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Abstract 


Power analysis provides an a priori understanding of the ability and confidence to estimate the 


condition (i.e., status) of a resource and detect trends in that resource over time. This report 


describes the power analysis conducted by the Northern Colorado Plateau Network to identify an 


“affordable” sample size that optimizes tradeoffs between trend and status estimation and overall 


operational reality for its integrated upland monitoring protocol at Black Canyon of the 


Gunnison National Park (NP) and Curecanti National Recreation Area (NRA). Fifty-one plots 


were monitored at Black Canyon NP and Curecanti NRA for three consecutive years. Key 


response measurements for (1) detecting shifts in vegetation and (2) understanding the 


susceptibility of soil to wind and water erosion were used in this analysis. For each key response 


in sagebrush, pinyon-juniper, and oak vegetation types, we estimated the variance using linear 


mixed-effects models. We also examined power and precision of standard error of status for four 


alternative revisit designs and five sample sizes, as well as for the ability to detect different 


amounts of annual trend. The recommended revisit design for Black Canyon NP and Curecanti 


NRA samples sagebrush, pinyon-juniper, and oak plots for one or two years in a row and rests 


plots for 3-4 years. A total of 42 plots are sampled each year, with a different numbers of plots 


sampled in the priority vegetation types. Graphs of power for trend are presented in Appendix A.  
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1  Introduction 


The Northern Colorado Plateau Inventory and Monitoring Network (NCPN) implemented upland 


monitoring at Black Canyon of the Gunnison National Park (BLCA) and Curecanti National 


Recreation Area (CURE) during the 2008 field season. Although the NCPN usually creates 


separate monitoring designs for each park unit, we decided to use a single monitoring design for 


BLCA and CURE since they are adjacent, are managed jointly, and have similar upland 


vegetation. Upland monitoring was initiated as a three-year pilot study to estimate the variance 


for responses used to monitor vital signs. The power analysis described in this report used 


variance from the pilot study to evaluate the appropriateness of proposed split-panel revisit 


designs for detecting a trend and estimating the precision (or standard error) of status for long-


term monitoring.   


Power analysis provides an a priori understanding of the ability and confidence with which one 


can estimate the condition (i.e., status) of an extensive and variable resource and detect trends in 


that resource over time (Gerrodette 1987). Statistical power is the ability to detect an effect, 


given that the effect actually exists (i.e., the probability of not making a Type-II error of failing 


to detect a real trend). This report describes the power analysis conducted by the NCPN to 


identify an ‘affordable’ sample size that optimizes tradeoffs between trend and status estimation 


and overall operational reality by allocating the sample size into alternative revisit designs and 


determining the maximum number of vegetation types that this sample can be divided.   


 


2  Survey design  


2.1  Sampling frame 


Survey designs use explicitly mapped areas as the sampling frame. Ecological sites provide an 


effective way to stratify upland ecosystems by taking into consideration soil geomorphology, 


landform, and climate, in addition to vegetation characteristics. However, ecological sites for all 


target monitoring areas in BLCA and CURE have not been developed, and a recent soil survey 


was not available for the entire extent of the park units. Therefore, ecological sites were used 


whenever possible and a more general “vegetation type” stratification was used when appropriate 


ecological sites were not available. 


A sampling frame was created using the vegetation map to predict the location of target 


ecological sites and vegetation types. Changes were made to specific polygons based on field 


assessments. The sampling frame delineated accessible sagebrush, pinyon-juniper (PJ), oak scrub 


(oak), and aspen vegetation types in BLCA and CURE (Figures 2-1 and 2-2; Table 2-1). For 


sagebrush and pinyon-juniper, two target ecological sites were included in the vegetation type 


but were not mapped separately. Sagebrush was additionally divided into grazed and ungrazed 


areas. 


 


 


 


2.2  Site Selection 


A membership design specifies how sites in a survey design are chosen across space (McDonald 


2003). For BLCA and CURE, Reversed Randomized Quadrat-Recursive Raster (RRQRR) 


(Theobald et al. 2007) was used to select spatially-balanced random samples stratified by each 


target vegetation type.  In probability-based surveys, such as RRQRR, the site-selection process 


allows unbiased estimation of both status and, with repeated visits, trend (Larsen et al. 1995).  
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Figure 2-1. Location of vegetation types and pilot monitoring plots in the sampling frame for 


Black Canyon of the Gunnison NP and the west side of Curecanti NRA.   


 


Figure 2-2. Location of vegetation types and pilot monitoring plots in the sampling frame for the 


east side of Curecanti NRA. 
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Table 2-1. Vegetation types and ecological sites in Black Canyon of the Gunnison NP and 


Curecanti NRA pilot upland monitoring. 


Vegetation 


type Ecological site  


Additional 


strata 


Total area* (ha) 


BLCA CURE 


Sagebrush 


Dry Mountain Loam 
Grazed 195 2061 


Mountain Loam 


Dry Mountain Loam 
Ungrazed 205 2407 


Mountain Loam 


Pinyon-


juniper 


Upland Shallow Loam (Pinyon - Utah juniper)  
2260 0 


Upland Stony Loam (Pinyon - Utah juniper)  


Oak Brushy Loam  4425 0 


Aspen none  0 122 


*Total accessible area of each vegetation type. 
  


 


2.3  Pilot study 


Using the ordered lists of points produced by RRQRR, fifty-two plots were established in four 


vegetation types for BLCA and CURE pilot monitoring: 32 sagebrush, 8 PJ, 8 oak, and 4 aspen 


plots. Sagebrush was further stratified by grazing and ecosite so that there were 8 grazed Dry 


Mountain Loam, 8 ungrazed Dry Mountain Loam, 8 grazed Mountain Loam, and 8 ungrazed 


Mountain Loam plots. Thirty-seven plots (31 sagebrush, 1 PJ, 4 oak, and 1 aspen) were 


established in 2008, and sampled for 3 consecutive years. The remaining 15 plots were 


established in 2009, and sampled for 2 consecutive years. Plots were sampled between July and 


September each year. A broad sampling window was used to capture potential variation during 


the growing season. In addition, field-crew members visited different plots each year, when 


possible, to include the maximum amount of variation between observers. Plots were sampled 


according to the Integrated Upland Monitoring Protocol for Park Units in the Northern Colorado 


Plateau Network (Witwicki et al. draft). 


The 4 aspen plots were not included in this variance assessment and power analysis since the 


area of aspen in the park is very small, and this vegetation type will be monitored using the 4 


plots established in 2008 and 2009. In addition, only 7 ungrazed Mountain Loam sagebrush 


plots, instead of the 8 original plots, are included in this report. One of the plots established in 


2008 was partially underwater at the edge of the Blue Mesa Reservoir when revisited in 2009. 


Due the unpredictable riparian influence on this plot, rebar was removed in 2010, and it will not 


be included in the long-term data set.  


Although 3 years of pilot data from 47 plots is a limited data set, it provides a starting point for 


creating a defensible long-term sampling design. Variance and power-for-trend assessments will 


be performed every 5-7 years in order to analyze the operational sampling design, ensure that 


monitoring goals are being met, and make changes to the design as needed. 


 


 


2.4  Response variables 
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Response variables examined in this analysis were those with potentially important thresholds in 


the target vegetation types. Although threshold values have not been defined for the ecological 


sites used in this survey design, it is well understood, through conceptual models, that biological 


soil crusts (BSCs) are a critical component of many sagebrush systems, responsible for holding 


the soil in place and preventing erosion by wind or water. In addition, the cover of major plant 


functional groups can in many cases define ecological states. 


Important response measurements for detecting shifts in vegetation include percent cover of (1) 


trees, (2) shrubs, and (3) perennial grasses. Shrub and perennial grass cover were analyzed for all 


3 vegetation types, while tree cover was only considered important for pinyon-juniper. Key 


response measurements for understanding the susceptibility of soil to wind and water erosion 


include (4) basal gap size, (5) canopy gap size, and (6) soil stability. All three of these measures 


were analyzed for sagebrush and soil stability was included for pinyon-juniper. Percent cover of 


BSCs and bare soil are also important measures, but they were not used in this analysis due to 


changes in data collection methods after the 2008 field season that made the first year of data not 


comparable to the other two years.   


 


2.5  Linear models and variance components 


Using the six response variables described above, we developed linear models to estimate 


variance following Larsen et al. (1995, 2001) and Urquhart and Kincaid (1999). Residual plots, 


histograms, and normal QQ (quantile quantile) plots were reviewed for each response to 


determine the need for data transformation. Natural-log transformation was used to improve 


model assumptions of normality and constant variance for all responses. Variance components in 


the model are shown in Table 2-2. 


Analyses were performed in SAS 9.2 using Proc Mixed models. Year and site covariates were 


treated as random effects (Urquhart et al. 1998). To account for our unbalanced design (e.g., 


different numbers of revisit years for some plots), the restricted maximum likelihood (REML) 


approach was used to estimate variance and the Kenward-Roger method was used to calculate 


degrees of freedom (Spilke et al. 2005).  


Because the sample size was relatively small, data from all sagebrush sites were combined for 


this analysis (Table 2-3). This should provide a conservative estimate of power and standard 


error of status since we would expect variance within each ecological site to be smaller than the 


variance for all sagebrush plots combined. For the two responses that had a year variance of 0 


(see Table 2-3), year variance was substituted from other similar measures in order to give a 


more realistic estimate. It is more likely that SAS produced a year variance of 0 due to the 


unbalanced design and low sample size than actually having a year variance of 0. Thus, it is 


more conservative to use year variance from a similar response than to use the 0 generated by 


SAS. The year variance for canopy gaps was substituted for the 0 year variance for basal gaps, 


and the year variance for sagebrush shrub cover was substituted for the 0 year variance for oak 


shrub cover. Variances were also examined after data were detrended, however, this altered the 


variances little and increased the number of responses with year variances of 0. Therefore, the 


original model was used to estimate variance. 


Annual precipitation data from the CURE Coop weather station were examined to see if 


estimated variances from the 2008-2010 pilot study needed to be further inflated to be 


comparable with historic variability in annual precipitation. Variance of annual precipitation was 


calculated for (1) the three years of the pilot study (2008-2010), and (2) the history of the 


weather station (1968-2010). Although variance of yearly precipitation for the history of the 
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weather stations was 2.4 times higher than the variance from 2008-2010, no additional 


corrections to variances were made; however, this was considered in selecting a revisit design.  


 


 


 


Table 2-2. Variance components used in power analysis. 


Component Description 


σ
2


Site 
Variation among sites that is consistent across years (e.g., variation in 


vegetation cover or soil stability due to soil component) 


σ
2


Year 
Variation among years that affects all sites in the population (e.g., region-


wide climatic variation) 


σ
2


Residual 


Variation specific to a site during a particular year, including measurement 


error (e.g., erosion occurs at a single site due to heavy cattle trampling of 


BSCs). 


 


 


2.6  Affordable sample size 


The NCPN has determined that the affordable annual sample size for upland monitoring is 36-48 


plots per park for all large parks in the network (BLCA and CURE, Canyonlands National Park, 


Capitol Reef National Park, Dinosaur National Monument, and Zion National Park), 18-24 plots 


per park for medium-size parks (Arch and Bryce Canyon national parks) and 3-8 plots for our 


smaller parks (Cedar Breaks and Timpanogos national monuments).  This is based on an 


estimate of six field-crew members monitoring uplands full-time for 13 pay periods. 


We estimated that the total annual sample size for BLCA and CURE is approximately 42 plots, 


since there is more travel time needed to monitor these park units due to both distance from the 


NCPN office in Moab, UT and distance between areas of the park units. We used an affordable 


sampling size of 12 plots per year per vegetation type for the purpose of evaluating alternative 


split panel designs (see Figure 3-1). One of the designs was used to evaluate the effect of using 


different sample sizes (see Figure 3-2).  


 


 


Table 2-3. Site, year, and residual variance estimates for responses in sagebrush, pinyon-juniper, 


and oak pilot plots at Black Canyon of the Gunnison NP and Curecanti NRA. 


Vegetation type Response 


Variance 


site year residual 


Sagebrush  Shrub cover 0.06763 0.01785 0.00928 


 Perennial grass cover 0.30170 0.02956 0.04245 


 Basal gap 0.09770 0 0.02129 


 Canopy gap 0.04458 0.00016 0.01074 


 Soil stability 0.01721 0.05561 0.02065 


Pinyon-juniper Tree cover 0.22230 0.00318 0.02218 


 Shrub cover 0.46410 0.00605 0.02393 


 Perennial grass cover 0.64960 0.00371 0.06772 


 Soil stability 0.02645 0.00189 0.01190 
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Oak Shrub cover 0.01543 0 0.00618 


 Perennial grass cover 0.09847 0.03056 0.09633 


 


 


 


 


3  Panel Designs 


A serious concern of sampling semiarid upland vegetation and soils is that sites may become 


fatigued if sampled too often. The most likely scenario of site fatigue at BLCA and CURE is 


increased soil loss caused by repeated trampling of BSCs in sagebrush monitoring plots. Our 


goal is to disturb plots as little as possible and to avoid monitoring the effects of our presence at 


plots as much as possible. As such, designs that revisit the same sites each year were not 


considered at semiarid sites for upland monitoring. Instead, we investigated split-panel designs 


that rest plots for 3 to 7 years between revisits.  


In order to understand year-to-year variation of shrub and perennial grass cover, we needed a 


design that sampled some sites two years in a row. A preliminary analysis determined that split-


panel designs, like those in Figure 3-1, provided better precision of status and higher power to 


detect trend in early years by allocating more plots to panels that were visited for only 1 


consecutive year (e.g., panels 6 through 10 in Design 1) than to panels where plots were visited 


for two consecutive years (e.g., panels 1 through 5 in Design 1). Therefore, all four designs 


analyzed in this power analysis are structured in this way.  Design 1 was used to examine the 


effect of different sample sizes (Figure 3-2) and annual trends. 


As per MacDonald (2003), the numerical notation of a panel design indicates the number of 


consecutive years of sampling followed by the number of consecutive years of rest for plots in 


each type of panel. For example, Design 1, notated as (2-3),(1-4), calls for 2 consecutive years of 


sampling followed by 3 consecutive years of rest for plots in panels 1–5, and 1 year of sampling 


followed by 4 years of rest for plots in panels 6–10. 
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Design 1  (2-3),(1-4)  45 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3    3 3    


2  3 3    3 3   


3   3 3    3 3  


4    3 3    3 3 


5 3    3 3    3 


6 6     6     


7  6     6    


8   6     6   


9    6     6  


10     6     6 


 


Design 2  (2-5),(1-6)  63 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3      3 3  


2  3 3      3 3 


3   3 3      3 


4    3 3      


5     3 3     


6      3 3    


7 3      3 3   


8 6       6   


9  6       6  


10   6       6 


11    6       


12     6      


13      6     


14       6    


 


Design 3  (2-7),(1-8)  81 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3        3 


2  3 3        


3   3 3       


4    3 3      


5     3 3     


6      3 3    


7       3 3   


8        3 3  


9 3        3 3 


10 6         6 


11  6         


12   6        


13    6       


14     6      


15      6     


16       6    


17        6   


18         6  


 


Design 4  (2-7),(1-2)  45 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3        3 


2  3 3        


3   3 3       


4    3 3      


5     3 3     


6      3 3    


7       3 3   


8        3 3  


9 3        3 3 


10 6   6   6   6 


11  6   6   6   


12   6   6   6  


Figure 3-1. Split-panel designs tested in power analysis. 
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Design 1a  (2-3),(1-4)  30 unique plots, 8 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 2 2    2 2    


2  2 2    2 2   


3   2 2    2 2  


4    2 2    2 2 


5 2    2 2    2 


6 4     4     


7  4     4    


8   4     4   


9    4     4  


10     4     4 


 
Design 1b  (2-3),(1-4)  45 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3    3 3    


2  3 3    3 3   


3   3 3    3 3  


4    3 3    3 3 


5 3    3 3    3 


6 6     6     


7  6     6    


8   6     6   


9    6     6  


10     6     6 


 
Design 1c  (2-3),(1-4)  70 unique plots, 18 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4    4 4    


2  4 4    4 4   


3   4 4    4 4  


4    4 4    4 4 


5 4    4 4    4 


6 10     10     


7  10     10    


8   10     10   


9    10     10  


10     10     10 


 


Design 1d  (2-3),(1-4)  90 unique plots, 24 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 6 6    6 6    


2  6 6    6 6   


3   6 6    6 6  


4    6 6    6 6 


5 6    6 6    6 


6 12     12     


7  12     12    


8   12     12   


9    12     12  


10     12     12 


 


Figure 3-2. Variations of Design 1 used to analyze sample sizes of 8, 12, 18, 24, and 32 plots per 


vegetation type per year.
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Design 1e  (2-3),(1-4)  120 unique plots, 32 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 8 8    8 8    


2  8 8    8 8   


3   8 8    8 8  


4    8 8    8 8 


5 8    8 8    8 


6 16     16     


7  16     16    


8   16     16   


9    16     16  


10     16     16 


Figure 3-2. Cont.’d 


 


 


 


4  Analysis 
4.1  Minimum Detectable Difference  


The minimum detectable difference (MDD) is the annual rate of change in trend that a design 


can detect. For log-transformed responses, such as those described here, this equates to a 


proportional change or annual percent increase or decrease. A 5% annual decrease equates to a 


39% total decrease over 10 years, or a decrease in shrub cover from 44.4% in 2008 to 27.1% in 


2018. The annual rate is equivalent to the slope of the regression line in a linear model. 


The minimum detectable difference for a trend should be ecologically relevant and can be 


determined using thresholds of ecological sites, if known. Because no threshold values have been 


determined for target ecological sites in BLCA or CURE, we attempted to determine 


ecologically meaningful annual increases or decreases for each response variable based on the 


pilot plot means and extremes, change over a 10-year period, and professional judgment (Table 


4-1). Cover of vegetation types required at least 5% change per year for meaningful ecological 


changes to occur. Changes in all other soil-related variables were meaningful at a 2-5% annual 


rate of change.  
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Table 4-1. Summary of proposed minimum detectable differences (MDD) for each response in each vegetation type. 


Vegetation type Response 


MDD  


(annual trend) 


Mean (min – max) Possible 


range Current status*  After 10 years** 


Sagebrush Shrub cover 5-10% decrease 27.3% (11.3-52.0%) 16.7% (6.9-31.7%) 0-100% 


Perennial grass cover 5-10% decrease 18.7% (4.0-61.0%) 11.4% (2.4-37.2%) 0-100% 


Basal gap size 2-5% increase 90 cm (43-235 cm) 110 cm (52-287 cm) 0-5000 cm 


Canopy gap size 2-5% increase 59 cm (36-101 cm) 72 cm (44-123 cm) 0-5000 cm 


Soil stability  2-5% decrease 2.4 (1.0-5.1) 2.0 (1.0-4.2) 1-6 


Pinyon-juniper Tree cover 5-10% decrease 22.5% (5.7-39.0%) 13.7% (3.5-23.8%) 0-100% 


Shrub cover 5-10% decrease 3.8% (0.3-10.0%) 2.3% (0-6.1%) 0-100% 


Perennial grass cover 5-10% decrease 1.9% (0-8.0%) 1.2% (0-4.9%) 0-100% 


Soil stability  2-5% decrease 3.6 (1.7-4.7) 3.0 (1.4-3.9) 1-6 


Oak Shrub cover 5-10% decrease 44.4% (33.3-59.6%) 27.1% (20.3-36.4%) 0-100% 


Perennial grass cover 5-10% decrease 22.3% (7.9-41.7%) 13.6% (4.8-25.4%) 0-100% 


*Status for first 3 years of data (2008-2010) 


**Calculation uses lowest value for each row in the MDD (annual trend) column  
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4.2  Estimating power for trend and precision of status 


Power to detect a specified trend and precision of status were estimated using an unpublished 


function written by Tom Kincaid (US EPA, Corvallis, Oregon) for R. This function uses MDD, 


variance components, desired Type 1 error (alpha), the selected panel design, and two additional 


correlation values (site.rho = 1; year.rho = 0) set to these default values based on Urquhart et al. 


(1993). We set alpha = 0.10 and examined power for trend and standard error of status over a 20-


year time frame. We used a less conservative alpha because we do not want to risk missing 


trends that may be important to park managers. 


 


4.3  Effect of panel design 


In Designs 1-4 (Figure 3-1), each response in each vegetation type was compared using an 


annual sample size of 12 and the appropriate MDD (Figures A1, A2, and A3 in Appendix A). All 


four split-panel designs performed similarly for all vegetation cover and soil stability responses. 


The only responses where power for trend varied by design were basal and canopy gaps, which 


had very low year variance. For these responses, Design 1 had 80% power to detect a trend 3 


years earlier than Design 3.  Design 2 and 4 were intermediate of Designs 1 and 3, with Design 4 


providing more power in early sampling years. 


 


4.4  Effect of sampling size  


Sample sizes of 8, 12, 18, 24, and 32 plots per year were compared for each response using 


Design 1 (see Figure 3-2) and the appropriate MDD. For most responses, all five sample sizes 


performed similarly and adding plots did not improve power for trend or standard error of status 


(Figures A4, A5, and A6 in Appendix A). One of the few differences was a slightly lower power 


for trend in sample sizes of 8 for basal and canopy gaps in sagebrush, perennial grass cover and 


soil stability in pinyon-juniper, and perennial grass cover in oak. Standard error of status was 


also slightly higher for shrub and perennial grass cover in pinyon-juniper with sample sizes of 8 


and 12. 


 


4.5  Effect of annual trend  


A range of annual trends (2%, 5%, 10%, and 20%) was compared for each response using 


Design 1 and an annual sample size of 12 (Figures A7, A8, and A9 in Appendix A). Varying 


MDD did not affect the standard error of status, so these results are not presented. For most 


responses, 80% power was reached in 5 years for a 10% annual change, in 10 years for 5% 


annual change, and in 20 years for a 2% annual change. The exceptions were soil stability in 


sagebrush plots and perennial grass cover in oak plots, which lagged behind by a few years. 


 


4.6  Effect of response type 


The variance of each response type, especially year variance, had the strongest influence on 


power for trend and standard error of status. For all responses except soil stability at sagebrush 


plots, the low estimate of MDD could be detected within 10 years at 80% power.   
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4.7  Discussion 


The differences between the split-panel designs tested were relatively minor, which was not 


surprising, given the similarity between the designs. Where year variance was less than 0.01, 


Design 4 had the highest power for trend in years 3 and 4 and Design 1 had the highest power for 


trend in years 5, 6, and 7. Both designs performed similarly in subsequent years. Either of these 


designs would be appropriate for upland monitoring at BLCA and CURE.   


A more unexpected result was the similarity between the different annual sample sizes analyzed, 


ranging from 8 to 32. We expect to gain power for trend and decrease standard error of status by 


increasing annual sample size, however, variance of each response, especially year variance, 


seemed to have an overriding influence for most sample sizes. In around half of the responses, a 


sample size of 8 had slightly lower power for trend or higher standard error of status (or both) 


compared to the larger sample sizes. A couple of the responses showed a similar improvement by 


increasing the sample size from 12 to 18. For all responses, a sample size greater than 18 did not 


substantially improve power for trend or standard error of status. 


Precipitation during the pilot study was less variable than for the historic record at the Curecanti 


Coop weather station. This means that we may see more variability in vegetation cover over 


long-term monitoring than we detected in this pilot study, and that we should consider a more 


conservative revisit design to maximize our ability to detect trends with even more variable 


precipitation in future monitoring years. 


Biological soil crust and bare soil cover were not included in this analysis due to differences in 


measurement techniques between 2008 and the subsequent years. The high amount of variance 


produced in this situation is not conducive to detecting long-term change. Methods of estimating 


bare soil and crust cover were clarified after the first year of pilot sampling, and we are 


optimistic that these changes will result in greater repeatability between observers and decrease 


variance.   


High variance in the responses can also be caused by sampling at different times of the year. 


NCPN minimizes seasonal variability in plant phenology between sampling dates by sampling 


parks units at approximately the same time each year. BLCA and CURE uplands will be sampled 


between mid-August and mid-September each year for long-term operational monitoring. This is 


a smaller window than we used for the pilot study, and this should help reduce year variance and 


improve the power to detect trends. 


We feel that the (2-3),(1-4) design (Design 1 in Figure 3-1) is the best option for sampling 


uplands at BLCA and CURE, and this design has been implemented in other NCPN park units 


for upland monitoring. This design ensures the best power for trend after year 4 and has a similar 


standard error of status to other designs.  


When we are able to expand these analyses to include simulations and numerous additional years 


of data, we may see meaningful changes and need to alter the revisit design. While we do not 


expect this to happen, a key advantage of a RRQRR design is the ability to recast the panel 


membership of existing plots into new structures.   


 


5  Proposed revisit design 


The proposed revisit design for integrated upland monitoring at BLCA and CURE is based on 


Design 1 (see Figure 3-1), but modified to accommodate monitoring goals of the different 


vegetation types (Figure 5-1).  
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Twelve plots will be monitored each year in both oak and pinyon-juniper, following the original 


sample size and structure of Design 1.  


A total of 4 aspen plots will be monitored in CURE. The NCPN recommends monitoring one of 


these plots every year so that we can account for annual variation in climate in this vegetation 


type. All four plots will be monitored for 2 years in a row and then 3 of these plots will be rested 


for 3 years.  


Fourteen or 17 plots will be monitored each year in sagebrush to allow for the 4 aspen plots to be 


monitored in some years (Figure 5-1). The larger sample size of sagebrush plots should also 


allow for comparisons between grazed and ungrazed areas of the park units in future analyses, 


which is a high priority of park managers.  


Plots will be accepted from anywhere within the sampling frame for the vegetation type, unlike 


the pilot analysis, where an even number of plots were included for sagebrush from each of the 


two target ecological sites and grazed and ungrazed areas. This will give us a different number of 


plots in each ecological site and in grazed and ungrazed areas, but these numbers should 


represent the area of each ecological site and grazing use across the landscape. The main reason 


that the NCPN would like to set up the sampling design this way is that sagebrush ecological 


sites seemed to be more of a continuum than two distinct groups. In addition, grazing allotments 


in the park units may change over time, and some areas do not have fencelines separating grazed 


and ungrazed areas. When soil and ecological site information are updated for BLCA and CURE, 


this information can be incorporated in more in-depth analyses.   


The overall proposed design calls for the following: 


 Sampling 42 upland monitoring plots per year using a rotating split-panel design. 


 Establishing 153 plots over a five-year period.   


 Allowing 3-4 years of rest at all sagebrush, pinyon-juniper, and oak plots to minimize the 


effects of repeated visits. 


 Preferentially placing plots used in the three-year pilot study (2008-2010) in panels 4 and 


10 for sagebrush, pinyon-juniper, and oak, to allow the maximum amount of rest after the 


initial three years of monitoring.  


Park managers will be given an outline of the design and an opportunity to provide feedback in 


July 2011.  Full operational monitoring of uplands in BLCA and CURE will begin in August 


2011. 
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a) Sagebrush    (2-3),(1-4)  59 unique plots, 14 or 17 plots per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4    4 4    


2  4 4    4 4   


3   4 4    4 4  


4    4 4    4 4 


5 4    4 4    4 


6 9     9     


7  9     9    


8   9     9   


9    6     6  


10     6     6 


 


 


b) Aspen    (1-0),(2-3) 4 unique plots, 1 or 4 plots per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 1 1 1 1 1 1 1 1 1 1 


2    3 3    3 3 


 


 


c) Pinyon-juniper & Oak    (2-3),(1-4)  45 unique plots per vegetation type,  
                                                               12 plots per year per vegetation type 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3    3 3    


2  3 3    3 3   


3   3 3    3 3  


4    3 3    3 3 


5 3    3 3    3 


6 6     6     


7  6     6    


8   6     6   


9    6     6  


10     6     6 


 


Figure 5-1. Proposed revisit design for upland monitoring of each vegetation type at Black 


Canyon of the Gunnison NP and Curecanti NRA.   
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Figure A1. Power for trend and standard error (SE) of status for each sampling design (Figure 3-1) at 


all sagebrush sites (annual sample size = 12).  Responses include percent cover of shrubs and perennial 


grass, basal and canopy gap size, and soil stability. 
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Figure A1. cont’d. 
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Figure A2. Power for trend and standard error of status for each sampling design (Figure 3-1) at all 


pinyon-juniper sites (annual sample size = 12).  Responses include percent cover of trees, shrubs, and 


perennial grass, and soil stability. 
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Figure A3. Power for trend and standard error of status for each sampling design (Figure 3-1) at all 


oak sites (annual sample size = 12).  Responses include percent cover of shrubs and perennial grass. 
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Figure A4. Power for trend and standard error of status for each response variable at all sagebrush 


sites comparing annual sample sizes of 8, 12, 18, 24, and 32 plots per year using Design 1 (Figure 3-


2). Responses include percent cover of shrubs and perennial grass, basal and canopy gap size, and soil 


stability. 
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Figure A4. cont’d. 
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Figure A5. Power for trend and standard error of status for each response variable at all pinyon-


juniper sites comparing annual sample sizes of 8, 12, 18, 24, and 32 plots per year using Design 1 


(Figure 3-2). Responses include percent cover of trees, shrubs, and perennial grass, and soil stability. 
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Figure A6. Power for trend and standard error of status for each response variable at all oak sites 


comparing annual sample sizes of 8, 12, 18, 24, and 32 plots per year using Design 1 (Figure 3-2). 


Responses include percent cover of shrubs and perennial grass. 
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Figure A7. Power for trend for a range of annual increases or decreases in response variables at sagebrush 


sites using Design 1 (Figure 3-1) and an annual sample size of 12.  Responses include percent cover of 


shrubs and perennial grass, basal and canopy gap size, and soil stability. 
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Figure A8. Power for trend for a range of annual decreases in response variables at pinyon-juniper sites 


using Design 1 (Figure 3-1) and an annual sample size of 12.  Responses include percent cover of 


trees, shrubs, and perennial grass, and soil stability. 
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Figure A9. Power for trend for a range of annual decreases in response variables at oak sites using Design 


1 (Figure 3-1) and an annual sample size of 12.  Responses include percent cover of shrubs and 


perennial grass. 
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Abstract


Power analysis provides an a priori understanding of our ability and confi dence to estimate the con-
dition (i.e., status) of a resource and detect trends in that resource over time. This report describes 
the power analysis conducted by the Northern Colorado Plateau Network to identify an “aff ordable” 
sample size that optimizes tradeoff s between trend and status estimation and overall operational reality 
for its integrated uplands monitoring protocol at Canyonlands National Park (NP). Forty plots were 
monitored at Canyonlands NP for three consecutive years. Key response measurements for (1) under-
standing the susceptibility of soil to wind and water erosion and (2) detecting shifts in vegetation were 
used in this analysis. For each key response, we estimated the variance separately for shrub and grass-
land ecological site types, using linear mixed-eff ects models. We also examined power and precision of 
standard error of status for alternative revisit designs and sample sizes, as well as for the ability to detect 
diff erent amounts of annual trend. The operational survey and revisit designs for Canyonlands NP are 
presented in the report. Graphs of power for trend are presented in Appendix A.











Contents     ix


Acknowledgements


Many thanks to Steve Garman, former Northern Colorado Plateau Network quantitative ecologist, and 
Tom Philippi, national Inventory and Monitoring quantitative ecologist, for answering questions about 
analyses and providing thoughtful reviews of this document. I would also like to thank Billy Schweiger, 
quantitative ecologist for the Rocky Mountain Network, and Amy Symstad, U. S. Geological Survey 
Ecologist working with the Northern Great Plains Network, for sharing drafts of their own variance and 
power-for-trend assessments and allowing me to adapt their work for the Northern Colorado Plateau 
Network.











Main Report     1


1  Introduction
The Northern Colorado Plateau Inventory and 
Monitoring Network (NCPN) implemented up-
land monitoring at Canyonlands National Park 
(CANY) during the 2006 fi eld season. Upland 
monitoring was initiated as a three-year pilot 
study to estimate the variance for responses used 
to monitor vital signs. The power analysis de-
scribed in this report used variance from the pi-
lot study to evaluate the appropriateness of pro-
posed split-panel designs for detecting a trend 
and estimating the precision (or standard error) 
of status for long-term monitoring. 


Power analysis provides an a priori understand-
ing of the ability and confi dence with which one 
can estimate the condition (i.e., status) of an ex-
tensive and variable resource and detect trends in 
that resource over time (Gerrodette 1987). Statis-
tical power is the ability to detect an eff ect, given 
that the eff ect actually exists (i.e., the probability 
of not making a Type-II error of failing to detect a 
real trend). This report describes the power anal-
ysis conducted by the Northern Colorado Plateau 
Network to identify an  “aff ordable” sample size 
that optimizes tradeoff s between trend and sta-
tus estimation and overall operational reality by 
allocating the sample size into alternative revisit 
designs and determining the maximum number 
of ecological sites among which the sample can 
be divided.


2  Survey Design
2.1  Sampling frame
Survey designs use explicitly mapped areas as 
the sampling frame. For CANY, we used feature-
extraction modeling to map the target ecological 
sites used to stratify upland monitoring. Ecologi-
cal sites provide an eff ective way to stratify arid 
upland ecosystems by taking into consideration 
soil geomorphology, landform, and climate, in 
addition to vegetation characteristics. 


The feature-extraction software used fi eld recon-
naissance points and spatial data layers to devel-
op rules for where each ecological site occurred 
on aerial photos. It then used those rules to char-
acterize the entire area of interest (i.e., accessible 
areas in Island in the Sky and Needles districts 
of the park). After fi eld verifi cation, the software 
used new data to improve the initial version of the 


map (Garman et al. in review). The resulting map 
included the six ecological sites cover the greatest 
areal extent of CANY (Table 2-1).


2.2  Site selection
A membership design specifi es how sites in a sur-
vey design are chosen across space (McDonald 
2003). For CANY, a Generalized Random Tes-
sellation Stratifi ed (GRTS) design (Stevens and 
Olsen 2004) was used to select spatially balanced 
random samples stratifi ed by each target eco-
logical site. In probability-based surveys, such as 
GRTS, the site-selection process allows unbiased 
estimation of both status and, with repeated visits, 
trend (Larsen et al. 1995). Our GRTS design was 
created in R using the “spsurvey” library (Kincaid 
2005, ver. 2.0, available from http://cran.r-project.
org/).


2.3  Pilot study
Using the ordered lists of points produced by 
GRTS, eight plots were established in each of fi ve 
ecological sites for CANY pilot monitoring. (The 
Desert Sand ecological site was not included in 
the pilot study because it had much lower areal 
extent than predicted by soil and ecological site 
maps.) Thirty-one plots were established in 2006, 
and sampled for three consecutive years. The re-
maining nine plots were established in 2007, and 
sampled for two consecutive years. Plots were 
sampled between April and September each year. 
A broad sampling window was used to capture 
the maximum amount of variation during the 


Table 2-1. Ecological sites in Canyonlands NP pilot 
monitoring.


Ecological 
site #


Ecological site name
Ecological 
site type


Total area* 
(ha)


115 Desert Sand 
(sand sagebrush)


Grassland 1,647


118 Desert Sandy Loam 
(fourwing saltbush)


Grassland 1,706


212 Semidesert Sand 
(fourwing saltbush)


Grassland 319


215 Semidesert Sandy Loam 
(fourwing saltbush)


Grassland 621


133 Desert Shallow Sandy Loam 
(blackbrush)


Shrubland 2,212


236 Semidesert Shallow Sandy 
Loam (Utah juniper-pinyon)


Shrubland 2,181


*Total accessible area of ecological site in Island in the Sky and Needles districts of 
Canyonlands NP.
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growing season. In addition, fi eld-crew members 
visited diff erent plots each year, when possible, 
to include the maximum amount of variation be-
tween observers. Plots were sampled according 
to the Integrated Upland Monitoring Protocol 
for Park Units in the Northern Colorado Plateau 
Network (Witwicki et al. draft).


Although three years of pilot data from 40 plots 
is a limited data set, it provides a starting point 
for creating a defensible long-term sampling de-
sign. Variance and power-for-trend assessments 
will be performed every fi ve years, allowing us to 
analyze the operational sampling design, ensure 
that monitoring goals are being met, and make 
changes to the design as needed.


2.4  Response variables
Response variables examined in this analysis 
were those with potentially important thresholds 
in the target ecological sites. Although threshold 
values have not been defi ned for these ecological 
sites, it is well understood, through conceptual 
models, that biological soil crusts (BSCs) are a 
critical component of these systems, responsible 
for holding the soil in place and preventing ero-
sion by wind or water. Four of the fi ve target eco-
logical sites are dominated by BSCs. 


Key response measurements for understanding 
the susceptibility of soil to wind and water ero-
sion include (1) basal gap size, (2) canopy gap 
size, (3) soil stability, (4) percent cover of BSCs, 
and (5) percent cover of bare soil. Important re-
sponse measurements for detecting shifts in veg-
etation include percent cover of (6) shrubs, (7) 
perennial grasses, and (8) annual grasses.


2.5  Linear models and variance 
components


Using the eight response variables described 
above, we developed linear models to estimate 
variance following Larsen et al. (1995; 2001) and 
Urquhart and Kincaid (1999). Residual plots, his-
tograms, and normal QQ (quantile quantile) plots 
were reviewed for each response to determine the 
need for data transformation. Natural-log trans-
formation was used to improve model assump-
tions of normality and constant variance for all 
responses. Variance components in the model are 
shown in Table 2-2.


Analyses were performed in SAS 9.1 using Proc 
Mixed models. Year and site covariates were 
treated as random eff ects (Urquhart et al. 1998). 
To account for our unbalanced design (e.g., dif-


ferent numbers of revisit years for some plots), 
the restricted maximum likelihood (REML) ap-
proach was used to estimate variance and the 
Kenward-Roger method was used to calculate 
degrees of freedom (Spilke et al. 2005). 


Our original intent was to analyze separate mod-
els for each response at each ecological site. How-
ever, our limited data set resulted in variances of 
0 for year and/or site for more than one-quarter 
of the response variables. To achieve meaningful 
results, we combined all three grassland ecologi-
cal sites and both shrubland ecological sites into 
ecological site types based on functional group, 
and reanalyzed the data (Table 2-3). For the three 
shrub responses (canopy gap size, crust cover, 
and bare soil cover) that still had a year variance 
of 0, year variances were substituted from the 
grassland ecological site type in order to give a 
more realistic estimate of year variance. Varianc-
es were also examined after data were detrended, 
but this altered the variances little and increased 
the number of responses with year variances of 
0. Therefore, the original model was used to esti-
mate variance.


Annual precipitation data from two weather 
stations in CANY were examined to see if esti-
mated variances from the 2006–2008 pilot study 
needed to be further infl ated to be comparable 
with historic variability in annual precipitation. 
Proc Mixed models in SAS were used to estimate 
variance of annual precipitation (1) for the three 
years of the pilot study (2006–2008), and (2) for 
the history of the weather stations (1966–2008). 
Variance of yearly precipitation from 2006 to 
2008 was higher than that for the history of the 
weather stations, so no additional corrections to 
variances were made. 


Table 2-2. Variance components.


Component Description


σ2
Site


Variation among sites that is 
consistent across years (e.g., 
variation in vegetation cover 
or soil stability due to soil 
component)


σ2
Year


Variation among years that affects 
all sites in the population (e.g., 
regionwide climatic variation)


σ2
Residual


Variation specifi c to a site during 
a particular year, including 
measurement error (e.g., erosion 
occurs at a single site due to heavy 
cattle trampling of BSCs).
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2.6  Affordable sample size
The NCPN has determined that the aff ordable 
annual sample size for upland monitoring is ap-
proximately 48 plots per park for all large parks 
in the network (Black Canyon of the Gunnison 
National Park and Curecanti National Recre-
ation Area, CANY, Capitol Reef National Park, 
Dinosaur National Monument, and Zion Na-
tional Park), 24 plots per park for medium-size 
parks (Arches and Bryce Canyon national parks) 
and 3–8 plots for smaller parks (Cedar Breaks and 
Timpanogos Cave national monuments). This is 
based on an estimate of six fi eld-crew members 
monitoring uplands full-time for 12 pay periods.


Although the total annual sample size for CANY 
is 48 plots, an aff ordable sampling size of 12 plots 
per year per ecological site was used to evaluate 
split-panel designs (see Figure 3-1). One of the 
designs was used to evaluate the eff ect of using 
diff erent sample sizes (see Figure 3-2).


3  Panel Designs
A serious concern of sampling arid/semiarid up-
land vegetation and soils is that sites may become 
fatigued if sampled too often. The most likely 
scenario of site fatigue at CANY is increased soil 
loss caused by repeated trampling of BSCs in 
monitoring plots. Our goal is to disturb plots as 
little as possible and to avoid monitoring the ef-
fects of our presence at plots as much as possible. 
As such, designs that revisit the same sites each 
year were not considered for upland monitoring. 
Instead, we investigated split-panel designs that 
rest plots for 2–7 years between revisits. We also 
wanted to sample some sites two years in a row 
to understand year-to-year variation of shrub and 
annual grass cover. The four designs considered 
for NCPN upland monitoring in CANY are dis-
played in Figure 3-1. 


As per MacDonald (2003), the numerical nota-
tion of a panel design indicates the number of 
consecutive years of sampling followed by the 
number of consecutive years of rest for plots in 
each type of panel. For example, Design 1, notat-
ed as (2-3),(1-4), calls for 2 consecutive years of 
sampling followed by 3 consecutive years of rest 
for plots in panels 1–5, and 1 year of sampling fol-
lowed by 4 years of rest for plots in panels 6–10.


A preliminary analysis determined that split-pan-
el designs, like those shown in Figure 3-1, pro-


vided better precision of status and higher power 
to detect trend in early years by allocating more 
plots to panels where plots were visited for only 
one consecutive year (e.g., panels 6–10 in Design 
1) than to panels where plots were visited for two 
consecutive years (e.g., panels 1–5 in Design 1). 
Therefore, all four designs analyzed in this power 
analysis were structured in this way. Design 2 was 
used to examine the eff ect of diff erent sample 
sizes and annual trends (Figure 3-2).


When selecting an operational sampling design, 
it is important that the sampling frame be large 
enough to include all of the proposed unique 
plots in a design. For example, it would not be 
feasible to select Design 3 (99 unique plots) to 
monitor ecological site 212, due to the low areal 
extent of this ecological site in CANY (only 319 
ha predicted by our map; Table 2-1) and a high 
sampling-frame error (only ¼ of plots have been 
correctly predicted by the map in this ecological 
site). 


Table 2-3. Site, year, and residual variance 
estimates for responses in grassland and 
shrubland ecological site types for CANY pilot 
plots.


Response
Variance


Site Year Residual
Grassland type


Basal gap 0.71500 0.00449 0.04046


Canopy gap 0.67380 0.00141 0.02264


Soil stability 0.01314 0.00462 0.02384


Crust cover 0.01175 0.01246 0.03330


Bare soil cover 0.14390 0.28190 0.79940


Shrub cover 0.70600 0.01194 0.02806


Perennial grass cover 0.49130 0.05793 0.05028


Annual grass cover 0.00802 0.02491 0.06480


Shrubland type


Basal gap 0.10470 0.00315 0.03779


Canopy gap 0.05868 0 0.00917


Soil stability 0.09466 0.00172 0.01884


Crust cover 0.59920 0 0.30530


Bare soil cover 0.21440 0 0.59920


Shrub cover 0.10670 0.01245 0.08471


Perennial grass cover 0.15880 0.00024 0.01417


Annual grass cover 0.00167 0.00426 0.01116
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Design 1 (2-3),(1-4).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 3 3 3 3


2 3 3 3 3


3 3 3 3 3


4 3 3 3 3


5 3 3 3 3


6 6 6


7 6 6


8 6 6


9 6 6


10 6 6


45 unique plots
12 plots per ecological site per year


Design 2 (2-5),(1-6).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 3 3 3 3


2 3 3 3 3


3 3 3 3


4 3 3


5 3 3


6 3 3


7 3 3 3


8 6 6


9 6 6


10 6 6


11 6


12 6


13 6


14 6


63 unique plots
12 plots per ecological site per year


Design 3 (2-7),(1-8).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 3 3 3


2 3 3


3 3 3


4 3 3


5 3 3


6 3 3


7 3 3


8 3 3


9 3 3 3


10 6 6


11 6


12 6


13 6


14 6


15 6


16 6


17 6


18 6


99 unique plots
12 plots per ecological site per year


Design 4 (2-7),(1-2).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 3 3 3


2 3 3


3 3 3


4 3 3


5 3 3


6 3 3


7 3 3


8 3 3


9 3 3 3


10 6 6 6 6


11 6 6 6


12 6 6 6


45 unique plots
12 plots per ecological site per year


Figure 3-1. Split-panel designs tested in power analysis.
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Design 2c (2-5),(1-6).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 12 12 12 12


2 12 12 12 12


3 12 12 12


4 12 12


5 12 12


6 12 12


7 12 12 12


8 26 26


9 26 26


10 26 26


11 26


12 26


13 26


14 26


266 unique plots
50 plots per ecological site per year


Figure 3-2. Variations of Design 2 used to analyze sample sizes of 7, 36, and 50 plots per ecological site per year.


Design 2a (2-5),(1-6).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 2 2 2 2


2 2 2 2 2


3 2 2 2


4 2 2


5 2 2


6 2 2


7 2 2 2


8 3 3


9 3 3


10 3 3


11 3


12 3


13 3


14 3


35 unique plots
7 plots per ecological site per year


Design 2b (2-5),(1-6).


Panel


Year


1 2 3 4 5 6 7 8 9 10


1 9 9 9 9


2 9 9 9 9


3 9 9 9


4 9 9


5 9 9


6 9 9


7 9 9 9


8 18 18


9 18 18


10 18 18


11 18


12 18


13 18


14 18


189 unique plots
36 plots per ecological site per year
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4  Analysis
4.1  Minimum Detectable Difference
The minimum detectable diff erence (MDD) is 
the annual rate of change in trend that a design 
can detect. For log-transformed responses, such 
as those described here, this equates to a pro-
portional change or annual percent increase or 
decrease. A 10% annual increase equates to a 
172% total increase over 10 years, or an increase 
in bare-soil cover from 5.4% in 2006 to 14.7% in 
2016. The annual rate is equivalent to the slope of 
the regression line in a linear model.


The minimum detectable diff erence for a trend 
should be ecologically relevant and can be de-
termined by using thresholds of ecological sites, 
if known. Because no threshold values have been 
determined for target ecological sites in CANY, 
we attempted to determine ecologically mean-
ingful annual increases or decreases for each 
response variable based on the pilot plot means 
and extremes, change over a 10-year period, and 
professional judgment (Table 4-1). Cover of veg-
etation types and bare soil required at least 10% 
change per year for meaningful ecological chang-
es to occur. Changes in all other soil-related vari-
ables were meaningful at a 2–5% rate of annual 
change. Because MDD’s for the selected respons-
es will also vary by ecological site, we strongly 
considered the most conservative estimates when 
selecting an MDD for a response.


4.2  Estimating power for trend and 
precision of status


Power to detect a specifi ed trend and precision of 
status were estimated using an unpublished func-
tion written by Tom Kincaid (U.S. Environmental 
Protection Agency, Corvallis, Oregon) for R. This 
function uses MDD, variance components, de-
sired Type 1 error (alpha), the selected panel de-
sign, and two additional correlation values (site.
rho = 1; year.rho = 0) set to these default values 
based on Urquhart et al. (1993). We set alpha = 
0.10 and examined power for trend and standard 
error of status over a 20-year time frame. We used 
a less-conservative alpha because we do not want 
to risk missing trends that may be important to 
park managers.


4.3  Effect of panel design
In Designs 1–4 (Figure 3-1), each response in each 
ecological site type was compared using an an-
nual sample size of 12 and the appropriate MDD 
(Figures A1 & A2 in Appendix A). In general, all 
four split-panel designs performed similarly. For 
some responses, Design 3 provided lower power 
in early years, and Designs 1 and 4 provided high-
er power in early years.


4.4  Effect of sampling size
Samples sizes of 7, 12, 36, and 50 plots per year 
were compared for each response in each eco-
logical site type using Design 2 (see Figure 3-2) 


Table 4-1. Summary of proposed minimum detectable differences (MDD) for each response.


Response
MDD 


(annual trend)
Mean (min–max)


Range
Current status After 10 years*


Basal gap size 2–5% increase 427 cm (70–2,996 cm) 522 cm (86–3,659 cm) 0–5,000 cm


Canopy gap size 2–5% increase 228 cm (45–1,659 cm) 279 cm (55–2,026 cm) 0–5,000 cm


Soil stability 2–5% decrease 3.4 (1.1–5.8) 2.8 (0.9–4.7) 1–6


BSC cover 2% decrease 58.3% (0.2–90.5%) 47.7 (0.2–74.1%) 0–100%


Bare soil cover 10% increase 5.4% (0–47.7%) 14.7% (0–>100%) 0–100%


Shrub cover 10% increase 9.1% (0–20.3%) 24.7% (0–55.2%) 0–100%


Perennial grass cover 10% decrease 4.3% (0–24.7%) 1.6% (0–9.1%) 0–100%


Annual grass cover 20–25% increase 0.2% (0–2.3%) 1.5% (0–17.0%) 0–100%
*calculation uses lowest value for each row in the MDD (annual trend) column 
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and the appropriate MDD. For most responses, 
increasing sample size caused power for trend to 
increase and standard error of status to decrease 
for sample sizes of up to 36 plots (Figures A3 & 
A4 in Appendix A). Sample sizes above 36 plots 
provided little additional improvement in power 
for trend or standard error of status.


4.5  Effect of annual trend
A range of annual trends was compared for each 
response in each ecological site type using De-
sign 2 and an annual sample size of 12 (Figures 
A5 & A6 in Appendix A). For responses with 
MDDs of 2–5% (basal and canopy gaps, soil sta-
bility, and percent crust cover), annual trends of 
2%, 5%, and 10% were compared. For responses 
with MDDs of 10–20% (percent cover of bare 
soil, shrubs, perennial grass, and annual grass), 
annual trends of 5%, 10%, and 20% were com-
pared. Most response variables in each ecologi-
cal site type reached 80% power within 10 years. 
The exceptions were percent cover of bare soil 
and crust, which took approximately 13–25 years 
to reach a power of 80%. Varying MDD did not 
aff ect the standard error of status, so these results 
are not presented. 


4.6  Effect of response type
Responses generally displayed acceptable levels 
of power for trend and standard error of status 
for the sampling designs, sample sizes, and rates 
of annual trend examined in this analysis. The 
most problematic responses were percent cover 
of bare soil and of crust. These two responses 
tended to take longer to reach a power of 80% 
and had higher standard errors of status than the 
other responses. It is likely that the high variance 
in these responses is primarily a result of mea-
surement error. Methods of estimating bare soil 
and crust cover have been changed since pilot 
sampling, and we are optimistic that these chang-
es will result in greater repeatability between ob-
servers. Using the pilot data to select a sampling 
design should give us a conservative estimate of 
power and standard error of status for percent 
bare soil and crust. 


4.7  Discussion
The diff erences between the split-panel designs 
tested were relatively minor, which was unsur-
prising, given the similarity between the designs. 


Any of these designs would probably be appro-
priate for upland monitoring in CANY. A more 
diffi  cult question, however, is which annual sam-
ple size is appropriate for each ecological site. It is 
clear from the results presented here that for most 
responses, there is little to be gained by using an 
annual sample size of more than 36 plots, because 
at some point between 12 and 36, no signifi cant 
improvements in trend and standard error of sta-
tus are seen when plots are added. 


Because the gains from increasing annual sample 
size seem relatively minor, and considering the 
aff ordable sample size, it may be more benefi cial 
overall to monitor additional ecological sites in 
CANY than to implement the optimum sample 
size for a few of the ecological sites. The response 
that would appear to benefi t most from increas-
ing sample size is crust cover in the shrubland 
ecological site type (Appendix A, Figure A4-G.). 
However, the pilot data may be infl ating variance 
of this response, because the two ecological sites 
combined for the shrubland ecological site type 
have very diff erent amounts of crust cover. Eco-
logical site 236 has high amounts of crust cover, 
while the soil surface in ecological site 133 is com-
posed primarily of gravels, with small amounts of 
crust between the rocks. 


Increasing the rest time between revisits from two 
to seven years resulted in a fairly minor increase 
in the time required to detect trend, and an ex-
tremely small decrease in standard error of status 
(Appendix A, Figures A1 & A2). There was a four-
year delay in detecting trend in the worst-case 
scenario, but 80% power was reached by Year 7 
(Appendix A, Figure A1-K.). We feel that the (2-
5),(1-6) design (Design 2) is probably the best 
compromise for sampling uplands in CANY. Due 
to the sensitivity of BSCs to repeated trampling, 
we must consider whether repeated trampling at 
a lower total number of unique plots would be 
preferable to the impact of creating additional 
trails and new trampling to get a greater total 
number of unique plots.


When we are able to expand these analyses to in-
clude simulations and numerous additional years 
of data, we may see meaningful changes and need 
to alter the revisit design. While we do not expect 
this to happen, a key advantage of a GRTS design 
is the ability to recast the panel membership of 
existing sites into new structures.
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5  Final design
The fi nal split-panel design for integrated upland 
monitoring at CANY will be based on Design 2, 
but modifi ed to sample aggregated ecological site 
types. The six original target ecological sites will 
be combined into three ecological site types: grass-
land, blackbrush, and pj/blackbrush (Table 5-1).


We will use the sampling frames of all four origi-
nal target grassland ecological sites but combine 
them into a single grassland sampling frame. Any 
of the four grassland ecological sites will be moni-
tored if it occurs anywhere within the grassland 
sampling frame. This will give us a diff erent num-
ber of plots for each grassland ecological site, but 
these numbers should represent the area of each 
ecological site across the landscape. 


Ecological site information will be recorded for 
each plot and used in trend analyses; however, 
annual reports will summarize data by ecological 
site type. This sampling strategy was chosen due 
to the similarity of grassland ecological sites and 
the low areal extent of two of the grassland eco-
logical sites. 


The fi nal design, outlined in Figure 5-1, calls for 
the following:


• Sampling 48 upland monitoring plots per 
year using the rotating split-panel designs.


• Establishing 252 plots over a seven-year pe-
riod. 


• Allowing 5–6 years of rest after sampling to 
give biological soil crust time to recover.


• Preferentially placing plots used in the three-
year pilot study (2006–2008) in panels 6 and 
14, to allow the maximum amount of rest af-
ter the initial three years of monitoring. 


Park managers received an outline of the design 
in May 2009, and were given the opportunity to 
provide feedback. Full operational monitoring of 
uplands in CANY began in June 2009.


Table 5-1. Ecological site type groupings.


Ecological site 
type


Ecological site name


Grassland
(4,293 ha)


Desert Sand (sand sagebrush) 
Desert Sandy Loam (fourwing saltbush) 
Semidesert Sand (fourwing saltbush) 
Semidesert Sandy Loam (fourwing saltbush) 


Blackbrush
(2,212 ha)


Desert Shallow Sandy Loam 
(blackbrush) 


Pinyon-Juniper/
Blackbrush
(2,181 ha)


Semidesert Shallow Sandy Loam 
(Utah juniper-pinyon) 
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Final design for shrubland (blackbrush 
and PJ/blackbrush) ecological sites 
(2-5),(1-6).


Panel


Year


1 2 3 4 5 6 7 8 9 10
1 3 3 3 3


2 3 3 3 3


3 3 3 3


4 3 3


5 3 3


6 3 3


7 3 3 3


8 6 6


9 6 6


10 6 6


11 6


12 6


13 6


14 6


63 unique plots sampled for each ecological site over 7 years
12 plots per ecological site per year


Final design for grassland ecological sites 
(2-5),(1-6).


Panel


Year


1 2 3 4 5 6 7 8 9 10
1 6 6 6 6


2 6 6 6 6


3 6 6 6


4 6 6


5 6 6


6 6 6


7 6 6 6


8 12 12


9 12 12


10 12 12


11 12


12 12


13 12


14 12


126 unique plots sampled over 7 years 
24 plots per year among all four target grassland ecological sites


Figure 5-1. Final split-panel designs for integrated upland 
monitoring at Canyonlands National Park.
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Figure A1. Power for trend and standard error of status for each sampling design (Figure 3-1) at grassland ecological sites 
(annual sample size = 12). Responses include basal and canopy gap size, soil stability, and percent cover of biological soil 
crusts, bare soil, shrubs, perennial grass, and annual grass.







Appendix A: Power for Trend Figures     13


Number of Years


0 5 10 15 20


SE
 o


f 
St


at
u


s


0.0


0.2


0.4


0.6


0.8


1.0


Number of Years


0 5 10 15 20


SE
 o


f 
St


at
u


s


0.0


0.2


0.4


0.6


0.8


1.0


Number of Years


0 5 10 15 20


Po
w


er
 f


o
r 


Tr
en


d


0.0


0.2


0.4


0.6


0.8


1.0


Design 1 
Design 2
Design 3
Design 4


G


Number of Years


0 5 10 15 20


SE
 o


f 
St


at
u


s


0.0


0.2


0.4


0.6


0.8


1.0


J


    


Design 1 
Design 2
Design 3
Design 4


H
    


Number of Years


0 5 10 15 20


Po
w


er
 f


o
r 


Tr
en


d


0.0


0.2


0.4


0.6


0.8


1.0


Design 1 
Design 2
Design 3
Design 4


I


    
Design 1 
Design 2
Design 3
Design 4


Number of Years


0 5 10 15 20


Po
w


er
 f


o
r 


Tr
en


d


0.0


0.2


0.4


0.6


0.8


1.0


Design 1 
Design 2
Design 3
Design 4


K


    


Design 1 
Design 2
Design 3
Design 4


L
    


Crust cover
2% annual decrease


Bare soil cover
10% annual increase


Shrub cover
10% annual increase


Figure A1, cont.
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Figure A2. Power for trend and standard error of status for each sampling design (Figure 3-1) at shrubland ecological sites 
(annual sample size = 12). Responses include basal and canopy gap size, soil stability, and percent cover of biological soil 
crusts, bare soil, shrubs, perennial grass, and annual grass.
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Figure A2, cont.
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Figure A3. Power for trend and standard error of status for each response variable at grassland ecological sites comparing 
annual sample sizes of 7, 12, 36, and 50 plots per year using Design 2 (Figure 3-2). Responses include basal and canopy gap 
size, soil stability, and percent cover of biological soil crusts, bare soil, shrubs, perennial grass, and annual grass.
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Figure A3, cont.
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Figure A3, cont.
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Figure A4. Power for trend and standard error of status for each response variable at shrubland ecological sites comparing 
annual sample sizes of 7, 12, 36, and 50 plots per year using Design 2 (Figure 3-2). Responses include basal and canopy gap 
size, soil stability, and percent cover of biological soil crusts, bare soil, shrubs, perennial grass, and annual grass.
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Figure A4, cont.
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Figure A5. Power for trend for a range of annual increases or decreases in response variables at grassland ecological sites 
using Design 2 (Figure 3-1) and an annual sample size of 12. Responses include basal and canopy gap size, soil stability, and 
percent cover of biological soil crusts, bare soil, shrubs, perennial grass, and annual grass.
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Figure A5, cont.
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Figure A6. Power for trend for a range of annual increases or decreases in response variables at shrubland ecological sites 
using Design 2 (Figure 3-1) and an annual sample size of 12. Responses include basal and canopy gap size, soil stability, and 
percent cover of biological soil crusts, bare soil, shrubs, perennial grass, and annual grass.
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Abstract 


Power analysis provides an a priori understanding of the ability and confidence to estimate the 


condition (i.e., status) of a resource and detect trends in that resource over time.  This report 


describes the power analysis conducted by the Northern Colorado Plateau Network to identify an 


“affordable” sample size that optimizes tradeoffs between trend and status estimation and overall 


operational reality for its integrated upland monitoring protocol at Capitol Reef National Park 


(NP). Sixty-one plots were monitored at Capitol Reef NP for three consecutive years. Key 


response measurements for (1) understanding the susceptibility of soil to wind and water erosion 


and (2) detecting shifts in vegetation were used in this analysis.  For each key response, we 


estimated the variance for all grassland ecological sites combined using linear mixed-effects 


models.  We also examined power and precision of standard error of status for four alternative 


revisit designs and sample sizes, as well as for the ability to detect different amounts of annual 


trend.  The recommended revisit design for Capitol Reef NP samples plots for one or two years 


in a row and rests plots for 3-4 years.  A total of 48 plots are sampled each year, with 16 plots per 


year in each ecological site type/allotment combination.  Graphs of power for trend are presented 


in Appendix A.  
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1  Introduction 


The Northern Colorado Plateau Inventory and Monitoring Network (NCPN) implemented upland 


monitoring at Capitol Reef National Park (CARE) during the 2007 field season.  Upland 


monitoring was initiated as a three-year pilot study to estimate the variance for responses used to 


monitor vital signs.  The power analysis described in this report used variance from the pilot 


study to evaluate the appropriateness of proposed split-panel designs for detecting a trend and 


estimating the precision (or standard error) of status for long-term monitoring.   


Power analysis provides an a priori understanding of the ability and confidence with which one 


can estimate the condition (i.e., status) of an extensive and variable resource and detect trends in 


that resource over time (Gerrodette 1987). Statistical power is the ability to detect an effect, 


given that the effect actually exists (i.e., the probability of not making a Type-II error of failing 


to detect a real trend). This report describes the power analysis conducted by the Northern 


Colorado Plateau Network to identify an ‘affordable’ sample size that optimizes tradeoffs 


between trend and status estimation and overall operational reality by allocating the sample size 


into alternative revisit designs and determining the maximum number of ecological sites that this 


sample can be divided.   


 


2  Survey design  


2.1  Sampling frame 


Survey designs use explicitly mapped areas as the sampling frame.  For CARE, we used 


classification and regression tree (CART) modeling to map the target ecological sites used to 


stratify upland monitoring. Ecological sites provide an effective way to stratify arid upland 


ecosystems by taking into consideration soil geomorphology, landform, and climate, in addition 


to vegetation characteristics.  CART used field reconnaissance points and spatial data layers to 


develop rules for where each ecological site occurred on the landscape.  We then used these rules 


to characterize the entire area of interest (Garman et al. in review).  Similar ecological sites were 


combined and mapped as two ecological site type groups (Figure 2-1).  The resulting map 


included five grassland ecological sites that cover the greatest extent of accessible area in 


Cathedral, Rock Springs, and Hartnet allotments (Table 2-1).   


 


2.2  Site Selection 


A membership design specifies how sites in a survey design are chosen across space (McDonald 


2003). For CARE, Reversed Randomized Quadrat-Recursive Raster (RRQRR) (Theobald et al. 


2007) was used to select spatially-balanced random samples stratified by each target ecological 


site type.  In probability-based surveys, such as RRQRR, the site-selection process allows 


unbiased estimation of both status and, with repeated visits, trend (Larsen et al. 1995).   
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Figure 2-1. Ecological sites monitored in sampling frame for Capitol Reef NP pilot upland 


monitoring. 
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Table 2-1. Ecological sites in Capitol Reef NP pilot monitoring 


   Total area* (ha) 


Ecological 


site type 


Ecological 


site # Ecological site name 


Cathedral/ 


Rock Springs Hartnet 


deep 


grassland 


201 
Semidesert Alkali Sandy Loam  


(four-wing saltbush) 


2206 2620 212 
Semidesert Sand  


(four-wing saltbush) 


215 
Semidesert Sandy Loam  


(four-wing saltbush) 


rocky 


grassland 


242 
Semidesert Stony Loam  


(shadscale) 
na 1048 


260 
Semidesert Very Steep Stony Loam 


(Salina wildrye) 


*Total accessible area of ecological site in each allotment. 
  


 


2.3  Pilot study 


Using the ordered lists of points produced by RRQRR, 10 plots were established in four of the 


five ecological sites for CARE pilot monitoring. Only one plot of Semidesert Sand ecological 


site was included in the pilot study because it had much lower areal extent than the other 


ecological sites.  Nineteen plots were established in 2007, and sampled for 3 consecutive years.  


The remaining 42 plots were established in 2008, and sampled for 2 consecutive years.  Plots 


were sampled between April and October each year.  A broad sampling window was used to 


capture the maximum amount of variation during the growing season.  In addition, field-crew 


members visited different plots each year, when possible, to include the maximum amount of 


variation between observers.  Plots were sampled according to the Integrated Upland Monitoring 


Protocol for Park Units in the Northern Colorado Plateau Network (Witwicki et al. draft). 


Although 3 years of pilot data from 61 plots is a limited data set, it provides a starting point for 


creating a defensible long-term sampling design.  Variance and power-for-trend assessments will 


be performed every 5 years in order to analyze the operational sampling design, ensure that 


monitoring goals are being met, and make changes to the design as needed. 


 


 


2.4  Response variables 


Response variables examined in this analysis were those with potentially important thresholds in 


the target ecological sites.  Although threshold values have not been defined for these ecological 


sites, it is well understood, through conceptual models, that biological soil crusts (BSCs) are a 


critical component of these systems, responsible for holding the soil in place and preventing 


erosion by wind or water.  Four of the five target ecological sites are dominated by BSCs.   


Key response measurements for understanding the susceptibility of  soil to wind and water 


erosion  include (1) basal gap size, (2) canopy gap size, (3) soil stability, (4) percent cover of 


BSC’s, and (5) percent cover of bare soil.  Important response measurements for detecting shifts 


in vegetation include percent cover of (6) shrubs and (7) perennial grasses. 
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2.5  Linear models and variance components 


Using the seven response variables described above, we developed linear models to estimate 


variance following Larsen et al. (1995, 2001) and Urquhart and Kincaid (1999). Residual plots, 


histograms, and normal QQ (quantile quantile) plots were reviewed for each response to 


determine the need for data transformation.  Natural-log transformation was used to improve 


model assumptions of normality and constant variance for all responses. Variance components in 


the model are shown in Table 2-2. 


Analyses were performed in SAS 9.2 using Proc Mixed models. Year and site covariates were 


treated as random effects (Urquhart et al. 1998). To account for our unbalanced design (e.g., 


different numbers of revisit years for some plots), the restricted maximum likelihood (REML) 


approach was used to estimate variance and the Kenward-Roger method was used to calculate 


degrees of freedom (Spilke et al. 2005).  


Because the sample size was relatively small, data from all five grassland ecological sites (Table 


2-3) were combined for this analysis.  This should provide a conservative estimate of power and 


standard error of status since we would expect variance within each ecological site type to be 


smaller than the variance for all sites combined.  For the one response (crust cover) that had a 


year variance of 0, year variance was substituted from bare soil cover in order to give a more 


realistic estimate.  Variances were also examined after data were detrended, however, this altered 


the variances little and increased the number of responses with year variances of 0.  Therefore, 


the original model was used to estimate variance. 


Annual precipitation data from the CARE Coop weather station were examined to see if 


estimated variances from the 2007-2009 pilot study needed to be further inflated to be 


comparable with historic variability in annual precipitation.  Proc Mixed models in SAS were 


used to estimate variance of annual precipitation (1) for the three years of the pilot study (2007-


2009), and (2) for the history of the weather station (1968-2009).  Although variance of yearly 


precipitation from 2007-2009 was lower than for the history of the weather stations, no 


additional corrections to variances were made since the data varied so much already from 


sampling throughout the entire growing season.  


 


 


 


 


Table 2-2. Variance components. 


Component Description 


σ
2


Site 
Variation among sites that is consistent across years (e.g., variation in 


vegetation cover or soil stability due to soil component) 


σ
2


Year 
Variation among years that affects all sites in the population (e.g., region-


wide climatic variation) 


σ
2


Residual 


Variation specific to a site during a particular year, including measurement 


error (e.g., erosion occurs at a single site due to heavy cattle trampling of 


BSC’s). 
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2.6  Affordable sample size 


The NCPN has determined that the affordable annual sample size for upland monitoring is 


approximately 48 plots per park for all large parks in the network (Black Canyon of the 


Gunnison National Park and Curecanti National Recreation Area, Canyonlands National Park, 


CARE, Dinosaur National Monument, and Zion National Park), 24 plots per park for medium-


size parks (Arch and Bryce Canyon national parks) and 3-8 plots for our smaller parks (Cedar 


Breaks and Timpanogos national monuments).  This is based on an estimate of six field-crew 


members monitoring upland full-time for 12 pay periods. 


Since the total annual sample size for CARE is 48 plots, we used an affordable sampling size of 


16 plots per year per ecological site type for the purpose of evaluating alternative split panel 


designs (see Figure 3-1).  One of the designs was used to evaluate the effect of using different 


sample sizes (see Figure 3-2).  


 


 


Table 2-3. Site, year, and residual variance estimates for responses in all grassland ecological 


site types for CARE pilot plots. 


Ecological 
site type Response 


Variance 


site year residual 


Deep and 
rocky 


grasslands 


Basal gap 0.17630 0.04246 0.03394 


Canopy gap 0.16820 0.02600 0.03904 


Soil stability 0.02575 0.03011 0.03237 


Crust cover 0.28690 0 0.04000 


Bare soil cover  0.36160 0.11900 0.77740 


Shrub cover 0.15510 0.10570 0.12890 


Perennial grass cover 0.12830 0.17920 0.19130 


 


 


3  Panel Designs 


A serious concern of sampling arid/semiarid upland vegetation and soils is that sites may become 


fatigued if sampled too often. The most likely scenario of site fatigue at CARE is increased soil 


loss caused by repeated trampling of BSCs in monitoring plots.  Our goal is to disturb plots as 


little as possible and to avoid monitoring the effects of our presence at plots as much as possible.  


As such, designs that revisit the same sites each year were not considered for upland monitoring.  


Instead, we investigated split-panel designs that rest plots for 2 to 7 years between revisits.  We 


also considered whether repeated trampling at a lower total number of unique plots would be 


preferable to the impact of creating additional trails and new trampling to get a greater total 


number of unique plots. 


In order to understand year-to-year variation of shrub and perennial grass cover, we needed a 


design that sampled some sites two years in a row.  A preliminary analysis determined that split-


panel designs, like those in Figure 3-1, provided better precision of status and higher power to 


detect trend in early years by allocating more plots to panels that were visited for only 1 


consecutive year (e.g., panels 6 through 10 in Design 1) than to panels where plots were visited 


for two consecutive years (e.g., panels 1 through 5 in Design 1).  Therefore, all four designs 


analyzed in this power analysis are structured in this way.  Design 1 was used to examine the 


effect of different sample sizes (Figure 3-2) and annual trends. 
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As per MacDonald (2003), the numerical notation of a panel design indicates the number of 


consecutive years of sampling followed by the number of consecutive years of rest for plots in 


each type of panel. For example, Design 1, notated as (2-3),(1-4), calls for 2 consecutive years of 


sampling followed by 3 consecutive years of rest for plots in panels 1–5, and 1 year of sampling 


followed by 4 years of rest for plots in panels 6–10. 
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Design 1  (2-3),(1-4)  60 unique plots, 16 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4    4 4    


2  4 4    4 4   


3   4 4    4 4  


4    4 4    4 4 


5 4    4 4    4 


6 8     8     


7  8     8    


8   8     8   


9    8     8  


10     8     8 


 


Design 2  (2-5),(1-6)  84 unique plots, 16 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4      4 4  


2  4 4      4 4 


3   4 4      4 


4    4 4      


5     4 4     


6      4 4    


7 4      4 4   


8 8       8   


9  8       8  


10   8       8 


11    8       


12     8      


13      8     


14       6    


 


Design 3  (2-7),(1-8)  108 unique plots, 16 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4        4 


2  4 4        


3   4 4       


4    4 4      


5     4 4     


6      4 4    


7       4 4   


8        4 4  


9 4        4 4 


10 8         8 


11  8         


12   8        


13    8       


14     8      


15      8     


18       8    


17        8   


18         8  


 


Design 4  (2-7),(1-2)  60 unique plots, 16 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4        4 


2  4 4        


3   4 4       


4    4 4      


5     4 4     


6      4 4    


7       4 4   


8        4 4  


9 4        4 4 


10 8   8   8   8 


11  8   8   8   


12   8   8   8  


Figure 3-1. Split-panel designs tested in power analysis. 
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Design 1a  (2-3),(1-4)  45 unique plots, 12 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3    3 3    


2  3 3    3 3   


3   3 3    3 3  


4    3 3    3 3 


5 3    3 3    3 


6 6     6     


7  6     6    


8   6     6   


9    6     6  


10     6     6 


 
Design 1b  (2-3),(1-4)  70 unique plots, 18 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 4 4    4 4    


2  4 4    4 4   


3   4 4    4 4  


4    4 4    4 4 


5 4    4 4    4 


6 10     10     


7  10     10    


8   10     10   


9    10     10  


10     10     10 


 


Design 1c  (2-3),(1-4)  90 unique plots, 24 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 6 6    6 6    


2  6 6    6 6   


3   6 6    6 6  


4    6 6    6 6 


5 6    6 6    6 


6 12     12     


7  12     12    


8   12     12   


9    12     12  


10     12     12 


 


Design 1d  (2-3),(1-4)  120 unique plots, 32 plots per ecological site type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 8 8    8 8    


2  8 8    8 8   


3   8 8    8 8  


4    8 8    8 8 


5 8    8 8    8 


6 16     16     


7  16     16    


8   16     16   


9    16     16  


10     16     16 


 


Figure 3-2. Variations of Design 1 used to analyze sample sizes of 12, 18, 24, and 32 plots per 


ecological site type per year.
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4  Analysis 


4.1  Minimum Detectable Difference  


The minimum detectable difference (MDD) is the annual rate of change in trend that a design 


can detect.  For log-transformed responses, such as those described here, this equates to a 


proportional change or annual percent increase or decrease. A 10% annual increase equates to a 


172% total increase over 10 years, or an increase in bare-soil cover from 6.7% in 2007 to 18.2% 


in 2017.  The annual rate is equivalent to the slope of the regression line in a linear model. 


The minimum detectable difference for a trend should be ecologically relevant and can be 


determined using thresholds of ecological sites, if known.  Because no threshold values have 


been determined for target ecological sites in CARE, we attempted to determine ecologically 


meaningful annual increases or decreases for each response variable based on the pilot plot 


means and extremes, change over a 10-year period, and professional judgment (Table 4-1).  


Cover of vegetation types and bare soil required at least 5% change per year for meaningful 


ecological changes to occur.  Changes in all other soil-related variables were meaningful at a 2-


5% annual rate of change.  Because MDD’s for the selected responses will also vary by 


ecological site, we strongly considered the most conservative estimates when selecting an MDD 


for a response. 


 


 
Table 4-1. Summary of proposed minimum detectable differences (MDD) for each response. 


Response 


MDD  


(annual trend) 


Mean (min – max) Possible 


range Current status*  After 10 years** 


Basal gap size 2-5% increase 178 cm (49-647 cm) 217 cm (60-790 cm) 0-5000 cm 


Canopy gap size 2-5% increase 129 cm (45-489 cm) 158 cm (55-597 cm) 0-5000 cm 


Soil stability 2-5% decrease 3.0 (1.2-5.9) 2.5 (1.0-4.8) 1-6 


BSC cover 2% decrease 62.2% (9.0-94.7%) 50.9 (7.4-77.6%) 0-100% 


Bare soil cover 5-10% increase 6.7% (0-58.0%) 11.1% (0-95.7%) 0-100% 


Shrub cover 5-10% increase 5.3% (0.2-20.3%) 8.7% (0.3-33.5%) 0-100% 


Perennial grass 


cover 
5-10% decrease 8.0% (0-25.9%) 5.7% (0-18.3%) 0-100% 


*Status for first 3 years of data (2007-2009) 


**Calculation uses lowest value for each row in the MDD (annual trend) column  


 


 
4.2  Estimating power for trend and precision of status 


Power to detect a specified trend and precision of status were estimated using an unpublished 


function written by Tom Kincaid (US EPA, Corvallis, Oregon) for R.  This function uses MDD, 


variance components, desired Type 1 error (alpha), the selected panel design, and two additional 


correlation values (site.rho = 1; year.rho = 0) set to these default values based on Urquhart et al. 


(1993).  We set alpha = 0.10 and examined power for trend and standard error of status over a 


20-year time frame.  We used a less conservative alpha because we do not want to risk missing 


trends that may be important to park managers. 
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4.3  Effect of panel design 


In Designs 1-4 (Figure 3-1), each response in each ecological site type was compared using an 


annual sample size of 16 and the appropriate MDD (Figure A1 in Appendix A).   All four split-


panel designs performed similarly for all responses.  


 


4.4  Effect of sampling size  


Samples sizes of 12, 18, 24, and 32 plots per year were compared for each response using Design 


1 (see Figure 3-2) and the appropriate MDD.  For most responses, all four sample sizes 


performed similarly and adding plots did not improve power for trend or standard error of status 


(Figure A2 in Appendix A).  Bare soil cover was the only response with a distinguishable 


difference between sample sizes.  A sample size of 12 had lower power for trend and higher 


standard error of status than the other designs with higher sample sizes. 


 


4.5  Effect of annual trend  


A range of annual trends (2%, 5%, 10%, and 20%) was compared for each response using 


Design 1 and an annual sample size of 16 (Figure A3 in Appendix A).  Varying MDD did not 


affect the standard error of status, so these results are not presented.  For all responses, 80% 


power was reached in 10 years for a 10% annual change and in 20 years for a 5% annual change.  


At the current level of variability, it is unlikely that a 2% annual change would be detected at 


80% power for a long time in crust, bare soil, shrub, or perennial grass cover.    


 


4.6  Effect of response type 


The variance of each response type, especially year variance, had the strongest influence on 


power for trend and standard error of status.  For all responses except crust cover, the low 


estimate of MDD could be detected within 15 years at 80% power.  Ideally, we would like to 


detect a 2% annual decrease in crust cover, however, it may take many years of monitoring to 


achieve this.   


 


4.7  Discussion 


The differences between the split-panel designs tested were extremely minor, which was not 


surprising, given the similarity between the designs.  Any of these designs would probably be 


appropriate for upland monitoring in CARE.  The more curious result was the similarity between 


the different annual sample sizes analyzed, ranging from 12 to 32.  We expect to gain power for 


trend and decrease standard error of status by increasing annual sample size, however, variance 


of each response, especially year variance, seemed to have an overriding influence.  Minimizing 


variance may be the best way to improve our ability to detect trends.  We believe that much of 


the high variance in these responses was due to two issues that will be mediated when the full 


monitoring design is implemented: (1) measurement error in the early years of method 


development, and (2) extremely high seasonal variability in plant phenology between sampling 


dates.   


The measurement errors mainly affected variance for bare soil and crust cover.  Methods of 


estimating bare soil and crust cover were revised since pilot sampling, and we are optimistic that 


these changes will result in greater repeatability between observers.  Some confusion occurred in 


early years when bare soil occurred on top of crust.   
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The extremely high seasonal variability mainly affected variance for shrub and perennial grass 


cover.  These were based on the current years live growth and were most skewed by taking 


measurements too early in the growing season.  In 2009, spring temperatures were cooler than 


average at CARE, and plots were visited in April and May, before bunchgrasses and shrubs had 


enough time to fully develop live photosynthetic tissue for the growing season.  This resulted in 


extremely low shrub and perennial grass cover estimates for 2009.  In order to avoid this 


problem in the future, we will schedule monitoring at CARE later in the growing season (late 


May or June at the earliest). 


Increasing the rest time between revisits from two to seven years resulted in virtually no increase 


in standard error of status or time to detect trend in this analysis (Appendix A, Figure A1).  


However, visiting plots more often should enable us to detect trends sooner, assuming that we 


can decrease overall variance through the methods described above.  We feel that the (2-3),(1-4) 


design (Design 1 in Figure 3-1) is the best option for sampling uplands at CARE.   


When we are able to expand these analyses to include simulations and numerous additional years 


of data, we may see meaningful changes and need to alter the revisit design. While we do not 


expect this to happen, a key advantage of a RRQRR design is the ability to recast the panel 


membership of existing sites into new structures.   


 


5  Final design 


The final split-panel design for integrated upland monitoring at CARE is Design 1 (see Figure 3-


1). Sixteen plots will be monitored in each of the different ecological site type/allotment groups 


(deep grassland-Cathedral/Rock Springs, deep grassland-Hartnet, and rocky grassland-Hartnet; 


see Table 2-1).  Any of the three deep grassland ecological sites will be monitored if it occurs 


anywhere within the Cathedral/Rock Springs sampling frame.  Any of the 5 ecological sites 


(deep or rocky grassland) will be monitored if it is occurs anywhere within the Harnet sampling 


frame.  This will give us a different number plots for each grassland ecological site, but these 


numbers should represent the area of each ecological site across the landscape.  Ecological site 


information will be recorded for each plot and used in trend analyses; however, annual reports 


will summarize data by ecological site type.   


The overall proposed design calls for the following: 


 Sampling 48 upland monitoring plots per year using a rotating split-panel design. 


 Establishing 180 plots over a five-year period.   


 Allowing 3-4 years of rest at each plot to minimize the effects of repeated visits. 


 Preferentially placing plots used in the three-year pilot study (2007-2009) in panels 4 and 


10, to allow the maximum amount of rest after the initial three years of monitoring.  


Park managers received an outline of the design in April 2010, and were given an opportunity to 


provide feedback.  Full operational monitoring of uplands in CARE will begin in May 2010. 
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Figure A1. Power for trend and standard error of status for each sampling design (Figure 3-1) at all 


grassland ecological sites (annual sample size = 16).  Responses include basal and canopy gap size, 


soil stability, and percent cover of biological soil crusts, bare soil, shrubs, and perennial grass. 
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Figure A1. cont’d. 
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Figure A2. Power for trend and standard error of status for each response variable at all grassland 


ecological sites comparing annual sample sizes of 12, 18, 24, and 32 plots per year using Design 1 


(Figure 3-2). Responses include basal and canopy gap size, soil stability, and percent cover of 


biological soil crusts, bare soil, shrubs, and perennial grass. 
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Figure A2. cont’d. 
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Figure A3. Power for trend for a range of annual increases or decreases in response variables at grassland 


ecological sites using Design 1 (Figure 3-1) and an annual sample size of 16.  Responses include basal 


and canopy gap size, soil stability, and percent cover of biological soil crusts, bare soil, shrubs, and 


perennial grass. 
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Abstract 
Power analysis provides an a priori understanding of the ability and confidence to estimate the 
condition (i.e., status) of a resource and detect trends in that resource over time. This report 
describes the power analysis conducted by the Northern Colorado Plateau Network to identify an 
“affordable” sample size that optimizes tradeoffs between trend and status estimation and overall 
operational reality for its integrated upland monitoring protocol at Dinosaur National Monument 
(NM).  Forty plots were monitored at Dinosaur NM for three consecutive years. Key response 
measurements for (1) detecting shifts in vegetation and (2) understanding the susceptibility of 
soil to wind and water erosion were used in this analysis. For each key response in sagebrush and 
pinyon-juniper vegetation types, we estimated the variance using linear mixed-effects models. 
We also examined power and precision of standard error of status for four alternative revisit 
designs and five sample sizes, as well as for the ability to detect different amounts of annual 
trend. The recommended revisit design for Dinosaur NM samples big sagebrush (Artemisia 
tridentata) and pinyon-juniper (Pinus edulis and Juniperus osteosperma) plots for one or two 
years in a row and rests plots for 3-4 years. A total of 36 plots are sampled each year, with 
twelve plots sampled in each of the priority vegetation types (high elevation big sagebrush, low 
elevation big sagebrush, and pinyon-juniper). Graphs of power for trend are presented in 
Appendix A.  
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1  Introduction 
The Northern Colorado Plateau Inventory and Monitoring Network (NCPN) implemented upland 
monitoring at Dinosaur NM during the 2009 field season. Upland monitoring was initiated as a 
three-year pilot study to estimate the variance for responses used to monitor vital signs. The 
power analysis described in this report used variance from the pilot study to evaluate the 
appropriateness of proposed split-panel revisit designs for detecting a trend and estimating the 
precision (or standard error) of status for long-term monitoring.   
Power analysis provides an a priori understanding of the ability and confidence with which one 
can estimate the condition (i.e., status) of an extensive and variable resource and detect trends in 
that resource over time (Gerrodette 1987). Statistical power is the ability to detect an effect, 
given that the effect actually exists (i.e., the probability of not making a Type-II error of failing 
to detect a real trend). This report describes the power analysis conducted by the NCPN to 
identify an ‘affordable’ sample size that optimizes tradeoffs between trend and status estimation 
and overall operational reality by allocating the sample size into alternative revisit designs and 
determining the maximum number of vegetation types that this sample can be divided.   
 


2  Survey design  
2.1  Sampling frame 
Survey designs use explicitly mapped areas as the sampling frame. For Dinosaur NM, we 
focused on soil map units in the Dinosaur National Monument Soil Survey (USDA NRCS 2007) 
that contained big sagebrush and pinyon-juniper (PJ) ecological sites.  Ecological sites provide 
an effective way to stratify upland ecosystems by taking into consideration soil geomorphology, 
landform, and climate, in addition to vegetation characteristics. All big sagebrush ecological sites 
were included (rather than 2 or 3 specific site types) because additional work remains to remedy 
differences between the ecological sites used in Utah and the old range sites used in Colorado, 
and it is expected that some similar ecological/range sites from each state may be combined in 
the future.  Although pinyon-juniper is currently not differentiated by ecological sites in the 
Dinosaur NM Soil Survey, it is well associated with specific soil map units.   
A sampling frame was created using the soil map to predict the location of target vegetation 
types. Changes were made to specific polygons based on field assessments. The sampling frame 
delineated accessible big sagebrush (hereafter referred to as “sagebrush”) and pinyon-juniper 
vegetation types in Dinosaur NM (Figure 2-1; Table 2-1). Sagebrush was sampled throughout the 
entire area of the monument and was additionally divided into grazed and ungrazed areas using 
the 2009 allotments, and high and low elevations that approximately delineated the ranges of 
Wyoming and mountain big sagebrush in the Uinta Basin. The pinyon-juniper sampling frame 
was limited to the southern central portion of the monument based on our assessment of 
affordable effort and priorities of management questions. 
 
 
2.2  Site Selection 
A membership design specifies how sites in a survey design are chosen across space (McDonald 
2003). For Dinosaur NM, Reversed Randomized Quadrat-Recursive Raster (RRQRR) (Theobald 
et al. 2007) was used to select a spatially-balanced random sample that was then stratified by 
target vegetation type.  In probability-based surveys, such as RRQRR, the site-selection process 
allows unbiased estimation of both status and, with repeated visits, trend (Larsen et al. 1995).    
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Figure 2-1. Sampling frame and location of pilot monitoring plots in Dinosaur National 
Monument.   
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Table 2-1. Area (ha) of each vegetation type included in the sampling frame for upland 
monitoring at Dinosaur National Monument. 


Vegetation type Elevation Grazing Area (ha)* 


Mountain big sagebrush High 
Grazed 3328 


Ungrazed 1680 


Wyoming big sagebrush Low 
Grazed 2111 


Ungrazed 5917 
Total big sagebrush 13035 
Total pinyon-juniper 6082 


Pinyon-juniper/sagebrush** (1812) 
Total sampling frame 17306 


Numbers are approximate. 
* Based on the accessible area within a 6 km hiking distance. 
** The PJ/sagebrush area has already been included in the estimated areas for all of the sagebrush types and PJ. 


 
 


2.3  Pilot study 
Using the ordered lists of points produced by RRQRR, forty plots were established for Dinosaur 
NM pilot monitoring: 32 sagebrush and 8 pinyon-juniper plots. Sagebrush was further stratified 
by elevation and grazing so that there were 8 high elevation ungrazed, 8 high elevation grazed, 8 
low elevation ungrazed, and 8 low elevation grazed plots. Thirty-five plots (32 sagebrush and 3 
PJ) were established in 2009 and sampled for 3 consecutive years. The remaining 5 pinyon-
juniper plots were established in 2010, and sampled for 2 consecutive years. Plots were sampled 
in September/October in 2009 and in June/July in 2010 and 2011. A broad sampling window was 
used to capture potential variation during the growing season. In addition, field-crew members 
visited different plots each year, when possible, to include the maximum amount of variation 
between observers. Plots were sampled according to the Integrated Upland Monitoring Protocol 
for Park Units in the Northern Colorado Plateau Network (Witwicki et al. draft). 
Although 2-3 years of pilot data from 40 plots is a limited data set, it provides a starting point for 
creating a defensible long-term sampling design. Variance and power-for-trend assessments will 
be performed every 5-7 years in order to analyze the operational sampling design, ensure that 
monitoring goals are being met, and make changes to the design as needed. 


 
 
2.4  Response variables 
Response variables examined in this analysis were those with potentially important thresholds in 
the target vegetation types. Although threshold values have not been defined for the ecological 
sites used in this survey design, it is well understood, through conceptual models, that biological 
soil crusts (BSCs) are a critical component of many sagebrush systems, responsible for holding 
the soil in place and preventing erosion by wind or water. In addition, the cover of major plant 
functional groups can in many cases define ecological states. 
Important response measurements for detecting shifts in vegetation include percent cover of (1) 
trees, (2) shrubs, and (3) perennial grasses. Shrub and perennial grass cover were analyzed for all 
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3 vegetation types, while tree cover was only considered important for pinyon-juniper. Key 
response measurements for understanding the susceptibility of soil to wind and water erosion 
include (4) BSC cover, (5) basal gap size, (6) canopy gap size, and (7) soil stability. All four of 
these measures were analyzed for sagebrush, and BSC cover and soil stability were included for 
pinyon-juniper.   
 
2.5  Linear models and variance components 
Using the seven response variables described above, we developed linear models to estimate 
variance following Larsen et al. (1995, 2001) and Urquhart and Kincaid (1999). Residual plots, 
histograms, and normal QQ (quantile quantile) plots were reviewed for each response to 
determine the need for data transformation. Natural-log transformation was used to improve 
model assumptions of normality and constant variance for all responses. Variance components in 
the model are shown in Table 2-2. 
Analyses were performed in SAS 9.2 using Proc Mixed models. Year and site covariates were 
treated as random effects (Urquhart et al. 1998). To account for our unbalanced design (e.g., 
different numbers of revisit years for some plots), the restricted maximum likelihood (REML) 
approach was used to estimate variance and the Kenward-Roger method was used to calculate 
degrees of freedom (Spilke et al. 2005).  
Because the sample size was relatively small, data from all sagebrush sites were combined for 
this analysis (see Table 2-3). This should provide a conservative estimate of power and standard 
error of status since we would expect variance within each elevation zone to be smaller than the 
variance for all sagebrush plots combined. For the two pinyon-juniper responses that had a year 
variance of 0 (see Table 2-3), year variance was substituted from the same response in sagebrush 
in order to give a more realistic estimate. It is more likely that SAS produced a year variance of 0 
due to the unbalanced design and low sample size than actually having a year variance of 0. 
Thus, it is more conservative to use year variance from a similar response than to use the 0 
generated by SAS. Variances were also examined after data were detrended, however, this 
altered the variances little and increased the number of responses with year variances of 0. 
Therefore, the original model was used to estimate variance. 
Annual precipitation data from the Dinosaur NM Coop weather stations were examined to see if 
estimated variances from the 2009-2011 pilot study needed to be further inflated to be 
comparable with historic variability in annual precipitation. Variance of annual precipitation is 
typically calculated for (1) the three years of the pilot study (2009-2011), and (2) the history of 
the weather station (1966-2011 and 1915-2011). Unfortunately, annual precipitation data was not 
available at either weather station in 2009, thus, we were not able to make this comparison.   
However, variance of yearly precipitation for the history of a weather station is usually many 
times higher than the variance for the years of the pilot study, and this should be taken into 
consideration when selecting a revisit design.  
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Table 2-2. Variance components used in power analysis. 


Component Description 


σ2
Site Variation among sites that is consistent across years (e.g., variation in 


vegetation cover or soil stability due to soil component) 


σ2
Year Variation among years that affects all sites in the population (e.g., region-


wide climatic variation) 


σ2
Residual 


Variation specific to a site during a particular year, including measurement 
error (e.g., erosion occurs at a single site due to heavy cattle trampling of 
BSCs). 


 
 
2.6  Affordable sample size 
The NCPN has determined that the affordable annual sample size for upland monitoring is 36-48 
plots per park for all large parks in the network (Black Canyon of the Gunnison National Park 
(NP)/Curecanti National Recreation Area, Canyonlands NP, Capitol Reef NP, Dinosaur NM, and 
Zion NP), 18-24 plots per park for medium-size parks (Arch and Bryce Canyon NPs) and 3-8 
plots for our smaller parks (Cedar Breaks and Timpanogos NMs).  This is based on an estimate 
of six field-crew members monitoring uplands full-time for 13 pay periods. 
We estimated that the total annual sample size for Dinosaur NM is approximately 36 plots, since 
there is more travel time needed to get to remote areas of the park that were included in the 
sampling design. We used an affordable sampling size of 12 plots per year per vegetation type 
for the purpose of evaluating alternative split panel designs (see Figure 3-1). One of the designs 
was used to evaluate the effect of using different sample sizes (see Figure 3-2).  
 
 
Table 2-3. Site, year, and residual variance estimates for responses in sagebrush and pinyon-
juniper pilot plots at Dinosaur NM. 


Vegetation type Response 
Variance 


site year residual 


Sagebrush  Shrub cover 0.99690 0.00233 0.03309 
 Perennial grass cover 0.58680 0.01247 0.05702 
 BSC cover 0.30780 0.00568 0.05214 
 Basal gap size 0.40960 0.00353 0.02794 
 Canopy gap size  0.21370 0.00606 0.01238 
 Soil stability 0.01721 0.00110 0.00707 


Pinyon-juniper Tree cover 0.02691 0.01597 0.00332 
 Shrub cover 0.54990 0 0.09544 
 Perennial grass cover 0.70070 0.04700 0.10150 
 BSC cover 0.04690 0 0.02142 
 Soil stability 0.02458 0.00102 0.00216 
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3  Panel Designs 
A serious concern of sampling semiarid upland vegetation and soils is that sites may become 
fatigued if sampled too often. The most likely scenario of site fatigue at Dinosaur NM is 
increased soil loss caused by repeated trampling of BSCs in sagebrush monitoring plots. Our 
goal is to disturb plots as little as possible and to avoid monitoring the effects of our presence at 
plots as much as possible. As such, designs that revisit the same sites each year were not 
considered at semiarid sites for upland monitoring. Instead, we investigated split-panel designs 
that rest plots for 3 to 7 years between revisits.  
In order to understand year-to-year variation of shrub and perennial grass cover, we needed a 
design that sampled some sites two years in a row. A preliminary analysis determined that split-
panel designs, like those in Figure 3-1, provided better precision of status and higher power to 
detect trend in early years by allocating more plots to panels that were visited for only 1 
consecutive year (e.g., panels 6 through 10 in Design 1) than to panels where plots were visited 
for two consecutive years (e.g., panels 1 through 5 in Design 1). Therefore, all four designs 
analyzed in this power analysis are structured in this way.  Design 1 was used to examine the 
effect of different sample sizes (Figure 3-2) and annual trends. 
As per MacDonald (2003), the numerical notation of a panel design indicates the number of 
consecutive years of sampling followed by the number of consecutive years of rest for plots in 
each type of panel. For example, Design 1, notated as (2-3),(1-4), calls for 2 consecutive years of 
sampling followed by 3 consecutive years of rest for plots in panels 1–5, and 1 year of sampling 
followed by 4 years of rest for plots in panels 6–10. 
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Design 1  (2-3),(1-4)  45 unique plots, 12 plots per vegetation type per year 
Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 3 3    3 3    
2  3 3    3 3   
3   3 3    3 3  
4    3 3    3 3 
5 3    3 3    3 
6 6     6     
7  6     6    
8   6     6   
9    6     6  


10     6     6 
 
Design 2  (2-5),(1-6)  63 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 3 3      3 3  
2  3 3      3 3 
3   3 3      3 
4    3 3      
5     3 3     
6      3 3    
7 3      3 3   
8 6       6   
9  6       6  


10   6       6 
11    6       
12     6      
13      6     
14       6    


 
Design 3  (2-7),(1-8)  81 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 3 3        3 
2  3 3        
3   3 3       
4    3 3      
5     3 3     
6      3 3    
7       3 3   
8        3 3  
9 3        3 3 


10 6         6 
11  6         
12   6        
13    6       
14     6      
15      6     
16       6    
17        6   
18         6  


 
Design 4  (2-7),(1-2)  45 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 3 3        3 
2  3 3        
3   3 3       
4    3 3      
5     3 3     
6      3 3    
7       3 3   
8        3 3  
9 3        3 3 


10 6   6   6   6 
11  6   6   6   
12   6   6   6  


Figure 3-1. Split-panel designs tested in power analysis. 
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Design 1a  (2-3),(1-4)  30 unique plots, 8 plots per vegetation type per year 
Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 2 2    2 2    
2  2 2    2 2   
3   2 2    2 2  
4    2 2    2 2 
5 2    2 2    2 
6 4     4     
7  4     4    
8   4     4   
9    4     4  
10     4     4 


 
Design 1b  (2-3),(1-4)  45 unique plots, 12 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 3 3    3 3    
2  3 3    3 3   
3   3 3    3 3  
4    3 3    3 3 
5 3    3 3    3 
6 6     6     
7  6     6    
8   6     6   
9    6     6  
10     6     6 


 
Design 1c  (2-3),(1-4)  70 unique plots, 18 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 4 4    4 4    
2  4 4    4 4   
3   4 4    4 4  
4    4 4    4 4 
5 4    4 4    4 
6 10     10     
7  10     10    
8   10     10   
9    10     10  
10     10     10 


 
Design 1d  (2-3),(1-4)  90 unique plots, 24 plots per vegetation type per year 


Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 6 6    6 6    
2  6 6    6 6   
3   6 6    6 6  
4    6 6    6 6 
5 6    6 6    6 
6 12     12     
7  12     12    
8   12     12   
9    12     12  
10     12     12 


 
Figure 3-2. Variations of Design 1 used to analyze sample sizes of 8, 12, 18, 24, and 32 plots per 
vegetation type per year.
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Design 1e  (2-3),(1-4)  120 unique plots, 32 plots per vegetation type per year 
Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 


1 8 8    8 8    
2  8 8    8 8   
3   8 8    8 8  
4    8 8    8 8 
5 8    8 8    8 
6 16     16     
7  16     16    
8   16     16   
9    16     16  
10     16     16 


Figure 3-2. Cont.’d 
 
 
 


4  Analysis 
4.1  Minimum Detectable Difference  
The minimum detectable difference (MDD) is the annual rate of change in trend that a design 
can detect. For log-transformed responses, such as those described here, this equates to a 
proportional change or annual percent increase or decrease. A 5% annual decrease equates to a 
39% total decrease over 10 years, or a decrease in perennial grass cover from 27.1% in 2009 to 
16.4% in 2019. The annual rate is equivalent to the slope of the regression line in a linear model. 
The minimum detectable difference for a trend should be ecologically relevant and can be 
determined using thresholds of ecological sites, if known. Because no threshold values have been 
determined for target ecological sites in Dinosaur NM, we attempted to determine ecologically 
meaningful annual increases or decreases for each response variable based on the pilot plot 
means and extremes, change over a 10-year period, and professional judgment (Table 4-1). 
Cover of BSC and vegetation types required at least 5% change per year for meaningful 
ecological changes to occur. Changes in all other soil-related variables were meaningful at a 2-
5% annual rate of change.  
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Table 4-1. Summary of proposed minimum detectable differences (MDD) for each response in each vegetation type. 


Vegetation type Response 
MDD  


(annual trend) 
Mean (min – max) Possible 


range Current status*  After 10 years** 
Sagebrush Shrub cover 5-10% decrease 14.4% (0-37.3%) 8.7% (0-22.6%) 0-100% 


Perennial grass cover 5-10% decrease 27.1% (0-76.3%) 16.4% (0-46.3%) 0-100% 
BSC cover 5-10% decrease 29.3% (2.7-70.3%) 17.8 (1.6-42.6%) 0-100% 
Basal gap size 2-5% increase 106 cm (29-490 cm) 129 cm (35-598 cm) 0-5000 cm 
Canopy gap size 2-5% increase 74 cm (26-363 cm) 90 cm (32-443 cm) 0-5000 cm 
Soil stability  2-5% decrease 4.6 (2.4-5.8) 3.8 (2.0-4.7) 1-6 


Pinyon-juniper Tree cover 5-10% decrease 24.8% (14.0-34.3%) 15.0% (8.5-20.8%) 0-100% 
Shrub cover 10% decrease 3.4% (0-12.3%) 1.3% (0-4.5%) 0-100% 
Perennial grass cover 10% decrease 6.7% (0-18.0%) 2.5% (0-6.6%) 0-100% 
BSC cover 5-10% decrease 34.8% (16.7-48.3%) 21.1 (10.1-29.3%) 0-100% 
Soil stability  2-5% decrease 4.6 (3.1-5.7) 3.8 (2.5-4.7) 1-6 


*Status for first 3 years of data (2009-2011) 
**Calculation uses lowest value for each row in the MDD (annual trend) column  
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4.2  Estimating power for trend and precision of status 
Power to detect a specified trend and precision of status were estimated using an unpublished 
function written by Tom Kincaid (US EPA, Corvallis, Oregon) for R. This function uses MDD, 
variance components, desired Type 1 error (alpha), the selected panel design, and two additional 
correlation values (site.rho = 1; year.rho = 0) set to these default values based on Urquhart et al. 
(1993). We set alpha = 0.10 and examined power for trend and standard error of status over a 20-
year time frame. We used a less conservative alpha because we do not want to risk missing 
trends that may be important to park managers. 
 
4.3  Effect of panel design 
In Designs 1-4 (Figure 3-1), each response in each vegetation type was compared using an 
annual sample size of 12 and the appropriate MDD (Figures A1 and A2 in Appendix A). For 
nearly all responses (and especially those with high site variance), Designs 1 and 4 provided 
more power in early sampling years. In addition, design had little effect on standard error of 
status.   
 
4.4  Effect of sampling size  
Sample sizes of 8, 12, 18, 24, and 32 plots per year were compared for each response using 
Design 1 (see Figure 3-2) and the appropriate MDD. For most responses, all five sample sizes 
performed similarly and adding plots did not substantially improve power for trend (Figures A3 
and A4 in Appendix A). Standard error of status was slightly higher in some responses with 
sample sizes of 8 and 12, especially in shrub and perennial grass cover.  Higher standard error of 
status at low sample sizes appeared to correspond with higher site variances for responses. 
 
4.5  Effect of annual trend  
A range of annual trends (2%, 5%, 10%, and 20%) was compared for each response using 
Design 1 and an annual sample size of 12 (Figures A5 and A6 in Appendix A). Varying MDD 
did not affect the standard error of status, so these results are not presented. Except for perennial 
grass cover at PJ sites, 80% power was reached in 5 years for a 10% annual change, in 10 years 
for 5% annual change, and in 15 years for a 2% annual change.  For some responses, 80% power 
was reached more rapidly than this. 


 
4.6  Effect of response type 
The variance of each response type, especially year variance, had the strongest influence on 
power for trend and standard error of status. For all responses, the low estimate of MDD could 
be detected in 5-10 years at 80% power.   
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4.7  Discussion 
The differences between the split-panel designs tested were relatively minor, which was not 
surprising, given the similarity between the designs. Designs 1 and 4 performed best in early 
years, with Design 4 tending to have the highest power for trend in years 3 and 4 and Design 1 
tending to have the highest power for trend in years 5, 6, and 7. Both designs performed similarly 
in subsequent years. Either of these designs would be appropriate for upland monitoring at 
Dinosaur NM.   
The difference between annual sample sizes analyzed, ranging from 8 to 32, was also relatively 
small. We expect to gain power for trend and decrease standard error of status by increasing 
annual sample size, however, variance of each response, especially year variance, seemed to 
have an overriding influence for most sample sizes. In around half of the responses, a sample 
size of 8 had slightly higher standard error of status compared to the larger sample sizes. A 
couple of the responses showed a similar improvement by increasing the sample size from 12 to 
18. For all responses, a sample size greater than 18 did not substantially improve power for trend 
or standard error of status. 
Although we were not able to compare the variance of precipitation during the pilot study with 
variance of precipitation over the historic record of either Dinosaur NM Coop weather station, 
we would expect to see more variability in vegetation cover over long-term monitoring than we 
detected in this pilot study.  Therefore, we should consider a more conservative revisit design to 
maximize our ability to detect trends with even more variable precipitation in future monitoring 
years. 
High variance in the responses can also be caused by sampling at different times of the year. 
Total (live + dead) cover was used in this analysis to help minimize these differences since 
sampling occurred in October of 2009 and in mid-summer during the 2010 and 2011 field 
seasons.  Dinosaur NM uplands will be sampled between early June and late July each year for 
long-term operational monitoring to minimize seasonal variability in plant phenology between 
sampling dates. This smaller sampling window should help reduce year variance and improve the 
power to detect trends in live plant cover data. 
We think that the (2-3),(1-4) design (Design 1 in Figure 3-1) is the best option for sampling 
uplands at Dinosaur NM, and this design has been implemented in other NCPN park units for 
upland monitoring. This design ensures the best power for trend after year 4 and has a similar 
standard error of status to other designs.  
When we are able to expand these analyses to include simulations and numerous additional years 
of data, we may see meaningful changes and need to alter the revisit design. While we do not 
expect this to happen, a key advantage of a RRQRR design is the ability to recast the panel 
membership of existing plots into new structures.   
 


5  Proposed revisit design and revisions to sampling design 
The proposed revisit design for integrated upland monitoring at Dinosaur NM is Design 1 
(Figure 5-1). Twelve plots will be monitored each year in each of the following vegetation types: 
high elevation sagebrush, low elevation sagebrush, and pinyon-juniper. Since grazing allotments 
in the monument may change over time, these will not be included as strata in the long-term 
design.  This allows for comparisons between grazed and ungrazed areas of the monument in 
future analyses, which is still a high priority of resource managers, but also allows more 
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flexibility in design of these analyses. Using this design, a different number of plots in each 
ecological site and in grazed and ungrazed areas will be monitored each year within a vegetation 
type, but these numbers should represent the area of each ecological site and grazing use across 
the landscape. 
Another revision to the sampling design is the number of ecological sites that will be monitored.  
Originally, we decided to include all possible big sagebrush ecological sites since the Dinosaur 
NM Soil Survey left a mix of similar ecological sites from Utah and range sites from Colorado.  
After a large effort to visit potential upland plots across Dinosaur NM, we decided to limit our 
monitoring effort to the dominant big sagebrush ecological sites in the monument (Table 5-1).  
These include deep sandy loam, silt loam, and loam Wyoming and mountain big sagebrush sites. 
Shallow, rocky (gravelly or stony), clayey, or very sandy sites were the extreme conditions 
where big sagebrush communities existed in Dinosaur NM, but they were not common across the 
landscape and were excluded from the long-term monitoring design. In addition, all four-wing 
saltbush ecological sites were removed from the long-term sampling design.  Although big 
sagebrush was a common species at some of the four-wing saltbush ecological sites that we 
visited, these sites are typically grassland sites and do not have the potential to be dominated by 
big sagebrush. These changes to the sampling design retained 62% of the sites accepted by the 
site clearing crew (see Table 5-1), and should provide more consistency and lower site variance. 
An additional modification was the elimination of the East Cactus area from the long-term 
sampling design.  Access to this area has been unreliable over the last few years due to 
uncooperative private landowners in the area. 


The overall proposed design calls for the following: 


• Sampling 36 upland monitoring plots per year using a rotating split-panel design. 


• Establishing 135 plots over a five-year period.   


• Allowing 3-4 years of rest at all sagebrush and pinyon-juniper plots to minimize the effects 
of repeated visits. 


• Preferentially placing plots used in the three-year pilot study (2009-2011) in panels 4 and 
10, to allow the maximum amount of rest after the initial three years of monitoring.  


• Concentrating monitoring of remote areas of the monument to certain sampling years to 
maximize efficiency of travel time.  Zenobia is sampled in years 2, 3, and 4, while all 
other outlying areas are sampled in years 1 and 5.   


Park managers were given an outline of the design and an opportunity to provide feedback in 
March 2012.  Full operational monitoring of uplands in Dinosaur NM will begin in June 2012. 
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Panel↓/Year→ 1 2 3 4 5 6 7 8 9 10 
1 3 3    3 3    
2  3 3    3 3   
3   3 3    3 3  
4    3 3    3 3 
5 3    3 3    3 
6 6     6     
7  6     6    
8   6     6   
9    6     6  
10     6     6 


Figure 5-1. Proposed revisit design (2-3) (1-4) for upland monitoring of each vegetation type 
(high elevation big sagebrush, low elevation big sagebrush, and pinyon-juniper) at Dinosaur 
National Monument. This design monitors 45 unique plots in each vegetation type, with a total 
of 12 plots per vegetation type per year.  
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Table 5-1.  Target Wyoming and mountain big sagebrush ecological sites for upland monitoring at Dinosaur National Monument.  


Community 
type 


Ecological 
site # Ecological site name 


Estimated 
area (ha) 


% of 
total 
park 
unit 
area 


# of plots 
accepted 


during 
site 


clearing 


Target ecological site / 
Reason for exclusion from 


the sampling design 


Wyoming 
big 


sagebrush 


R034XY298CO Rolling Loam 4384.5 5.3 50 
Target ecological sites R034XY327CO Semidesert Loam 36.2 0.0 0 


R034XY212UT Semidesert Loam (Wyoming Big Sagebrush) 1041.1 1.3 23 
R034XY310CO Sandy Foothills 113.0 0.1 2 


Very sandy sites 
R034XY330CO Sandyland 524.5 0.6 5 
R034XB328CO Semidesert Clay Loam 167.8 0.2 3 Clayey site 


R034XY206UT Semidesert Gravelly Sandy Loam 
(Wyoming Big Sagebrush) 648.0 0.8 9 Gravelly site 


R034XY214UT Semidesert Sand (Four-wing Saltbush) 613.2 0.7 1 
Four-wing saltbush sites R034XY216UT Semidesert Sandy Loam (Four-wing Saltbush) 1780.2 2.1 6 


R034XB326CO Semidesert Sandy Loam 493.9 0.6 10 


R034XY225UT Semidesert Shallow Loam 
(Wyoming Big Sagebrush) 233.0 0.3 5 Shallow site 


Mountain 
big 


sagebrush 


R047XC430UT Mountain Loam (Mountain Big Sagebrush) 3661.9 4.4 58 Target ecological site 


R047XC446UT Mountain Shallow Loam 
(Mountain Big Sagebrush) 862.5 1.0 6 Shallow site 


R047XY378CO Mountain Stony Loam 240.3 0.3 0 
Stony sites 


R047XC460UT Mountain Stony Loam (Bitterbrush) 473.6 0.6 3 
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Figure A1. Power for trend and standard error (SE) of status for each sampling design (Figure 3-1) at 
all big sagebrush sites (annual sample size = 12).  Responses include percent cover of shrubs, 
perennial grass, and biological soil crust cover, basal and canopy gap size, and soil stability. 
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Figure A1. cont’d. 
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Figure A2. Power for trend and standard error of status for each sampling design (Figure 3-1) at all 
pinyon-juniper sites (annual sample size = 12).  Responses include percent cover of trees, shrubs, 
perennial grass, and biological soil crust, and soil stability. 
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Figure A2. cont’d. 
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Figure A3. Power for trend and standard error of status for each response variable at all big sagebrush 
sites comparing annual sample sizes of 8, 12, 18, 24, and 32 plots per year using Design 1 (Figure 3-
2).  Responses include percent cover of shrubs, perennial grass, and biological soil crust, basal and 
canopy gap size, and soil stability. 
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Figure A3. cont’d. 
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Figure A4. Power for trend and standard error of status for each response variable at all pinyon-
juniper sites comparing annual sample sizes of 8, 12, 18, 24, and 32 plots per year using Design 1 
(Figure 3-2). Responses include percent cover of trees, shrubs, and perennial grass, and soil stability. 
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Figure A4. cont’d. 
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Figure A5. Power for trend for a range of annual increases or decreases in response variables at big 
sagebrush sites using Design 1 (Figure 3-1) and an annual sample size of 12.  Responses include percent 
cover of shrubs, perennial grass, and biological soil crust, basal and canopy gap size, and soil stability. 
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Figure A6. Power for trend for a range of annual decreases in response variables at pinyon-juniper sites 
using Design 1 (Figure 3-1) and an annual sample size of 12.  Responses include percent cover of trees, 
shrubs, perennial grass, and biological soil crust, and soil stability. 
 
 





