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Abstract

The Sonoran Desert Network, as part of the National Park Service’s Inventory and Monitoring 
Program, has identifi ed terrestrial vegetation and dynamic soil functional attributes as important 
ecosystem monitoring parameters, or “vital signs” (NPS 2005) that provide key insights into the 
integrity of terrestrial ecosystems at Gila Cliff  Dwellings National Monument (NM). Soil properties 
have important consequences for vegetation composition, persistence, and productivity (McAullife 
1999), yet soil information for Gila Cliff  Dwellings NM is scant, as the park has never had a compre-
hensive soil survey due to a lack of funding. Therefore, the network contracted this complementary 
assessment to establish a monitoring baseline for vegetation and soil health. In 2009, ten soil and 
vegetation plots were visited at the park. Surface soil samples collected from each plot indicated the 
presence of sandy loam and sandy clay loam surface soils, with a wide variety of pH, solute, and or-
ganic carbon levels. Variances in texture and chemistry between plots were related to dynamic soil 
function monitoring parameters, such as rock surface cover and soil aggregate stability. Site topog-
raphy infl uenced soil surface cover type and herbaceous production by mediating soil water status 
(as indicated by Topographical Wetness Index). Moderate sheet and rill erosion were observed on 
a few plots and were associated with exposed bedrock (indicating shallow soils) and areas with 
relatively high upper canopy cover.
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1  Introduction
The Sonoran Desert Network (SODN), as part of 
the National Park Service’s Inventory and Moni-
toring Program, has identifi ed terrestrial veg-
etation and dynamic soil functional attributes as 
important ecosystem monitoring parameters, or 
“vital signs” (NPS 2005) that provide key insights 
into the integrity of terrestrial ecosystems at Gila 
Cliff  Dwellings National Monument (NM) (Fig-
ure 1-1). Soil properties have important conse-
quences for vegetation composition, persistence, 
and productivity (McAullife 1999), yet soil infor-
mation for Gila Cliff  Dwellings NM is scant, as 
the park has never had a comprehensive soil sur-
vey due to a lack of funding. Therefore, the net-
work contracted this complementary assessment 
to establish a monitoring baseline for vegetation 
and soil health, improve understanding of data 
related to vegetation and dynamic soil function, 
and evaluate the effi  cacy of sampling strata used 
for SODN uplands monitoring. This report sum-
marizes the soils data; examines trends between 
soil parameters, vegetation cover parameters, and 
soil aggregate stability; and notes the types and 
extent of erosion observed.

Located in southwestern New Mexico, Gila Cliff  
Dwellings National Monument (NM) is sur-
rounded by the Mogollon Mountains and Aldo 
Leopold Wilderness. The monument lies at mid-
elevations within this mountain basin, and con-
tains riparian, forest, woodland, savanna, and 
grassland systems. Areas sampled in this study 
were non-riparian, at elevations ranging from 
5,700 to 6,300 feet.

Figure 1-1. Gila Cliff Dwellings National Monument, New Mexico.

Gila Cliff Dwellings National Monument
Arizona

National Park Service
U.S. Department of the Interior
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2  Methods 

2.1  Sampling
At each of the 10 vegetation monitoring plots es-
tablished by SODN in 2009 (Figure 2-1; Hubbard 
and Studd 2010), three soil cores (0–10 cm depth) 
were collected from random locations within the 
center and two outer subplot areas (subplots C, 
A, and E; Figure 2-2). These samples were used to 
estimate total organic carbon, pH, reserve acid-
ity, sample bulk density, electrical conductivity, 
and soil texture via sand and clay content. Table 
2-1 outlines the variables used for analysis in this 
report. 

Vegetation canopy and ground cover were mea-
sured by line-point intercept along each of the six 
20-meter transects. Vegetation (to species) and 
cover data were collected every 0.5 meters along 
each transect (n=240) for ground cover, herba-
ceous cover (0.025–0.5 m), subcanopy (0.5–2.0 
m), and canopy (>2.0 m). Soil aggregate stability 
samples (n=48) were collected along transects 
and tested in groups of 16 via a wet aggregate sta-
bility method (Herrick et. al. 2001).

Within GIS, topographical analysis was used to 
calculate a Topographic Wetness Index (TWI; 
Yang et al. 2007), to investigate the potential in-
fl uence of topographical context on the plot data 
collected. This index integrates the site steepness 
and potential upslope runoff  onto a site into a 

score that represents a site’s likelihood of being 
more moist relative to surrounding areas. Cal-
culations for this index were completed using 
the System for Automated Geoscientifi c Analy-
ses (http://www.saga-gis.org/en/index.html), an 
open-source GIS software package, using the D-
infi nity fl ow-routing algorithm (Tarboton 1997) 
and one arc-second elevation values from the 
National Elevation Data set (http://seamless.usgs.
gov/index.php). Plots were attributed with a 3 × 
3-pixel average TWI value. Values usually range 
from 1 or 2 to 20, with 20 representing extremely 
high potential for wetness relative to local condi-
tions.

2.2  Analysis
A combination of correlation, ANOVA, multiple 
regression, and hierarchical clustering was used to 
examine plot heterogeneity, associative relation-
ships, and groupings. Basic statistics, One-Way 
ANOVA, and MANOVA were used to examine 
variability in the properties of soil samples within 
and between plots, and to determine whether 
plots showed signifi cant diff erences in soil prop-
erties. Correlation analysis was applied to pairs of 
variables to search for soil sample trends. Then, 
plot summaries (averages) of soil samples were 
created for comparison with vegetation structure 
data derived from point-line-intercept transects. 
Correlations between soil sample averages and 
vegetation/cover parameters from plot transects 
were examined for relationships. 

V400_001
V400_002

V400_005

V400_004
V500_003

V500_002 V500_004

V500_001
V500_005

V400_002TJ

0                             1,000 m 

Cluster n*1          Cluster n*2          Cluster n*3          Cluster n*4

Figure 2-1. Soil assessment plot locations, Gila Cliff Dwellings National Monument. Monument boundary 
lines are in black. There is one plot in the TJ unit about 2 km east of the main unit. The main drainage is 
the Gila River.
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Ward’s hierarchical clustering was used to group 
plots by soil properties (contingent on plots’ 
showing statistical diff erences in soil properties) 
to examine whether vegetation/cover proper-
ties diff ered by soil groupings. Soil stability and 
erosion observations were also examined using 
correlation, multiple regression, and linear dis-
criminant analysis for associations with any soil, 
vegetation, or topographical parameter. All sta-
tistical analysis was performed within the TAN-
AGRA open-source statistical analysis program 
(Rakotomalala 2005).

Erosion features were described using a semi-
quantitative scheme to estimate approximate 

extent (%) of aff ected areas. Estimated ero-
sion classes were as follows: 0%, 1–5%, 6–25%, 
26–50%, 51–75%, and >75%. Recorded features 
included tunneling, sheeting, rilling, gullying, 
pedestal development, terracette occurrence, 
and burrowing activity. Sheet, rill, and gully fea-
tures are direct indicators of erosion, while the 
other features are precursors to water erosion or 
signs of susceptibility. Erosion observations were 
used to indicate site stability and help identify any 
other measured features that might be associated 
with increased erosion.
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Table 2-1. Variables used for analysis in this report, by parameter type.

Name Explanation
Soil

Bulk density Density in grams/cm3 of in situ soil samples (including any rock fragments in the sample)

Rock fragments Fraction of soil >2 mm in diameter by mass

Sand Fraction of soil particles (excludes rock fraction) 0.005–2 mm in diameter

Clay Fraction of soil particles (excludes rock fraction) <0.0002 mm in diameter

Total organic carbon (TOC) Fraction of soil composed of organic carbon determined using an N-C-S combustion analyzer

1:1 pH pH measured in a solution of one part soil to one part water

1:2 pH pH measure in soil of one part soil to two parts 0.01 M CaCl2 solution, used to estimate 
reserve acidity

Reserve acidity Difference in pH of 1:1 pH and 1:2 pH 0.01 M CaCl2, giving a measure of H+ on soil exchange 
sites

Electrical conductivity (EC) EC, measured in mS/cm, provides a surrogate measure of soil salinity or dissolvable solids in 
the soil.

Cover

Bare ground Fraction of ground surface with bare ground exposed

Bedrock Fraction of ground surface with bedrock exposed

Duff Fraction of ground surface covered with partially decomposed organic materials

Gravel cover Fraction of ground surface covered with rock 2–75 mm in diameter

Litter Fraction of ground surface covered by plant materials

Lichen on rock Fraction of ground surface covered by lichen on rock

Moss Fraction of ground surface covered by moss

Plant basal Fraction of ground surface covered by the base of plants

Rock cover Fraction of ground surface covered by rocks 76–600 mm in diameter

Canopy

Herbaceous Fraction of vegetation coverage 0.025–0.5 m in height

Subcanopy Fraction of vegetation coverage 0.5–2.0 m in height

Canopy Fraction of vegetation coverage >2.0 m in height

No cover Fraction of surface with no vegetation coverage

Canopy and cover

NC bare Surface is bare ground with no canopy cover

Topography

Mean slope Average of ground slope measures taken at plots

Soil dynamics

Soil stability Soil macro-aggregate stability in water (Herrick et al. 2001)
Cover, canopy and soils parameters are documented in Hubbard and others (in review).
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3  Results 

3.1  Soil properties

3.1.1  Summary of soil properties

Soil textures at Gila Cliff  Dwellings NM varied 
from gravelly to extremely gravelly sandy loam to 
sandy clay loam, ranging from 8 to 25% clay, 58–
81% sand, and 18–87% rock fragments. These 
relatively coarse soils were often covered with 
litter or, occasionally, partially decomposed duff . 
Total organic carbon (TOC) values were relatively 
high for the American Southwest and quite vari-
able, ranging from 0.65 to 6.63%, with an average 
of 2.3%. TOC is generally doubled to estimate the 
percent organic matter in the soil. Soil pH and EC 
were somewhat variable between plots: one-to-
one pH values ranged from 5.62 to 8.01, and EC 
ranged from 0.07 to 0.83 mS/cm. Reserve acid-
ity ranged from 0.06 to 1.00 pH units, indicating 
considerable variance in soil-buff ering capaci-
ties. Sample bulk densities were similarly variable 
(0.59–1.94 g/cm3). See Table 3-1 for summary.

3.1.2  Relationships among soil properties

3.1.2.1  Diff erences among plots

Most soil properties diff ered among plots, as was 
evident when averages of various soil properties 
were compared (see Appendix A). MANOVA 
analysis also indicated strong diff erences between 
plots based on all measured parameters (Wilks 
Lamda = 0.0013; Bartletts Chi2

(72) = 132.74, p-val-
ue = 0.0000). The sharpest individual parameter 
diff erences were seen in 1:2 pH, 1:1 pH, and clay 
content (F9,20 and p-values of 6.24, 5.04, 4.59 and 
0.0003, 0.0013, and 0.0022, respectively. Diff er-
ences in pH levels (range 5–8) seemed to indicate 
a variety of soil ages, biota, and/or mineralogy. 
Clay diff erences (range 8–25%) were not as wide 
in a functional context, but still diff ered enough 
to aff ect water movement and other physical in-
teractions in soil.

Weaker, but measurable diff erences (alpha = 
0.05) were seen in reserve acidity, TOC, and bulk 
density (F9,20 and p-values of 2.44, 2.61, 2.76 and 
0.0462, 0.0354, 0.0281, respectively). Although 
diff erences in these properties were less detect-
able statistically, the range of values indicated 
important diff erences in chemical, physical, and 
biological interactions. The ranges of both TOC 
and bulk density—closely related parameters—
indicated a variety of biological and physical en-

vironments in the soil. Reserve acidity diff erences 
(range 0.06–1.00) suggested a range of chemical 
buff ering capacity, with higher reserves indicat-
ing that those soils were holding a much larger 
amount of acid and, possibly, had higher cation-
exchange capacities (Figure 3-1).

3.1.2.2  Similarities among plots

Correlations among bulk density and chemi-
cal parameters (TOC, EC and reserve acidity) 
showed strong trends (Table 3-2). Bulk density 
and TOC showed a strong negative relationship 
(r = -0.78), as is typical of soils in which organic 
materials strongly infl uence the soil environment. 
Increased amounts of organic matter generally 

Table 3-1. Summary statistics for soil properties, Gila Cliff 
Dwellings NM.

Attribute Min Max Average SD SD/avg
Rock 
fragments

18.08% 87.36% 55.15% 18.67% 0.34

Bulk density 
(g/cm3)

0.59 1.94 1.30 0.35 0.27

TOC 0.66% 6.63% 2.30% 1.42% 0.62

1:1 pH 5.62 8.01 6.77 0.67 0.10

1:2 pH 5.05 7.63 6.18 0.77 0.12

Reserve acidity 0.06 1.00 0.60 0.22 0.36

EC (mS/cm) 0.07 0.83 0.21 0.15 0.73

Clay 8.2% 24.8% 15.8% 4.9% 0.31

Sand 58.3% 81.3% 69.0% 6.2% 0.09
A total of 30 samples were taken from 10 plots throughout the park (see Figure 
2-1).

Table 3-2. Signifi cant pairwise correlations amongst soil 
properties.

Variable 1 Variable 2 r r² t Pr(>|t|)

Bulk density TOC -0.78 0.61 -6.60 0.0000

1:2 pH EC 0.71 0.50 5.27 0.0000

TOC EC 0.56 0.32 3.60 0.0012

1:2 pH Reserve pH -0.56 0.31 -3.53 0.0015

Reserve  acidity EC -0.47 0.22 -2.84 0.0083

1:1 pH Sand 0.47 0.22 2.79 0.0093

1:2 pH Sand 0.45 0.20 2.67 0.0125

Bulk density Reserve pH 0.40 0.16 2.31 0.0285

1:1 pH Clay -0.40 0.16 -2.28 0.0306

Bulk density EC -0.38 0.14 -2.15 0.0400

TOC 1:2 pH 0.36 0.13 2.07 0.0480

TOC Reserve pH -0.35 0.12 -1.99 0.0566
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Figure 3-1. Averages 
of different soil 
parameters across plots, 
Gila Cliff Dwellings NM. 
Black brackets show 
standard error for each 
parameter at each plot 
(IDs at bottom). 
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help to aggregate soils and lower bulk density, 
which may have been the case here. TOC showed 
a strong relationship with EC (r = 0.56), which 
may suggest that either ions were adsorbed to 
organic matter or charged organic materials had 
dissolved in soil solution, contributing to solute 
activity. pH parameters also trended with EC, 
texture (sand and clay), and bulk density. There 
were many possible co-correlations in the data, 
suggesting the presence of more complicated in-
teractions beyond pairwise trending. Higher pH 
values generally correlated with higher EC and 
sandier soils.

In summary, soils with higher amounts of or-
ganic carbon (i.e., more vegetative input) were 
less acidic, less dense, and tended to have less 
acidic buff ering. More acidic soils tended to have 
less sand (and more clay), less solutes (EC), and 
less organic matter. They also tended to have 
much more acidic buff ering. The fi ner texture of 
the acidic soils might indicate slightly older soils 
or more weatherable mineralogy, as acidity and 
clays tend to accumulate in more weathered soils. 
Based on these results, park soils can be split into 
two main conceptual groups: (1) a more highly 
vegetated group (higher organics) with less dense 

soils and substantial nutrient cycling, and (2) a 
more barren, older group, with a lower pH and 
fi ner soil fraction (i.e., more clays and less sands).

3.2  Other properties in plots

3.2.1  Summary of other properties

Plots displayed a wide variety of values for ground 
cover, vegetation structure, topography, and soil 
stability (Table 3-3), and exhibited universally 
high rock content. The range of TWI (an index 
of potential soil–water relations) was constrained 
despite wide variance in plot slope steepness. Soil 
stability values (1–6 scale) showed only mediocre 
surface aggregation, with a poor minimum aver-
age, across plots, of 1.8. However, the domina-
tion of the soil surface by litter, duff , and gravel, 
as was the case here, can sometimes limit soil ag-
gregation (depending on the type of litter) to the 
subsurface level, leading to low stability values 
but actually still providing a degree of protection 
from erosion for mineral soil.

Table 3-3. Summary statistics for vegetation, cover, and topography properties, Gila Cliff 
Dwellings NM.

Attribute Min Max Average SD SD/avg

TWI 5.21 6.86 5.86 0.50 0.0856

No cover 11.7% 33.3% 23.0% 6.0% 0.2588

No cover (bare) 0.4% 7.1% 2.5% 2.0% 0.7707

Bare ground 0.4% 35.4% 8.2% 10.1% 1.2358

Bedrock 0.0% 4.6% 1.1% 1.8% 1.6538

Duff 0.0% 32.9% 12.9% 11.9% 0.9206

Gravel 1.3% 37.9% 20.9% 10.5% 0.503

Litter 9.6% 69.6% 44.5% 14.8% 0.3314

Cyano (dark) 0.0% 1.7% 0.2% 0.5% 3.1623

Moss 0.0% 2.5% 0.5% 0.8% 1.4068

Lichen on rock 0.0% 13.3% 2.5% 4.0% 1.5618

Plant basal 0.0% 18.8% 5.5% 6.2% 1.1343

Rock cover 0.0% 15.8% 3.7% 4.8% 1.2947

Herbaceous 23.3% 70.0% 44.1% 18.7% 0.4233

Subcanopy 9.6% 43.3% 24.3% 11.1% 0.4548

Canopy 10.4% 55.4% 30.8% 15.7% 0.5076

Mean slope 1.0% 58.5% 23.5% 18.4% 0.7831

Soil stability 1.8 4.5 2.9 0.8 0.2788
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3.2.2  Relationships among other properties 
and soils in plots

Correlation analysis showed several trends be-
tween diff erent cover types and the topographi-
cal parameters of slope and TWI (Table 3-4). TWI 
showed positive trends with plant basal cover, 
herbaceous vegetation, and bare ground. Co-
correlations and interactions also occurred, for 
instance, between plant basal cover and herba-
ceous vegetation. Overall, areas with higher po-
tential for wetness (higher TWI) had lower veg-
etation cover and less surface rock. Higher TWI 
values also seemed to be associated with lower 
pH values and more clay. Another topographical 
association occurred between lower rock frac-
tions in soil samples in sites with steeper slopes.

Some trends were also seen between vegetation 
structure, soil cover, and soil sample parameters 

in the correlation data. Vegetation-structure vari-
ables (canopy and subcanopy) showed positive 
trends between higher levels of duff  cover and 
higher soil pH. Areas with more canopy also gen-
erally had more surface cover. Reserve acidity 
showed a negative relationship with gravel cover. 
Plots of higher pH, EC, and sand tended to have 
higher surface rock cover. 

3.3  Plot clustering
Using Ward’s hierarchical clustering, plots were 
grouped by soil properties (averaged by plot) to 
determine whether vegetation, topography, and 
cover parameters were associated with general-
ized soil types. Four clusters were separated us-
ing the Best Cluster Selection tool in TANAGRA 
(which uses in-cluster variance minimization to 
determine which step of clustering creates the 
largest drop in overall clustering variance while 

Table 3-4. Signifi cant correlations in soil plot data, Gila Cliff Dwellings NM.

Variable 1 Variable 2 r r² t Pr(>|t|)

Bare ground Moss 0.8732 0.7625 5.0685 0.001

TWI Plant basal 0.8449 0.7138 4.467 0.0021

TWI Herbaceous vegetation 0.8441 0.7126 4.4532 0.0021

Plant basal Herbaceous vegetation 0.8061 0.6498 3.8532 0.0049

Bare ground Plant basal 0.7632 0.5824 3.3403 0.0102

pH1:2 Rock cover 0.7595 0.5768 3.3022 0.0108

Duff Soil stability -0.7379 0.5445 -3.0926 0.0148

EC Rock cover 0.7313 0.5348 3.0326 0.0162

Herbaceous vegetation Mean slope -0.7078 0.501 -2.8343 0.022

TWI Bare ground 0.7006 0.4908 2.7768 0.024

Duff Canopy 0.695 0.483 2.734 0.0257

Sand Rock cover 0.6894 0.4753 2.692 0.0274

Reserve acidity Gravel cover -0.679 0.4611 -2.6162 0.0308

No cover (bare) Subcanopy -0.6714 0.4507 -2.5621 0.0335

TWI Rock cover -0.6576 0.4324 -2.4689 0.0388

Herbaceous vegetation Canopy -0.6443 0.4152 -2.3831 0.0443

pH1:1 Subcanopy 0.6403 0.4099 2.3575 0.0461

Moss Plant basal 0.6347 0.4028 2.3228 0.0487

pH1:1 TWI -0.6303 0.3973 -2.2965 0.0508

Clay TWI 0.6296 0.3964 2.2922 0.0511

% rock fraction Mean slope -0.6289 0.3956 -2.2881 0.0514

Italicized text indicates data parameters that were collected in mutually exclusive point-line-intercept surveys but still showed corre-
lations. For example, because bare ground and moss were collected in the same data type, a hit for one would exclude a hit for the 
other, so a negative correlation would be expected. However, in highlighted cases, the correlation was the opposite of what would 
be expected, indicating that the trend was stronger than indicated. 
Bolded text indicates possible strong co-correlation. 
Boxed variables are from soil sample data; others are from plot-intercept or topographical data.
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maximizing fi t of data), including one cluster of 
six plots (n*4), one cluster of two plots (n*2), and 
two outlier plots (n*1 and n*3). Clustering was 
done at the plot level using averages of samples in 
each plot as data points. 

Cluster groupings in Figure 3-2 highlight some 
associations between multiple soil parameters, as 
well as some of the correlation trends from Table 
3-4. Plot clusters with higher pH also had higher 
TOC, sandier textures, higher EC’s, and lower re-
serve acidities. Cluster groupings also highlighted 
some of the correlation trends seen in Table 3-4. 
Cluster n*4 had fi ner textures, higher TWI values, 
and lower pH values than the others. Cluster n*3 
(plot 400_001), one of the outlier plots, had a sub-
stantially higher stability average than the other 
plots. This cluster also had a siltier texture, lower 
pH and TOC, and higher rock fragment content 
than the other plots, as well as mostly herbaceous 
cover and a ground surface primarily covered by 
litter (see Appendix Table A4 for data). 

Of the vegetation, topography, and cover parame-
ters, only rock cover showed a moderately detect-
able possible diff erence among soil cluster classes 
(F-test, F3,6 = 4.56, p = 0.0544). Cluster class n*2 
showed the highest rock cover (11%) followed by 
n*1 (4.6%), n*4 (1.7%), and n*3 (0.4%). Cluster 
n*2, located at the highest elevation and on rela-
tively steep terrain, also showed the highest inci-
dence in rill and sheet erosion features (see Table 
3-5), suggesting that the two plots in n*2 (500_001 
and 500_002) may be subject to a slightly diff erent 
set of environmental conditions than the others. 
Oddly, cluster n*2 (plots 500_001 and 500_002) 
also had the lowest percentage of rock fragments 
in the soil samples, yet the highest percentage 
of exposed surface rock cover (see Appendix A, 
Table A4 for data). In light of the erosion features 
observed, this result may be due to overland wa-
ter fl ow eroding away the smaller surface soil par-
ticles, leaving more exposed rocks at the surface.
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Figure 3-2. Parallel plot showing cluster values relative to dataset average scaled by the standard 
deviation of each variable. Clusters 1 and 3 are single plots, while clusters 2 and 4 included two and six 
plots, respectively. Because of the small sample size, outliers are placed into their own classes.
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3.4  Soil aggregate stability and 
erosion

Soil stability averages increased in areas with less 
duff  and canopy (r2 = 0.54 and 0.34; p-values = 
0.015 and 0.077, respectively; see Appendix A, 
Table A2). Multiple regression of soil types (clus-
ters) and duff  created a strong model relative 
to soil stability (r2 = 0.88; F2,7 = 26.2597; p-value 
= 0.00056). In this model, duff  showed a strong 
negative eff ect on soil stability, while soil clus-
ter n*3 (rocky, fi ner textured and acidic soils) 
showed a sizably higher soil stability than other 
plot soils (Appendix Table A4).  

Minor disturbances (burrowing) were seen in 
limited areas of most plots in the park. Rill and 
sheet erosion were seen in sizable areas in a couple 

of plots (Table 3-5). Almost all erosion was found 
in soil clusters n*4 and n*2, with n*2 showing a 
large concentration in Plot 500_001. Estimated 
areal erosion eff ects were seen in areas with more 
canopy, more observed lichens on rocks, less 
soil rock content, more bedrock cover, and less 
gravel cover, from interpretation of moderate to 
weak pairwise correlations observed in the data 
(p-values = 0.044, 0.076, 0.0873, 0.10, and 0.12, 
respectively). When all these parameters were 
incorporated into a regression model (simple, 
forward, stepwise, multiple linear regression with 
no interactions) to decipher more dominant fac-
tors, higher levels of canopy and bedrock cover 
both showed moderately detectable associations 
with eroded areas (F-test, F2,7 = 7.0328, p-value = 
0.0212). 

Table 3-5. Erosion area class estimates by soil cluster.

Soil cluster Plot

Percent class

Tunneling Pedestals Terracettes Burrowing Sheet Rill Gully
Est. degraded 
area (avg %)

n*1 500_005 0 0 0 1–5 0 1–5 0 3

n*2 500_001 0 0 0 0 26–50 6–25 0 51

500_002 0 0 0 1–5 1–5 1–5 0 6

n*3 400_001 0 0 0 1–5 0 0 0 0

n*4 400_002 0 0 0 0 26–50 0 0 38

400_002TJ 0 0 0 1–5 1–5 0 0 3

400_004 0 0 0 0 0 0 0 0

400_005 0 0 0 1–5 0 1–5 0 3

500_003 0 0 0 1–5 0 1–5 0 3

500_004 0 0 0 1–5 0 0 0 0
The estimated degraded area can be created by summing the middle values of sheet, rill, and gully erosion. This estimate was used in basic modeling to 
look for associations with other parameters.
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4  Discussion
Data from the large number of integrated vari-
ables collected from plots at Gila Cliff  Dwellings 
NM revealed some interesting relationships. All 
of the soils sampled were relatively rocky, but 
showed considerable variation in other proper-
ties. In some soils, higher levels of organic matter, 
pH, EC, and sand, along with lower bulk densi-
ties, were associated. In others, higher levels of 
reserve acidity were associated with fi ner tex-
tures. The fi ner, more acidic soils seemed to pro-
duce and incorporate less organic matter, have 
higher clay content and lower pH values, and lack 
solutes typically seen in younger soil, possibly in-
dicating that they may be older surfaces.

The erosion observed at plots 400_002 and 
500_001 may be cause for some concern. The 
primary factors separating these plots from the 
others were their higher levels of exposed bed-
rock and canopy. The exposed bedrock may be 
one cause of increased erosion on these plots, as 
it may be a sign of shallower soils that are less able 
to infi ltrate water, thus causing accelerated fl ow. 
The soil samples at these plots also had lower lev-
els of rock fragments, which also leave soils more 
vulnerable to water erosion than those in rockier 
areas.

Plot 400_001 turned out to be an outlier to most 
of the relationships observed in the data, and was 
clustered uniquely by soil properties (n*3). It had 
a combination of the rockiest and siltiest particle-
size distribution (although not much silt), a lower 
than average pH, and the highest reserve acid-
ity of any plot. Plot 400_001 also had the high-
est soil aggregate stability values by a wide range 
(4.5 versus an average of 2.9 for all plots). It had 
the highest litter cover of all plots, with very little 
duff , and was dominated almost entirely by her-
baceous vegetation, in contrast to most of the 
other plots. The plot also had no active erosion 
features. The lack of erosion and high soil stability 
values of the plot suggest that its soils and vegeta-
tion were in a state of equilibrium not observed 
in the other plots. More investigation might be 
interesting at this plot, as the results are not all in-
tuitive. Soil stability values would usually be lower 
at sites with lower levels of organic carbon, as at 
400_001. However, the plot’s high reserve acidity 
may suggest that the clays and mineralogy pres-
ent have high partial ionic charges that could pro-
mote cohesion and, thus, aggregate stability.
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Appendix A. Supplemental Information

Table A1. One-way ANOVA of soil properties by plot.

Location

ANOVA 
Variance 
Decomp

% Sand1:2 pH                      Reserve Acidity Final EC (ms/cm) Clay

 Location

ANOVA Variance 
Decomp

frac rock by oven-dry mass Total Sample oven dry density TOC 1:1 pH
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Table A2. Parameter averages by plot.

Parameter

Cluster

n*1 n*2 n*3 n*4

50
0_

00
5

50
0_

00
1

50
0_

00
2

40
0_

00
1

40
0_

00
2

40
0_

00
2T

J

40
0_

00
4

40
0_

00
5

50
0_

00
3

50
0_

00
4

Rock fragments 0.667 0.448 0.426 0.696 0.416 0.532 0.641 0.416 0.555 0.717

Bulk density 0.73 1.52 1.28 1.53 0.94 1.54 1.25 1.5 1.39 1.33

Total organic carbon 0.0481 0.0235 0.0192 0.015 0.0332 0.0133 0.0246 0.0198 0.0214 0.0118

pH1_1 7.62 7.18 7.7 6.29 6.57 6.9 6.47 6.31 6.75 5.92

pH1_2 7.09 6.62 7.36 5.34 5.84 6.36 5.95 5.64 6.16 5.39

Reserve acidity 0.53 0.56 0.35 0.96 0.73 0.54 0.51 0.67 0.58 0.53

Electrical conductivity 0.41 0.21 0.41 0.1 0.17 0.18 0.15 0.13 0.19 0.16

Clay 0.119 0.119 0.109 0.1 0.167 0.206 0.171 0.181 0.199 0.206

Sand 0.752 0.736 0.753 0.681 0.678 0.661 0.681 0.654 0.648 0.655

TWI 5.521 5.598 5.207 5.978 5.47 6.518 5.945 5.622 5.845 6.855

Tunneling 0 0 0 0 0 0 0 0 0 0

Sheet 0 26–50 1–5 0 26–50 1–5 0 0 0 0

Rill 6–25 1–5 0 0 0 0 1–5 1–5 0

Gully 0 0 0 0 0 0 0 0 0 0

Pedestals 0 0 0 0 0 0 0 0 0 0

Terracettes 0 0 0 0 0 0 0 0 0 0

Burrowing 1–5 0 1–5 1–5 0 1–5 0 1–5 1–5 1–5

Erosion low high low none medium low none low low none

Erosion issues 3 51 6 0 38 3 0 3 3 0

No cover 0.2708 0.1917 0.2833 0.2125 0.2125 0.1167 0.2042 0.3333 0.2625 0.2167

No cover (bare) 0.025 0.0292 0.0042 0.0208 0.0042 0.0083 0.0292 0.0375 0.025 0.0708

Bare ground 0.0583 0.0917 0.0042 0.0333 0.0083 0.0375 0.1 0.0917 0.0417 0.3542

Bedrock 0.0083 0.0417 0 0 0.0125 0 0 0.0458 0 0

Duff 0.1083 0.1375 0 0.0417 0.3292 0.175 0.0083 0.1125 0.325 0.05

Gravel cover 0.2667 0.1625 0.3792 0.1667 0.0125 0.2625 0.3 0.1458 0.1292 0.2625

Litter 0.4958 0.4375 0.4417 0.6958 0.4708 0.4208 0.4208 0.525 0.4458 0.0958

Cyanobacteria (light) 0 0 0 0 0 0 0 0 0 0

Cyanobacteria (dark) 0 0 0 0 0 0 0 0 0 0.0167

Lichen 0 0 0 0 0 0 0 0 0 0

Moss 0.0042 0.0083 0 0 0.0083 0 0.0042 0 0.0042 0.025

Lichen on rock 0.0042 0.025 0 0 0.1333 0.0042 0.0292 0.0292 0.0208 0.0083

Plant basal 0.0083 0.0333 0.0167 0.0583 0.0208 0.0958 0.125 0.0042 0 0.1875

Rock cover 0.0458 0.0625 0.1583 0.0042 0.0042 0.0042 0.0125 0.0458 0.0333 0

Herbaceous 0.2917 0.4625 0.2417 0.6333 0.2625 0.7 0.5167 0.3792 0.2333 0.6917

Subcanopy 0.35 0.2792 0.2833 0.1333 0.3417 0.4333 0.1583 0.2 0.1583 0.0958

Canopy 0.3667 0.45 0.2917 0.1167 0.5542 0.2625 0.3208 0.1417 0.475 0.1042

Mean slope 0.125 0.27 0.475 0.01 0.255 0.17 0.055 0.3 0.585 0.1
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Parameter

Cluster

n*1 n*2 n*3 n*4
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0_

00
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00
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40
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00
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40
0_

00
4
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0_

00
5
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0_

00
3

50
0_

00
4

Soil stability 2.25 2.89 3.76 4.49 2.14 3.24 3.39 2.52 1.78 2.87

Elevation 6,145 6,163 6,249 5,782 5,867 5,847 6,051 5,861 6,117 6,074

Table A2. Parameter averages by plot, cont.
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Table A3. Soil sample values.

Plot ID

Parameter

Rock 
fragments

Bulk 
density

TOC 1:1 pH 1:2 pH
Reserve 
acidity

Final EC 
(mS/cm)

Clay Sand

400_001 0.5716 1.31 0.0171 6.07 5.07 1.00 0.09 0.090 0.719

400_001 0.7094 1.71 0.0194 6.11 5.16 0.95 0.11 0.085 0.720

400_001 0.8078 1.57 0.0087 6.70 5.78 0.92 0.10 0.126 0.605

400_002 0.4539 1.06 0.0335 7.13 6.59 0.54 0.23 0.152 0.686

400_002 0.1808 0.89 0.0255 6.25 5.53 0.72 0.12 0.173 0.686

400_002 0.6133 0.85 0.0408 6.33 5.40 0.93 0.15 0.176 0.662

400_002TJ 0.3579 1.25 0.0117 6.18 5.73 0.45 0.11 0.229 0.618

400_002TJ 0.6807 1.50 0.0153 7.08 6.52 0.56 0.21 0.229 0.631

400_002TJ 0.5580 1.86 0.0128 7.43 6.83 0.60 0.21 0.162 0.733

400_004 0.8019 1.58 0.0066 6.18 5.37 0.81 0.07 0.181 0.672

400_004 0.3576 1.56 0.0166 6.72 6.05 0.67 0.14 0.168 0.699

400_004 0.7625 0.59 0.0507 6.50 6.44 0.06 0.23 0.164 0.672

400_005 0.6945 1.12 0.0386 5.87 5.37 0.50 0.17 0.144 0.695

400_005 0.2905 1.94 0.0120 6.50 5.69 0.81 0.11 0.177 0.685

400_005 0.2644 1.44 0.0088 6.57 5.86 0.71 0.10 0.223 0.584

500_001 0.4570 1.87 0.0165 8.01 7.27 0.74 0.24 0.082 0.813

500_001 0.3114 1.34 0.0241 6.92 6.29 0.63 0.19 0.164 0.659

500_001 0.5763 1.35 0.0298 6.60 6.30 0.30 0.20 0.110 0.737

500_002 0.4268 1.40 0.0114 7.49 6.94 0.55 0.21 0.127 0.724

500_002 0.5387 1.32 0.0156 7.74 7.50 0.24 0.19 0.082 0.813

500_002 0.3136 1.14 0.0307 7.88 7.63 0.25 0.83 0.118 0.721

500_003 0.5589 1.46 0.0236 7.08 6.51 0.57 0.20 0.191 0.646

500_003 0.6188 1.42 0.0159 6.61 6.06 0.55 0.17 0.216 0.623

500_003 0.4871 1.29 0.0246 6.55 5.92 0.63 0.19 0.191 0.674

500_004 0.6699 1.44 0.0089 5.62 5.05 0.57 0.14 0.123 0.776

500_004 0.7455 1.17 0.0159 6.00 5.48 0.52 0.21 0.248 0.583

500_004 0.7371 1.37 0.0105 6.15 5.64 0.51 0.13 0.248 0.608

500_005 0.7379 0.62 0.0361 7.01 6.39 0.62 0.25 0.129 0.761

500_005 0.3882 0.88 0.0417 7.88 7.43 0.45 0.38 0.114 0.748

500_005 0.8736 0.70 0.0663 7.96 7.45 0.51 0.60 0.114 0.747
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Table A4. Parameter averages by cluster.

Parameters
Cluster IDs

n*1
n*2 

(2 plots)
n*3

n*4
(6 plots)

Rock fragments 0.667 0.437 0.696 0.546

Bulk density 0.73 1.40 1.53 1.32

Total organic carbon 0.0481 0.0213 0.0150 0.0207

pH1_1 7.62 7.44 6.29 6.49

pH1_2 7.09 6.99 5.34 5.89

Reserve acidity 0.53 0.45 0.96 0.59

Electrical conductivity 0.41 0.31 0.10 0.16

Clay 0.119 0.114 0.100 0.189

Sand 0.752 0.745 0.681 0.663

TWI 5.521 5.403 5.978 6.043

Erosion issues (%) 3 29 0 8

No cover 0.2708 0.2375 0.2125 0.2243

No cover (bare) 0.0250 0.0167 0.0208 0.0292

Bare ground 0.0583 0.0479 0.0333 0.1056

Bedrock 0.0083 0.0208 0.0000 0.0097

Duff 0.1083 0.0688 0.0417 0.1667

Gravel cover 0.2667 0.2708 0.1667 0.1854

Litter 0.4958 0.4396 0.6958 0.3965

Cyanobacteria (light) 0.0000 0.0000 0.0000 0.0000

Cyanobacteria (dark) 0.0000 0.0000 0.0000 0.0028

Lichen 0.0000 0.0000 0.0000 0.0000

Moss 0.0042 0.0042 0.0000 0.0069

Lichen on rock 0.0042 0.0125 0.0000 0.0375

Plant basal 0.0083 0.0250 0.0583 0.0722

Rock cover 0.0458 0.1104 0.0042 0.0167

Herbaceous 0.2917 0.3521 0.6333 0.4639

Subcanopy 0.3500 0.2813 0.1333 0.2312

Canopy 0.3667 0.3708 0.1167 0.3097

Mean slope 0.13 0.37 0.01 0.24

Soil stability 2.25 3.33 4.49 2.65

Elevation 6,145 6,206 5,782 5,970
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