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Introduction
  

In the past, soil surveys have attempted to fit the soils on the landscape into preconceived map unit components.  Data driven approaches to soil survey allow the vegetation, soil, and environment data to define the map unit components.  Box and whisker diagrams are a simple means of displaying a distribution of data.  Box and whisker diagrams were used in three ways: 1) as a check to determine if, within a map unit, the full range of environmental gradients were sampled, 2) outlier recognition, 3) to test the consistency of our soil moisture and temperature regime calls with modeled climate data.  Multivariate statistical techniques, including ordination and Generalized Additive Models (GAMs), are data driven tools that allow the researcher to distill the often complex and interacting environmental factors into those most responsible for producing the patterns observed on the landscape.  

Study Area and Methods

A vegetation and soil survey was conducted on the Shoshone National Forest (SNF), northwestern Wyoming, USA.  The SNF includes the southern Beartooth and Absaroka Mountains to the north, and the eastern slope of the Wind River Mountains to the south.  Data collection was completed on the northern portion of the SNF prior to the summer of 2004.  The researcher was charged, as project leader, with completing the survey of the eastern slope of the Wind River Range, in the southern portion of the survey area.  Data collection followed Terrestrial Ecological Unit Inventory (Winthers et al., 2005), and National Cooperative Soil Survey protocols (Soil Survey Division Staff, 1993) for the vegetation and soil sampling, respectively.  Soil classification followed the ninth edition of the Keys to Soil Taxonomy (Soil Survey Staff, 2003).  A geo-referenced pre-map was used to stratify the landscape into discrete units based on geology, topography, and vegetation.  Sample points were chosen to represent the full range of variation across vegetation, geologic, and topographic gradients.  

Box and whisker diagrams were used to assess the range of variation of continuous variables within subsets of the data, while Welch two-sample t-tests were used to test for statistically significant differences (p ≤ 0.05) between subset samples.  Three-dimensional Non-Metric Multi-Dimensional Scaling (NMDS) ordinations were calculated using the Bray/Curtis dissimilarity matrix for 1) vegetation abundance data, and 2) soil profile data (Bray and Curtis, 1957).  Generalized Additive Models (GAMs) were calculated for the continuous environmental variables using the ordination axes as dependent variables.  The results of the GAMs were used to 1) visualize the strength and direction of the correlation between the continuous variables and the ordination axes, and 2) determine the continuous variables important in structuring the vegetation data.  Categorical variables were highlighted on the ordinations and the patterns assessed visually.  The results of the NMDS ordinations and GAMs were used in part to develop and validate the resulting soil map unit components.  All statistical analyses were conducted in R: A language and environment for statistical computing (R Development Core Team, 2006).

Vegetation and Soils: An Overview


During the two summer field seasons, two-hundred and fifty-one integrated soil and vegetation sample points were completed.  Seventy-one components were developed across 21 map units.  Soil orders encountered were Mollisols (n = 81), Alfisols (n = 51), Inceptisols (n = 84), Entisols (n = 32), and Histosols (n = 3).  In sedimentary parent material, carbonate rich Mollisols occurred in mixed calcareous (limestone and dolomite) colluvium beneath south-facing sagebrush  (Artemisia spp.), limber pine (Pinus flexilis), and grassland communities. Clayey, carbonate rich Mollisols occurred in shale and siltstone parent materials beneath sagebrush and grassland vegetation, and in quaking aspen communities in topographic depressions.  Alfisols occurred beneath north-facing conifer forests in mixed calcareous colluvium and interbedded sandstone and shale.  Inceptisols were present at shoulder and summit positions, and on steep backslopes in all sedimentary parent materials, while Entisols were restricted to coarse-grained sandstone parent materials.  On granitic parent materials, Alfisols and Mollisols occurred sporadically.  The distribution of Alfisols in granite most likely reflects the amount of time the soils have been free of disturbance from glacial and frost activity.  Mollisols are soils with high base saturation in the upper horizons, therefore the chemical composition of the parent material as it influences base saturation of the soils is an important factor in the development of Mollisols in granitic parent material.  Inceptisols were common in subalpine forests on lateral moraines in U-shaped glacial valleys, while Entisols were restricted to extreme climatic and topographic positions.  Lastly, Histosols were found beneath large willow (Salix spp.) and sedge (Carex spp.) communities in wetlands at the bottom of broad U-shaped glacial valleys.   

Along the sedimentary formations of the eastern flank of the Wind River Range, vegetation ranged from limber pine and sagebrush on south-facing limestone and shale soils, to Douglas-fir (Pseudotsuga menziesii) on north-facing limestone soils, and contiguous lodgepole pine (Pinus contorta) forests on sandstone soils.  Subalpine fir (Abies lasiocarpa) forests occurred on both north-facing limestone and sandstone soils in areas of cold air drainage, cold pockets, and in areas that have remained undisturbed for greater than approximately 120 years (tree core data not shown).  Vegetation on granitic parent materials ranged from a mosaic of sagebrush, Idaho fescue grasslands, and lodgepole pine, subalpine fir, and whitebark pine (Pinus albicaulis) forests at elevations between 2600 and 2900 m, to contiguous subalpine forests between 2900 and 3200 meters. Alpine vegetation dominated above the upper treeline (app. 3200 m).

Results and Discussion: Data Driven Approach to Soil Survey   


The data collected during the summer of 2004 were enumerated during the following winter both numerically and spatially.  The results of this data analysis were used to 1) determine preliminary map unit components, and 2) identify gaps in the data.  The second objective was critical to developing a sampling protocol for the second field season.  Gaps in the spatial coverage were easily recognizable by displaying the 2004 sample points over the soil map unit coverage in a Geographic Information System (GIS) environment and looking for large areas lacking sample points.  Somewhat less obvious were gaps within map units across environmental gradients.  Box and whisker plots were used to compare the range of sampled environmental variables (“sampled”) to the range of environmental variables that actually occurred within a map unit (“extent”).  For instance, map unit 12L was located in the sedimentary units and encompassed a mosaic of limber pine and sagebrush vegetation in limestone soils.  The range of elevations sampled across map unit 12L were plotted in a box and whisker diagram.  Using a 30 m DEM, elevation of each pixel occurring within map unit 12L was sampled.  These data were used to plot the range of elevations actually occurring within map unit 12L.  The results of the box and whisker diagrams for elevation within map unit 12L revealed that the mean of sampled elevations was substantially higher than the mean of elevations that actually occur within map unit 12L based upon the 30 m DEM, suggesting that lower elevations (~ <2300 m) were under-sampled.  Using the above criteria the project leader was able to readily identify gaps in the first summers data and use this information to make informed decisions on where to sample during the summer of 2005.  The above technique can be applied to all continuous environmental variables that can be sampled from a GIS raster image, including elevation, aspect, slope, and a variety of modeled climate variables, in order to ensure that the full range of variation across those variables is represented in the sample points.


A final data analysis was conducted following the 2005 field season, and the results were used in large part to select map unit components. For example, a 3-dimensional NMDS ordination was plotted in dimensions 1 and 3 using the data for the forested sample points within map unit 12L.  First, vegetation series was highlighted on the map unit 12L forested ordination revealing the limber pine series on the lower end of the NMDS axis 1, and the Douglas-fir series on the upper end of NMDS axis one.  Second, soil depth was highlighted on the ordination diagram, bringing to light the relationship between soil depth and vegetation series.  Shallow to moderately deep soils mostly occurred at points near the lower end of NMDS axis 1, corresponding in large part to the limber pine series, while deep soils occurred largely on the upper end of NMDS axis 1, corresponding to the Douglas-fir series.  The shallow to moderately deep soils in the limber pine series were all located at limestone shoulder and summit positions in limestone residuum.  Two deep soils occurred in the limber pine series, these were located on backslope positions in limestone colluvium.  Next, soil classification was highlighted on the ordination diagram indicating that Alfisols and clay-rich Mollisols occurred almost exclusively beneath Douglas-fir communities, while clay-poor Mollisols and Inceptisols occurred beneath limber pine communities.  Lastly, a GAM of percent clay in the particle size control section was calculated and overlaid on the ordination diagram and showing increasing clay percent (fit value (D2) = 0.62) towards the Douglas-fir communities (data not shown).  The forested components of map unit 12L reflect the above patterns, and included: 1) limber pine/common juniper; Lithic Calciustolls, 2) limber pine/common juniper; deep, Pachic Haplustolls, and 3) Douglas-fir/common juniper; deep, Typic Argiustolls.


Soil temperature (STR) and soil moisture (SMR) regimes are soil taxonomy concepts that define the range of temperature and moisture that a soil experiences annually.  Soil temperature and moisture probes were not used to collect long-term data on soil temperature and moisture status of soils on the Shoshone National Forest, and data on soil temperature and moisture status of the soils was limited to the time of sampling.  The definitions of the different classes of STR and SMR are based on 30-year averages, requiring information about the temporal variation of soil temperature and moisture at a temporal scale much grander than a temperature and moisture measurement at a single point in time.  In the absence of long-term soil temperature and moisture data, vegetation and topography rules were developed as objective criteria for STR and SMR designation.  The idea was that vegetation and topography are more static indicators of climate than temperature or moisture measurements recorded at a single instance in time.  Table 1.1 shows the vegetation and topography rules used for STR and SMR designation on the soil survey of the Shoshone National Forest.

	Cryic/Udic:
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	
	
	
	
	
	
	
	
	 

	1) Elevations < 2750 m  (~9000 ft)
	 
	 
	 
	 
	 
	 
	 

	2) Any or all of the following present in the vegetation community: subalpine fir, whitebark pine, lodgepole pine 

	3) Sample sites with Idaho fescue in the understory >= 5% foliar cover 
	 
	 
	 
	 

	4) All sample sites located on Flathead Sandstone
	 
	 
	 
	 
	 
	 

	 
	
	
	
	
	
	
	
	
	 

	Frigid/Ustic:
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	
	
	
	
	
	
	
	
	 

	1) Elevations <= 2750 m
	 
	 
	 
	 
	 
	 
	 
	 

	2) Sample sites located on sedimentary bedrock (except Flathead Sandstone) AND matching the elevation criteria

	3) Sample sites with bluebunch wheatgrass in the understory at >= 5% foliar cover
	 
	 
	 

	 
	
	
	
	
	
	
	
	
	 

	Frigid/Udic:
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	
	
	
	
	
	
	
	
	 

	1) Quaking aspen communities on sedimentary bedrock
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Table 1.1 :
	Vegetation and topographic criteria for designation of soil temperature and soil moisture 

	
	Regime.
	
	
	
	
	
	
	
	



Dr. Niklaus Zimmermann, of the Swiss Federal Institute WSL, developed climate models for the entirety of the northwestern Wyoming, including the Shoshone National Forest.  The modeled climate variables included:  mean annual and mean monthly precipitation, site water balance, mean monthly evapo-transpiration, daily temperature, mean annual temperature, spring and summer radiation, degree-days, and frost-free days (Zimmerman and Kienast, 1999; Edwards et al., 2005).  The climate data for each sample point were obtained by spatially joining the sample point layer, and each climate raster layer in a geographic information system.  


Box and whisker diagrams were used to check the consistency of the vegetation and topography rules used to determine STR and SMR with the modeled climate data.  The range of degree days and frost-free days was plotted across all sample points within the two STR categories.  Unpaired Welch’s two-sample t-tests showed that across the range of variation in degree days, sample points considered Cryic based on the vegetation and environment rules had significantly (p<< 0.001) lower degree days on average than sample points considered Frigid.  Similarly, the across the range of variation in frost-free days, sample points (p << 0.001) considered Cryic had significantly lower degree days than sample points considered Frigid.  In order to test for consistency between the vegetation/topography rules and the climate data, all plots falling within the upper 25% of both degree days and frost-free days for plots considered Cryic, and the lower 25% of both degree days and frost-free days for Frigid, were identified and further scrutinized.  The 25% rule relies on the assumption that those plots considered Cryic, and falling within the upper 25% of the data distribution, represent plots that have higher degree and frost-free days than would be expected considering the remaining Cryic plots, while those plots considered Frigid, and falling within the lower 25% of the data distribution, represent those plots that have lower degree and frost-free days than could be expected considering the remaining Frigid plots.  Although the 25% rule is somewhat arbitrary (a 20% or 15% rule could also be applied) the important point is the consistency with which the 25% rule was used.   A similar analysis to the above was conducted for SMR using annual average precipitation and site water balance.  Upon further scrutiny, it was determined that the vegetation rules were consistent with the climate data in 86% of the plots.  Thirty-five of 251 plots required a change in STR and SMR, the majority of which occurred in the South Pass area, and were changed from Cryic/Udic to Frigid/Ustic.


Ordination is a pattern analysis technique that displays the projection of a multidimensional point cloud in two dimensions.  The points in an ordination are the sample points, and the distribution of the points in the ordination are related to the similarity between the points.  Similarity, in the case of sample points in a study of ecological communities, is related to the presence and absence of species.  Sample points with many species in common are more similar than sample points with little or no species in common.  In general sense, soil morphology data are similar to ecological community data in that each have a number of sample points, and within those sample points are a number of attributes; species in the case of ecological community data, and soil characteristics in the case of soils data.  Similar to community data, similarity can be calculated using soils morphology data, and the subsequent similarity matrix used to calculate an ordination.  Soils more closely oriented to one another in ordination space have similar soil characteristics and may be considered functionally similar soils.  Ordination techniques were used to reduce the complexity of soils data, and breakdown the boundaries imposed by soil taxonomy in order to understand the soil forming factors and processes important in the development of similar soils.


Soil characteristics used to calculate the Bray/Curtis similarity matrix included: thickness (cm) and type of epipedon (mollic, ochric, umbric, histic), combined thickness of organic surface horizons, thickness of diagnostic subsurface horizons (argillic, calcic, cambic, aquic, densic), percent coarse fragments and clay in the particle size control section, pH, and the inverse of depth to lithic and paralithic contact (100 cm – top depth (cm) of lithic or paralithic contact).  Since soils greater than 100 centimeters are considered to be deep, and our sampling protocol required digging to a depth of at least 100 centimeters wherever possible, the conversion to inverse of depth to lithic and paralithic contact was made relative to a depth of 100 centimeters for the sake of consistency.  The conversion to inverse depth for lithic and paralithic contact was performed in order to down-weight soils with deeper lithic and paralithic contact so that in the ordination these would appear as more similar to soils lacking lithic or paralithic contact within 100 cm of the soil surface, while soils with shallower depths to lithic and paralithic contact would appear as less similar to soils lacking lithic or paralithic contact within 100 cm of the soil surface.  For instance, a soil with lithic contact at 90 cm would have an inverse depth of 10 cm.  Since a soil with lithic contact at 90 cm is more like a soil with lithic or paralithic contact at 100 cm or more (inverse depth of 0 cm), the ordination would portray these two soils as more similar to one another than a soil with lithic contact at 10 cm (inverse depth of 90 cm).  Finally, since the variables were unequally scaled, the thickness of epipedons and diagnostic subsurface horizons, and percentages of coarse fragments and clay were scaled by a factor of 100, in order that all of the variables would receive proportionally equal weight in the ordinations. 
Plotting the first two dimensions of the NMDS soil ordination and highlighting soil order showed Mollisols in the upper left-hand corner of the ordination, grading into Alfisols toward the middle of the ordination.  In the lower right-hand corner of the ordination, Entisols, Alfisols, and Histosols appear.  This set of plots corresponded to wetland soils.  In the upper right-hand corner of the ordination includes Inceptisols and Entisols, while Mollisols and Inceptisols intermingle near the middle of NMDS axis one, and the upper section of NMDS axis two.   


Highlighting soils with lithic and paralithic contact at less than one meter showed an aggregation of plots with the above criteria in the upper right hand corner of the ordination including Mollisols and Inceptisols.  The Mollisols oriented towards the center of NMDS axis one, and the upper portion of NMDS axis two are those with shallow to moderately deep lithic and paralithic contact, and are more similar to Inceptisols than to deep Mollisols.  The results of the ordination allow one to think outside the confines of soil taxonomy, and revealed that soils with shallow to moderately deep lithic or paralithic contact were more similar to one another regardless of which soil order each fell soil fell into.  Soil ordinations provide a point of departure for thinking in terms of similar soil forming factors and processes responsible for the development of similar soils.  For instance, on granitic parent material, the majority of the Mollisols and Inceptisols with shallow to moderately deep lithic and paralithic contact were located near South Pass in an area of moderate, rolling topography.  In the area around South Pass, granodiorite of the Louis Lake Pluton has been dissected by a series of felsic and mafic dikes.  Vegetation at these sites is typically unproductive, consisting of a mosaic of stunted mountain big sagebrush and lodgepole pine communities.   Primary parent material was typically consolidated bedrock. Granodiorite weathered into crumbly paragravels often forming thick paralithic horizons at relatively shallow depths, whereas the felsic dike material was incredibly quartz rich and highly resistant to weathering, resulting in shallow to moderately deep lithic contact.  In the sedimentary formations, Mollisols and Inceptisols with shallow to moderately deep lithic and paralithic contact were located almost exclusively on shoulder and summit positions in limestone and dolomite residuum.  Again, parent material is typically bedrock with perhaps a thin veneer of colluvium.  The vegetation at these sites reflected the harsh environment imposed by shallow to moderately deep rocky soils, including limber pine woodlands, scabland, and three-tip sagebrush.  The limestones of the eastern flank of the Wind River Range are highly resistant to weathering and often cliff-forming (Middleton et al., 1980), resulting in slow rates of chemical weathering and minimally developed soils.  Shallow to moderately deep Mollisols and Inceptisols share similar soil forming factors including parent material and time.               


Soils with argillic horizons were located in the central to lower left-hand corner of the NMDS ordination, including Alfisols and Mollisols.  Presence of an argillic horizon at least 7.5 cm thick is part of the criteria for a soil to fall within the Alfisols, and it is therefore not surprising to find that the Alfisols correspond to those soils with argillic horizons.  However, Mollisols with argillic horizons were oriented more closely to Alfisols than to Mollisols lacking argillic horizons.  Again, the ordination revealed morphologically similar soils.  Soil forming factors responsible for the development of argillic horizons were vegetation and/or parent material.  Forested soils with argillic horizons either developed in north-facing conifer or quaking aspen forests.  In non-forested sites, parent material was the more important determinant of argillic horizons.  Argillic horizons in non-forested communities occurred wherever shale or siltstone made up a significant portion of the parent material.     


Soils with argillic horizons less than 35 cm thick were oriented towards the middle of the ordination closer to the Inceptisols and Entisols, revealing the less developed nature of these soils.  Patterns such as these provide a launching point for developing and testing hypotheses regarding the soil forming processes acting behind the scenes.  For example, it is a well-known fact that the electrolyte concentration of a soil plays a major role in the degree of clay dispersion and translocation downward through a soil profile (Birkeland, 1999).  Plotting the distribution of pH, a proxy variable for soil electrolyte concentration, it was observed that the pH of soils with an argillic horizon were significantly (p<<0.001) lower than the pH of soils lacking argillic horizons, and that pH was strongly negatively correlated (-0.41) with argillic horizon thickness (data not shown).   

Summary

A data driven approach to soil survey allows the data to define map unit components and aids the researcher in distilling the often complex and interrelated factors influencing the patterns of soils and vegetation on the landscape.   Box and whisker diagrams were used to summarize data distributions and were essential in efficiently identifying outliers and gaps in the data.  The vegetation and topography rules developed to aid in the selection of soil temperature and moisture regimes were tested against modeled climate variables.  The vegetation and topography rules were found to be robust and consistent with the climate models in the majority of cases.  Ordination techniques reduce the complexity of multi-dimensional datasets and aid in pattern recognition and selection of components.  In a first attempt of its kind, ordination techniques were applied to soil data in an attempt to diverge from soil taxonomy and focus on functionally similar soils.  The soil ordinations were useful as a point of departure for thinking in terms of similar soil forming factors and processes responsible for the development of similar soils.  
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