when measured in the 
point-quadrats.
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4  Discussion

4.1  Exotic invasive plants 
Exotic-plant encroachment typically occurs 
in two phases: (1) colonization, the process by 
which a problematic species gradually disperses 
into suitable habitats, recruits into the system, and 
competes for resources with other members of 
the plant community; and (2) asymmetrical com-
petition (often mediated through disturbance), 
in which the new species becomes a common 
or even dominant plant in the plant community, 
often with negative consequences for ecosystem 
structure and function. It is important to note 
that the second phase often requires a specific set 
of ecological triggers or conditions that may, in 
fact, never occur (this is why many exotic species 
are relatively innocuous under some environ-
mental conditions) but also can occur after a spe-
cies has existed in a relatively stable, non-invasive 
status for many years. Successful management 
strategies are largely determined by which phase 
has occurred. 

4.1.1  Colonization by red brome

Our data indicate that one exotic grass, red brome, 
has completed the colonization phase across all 
strata within the monument. One of the most 
widely distributed of all plants across the monu-
ment, red brome is found throughout terrestrial 
portions of Montezuma Castle NM, suggesting 
that it is not dispersal-limited from suitable habi-
tats within the park. Its extent throughout the 
park (88% of SODN monitoring plots) exceeded 
the management assessment point for exotic-
plant dispersal (see Tables 3-6 and 3-9). Areas that 
are likely to be colonized have been colonized, 
without regard to elevation or soil type. During 
the 1999–2001 (Halvorson and Guertin 2003) and 
the 2003–2004 (Mau-Crimmins et al. 2009) exot-
ic-plant surveys, red brome was ubiquitous across 
the monument (Figure 4-1). Red brome is and 
likely will remain a ubiquitous species at Mont-
ezuma Castle NM for the foreseeable future. 

In addition, red brome represents a significant 
portion of the field layer (<0.5 m) of terrace plots 

Figure 4-1. Distribution of the exotic annual grass, red brome (Bromus rubens), at Montezuma Castle National Monument 
(Castle unit), based on current and historical data.
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(4.0% ± 1.0). Plots in the Verde limestone stratum 
had relatively low foliar cover of red brome (1.7% 
± 1.2). 

As with many annual grasses in the Sonoran Des-
ert, red brome occupies the interstices between 
native perennial species (Brooks and McPherson 
2008), and generally competes more with native 
and non-native annuals than with the perenni-
als that dominate the landscape of Montezuma 
Castle NM. Given the low cover of red brome, 
it appears that native species in uplands areas 
can effectively compete with it under current 
conditions.

4.1.2  Consequences of fire and red brome

Of great management concern is the potential 
of incipient red brome populations to dominate 
monument vegetation in the future, via distur-
bance-mediated or indirect competition. Like its 
close relative, cheatgrass (B. tectorum), red brome 
has a suite of traits (e.g., avoidance via long-lived 
seedbank, rapid germination and flower produc-
tion, effective wind dispersal of seeds) that tend 
to make it more resilient to disturbance (particu-
larly wildfire) than many native species (Brooks 

and Chambers 2011). 

Prolific fine-fuel production (e.g., by red brome) 
following pronounced wet/dry climate cycles 
can increase the occurrence, extent, and sever-
ity of wildfires in desert environments with lim-
ited evolutionary history of wildfire, supporting 
positive feedback loops (D’Antonio and Vitousek 
1992) in which increased fire occurrence pro-
motes growth of red brome at the expense of na-
tives that are less fire-tolerant. This, in turn, pro-
duces more fine fuels and, therefore, additional 
wildfires. Current climate-change predictions 
are expected to reinforce and even accelerate this 
feedback loop (Brooks et al. 2004). 

4.2  Vegetation communities
The vegetation of the monument can be classified 
into two broad types: (1) riparian woodlands and 
gallery forests, and (2) thornscrub communities 
in the rocky uplands. Within the upland scrub 
communities, our data showed a secondary di-
vision into two groups, generally correlating to 
distance from and elevation above Beaver Creek 
(Figure 4-2). 

Figure 4-2. Elevation above and distance from Beaver Creek controls terrestrial vegetation assemblages at Montezuma 
Castle National Monument. This figure shows the characteristic species of each biome and those most responsible for the 
dissimilarities between types (italicized) as determined by species similarity permutation procedure (SIMPER; see Section 3.1).
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The plots within the Verde limestone stratum 
occur on the highest and steepest slopes of the 
monument, often approaching the flat mesa tops 
or straddling the upper backslopes. These ex-
posed rocky and calcareous plots support the 
shrub-scrub communities that are typical of this 
region, where crucifixion thorn and creosote co-
mingle and perennial bunchgrasses and thorny 
shrubs are occasional. These species, along with 
ephedra (Ephedra viridis), littleleaf ratany (Kra-
meria erecta), redberry mahonia (Mahonia hae-
matocarpa) and graythorn (Ziziphus obtusa), 
define a scrubby landscape with widely spaced, 
low-growing plants and dotted with tall shrubs. 
The creosote bush–crucifixion thorn scrubland 
association is the most predominant vegetation 
community in the upland areas at Montezuma 
Castle NM. 

In contrast, the terrace plots occur on low-gra-
dient areas composed of old alluvium and are 
adjacent to the Beaver Creek floodplain. Terrace 
plots encompass transitional spaces between the 
active floodplain terraces (which support mes-
quite bosques) and the steep, scrubby uplands, 
and include species common to both. These two 
broadly described vegetation communities in-
tergrade with one another as elevation above the 
floodplain increases, with only the very steepest 
of cliffs providing a definitive barrier. 

The vegetation communities of the terrace plots 
show greater floristic affinity to the northern So-
noran Desert, with a greater abundance of large, 
shrubby mesquite and acacia, and patches of 
creosote dominating the sandy flats. However, as 
noted by Rowlands (1999), the overall park flora 
has a stronger affinity to the Great Basin conifer 
woodlands, semi-desert grasslands, and interior 
chaparral than it does to other ecoregions. 

However, none of those Great Basin plant-com-
munity components is well developed at the 
monument—likely because the winter tempera-
tures are milder and summer temperatures high-
er at this park, which lies nears the confluence of 
three ecoregions. In particular, perennial grass-
lands are absent, and characteristic Great Basin 
plants, such as Purshia stansburiana (Stansbury 
cliffrose), Juniperus sp. (juniper) and Atriplex ca-
nescens (fourwing saltbush) are common but not 
dominant. Other species, such as mariola, mes-
quite, and creosote bush, are common through-
out both the Chihuahuan and Sonoran deserts, 
indicating that Montezuma Castle NM, like many 
other Arizona park units, lies at a crossroads of 

floral influences. 

Disturbance has played a significant role in shap-
ing the lowland areas at Montezuma Castle NM. 
Past agricultural practices, a legacy of livestock 
grazing, current trespass cattle, and recurring 
flooding have had major impacts on riparian 
forest and bosque vegetation (Rowlands 1999). 
These influences continue to be seen in the pres-
ence and abundance of non-native annuals. The 
higher-elevation Verde limestone plots, with a 
sparse abundance of non-natives, appear to be 
the least disturbed and most stable areas of the 
monument. 

4.3  Site stability and erosion
Site stability is the resistance of a site to localized 
wind and water erosion of soils—with tremen-
dous consequences for park ecosystems and the 
protection of finite aboveground and subsurface 
cultural resources. 

Soil factors mediate water relations for plants 
in semi-arid environments (McAuliffe 1999), 
thereby controlling patch-scale ecological com-
position and net primary productivity (Herrick et 
al. 2005a). As recovery of disturbed soils is par-
ticularly slow in dry and seasonally dry environ-
ments (Aber and Melillo 1991), avoiding erosion 
is of paramount importance to effective natural 
resource management in SODN parks, including 
Montezuma Castle NM. 

Static and dynamic factors determine the vulner-
ability of a site to water erosion (Herrick et al. 
2005a). Static factors are generally not affected 
by management actions and include soil texture, 
depth, and parent material; slope; aspect; and cli-
mate (Herrick et al. 2005a). Dynamic factors that 
affect water erosion include soil disturbance, soil 
structure, total cover, and plant basal cover. The 
quantity of total cover (soil cover and vegetation 
cover) is the most important dynamic factor af-
fecting water erosion (Herrick et al. 2005a). Most 
soil loss occurs in “unprotected” areas (i.e., un-
covered bare soils; Davenport et al. 1998). Rock, 
gravel, vegetation, biological soil crusts, and even 
plant debris (litter and duff) can “armor” the 
soil, slowing the flow of water and permitting in-
creased infiltration of water into the soil profile 
(Belnap et al. 2007). 

Our data indicate that soils at Montezuma Castle 
NM are currently very well protected, with only 
7.2 ± 1.9% of the soil surface consisting of exposed, 
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bare mineral soil. However, 20% of soil cover is 
composed of leaf litter, which could be rapidly lost 
following wildfire or prolonged drought.

In addition, the stability of surface soil aggregates 
(an indicator of soil structure) was below our 
proposed management assessment point for the 
terrace stratum and several individual plots (see 
Table 3-6), indicating the potential for significant 
soil erosion. However, over 40% of the soil in 
the terrace stratum was covered by gravel, which 
should confer some stability on the soil. 

Our data on the dynamic factors of water ero-
sion indicate that while potential erosion is a 
concern, actual erosion is currently moderate on 
the SODN monitoring plots. Nauman (2010) sur-
veyed roughly 340 acres of the Castle unit of Mon-
tezuma Castle NM and found that approximately 
4% (~13 acres) of the surveyed area showed signs 
of accelerated erosion. Just under half of the fea-
tures mapped were sheet erosion, one-third were 
rills, and under 20% were gullies. Nauman (2010) 
estimated that the 486 unique features represent-
ed nearly 11,000 m3 of soil loss, with the gullies 
accounting for the majority of that loss.

Although current soil loss appears to be moder-
ate and localized, the potential impacts of wildfire 
and prolonged drought on critical soil resources 
at Montezuma Castle NM are substantial due to 
inherent site instability.

4.4  Implications for terrestrial 
vegetation and soils monitoring 

Although change detection of subcanopy 
(0.5–2.0-m) mesquite in the terrace stratum just 
missed our statistical power criteria, overall sta-
tistical power for status and trend detection was 
excellent for both of the new strata, and generally 
exceeded our design criteria. Despite relatively 
high between-plot variation, we also met or ex-
ceeded our thresholds for soil cover and surface 
aggregate stability.

We detected less than 20% (73 of 404) of the 
documented flora of the Castle unit (Schmidt et 
al. 2006). We believe that this is reasonable, con-
sidering that we grouped all annual grasses and 
forbs (except exotics) and did not sample include 
riparian zones or riparian-influenced areas of the 
park (those areas are sampled as part of the SODN 
streams protocol). However, species accumula-
tion curves suggested that our sampling intensity 
was marginal for species detection. As a result, we 
will add one plot to each of the new strata with the 
next sampling in 2015, and re-evaluate after that 
field season.

After comparing these results with our monitor-
ing objectives, we conclude that the revised strata 
are appropriate. We will maintain the same ap-
proach for future monitoring. 

This effort entailed some of the first terrestrial 
vegetation and soils monitoring in the SODN. 
Therefore, much of our focus was on evaluating 
the efficacy of the sampling and response de-
signs to support improvement of the protocol. 
We found the plot sampling design to be efficient. 
Most plots were sampled within 2–4 hours, in-
cluding tasks that will not need to be repeated in 
successive visits (e.g., initial plot layout, perma-
nent marking and mapping, and collection of in 
situ soil parameters). 

4.5  Are terrestrial vegetation and 
soils within the range of natural 
variability? 

Based on the species composition, community 
structure, and dynamic soil function vital signs, 
we conclude that terrestrial vegetation and soils 
at Montezuma Castle NM are within the range of 
natural variability. Recognizing the limitations of 
historical data, the current park conditions com-
pare very favorably with those described in local 
and regional accounts. 
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Appendix A. Supplementary Data Tables
This appendix is available only with the electronic version of the document.

Appendix B. Repeat Photos and Plot Locations
Graphics begin on next page.
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Appendix C. Key to Vegetation Formations

KEY TO VEGETATION FORMATIONS:

1. What is the dominant surface cover?
Trees ............................................................................... go to ....................................... 2
Shrubs ............................................................................ go to ....................................... 3
Herbaceous ................................................................... go to ....................................... 4
Sparse vegetation (1–10%) or Rock/Bare Soil .......... go to ....................................... 5
Agriculture .................................................................... go to ....................................... 6

2. Trees:
11 Tree Cover > 60%?

21 Site is predominantly associated with an ephemeral watercourse. Intermittently 
Flooded Forest (IFF)

22 Site is predominantly associated with a perennial watercourse. Riparian Forest (RF)
23 Site is in an upland zone. Forest (F)

12 Tree Cover < 60%?
31 Site is predominantly associated with an ephemeral watercourse. Intermittently 

Flooded Woodland (IFW)
32 Site is predominantly associated with a perennial watercourse. Riparian Woodland 

(RW)
33 Site is in an upland zone. Woodland (W)

 
3. Shrubs:

11 Tree Cover > 10%. Wooded Shrubland (WS)
12 Tree Cover < 10%. Shrubland (S)

4. Herbaceous:
11 Tree cover < 10% AND Shrub cover < 10% Herbaceous (H)
12 Tree and/or Shrub cover >10%

 21 Tree cover > Shrub cover Tree Savanna (TS)
 22 Tree cover < Shrub cover Shrub Savanna (SS)

5. Sparse Vegetation/Rock/Bare Soil:
11 Site is predominantly bedrock or surface rock with vegetative cover less than 10%.

 21 Vegetation is primarily tree cover. Wooded Rock Outcrop (WRO)
 22 Vegetation is primarily shrub cover. Shrubby Rock Outcrop (SHRO)
 23 Vegetation is primarily herbaceous cover. Herbaceous Rock Outcrop (HRO)
 24 There is no clear dominant. Sparse Rock Outcrop (SRO)

12 Site is predominantly covered with boulders, cobble, bare soil, or gravel with vegetative 
cover less than 10%. 

 31 There is no vegetation cover. Barren (B)
 32 Vegetation is primarily tree cover. Wooded Barren (WB)
 33 Vegetation is primarily shrub cover. Shrubby Barren (SHB)
 34 Vegetation is primarily shrub cover. Herbaceous Barren (HB)
 35 There is no clear dominant. Sparse Barren (SB)

6. Agriculture: 
Site is predominantly agricultural land. Agricultural (A) 
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Table A1

		Table A1.  Within plot vegetation cover (%) for species measured in the "field" (<0.5m stature), "subcanopy" (0.5-20.m), and "canopy" (>2.0m) of Terrace vegetation and soils plots at Montezuma Castle NM (Castle Unit), 2010-2011.  Exotic species are bold, annual species are shaded)

								Field (<0.5m height)								Subcanopy (0.5-2.0m)								Canopy (>2m height)

		Species		Common Name		Lifeform		201_V06		201_V08		201_V10		202_V05		201_V06		201_V08		201_V10		202_V05		201_V06		201_V08		201_V10		202_V05

		Astragalus calycosus		Torrey's milkvetch		Forb/Herb		---		---		---		0.8%		---		---		---		---		---		---		---		---

		Astragalus tephrodes		ashen milkvetch		Forb/Herb		---		---		0.8%		0.4%		---		---		---		---		---		---		---		---

		Erodium cicutarium		redstem stork's bill		Forb/Herb		---		2.1%		6.7%		1.7%		---		---		---		---		---		---		---		---

		Aristida purpurea		purple threeawn		Graminoid		1.7%		---		0.4%		4.6%		---		---		---		---		---		---		---		---

		Bromus rubens		red brome		Graminoid		1.3%		5.8%		5.0%		3.8%		---		---		---		---		---		---		---		---

		Dasyochloa pulchella		low woollygrass		Graminoid		---		---		---		0.4%		---		---		---		---		---		---		---		---

		Elymus elymoides		squirreltail		Graminoid		---		0.4%		---		---		---		---		---		---		---		---		---		---

		Muhlenbergia porteri		bush muhly		Graminoid		1.7%		10.4%		0.4%		2.1%		---		---		---		---		---		---		---		---

		Chaetopappa ericoides		rose heath		Subshrub		---		0.4%		---		---		---		---		---		---		---		---		---		---

		Gutierrezia sarothrae		broom snakeweed		Subshrub		1.7%		6.7%		2.9%		5.8%		---		---		---		---		---		---		---		---

		Krameria erecta		littleleaf ratany		Subshrub		1.7%		---		---		---		---		---		---		---		---		---		---		---

		Atriplex canescens		fourwing saltbush		Shrub		---		8.3%		---		---		---		5.0%		---		---		---		---		---		---

		Berberis haematocarpa		red barberry		Shrub		---		1.3%		---		---		1.7%		5.0%		---		0.4%		---		2.1%		---		---

		Ephedra sp.		jointfir		Shrub		0.4%		---		---		---		---		---		---		---		---		---		---		---

		Ephedra viridis		mormon tea		Shrub		---		3.8%		---		---		---		---		---		---		---		---		---		---

		Larrea tridentata		creosote bush		Shrub		6.3%		---		6.7%		5.4%		8.3%		---		12.1%		9.2%		---		---		---		---

		Cylindropuntia leptocaulis		Christmas cactus		Succulent		---		---		---		2.5%		---		---		---		---		---		---		---		---

		Yucca elata		soaptree yucca		Succulent		0.8%		---		0.8%		---		---		---		---		---		---		---		---		---

		Acacia greggii		catclaw acacia		Tree		5.8%		2.9%		0.8%		8.3%		5.0%		5.0%		0.8%		5.8%		---		---		---		2.1%

		Canotia holacantha		crucifixion thorn		Tree		---		---		---		---		---		---		---		0.8%		---		---		---		---

		Juniperus monosperma		oneseed juniper		Tree		---		---		---		---		---		---		---		1.7%		---		---		---		2.9%

		Prosopis velutina		velvet mesquite		Tree		---		7.5%		12.9%		2.9%		---		25.0%		14.2%		3.3%		---		6.7%		0.4%		---

						Annual Forb		0.4%		0.8%		0.4%		---		---		---		---		---		---		---		---		---

						Annual Grass		1.3%		5.8%		49.2%		3.8%		---		---		---		---		---		---		---		---

						Perennial Forb		---		2.1%		7.5%		2.9%		---		---		---		---		---		---		---		---

						Perennial Grass		4.6%		16.7%		5.8%		10.8%		---		---		---		---		---		---		---		---

						Subshrub		3.3%		7.1%		2.9%		5.8%		---		---		---		---		---		---		---		---

						Shrub		6.7%		13.3%		6.7%		5.4%		10.0%		10.0%		12.1%		15.8%		---		2.1%		---		---

						Succulent		0.8%		---		0.8%		2.5%		---		---		---		1.7%		---		---		---		---

						Tree		5.8%		10.4%		13.8%		11.3%		5.0%		30.0%		15.0%		3.3%		---		6.7%		0.4%		5.0%

						Vine		---		---		---		---		---		---		---		---		---		---		---		---

						Total (live)		22.9%		56.3%		87.1%		42.5%		15.0%		40.0%		27.1%		20.8%		---		8.8%		0.4%		5.0%

						Dead Perennial		0.8%		5.4%		0.4%		5.8%		---		0.8%		0.4%		0.4%		---		---		---		---







































































































































Table A2

		Table A2.  Within plot cover values (%) for species measured in the field (<0.5m), subcanopy (0.5-2.0m), and canopy (>2.0m) height categories of Verde Limestone monitoring sites, at Montezuma Castle NM, 2010-2011. Exotic species are bold, annual species are shaded)

								Field (<0.5m height)								Subcanopy (0.5-2.0m)								Canopy (>2.0m)

		Species		Common Name		Lifeform		202_V01		202_V02		202_V03		202_V06		202_V01		202_V02		202_V03		202_V06		202_V01		202_V02		202_V03		202_V06

		Erodium cicutarium		redstem stork's bill		Forb/Herb		---		---		---		0.8%		---		---		---		---		---		---		---		---

		Aristida purpurea		purple threeawn		Graminoid		15.4%		0.4%		1.7%		4.2%		---		---		---		---		---		---		---		---

		Bouteloua curtipendula		sideoats grama		Graminoid		---		---		0.4%		---		---		---		---		---		---		---		---		---

		Bromus rubens		red brome		Graminoid		---		5.0%		---		1.7%		---		---		---		---		---		---		---		---

		Tridens muticus		slim tridens		Graminoid		---		---		2.5%		---		---		---		---		---		---		---		---		---

		Brickellia sp.		brickellbush		Subshrub		---		0.4%		---		---		---		---		---		---		---		---		---		---

		Brickellia atractyloides		spearleaf brickellbush		Subshrub		0.4%		---		---		---		---		---		---		---		---		---		---		---

		Encelia farinosa		goldenhills		Subshrub		0.8%		---		---		---		---		---		---		---		---		---		---		---

		Gutierrezia sarothrae		broom snakeweed		Subshrub		---		---		1.7%		2.5%		---		---		---		---		---		---		---		---

		Krameria erecta		littleleaf ratany		Subshrub		2.1%		4.6%		1.7%		4.2%		---		---		---		---		---		---		---		---

		Aloysia wrightii		Wright's beebrush		Shrub		0.8%		---		---		---		0.4%		---		---		---		---		---		---		---

		Ephedra sp.		jointfir		Shrub		---		---		0.8%		---		---		---		---		---		---		---		---		---

		Ephedra viridis		mormon tea		Shrub		---		---		---		3.3%		---		---		---		1.7%		---		---		---		---

		Larrea tridentata		creosote bush		Shrub		2.1%		3.8%		2.1%		1.3%		0.4%		4.6%		1.7%		1.7%		---		---		---		---

		Parthenium incanum		mariola		Shrub		10.8%		8.8%		7.9%		15.0%		0.8%		---		0.8%		---		---		---		---		---

		Acacia greggii		catclaw acacia		Tree		1.3%		---		---		---		---		---		---		---		---		---		---		---

		Canotia holacantha		crucifixion thorn		Tree		5.0%		---		7.5%		3.3%		8.8%		---		17.5%		5.0%		1.7%		---		5.0%		1.3%

		Juniperus monosperma		oneseed juniper		Tree		---		---		2.9%		2.9%		---		---		7.9%		11.7%		---		---		4.2%		6.3%

		Eriogonum sp.		buckwheat		N/A		---		---		0.4%		---		---		---		---		---		---		---		---		---

		Krameria sp.		ratany		N/A		2.1%		---		---		---		---		---		---		---		---		---		---		---

		Tiquilia sp.		crinklemat		N/A		1.3%		---		---		---		---		---		---		---		---		---		---		---

						Annual Forb		0.8%		3.3%		0.4%		---		---		---		---		---		---		---		---		---

						Annual Grass		---		5.8%		---		1.7%		---		---		---		---		---		---		---		---

						Perennial Forb		---		---		---		0.8%		---		---		---		---		---		---		---		---

						Perennial Grass		15.4%		5.4%		4.2%		5.8%		---		---		---		---		---		---		---		---

						Subshrub		3.3%		5.0%		3.3%		6.7%		---		---		---		---		---		---		---		---

						Shrub		13.8%		12.5%		10.8%		19.6%		10.0%		4.6%		20.0%		8.3%		---		---		---		---

						Succulent		---		---		---		---		---		---		7.9%		11.7%		---		---		---		---

						Tree		6.3%		---		10.4%		6.3%		0.0%		0.0%		0.0%		0.0%		1.7%		---		9.2%		7.5%

						Vine		---		---		---		---		---		---		---		---		---		---		---		---

						Total (live)		39.6%		32.1%		29.2%		40.8%		10.0%		4.6%		27.9%		20.0%		1.7%		0.0%		9.2%		7.5%

						Dead Perennial		4.2%		7.5%		15.0%		1.3%		---		---		0.8%		---		---		---		---		---







Table A3

				Table A3. Within-plot frequency (number of subplots out of five) for all plots and species sampled on monitoring plots in Montezuma Castle NM, 2010-2011. Species only detected in the subplots are indicated in the Subplots only column. Exotic species are bold, annual species are shaded.

		FOUSPL

		GARWRI										Within-Plot Frequency (0-5)

		MIMACU										Terrace Monitoring Plots								Verde Limestone Monitoring Plots

		MIMACUBIN		Scientific Name		Common Name		Lifeform		Subplots only		201_V06		201_V08		201_V10		202_V05		202_V01		202_V02		202_V03		202_V06

		PARINC		Allionia incarnata		trailing windmills		Forb/Herb		yes		0		0		0		0		1		0		0		0

		RHUMIC		Astragalus sp.		milkvetch		Forb/Herb		yes		0		1		0		0		0		0		0		0

		RHUTRIPIL		Astragalus allochrous var. playanus		halfmoon milkvetch		Forb/Herb		yes		0		0		1		0		0		0		0		0

		RHUVIR		Astragalus calycosus		Torrey's milkvetch		Forb/Herb				0		0		0		5		0		0		0		1

		SIDLAN		Astragalus tephrodes		ashen milkvetch		Forb/Herb				0		0		5		4		0		0		0		0

		ABUABU		Chamaesyce sp.		sandmat		Forb/Herb		yes		0		0		0		0		2		0		0		0

		BRICAL		Delphinium scaposum		tall mountain larkspur		Forb/Herb		yes		0		0		0		0		0		0		0		2

		BRILEM		Erodium cicutarium		redstem stork's bill		Forb/Herb				0		6		5		5		0		0		0		4

		CHANIC		Mirabilis multiflora		Colorado four o'clock		Forb/Herb		yes		0		0		0		0		1		0		0		0

		DASWHE		Nicotiana obtusifolia		desert tobacco		Forb/Herb		yes		0		0		0		0		3		0		0		0

		ERILAR		Polygala scoparioides		broom milkwort		Forb/Herb		yes		0		0		0		0		0		0		0		4

		GUTSAR		Aristida purpurea		purple threeawn		Graminoid				5		1		3		5		5		3		4		7

		ISOTEN		Bouteloua curtipendula		sideoats grama		Graminoid				0		0		0		0		0		0		2		0

		SPHANG		Bromus rubens		red brome		Graminoid				2		6		5		5		0		5		1		6

		SPHLAX		Dasyochloa pulchella		low woollygrass		Graminoid				0		0		0		5		0		0		0		0

		STEPAU		Echinochloa sp.		cockspur grass		Graminoid		yes		0		0		0		0		1		0		0		0

				Elymus elymoides		squirreltail		Graminoid				0		5		2		0		0		0		0		0

				Eragrostis lehmanniana		Lehmann lovegrass		Graminoid		yes		0		0		0		0		0		0		1		0

				Leptochloa dubia		green sprangletop		Graminoid		yes		0		0		0		1		0		0		0		0

				Muhlenbergia porteri		bush muhly		Graminoid				5		5		3		5		0		2		2		0

				Piptochaetium fimbriatum		pinyon ricegrass		Graminoid		yes		0		0		0		0		0		0		1		0

				Setaria grisebachii		Grisebach's bristlegrass		Graminoid		yes		0		0		0		0		1		0		0		0

				Tridens muticus		slim tridens		Graminoid				0		0		0		0		0		0		4		0

				Abutilon parvulum		dwarf Indian mallow		Subshrub		yes		0		1		0		0		0		0		0		0

				Brickellia sp.		brickellbush		Subshrub		yes		0		0		0		0		0		2		0		0

				Brickellia atractyloides		spearleaf brickellbush		Subshrub				0		0		0		0		2		0		0		1

				Brickellia microphylla		littleleaf brickellbush		Subshrub		yes		0		0		0		0		3		0		0		0

				Chaetopappa ericoides		rose heath		Subshrub				0		5		0		4		0		0		0		0

				Dalea formosa		featherplume		Subshrub		yes		0		0		0		0		2		0		0		3

				Encelia farinosa		goldenhills		Subshrub				0		0		0		0		3		0		0		0

				Eriogonum microthecum		slender buckwheat		Subshrub		yes		0		0		0		0		0		0		0		1

				Gutierrezia sarothrae		broom snakeweed		Subshrub				5		5		5		5		2		4		5		5

				Krameria erecta		littleleaf ratany		Subshrub				4		0		1		1		3		5		5		5

				Marrubium vulgare		horehound		Subshrub		yes		0		0		0		0		0		0		1		0

				Melampodium leucanthum		plains blackfoot		Subshrub		yes		5		0		0		0		0		0		0		3

				Senna covesii		Coves' cassia		Subshrub		yes		4		0		0		0		0		0		0		0

				Sphaeralcea sp.		globemallow		Subshrub		yes		1		1		0		3		0		0		0		0

				Thymophylla acerosa		pricklyleaf dogweed		Subshrub		yes		0		0		0		0		0		0		0		2

				Tiquilia canescens		woody crinklemat		Subshrub		yes		0		0		0		0		0		0		0		2

				Aloysia wrightii		Wright's beebrush		Shrub				0		0		0		0		2		0		0		0

				Atriplex canescens		fourwing saltbush		Shrub				0		5		0		0		1		0		0		0

				Berberis haematocarpa		red barberry		Shrub				3		5		2		4		4		0		3		4

				Calliandra humilis		dwarf stickpea		Shrub		yes		0		0		0		0		0		0		1		0

				Echinocereus fasciculatus		pinkflower hedgehog cactus		Shrub		yes		0		1		0		4		0		0		0		0

				Ephedra sp.		jointfir		Shrub				4		0		0		0		2		0		4		0

				Ephedra viridis		mormon tea		Shrub				0		4		1		0		0		0		0		6

				Larrea tridentata		creosote bush		Shrub				5		0		5		5		5		5		4		6

				Lycium pallidum		pale desert-thorn		Shrub		yes		0		0		0		0		0		1		0		0

				Parthenium incanum		mariola		Shrub				0		0		0		0		5		5		5		5

				Purshia mexicana		Mexican cliffrose		Shrub		yes		0		0		0		0		1		0		0		0

				Rhus aromatica		fragrant sumac		Shrub		yes		0		0		0		0		0		0		0		1

				Rhus trilobata		skunkbush sumac		Shrub		yes		0		0		0		0		0		0		2		0

				Rhus virens		evergreen sumac		Shrub		yes		1		0		0		0		0		0		0		0

				Ziziphus obtusifolia		lotebush		Shrub		yes		1		0		0		0		2		0		1		0

				Cylindropuntia leptocaulis		Christmas cactus		Succulent				0		1		3		5		0		1		0		1

				Opuntia phaeacantha		tulip pricklypear		Succulent		yes		1		0		0		0		3		0		0		0

				Acacia greggii		catclaw acacia		Tree				5		3		3		5		3		1		0		0

				Canotia holacantha		crucifixion thorn		Tree				0		0		0		3		5		0		5		5

				Juniperus monosperma		oneseed juniper		Tree				1		0		0		3		2		0		4		4

				Prosopis velutina		velvet mesquite		Tree				2		5		5		5		0		0		0		0

				Purshia stansburiana		Stansbury cliffrose		Tree		yes		0		0		0		0		0		0		0		3

				Yucca elata		soaptree yucca		Tree				4		1		3		2		0		0		1		2

				Acourtia sp.		desertpeony		N/A		yes		0		0		0		0		0		1		3		0

				Eriogonum sp.		buckwheat		N/A				0		0		0		0		0		0		1		0

				Hoffmannseggia sp.		rushpea		N/A		yes		5		0		0		0		0		0		0		0

				Krameria sp.		ratany		N/A				0		0		0		0		2		0		0		0

				Streptanthus sp.		twistflower		N/A		yes		0		0		0		0		0		0		1		0

				Tiquilia sp.		crinklemat		N/A				2		0		0		0		4		0		3		0

























































































































































































































































































































































Table A4

				Table A4.  Soil substrate (% by class) by monitoring plot, for Montezuma Castle NM, 2010-2011

						Terrace Monitoring Plots								Verde Limestone Monitoring Plots

				Substrate		201_V06		201_V08		201_V10		202_V05		202_V01		202_V02		202_V03		202_V06

				Bare soil (<2mm)  - no overhead cover		5%		20%		7%		9%		3%		3%		5%		5%

				Bare soil (<2mm) - under vegetation		3%		11%		8%		10%		3%		1%		5%		4%

				Light Cyanobacteria		3%		16%		12%		6%		0.0%		0.8%		4.2%		0%

				Dark Cyanobacteria		0.0%		0%		0%		0%		0.0%		0.0%		0.4%		0.0%

				Litter		17%		50%		25%		13%		11%		15%		13%		18%

				Gravel (2-75mm)		65%		0%		45%		57%		51%		75%		51%		63%

				Duff		0%		0%		0%		0%		0%		0%		2%		0%

				Lichen		0.0%		0%		3%		0%		0.0%		4.6%		0.0%		0.0%

				Moss		0.0%		0%		0%		0%		0.0%		0.0%		2.1%		1%

				Rock (with and without lichen)		6%		0%		0%		0%		13%		1%		10%		6%

				Plant base		0.4%		3%		1%		4%		1%		0%		3%		1%

				Bedrock		0.0%		0%		0%		0%		18%		0%		5%		2%



Decreasing erosion hazard 



Table A5

		Table A5. Absolute cover and and cover of available habitat by biological soil crusts (% by class), as measured in point-quadrats, by monitoring plot, Montezuma Castle NM, 2010-2011. Available habitat exlcudes areas covered by rock, bedrock, plant bases, and duff.

		Morphological Group or Lichen Growth Form		Terrace Monitoring Plots																Verde Limestone Monitoring Plots

				201_V06				201_V08				201_V10				202_V05				202_V01				202_V02				202_V03				202_V06

				Absolute		Available Habitat		Absolute		Available Habitat		Absolute		Available Habitat		Absolute		Available Habitat		Absolute		Available Habitat		Absolute		Available Habitat		Absolute		Available Habitat		Absolute		Available Habitat

		Light Cyanobacteria		10.4%		12.0%		25.7%		39.1%		3.8%		4.0%		5.2%		5.5%		6.8%		13.2%		7.0%		9.6%		2.1%		4.3%		---		---

		Dark Cyanobacteria		---		---		2.2%		3.4%		0.3%		0.4%		---		---		---		---		0.4%		0.5%		0.3%		0.7%		0.3%		0.4%

		Crustose lichen		---		---		---		---		---		---		---		---		---		---		0.4%		0.5%		---		---		---		---

		Gelatinous lichen		---		---		---		---		---		---		---		---		---		---		1.8%		2.4%		0.3%		0.7%		---		---

		Squamulose lichen		---		---		---		---		---		---		---		---		0.3%		0.7%		3.2%		4.3%		0.3%		0.7%		---		---

		Folise lichen		---		---		---		---		---		---		---		---		---		---		---		---		---		---		---		---

		Fruticose lichen		---		---		---		---		---		---		---		---		---		---		---		---		---		---		---		---

		Moss		1.7%		2.0%		---		---		---		---		1.7%		1.8%		0.3%		0.7%		0.4%		0.5%		1.4%		2.9%		1.7%		2.1%

		Totals by Morphological Group

		Total Cyanobacteria		10.4%		12.0%		27.9%		42.5%		4.2%		4.4%		5.2%		5.5%		6.8%		13.2%		7.4%		10.1%		2.4%		5.0%		0.3%		0.4%

		Total Lichen		---		---		---		---		---		---		---		---		0.3%		0.7%		5.3%		7.2%		0.7%		1.4%		---		---

		Total Bryophyte		1.7%		2.0%		---		---		---		---		1.7%		1.8%		0.3%		0.7%		0.4%		0.5%		2.1%		2.9%		1.7%		2.1%





Table A6

				Table A6. Within-plot and landscape frequency (%) for all plots and biological soil crust morphological groups and frowth forms sampled on monitoring plots in Montezuma Castle NM, 2010 -2011

		FOUSPL

		GARWRI				Within-Plot Frequency (0-18)

		MIMACU				Terrace Monitoring Plots								Verde Limestone Monitoring Plots

		MIMACUBIN		Morphological Group or Growth Form		201_V06		201_V08		201_V10		202_V05		202_V01		202_V02		202_V03		202_V06

				Light cyanobacteria soil crust		16		15		9		10		16		15		8		5

				Dark cyanobacteria soil crust		0		7		4		0		11		10		11		0

				Crustose lichen		6		1		0		0		0		2		0		0

				Gelatinous lichen		1		0		0		0		0		14		1		0

				Squamulose lichen		1		0		4		0		5		12		2		0

				Folise lichen		0		0		0		0		0		0		0		0

				Fruticose lichen		0		0		0		0		0		0		0		0

				Moss		3		0		0		2		3		10		14		14

				Selaginella		0		0		0		0		0		0		3		0

				Totals by Morphological Group

				Cyanobacteria-dominated soil crust		16		15		9		10		16		16		12		5

				Lichen-dominated soil crust		8		1		4		0		5		15		3		0

				Moss-dominated soil crust		3		0		0		2		3		10		13		14

				Dark cyanobacteria + Lichen + Moss		10		7		5		2		11		15		16		14































































































Table A7

		Table A7.  Soil surface aggregate stability class (mean and SE) and proportion of samples in "very stable" (=6) category, by monitoring plot, for Montezuma Castle NM, 2010-2011. "n" = number of samples collected per plot. Values in red did not meet the management assessment point (<3).

				Terrace Monitoring Plots								Verde Limestone Monitoring Plots

				201_V06		201_V08		201_V10		202_V05		202_V01		202_V02		202_V03		202_V06

		Surface Soil Aggregate Stability - 
All samples

		Average Soil Stability		4.23		2.97		2.73		2.02		4.28		3.38		4.38		1.84

		SE		0.24		0.35		0.18		0.24		0.31		0.33		0.22		0.22

		% samples "very stable"		27%		21%		0%		11%		55%		38%		36%		7%

		n		48		34		45		47		47		47		47		44



		Surface Soil Aggregate Stability - 
Under vegetation

		Average Soil Stability		4.69		2.71		3.29		2.52		4.09		3.58		4.94		2.50

		SE		0.43		0.44		0.29		0.38		0.43		0.51		0.36		0.64

		% samples "very stable"		44%		12%		0%		19%		43%		50%		50%		20%

		n		16		17		17		27		23		24		16		10



		Surface Soil Aggregate Stability - 
No vegetation cover

		Average Soil Stability		4.00		3.24		2.39		1.35		4.46		3.17		4.10		1.65

		SE		0.28		0.55		0.19		0.15		0.46		0.42		0.27		0.21

		% samples "very stable"		19%		29%		0%		0%		67%		26%		29%		3%

		n		32		17		28		20		24		23		31		34





Table A8

		Table A8.  Site and soil characteristics, by monitoring plot, for Montezuma Castle NM, 2010-2011.

						Terrace Monitoring Plots								Verde Limestone Monitoring Plots

						201_V06		201_V08		201_V10		202_V05		202_V01		202_V02		202_V03		202_V06

		Elevation		Average plot elevation (m)		981		980		975		989		1011		1046		1027		1063

				Approximate elevation above Beaver Creek (m)		24		14		10		14		42		85		62		94

		Slope		Average plot slope (%)		7.5		2		7.5		6		52		1.5		54.5		24

		Aspect		Direction		East		North		Northeast		Southwest		South		East		West		Northwest

		Soil Lab Results		Soil Texture		Sandy Loam		Sandy loam		Sandy Loam		Loam		Loamy Sand		Sandy Loam		Loam		Sandy Loam

				Rock Fragments (%)1		37%		2%		37%		42%		42%		30%		52%		30%

				Oven Dry Soil Bulk Density2		1.15		0.56		1.53		0.78		1.13		0.96		0.91		0.76

				Total Organic Content (%)		0.7		0.7		0.6		1.3		0.6		0.7		1.1		1.8

				Electrical Conductivity		201		111		191		227		249		249		264		232

				pH		8.0		7.5		7.9		8.2		8.2		7.9		7.9		8.1

				Reserve Acidity		0.5		0.4		0.5		0.6		0.6		0.4		0.5		0.5

		Erosion Features		Tunneling		<5%		none		none		none		<5%		none		<5%		none

				Sheet		none		none		none		none		none		none		none		none

				Rill		none		none		none		<5%		none		none		none		none

				Gully		none		none		none		none		none		none		none		none

				Pedestals		none		<5%		none		none		none		none		none		none

				Terracettes		none		none		none		none		none		none		none		none

				Burrowing		<5%		<5%		none		none		<5%		<5%		<5%		<5%

		Landform		Description		Hill		Alluvial Terrace		Alluvial Terrace/Hill		Alluvial Terrace		Colluvial Talus/Hill		Hill		Colluvial Talus/Hill		Mountain

		Geology		Geologic unit		Verde Formation, lacustrine rocks (Tel)		Terrace gravel (Qt)		Terrace gravel (Qt)		Terrace gravel (Qt)		Verde Formation, limestone (Tels)		Verde Formation, limestone (Tels)		Verde Formation, limestone (Tels)		Verde Formation, limestone (Tels)

		1Rock Fragments (%) = fracion of oven-dry soil >2mm in diameter by mass

		2Oven Dry Soil Bulk Density excludes the weight and volume of rock fragments in sample. Rock fragment density assumed to be 2.5 g/cm3











Table A9

		Table A9.  Terrestrial vegetation and soils monitoring data in the context of proposed management assessment points, Terrace monitoring sites, Montezuma Castle NM, 2010-2011. Values that do not meet the management assessment point are in red

		Issue		Management Assessment Point		201_V06		201_V08		201_V10		202_V05

		Erosion hazard		Exposed bare ground cover is >20%		5.4%		19.6%		7.1%		9.2%

				Surface soil aggregate stability (with no overhead vegetation) < Class 3		4.00		3.24		2.39		1.35

		Site Resiliance		Foliar cover of dead plants > 15% (field)		0.8%		5.4%		0.4%		5.8%

				Foliar cover of dead plants > 15% (subcanopy)		0.0%		0.8%		0.4%		0.4%

		Exotic plant dispersal		Extent of invasive exotic plants is >50%		present		present		present		present

		Exotic plant invasion		Total cover of exotic plants >10% (field)		1.25%		7.92%		11.67%		5.4%

				Exotic plant cover: total plant cover > 1:4 (0.25) (field)		0.06		0.16		0.30		0.14

		Fire hazard		Grasses + forbs >30% (field)		6.3%		25.4%		14.2%		17.5%

				Annual plant cover: total plant cover >1:4 (0.25) (field)		0.08		0.17		0.33		0.14





Table A10

		Table A10.  Terrestrial vegetation and soils monitoring data in the context of proposed management assessment points, Verde Limestone monitoring sites, Montezuma Castle NM, 2010-2011. Values that do not meet the management assessment point are in red

		Issue		Management Assessment Point		202_V01		202_V02		202_V03		202_V06

		Erosion hazard		Exposed bare ground cover is >20%		2.9%		3.3%		5.4%		4.6%

				Surface soil aggregate stability (with no overhead vegetation) < Class 3		4.46		3.17		4.10		1.65

				Mature biological soil crust cover < 10% of available habitat		0.0%		4.6%		3.1%		1.4%

		Site Resiliance		Foliar cover of dead plants > 15% (field)		4.2%		7.5%		15.0%		1.3%

				Foliar cover of dead plants > 15% (subcanopy)		0.0%		0.0%		0.8%		0.0%

		Exotic plant dispersal		Extent of invasive exotic plants is >50%		present		present		present		present

		Exotic plant invasion		Total cover of exotic plants >10% (field)		0.0%		5.0%		0.0%		2.5%

				Exotic plant cover: total plant cover > 1:4 (0.25) (field)		0.00		0.18		0.00		0.06

		Fire hazard		Grasses + forbs >30% (field)		16.3%		14.6%		4.6%		8.3%

				Annual plant cover: total plant cover >1:4 (0.25) (field)		0.02		0.34		0.01		0.04





