A Master Sample Guide Applied to Stream Networks in the Pacific Northwest
INTRODUCTION

Research, Monitoring, and Evaluation (RME) and salmon recovery planning

The Endangered Species Act (ESA) has motivated the relevant “action” agencies (NOAA-Fisheries for marine species and USFWS for inland species) to issue a range of documents that guide and govern how various management agencies are to incorporate consideration of species listed as endangered or threatened into their management plans.  These documents and those that management agencies are obligated to provide in response include various biological opinions (and related guidance documents) and recovery plans (including monitoring plans).  Of key interest is the development of what are considered “recovery criteria” that establish targets (quantitative, if possible), that if achieved, allow “de-listing” of a previously listed taxon, or the reverse, criteria by which to judge whether a taxon should be listed.  Clearly, sound monitoring programs are necessary to judge whether criteria are achieved or violated. 


In order to facilitate communication, recovery planning has identified several relevant types of monitoring, captured by the phrase: Research, Monitoring, and Evaluation (RME).  Types of monitoring have been classified in different ways.  For example, Roni (2005, Table 3) defines several categories (Baseline, Status, Trend, Implementation, Effectiveness, and Validation).  The ISAB and ISRP suggest the following categories: Implementation, Census, Statistical, and Effectiveness (observational or manipulative; 2005).  The type of monitoring addressed in this Guide is sometimes called “status and trends”, or “statistical”, or “sample surveys”.  The underlying feature of these “status and trend” types of designs is that a representative sample of units/elements/parts of a target population are selected through randomization. Measurements made on the sample are then used, along with the appropriate design information, to infer characteristics of the target population.  Each unit of the target population has a known, positive chance of being selected by the sampling process.
Characterizing stream networks (their biota and relevant physical and chemical habitat) often requires locating sites where monitoring will occur.  In some cases, the entire stream network can be characterized, i.e., a census can be conducted.  In cases in which a census cannot be conducted, a sample of locations can be selected where measurements will be taken, then inferences are made about the entire network from the sample. Statisticians describe two very general types of site selection: probability or judgmental.  In probability based site selection, all possible sites that make up the target population of interest (e.g., the stream network of interest) have a possibility of being selected. “Sample survey” is a term often used to describe the selection of a representative sample from the target population, allowing any site a possibility of being selected.  Judgmental site selection implies that sites are selected on the basis of an individual’s preference for particular sites; not all sites have a possibility of being included. A probability sample can be used to make inference about the entire network, whereas a judgmental sample cannot. This document discusses the selection of probability samples along stream networks and uses the term sample survey as a general descriptor of the process.  It will also use a particular method of site selection, called a general random-tessellation stratified (GRTS) algorithm (Stevens and Olsen, 2004).  GRTS is adaptable to a range of spatial extents; for example, the method has been used to select a probability sample of sites within small watersheds (6th – 7th field USGS accounting units), or across the entire conterminous U.S.  (Note: GRTS is amenable to selecting resources represented as points (as in a selecting a set of points from a population of points—centroids of lakes), lines (as in stream networks), or areas, as in estuaries or nearshore areas.  This document focuses on “lines”, specifically stream networks.)
This document emphasizes the concept of a “master sample” (to be described later).  Often many agencies have monitoring interests in overlapping areas or one agency might have broad regional monitoring responsibilities that include other agency monitoring interests in more local scales.  GRTS can be used to select sites at these various spatial extents for each agency.  However, a master sample can be selected ‘up front’, covering an entire region of potential interest (e.g., statewide, or region wide), from which samples of more local interest can be drawn.  The basic advantage, to be described in more detail, is that multiple designs can be incorporated together, meeting the statistical requirements of each, yet allowing straightforward aggregation of resultant data to create broader scale statistically sound snapshots, potentially saving time and money in monitoring design, implementation, data management, and interpretation.

There are numerous books and articles that discuss sample surveys, as well as relevant websites.  The following background is intended to give the reader a technically sound “lay” overview of the survey design process to set the context for the description of a master sample and its use.  Refer especially to the following sources for statistical theory and details forming the foundation for sample surveys and their application in natural resources.  [Note: include and annotated list with a brief description about the content of the citation]
DEFINITIONS AND CONCEPTS:
What is a sample survey?  

A sample survey is a statistical technique that allows investigators to describe or characterize an entirety, like a stream network, or the lakes or wetlands in a region, without having to sample everywhere in that entirety.  Sample surveys rely on selecting part of the resource of interest, characterizing that part, and then making inferences to the entirety.  Sample surveys are especially useful if a census of the resource cannot be conducted (i.e., too expensive; too time consuming; technically not feasible…).  Fundamental to sound sample surveys is the use of randomization in the selection of the sites (i.e., the lakes or wetlands making up the sample, or sites on a stream network), ensuring that bias is not introduced in the selection of the sample.  The selection process might use simple random selection, systematic selection, or other versions of spatially balanced designs.  Any of these approaches can be stratified (see below for a definition of stratification).  In the following, we will emphasize one version of spatially balanced designs: general, random-tessellation, stratified designs for reasons described in Stevens and Olsen (GRTS; Stevens and Olsen, 2004).   Because most environmental resources exhibit some spatial pattern in their responses, spatially balanced designs tend to be more efficient that other designs.  GRTS offers more flexibility to accommodate spampling constraints than other types of spatially balance designs. 

Why are sample surveys relevant to stream and watershed assessment?

It is possible to conduct stream network censuses in some instances.  For example, surveying the entire stream network in small watersheds might be feasible, or some techniques that combine a census of some indicators with calibration (e.g., Hankin and Reeves and related techniques) can be applicable at local spatial scales.  Or for some indicators, it might be feasible to enumerate the entire population at key sites in a stream network (e.g., fish counting facilities at watershed outlets).  However, in general both the domain of interest (large watersheds or regions) and the type of indicators (habitat; non-migratory fish; water chemistry) that are used conspire to prevent the broad use of a census approach.  In these cases, the rigorous application of sample surveys can provide information about the abundances, spatial distribution, and trends in key fish populations (or fish assemblages) or other stream related biota, along with their physical and chemical habitat, various stressors, and upslope characteristics that can be driving condition seen at sites.

As in most fields, development of specific terminology, or jargon, is inevitable.  The following provides a brief description of some of the terms used in this document. 
Target populations:


The target population refers to the resource to be described.  For example, a stream network in a particular watershed, all streams and rivers in a state, or the streams in a national forest.  Critical in developing the design is an explicit definition of the target population.  For this guidance document, we will consider a stream network as the target population and our goal is to describe attributes of that stream network, such as the number of a particular species of fish it contains, or their spatial distribution within that network, or the variation in physical habitat structure across the network (e.g., the distribution of percent fines or habitat complexity across the network).  The definition of the target population should contain specific information about the stream network: its spatial extent, its flow status (the perennial network? Includes the intermittent channels?); its size (all stream sizes? Just first order streams?).  Should it contain only the fish bearing portion of the network, or that portion occupied by a particular species or population? The definition should be specific enough to determine unequivocally whether a location on a stream network is part of the target population. It is important to be very explicit about the target stream network that is the subject of study because the survey design will be developed to describe this target population. 

Statisticians distinguish two types of target populations: discrete and continuous.  Discrete populations consist of populations whose ‘parts’ can be identified and listed, such as the population of lakes or wetlands in a region.  Alternatively, stream or road networks are often considered continuous.  Continuous populations can be converted into discrete populations by the application of specific rules that break the resource into discrete elements.  For example, stream networks could be converted into discrete form by identifying unique reaches defined at the network confluences.  In general, we treat stream networks as continuous populations.
Elements of a population 
Elements of a population refer to the ‘parts’ that make up the target population.  Elements of a discrete population are easy to describe in that they are the individuals that make up the population.  Each lake or wetland in a population of lakes or population of wetlands is a population element.  For continuous resources, population elements are points on the target resource, e.g., points on a stream network.  Clearly, there can be an infinite number of points associated with a continuous population (more on this later).  An important rule in the definition of the population elements is its explicit definition so that members of a field crew can determine whether the site visited is a member of the target population.  As indicated above, the stream network could be divided into discrete reaches or habitat units (using a consistent reach definition).  In this case, each reach or habitat unit is a population element, and the collection of all the reaches or habitat units make up the target population.
Sample frame:


The frame is the representation of the target resource used in the selection of the sample.  For discrete populations, the frame is often a list containing each population element, e.g., a list of lakes in the region of interest, sometimes referred to as a “list frame”.  For continuous resources, such as stream networks, a digital map of the stream network is the usual form of the frame.  Accurate representations of stream networks therefore become critical as they become the functional target population.  
Two types of frame errors occur: 1) mapped parts of the stream network that are not part of the target population, or 2) parts of the target population not represented on the maps.  The first case is easier to handle than the second in that the set of sites selected as a sample can be evaluated with respect to target status, then adjustments can be made to the final estimates/inferences by accounting for the fraction of the frame that was “non-target”.  Dealing with the second case is more difficult because it entails gathering information “outside” the perceived frame to evaluate how much of the actual stream network that should have been part of the frame was missed.  An explicit example of this second case arose as part of the GRTS based stream survey developed for the Oregon Department of Fish and Wildlife’s coastal coho monitoring program.  The 1:100 K USGS digital hydrography was initially used as the frame.  The ODFW knew that this was a somewhat inaccurate representation of the coho domain, but didn’t know what fraction of the resource was missed.  During the first 8 years of the survey, ODFW field crews gathered information about parts of the network missed by recording information on salmon-bearing streams observed in the field that were not in the frame.  Approximately 10 % of the coho domain was excluded from the 1:100 K frame.  In 2007 , the survey design was modified for a variety of purposes; during this process, the frame was modified, partly to include streams not included in the original frame.  This example illustrates the critical need to incorporate continual evaluation of the frame as part of an ongoing monitoring program.  
Sample selection rules:

Sample selection rules describe the mechanics by which a sample will be selected from the frame to represent the population.  Three general types of selection rules are: simple random sampling; systematic sampling; and GRTS.  Each of these can include stratification, as well as a number of other refinements (e.g., nested sampling, adaptive sampling, cluster sampling; consult a survey design text such as Kish (…) for the various ways that the simple designs can be tailored).  See the variety of statistics texts for details of simple random sampling and systematic sampling and their permutations.  This guidance manual sticks with GRTS as described elsewhere. With respect to the use of the master sample, selection rules indicate which part of a master sample is selected to meet the particular design requirements. 

Weights, inclusion probabilities and inclusion densities:  
Random sampling (simple, systematic, or GRTS) allows each element of the target population (as represented by the frame) a chance of being selected in the sample.  This likelihood of being selected is called the inclusion probability (or inclusion density for continuous populations); its reciprocal is the sample weight.  As a brief example, take a stream network 1000 km in length.  Select 20 sites from the frame using an equi-probable GRTS selection, so that every point on the stream has the same chance of being selected. The inclusion density describes the number of sample points per unit length of the stream.  In this case, the inclusion density is constant and given by 20/1000, or 0.02.  Each point then represents (1000/20) = 50 km of the stream network.  
Of course, inclusion probabilities and densities do not have to be constant.  There are many reasons why a variable probability design might be used.  For example, if there is some sub-population of particular interest, we may want to ensure a certain number of samples in the sub-population.  We can do this by stratifying (see below), or by specifying a variable inclusion probability.  For example, it is often sensible to use some measure of stream size, e.g., Strahler order, to determine inclusion probabilities.  An equiprobable sample will result in having most sample sites on small streams, because the preponderance of stream length is in small streams.  If we want to increase the relative number of sample points on larger streams, then we need to increase the inclusion probability for larger streams.  We could stratify, for example, by specifying that we want an equal number of sample sites on first, second, and third or higher order streams.  Alternatively, we could say that we want the inclusion probability for second order to be twice the inclusion probability of first order, and the inclusion probability of third or higher to be four times that of first order.  

The above example using stream order to define inclusion probabilities is an example of using an ancillary variable to structure the sample. The ancillary variable need not be discrete, as stream order is.  For example, a continuous variable such as elevation or annual precipitation could be used.  One could also develop a function that combined several ancillary variables.  The only essential requirement is that the ancillary variables must be known for every population element (because we must be able to determine the inclusion probability or density for every element in the population).  Determining inclusion probabilities and weights can become complex depending the complexity of the design.
Stratification and variable probability:  
Target populations can be divided into discrete subpopulations, or strata, on which to increase/decrease sample size; or selection probabilities can vary along environmental or other gradients.   A stream network’s elevation could be used to divide the population into elevation strata, allocating an equal number of sites per stratum (likely yielding inclusion probabilities that vary by stratum because the amount of stream length in each stratum likely would vary).  Or the elevation gradient could be used in the GRTS site selection algorithm such that an “elevation balanced” sample could be drawn, each site likely with a different inclusion probability.

Panels:

Designing surveys to estimate status and trends requires the parsimonious allocation of field sampling across space (the stream network) and time (usually years).  Knowledge of spatial and temporal variation of the indicator of choice is critical for the efficient allocation of visits to new sites, or to revisits to existing sites.  For example, given a fixed total sampling effort, should I sample more sites during an annual index window (e.g., the spawning season), or should I sample more sites?  If I am interested in change or trend detection, should I revisit all sites annually, or would a revisit pattern across years (in which not all sites are sampled every year) be more efficient?  Often, the most efficient design for one type of question is not the most efficient for another type of question.  Sampling more sites, at the expense of revisits to sites, improves the precision for estimating status (i.e., abundances) or spatial distribution.  In contrast, revisiting sites across years generally improves change or trend detection capability.  To meet these differing needs for site-visits, statisticians have proposed designs that allow balancing the need for more sites for status estimation with the need revisits to sites for change/trend detection.  These designs consist of panels of sites, each panel with a particular pattern of visits across years.  A simple design consists of one panel in which all sites are visited every year.  A slightly more complex design consists of an annual panel (sites are visited each year), panels that are visited on a specified cycle, and panels of randomly selected sites each year.  For example, a four panel design could consist of: an annual panel, a year 1 panel of sites visited every year, starting with year 1, a year 2 panel of sites visited every year, starting in year 2, a year 3 panel of sites visited every year, starting in year 3.  These are sometimes called rotating panel designs.  Urquhart and Kincaid (1999) and McDonald (2003) give examples of a variety of panel designs, and McDonald (2003) proposes a nomenclature for panel designs.  

Panels organized to best match the spatial balance generated by the GRTS selection algorithm are based on 4 ^ n powers, i.e., 4 (n=1), 16 (n=2), 64 (n=3), 256 (n=4), etc. The master sample can be assigned to panels in site id order.  For n = 2, the first 16 sites are assigned to panel 1, the second 16 sites are assigned to panel 2, etc.  The Wenatchee master sample (2525 sites) could be organized into roughly 40 panels with n=3 (note that the 40th panel would contain less than 64 sites; specifically there would be 39 panels of 64 sites and one panel of 29 sites), or 10 panels with 256 sites per panel (but the 10th panel would contain only 221 sites).  The process for selecting panel sizes requires decisions about number of sites to be assigned to each panel and reasonable guesses at the number of sites that are likely to be discarded (e.g. as non-target) during the evaluation process.  In the example where four panels are needed, suppose that 16 sites were required in each panel (e.g., 32 sites per year, 16 from the annual panel, and 16 from one of the three-year panels).  One assignment could be n=2, i.e., each panel has 16 sites; however, the evaluation process is likely to reject some of the sites yielding a target sample size less than desired.  Selecting a panel size of 64 yields a sufficient “over” sample in each panel that allows rejection of sites yet maintaining an ordered list of sites in each panel. 


The Master Sample web site has an option to create panels.  The user specifies the desired panel size and the number of panels to be created from the sites that meet population criteria.  The option automatically creates panels using the “power of 4” rule noted above, subject to the number of sites in the target population.  For example, the Lewis River example (discussed below?) has 241 sites.  If one wanted to create two panels with 25 sites each, the panel option will assign the first 64 sites to Panel 1 and sites 65 through 128 to Panel 2.  Sites 26 through 64 will be designated as “oversample” sites for Panel 1; similarly for Panel 2.

Examples:  Stevens (2002) describes a rotating panel design that has been implemented by the Oregon’s Department of Fish and Wildlife and Department of Environmental Quality that consists of an annual panel, a three year cycle (three panels), a 9 year cycle (9 panels), and 27 panels of random sites (sites visited only once over 27 years), yielding a total of 40 panels.  The surveys are used to estimate the numbers of adult coho spawners in Oregon’s coastal streams in several monitoring areas, number of juveniles, habitat and water quality conditions.  This ongoing coastal monitoring program began in 1998.  See also Lower Columbia Salmon Recovery Region example of application of a master sample.

Variable probability and stratification:  

Two sampling techniques that are often used to focus a sample to better achieve objectives are variable probability and stratification. In equi-probable sampling, the most common type of sampling, every element in the population has the same probability of being included in the sample.  In variable probability sampling, the probability is modified so that elements are selected with differential probability. As in any probability sampling method, the probability must be defined for every element in the population. For variable probability, this implies that ancillary information to define the probability must be available for the entire population. Frequently, the probability will vary by groups of elements (e.g., defining a different probability based on stream order) or it may be a function of a continuously varying attribute, such as elevation.  

In stratified sampling, the target population is divided into non-overlapping groups (called strata), and a sample is selected independently from each stratum. Variable probability may be used for within-stratum selection, but most often, equi-probable selection is used. In a sense, stratification is a particular kind of variable probability selection.  In most applications of stratification, a sample size is specified for each stratum.  Because the strata will generally have different sizes, and inclusion probability is given by the number of samples divided by stratum size, generally the inclusion probability will differ between strata, resulting in a variable probability sample.  

The key difference between stratification and variable probability selection based on categorical classification is the independence of selection between strata (or lack thereof for variable probability selection). This has two consequences:  (1) with stratification, exact sample sizes within strata can be specified, whereas with variable probability, the sample sizes in each category are random.  The specification of the probability defines expected sample sizes, but the achieved sample size will vary over replications;   (2) with stratification, the spatial balance is controlled within stratum, but not over different strata, whereas with variable probability, the spatial balance is applied across the entire population. 

For example, a stream network’s elevation could be used to divide the population into elevation strata, allocating an equal number of sites per stratum (likely yielding inclusion probabilities that vary by stratum because the amount of stream length in each stratum likely would vary).  Alternatively, the elevation gradient could be used in the GRTS site selection algorithm such that an “elevation balanced” sample could be drawn, each site likely with a different inclusion probability.  

Cochran (1977) cites the following reasons for using stratification:


(1)
Subpopulation of particular interest


(2)
Administrative convenience


(3)
Sampling problems peculiar to sub​populations


(4)
Improved precision in estimates of popula​tion parameters



The first reason arises from the objectives of the study.  If the objectives require estimates for specified subpopulations, then it may be necessary to use some technique such as stratification to ensure a sufficient sample size in the specified subpopulations.  The second two reasons arise from operational aspects of the study.  It may be that some subpopulations are extraordinarily difficult to sample (e.g., remote or in steep terrain), or require special equipment or sampling techniques (e.g., large rivers versus wadeable streamsThe fourth reason has some firm statistical content in that it addresses a question of precision.  Simple study of the variance of a mean estimator shows that the increased precision from stratification comes from two sources:  differences between stratum means and differences between stratum variances.  If there is substantial difference between stratum means, then we can increase precision by proportional allocation (i.e., the number of samples in a stratum will be nearly proportional to the length of stream in the stratum).  If there is substantial difference between stratum variances, we can increase precision by allocation mone samples to the more variable strata.

For selection from the Master Sample the spatial control exercised over the sample will ensure almost pro​portional allocation over any strata with a substantial spatial component.  Cochran (1977) notes that with equal costs and fixed sample size, optimum allocation gains little over proportional allocation if stratum proportions are between 0.1 and 0.9. Thus, unless very good information is available on stratum means and variances, stratification to improve precision is not recommended.

To apply either of these techniques using the Master Sample, stratum classifications or variable probability must be defined for the entire population.  Because most ancillary information in the Master Sample data base is available for use as a filter during site selection, most stratification can be accomplished using the built-in filtering operation.  For example, suppose we want a sample from the Lewis River sub-basin.  If we select all Lewis River samples from the Master Sample, the result is 8947 samples.  When we classify by stream order, we get the following table:

	Lewis River Sites by Stream order

	Stream order
	-999
	0
	1
	2
	3
	4
	5

	Number of sites 
	71
	6437
	1581
	428
	241
	98
	91

	Percent of sites
	0.8
	71.9
	17.7
	4.8
	2.7
	1.1
	1.0


If we were to use the “Panel” tool on the website to select a sample of 100 sites, the result would be closely proportional to the “Percent of sites” line in the above table, i.e., we could expect about 70 sites classified as Strahler Order “0”, and very few or no sites classified as order 4 or 5.  

We can select a stratified sample by applying the filtering tool in several steps.  For example, suppose we want a sample of 100 sites total, with 20 sites in each of orders 1 through 5.  We do this by selecting five separate samples, one from each order, by sequentially specifying a filter on stream order for each of the five orders, and then using the panel tool to select 20 sites from each of the five subsets.  

In the context of the Master Sample web tool, there are limited options for the application of either variable probability or stratification.  The information to form strata or define variable probability must come from an attribute that is already in the data base.  Most of the variables that seem suitable for strata or variable probability definition are already being used as subset selection criteria.  

An R function can be downloaded from the web site that will allow the user to create a stratified sample using a stratification variable defined and supplied by the user.  The web site also has a “vignette” that illustrates stratification using a user supplied stratification criteria.  
Design documentation:

Design documentation refers to an explicit description of the details of how the sites for a particular survey were selected.  See appendix XX for an example of a format for design documentation.
Why GRTS?
In their introduction to the theoretical underpinnings of GRTS, Stevens and Olsen (2004) describe a goal that a flexible sampling algorithm should strive to achieve; they describe the shortcomings of simple random sampling or systematic sampling (and their modifications, for example, stratification, nested sampling, adaptive sampling…) in achieving this goal.  The introduction to this manuscript is worth reading because it summarizes a variety of issues we all face if we want to design surveys of natural resources.  After reviewing the unique characteristics and challenges of natural resource sampling and discussing several approaches that have been used, they pose the following goal: “Sampling the gamut of natural resources requires a technique that can select a spatially balanced sample of finite, linear, and areal resources with patterned and possibly periodic responses, using arbitrarily variable inclusion probability with imperfect frame information, in the presence of substantial nonresponse.”

Spatial balance, the idea that sample points be distributed in some regular or nearly regular pattern across the resource of interest is clearly a desirable feature for capturing the characteristics of the range condition in natural resources.  Simple random sampling, for example, can leave “holes” in the distribution of candidate sample points across the resource or lead to unnecessary clumping (give example); the holes or clumping could match some critical aspect of the pattern in the natural resource yielding a bias in its description.  Systematic sampling can align with the spatial structure of natural features such that sites of a particular type are over-emphasized or under-emphasized.  The ridge and valley region of Nevada is an example of a situation in which a systematic sample could align with a natural resource.  Of course, in this case, an adjustment could be made because there is some knowledge about the spatial structure of the natural resource.  However, what if the underlying spatial alignment were unknown?  
The flexibility to “shape” the sample according to desired aspects of the natural resource by allocating a relatively greater portion of the sample to part of it, yet maintaining spatial balance is (either through stratification or by altering the inclusion probability without strict stratification) is a desirable feature, as is the capability to accommodate frame errors (see earlier discussion of frame errors).  

Non-response refers to the inability to obtain sample data at a sample site.  The term comes from surveys of people, in which some people did not respond to the survey instrument (e.g., didn’t return the questionnaire; refused to talk to the person taking the survey…).  For natural resource monitoring, non-response could occur if a landowner refused access to the site (so relevant data couldn’t be collected), or if the site were physically inaccessible.  A design that allows replacement sites yet continues to maintain spatial balance in the sample is a laudable goal.  It is difficult to achieve this flexibility with systematic sampling.  
Stevens and Olsen include a more detailed description of the strengths and weaknesses of the various approaches to environmental sampling, and indicate how GRTS builds on the foundational ideas of some of these approaches.  A PowerPoint set of slides describes the mechanics of GRTS and an R function implements the sample selection (www.epa.gov/nheerl/arm).

In practical terms, the GRTS algorithm creates a spatially balanced, ordered list of sites of any (reasonable) size such that each successive site in order “fits” into and continues the spatial balance of the existing sites in the sample.  One advantage of this process is the flexibility implied if any site on the list cannot be sampled (is non-response in some sense).  Adding replacement sites by progressing down the ordered list continues to preserve the desired spatial balance.
WHAT IS A MASTER SAMPLE?

The preceding foundation leads to a fairly concise description of the concept of a master sample. 

In the context of monitoring stream networks, a master sample is a spatially balanced ordered list of all the sites in the population, for a finite population.  The ordered list is created by subjecting the full list of sites to the GRTS algorithm.  Continuous populations on which “point samples” are selected require identifying a “master sample” size—how many sites will make up the master sample?  A convenient way of setting this up is to divide the entire stream network length by the desired average distance between points on the stream network. Both 1 km and 500 m have been used.  A shorter distance between sites implies that a census could be conducted in which a “sample” is not required in that the full stream network would be sampled.  Clearly, this is not feasible for large regions or watersheds; however, small watersheds can be sampled in their entirety for some indicators.

The master list then is the full set of candidate sites in the selected region of interest.  For example, an Oregon master sample drawn from the NHD+ 1:100 K digital stream network consists of about 180,000 points with a one km average distance between points; a Washington master sample, drawn from the same network, about 120,000 points. The actual set of sites selected to be evaluated, then sampled is likely to be a small part of the master sample especially if the region to be covered is large. 

The master sample file:  A master sample file is a ‘sites by attributes’ file that, at a minimum, consists of the following attributes: a unique site ID (numbered in the site selection order to preserve the spatial structure/balance of the sample), each site’s geographic location and the site’s initial sample weight. Design attribute placeholders to be entered when a final design is developed from the master sample include: stratum (if stratification were used); nest (if nesting were used); multi-density category (if multi-density instead of stratification were used); panels.  

Additional desirable attributes include a series of classification variables.  Typical classification variables include:  state, county, general land ownership (private, state, federal (subset into National forests; BLM districts, National Parks), and tribal (by tribe), USGS accounting unit code and name, ecoregion, elevation, stream order.  
Classification variables allow the user to refine the master sample to focus it on the areas and stream types of interest for a particular study.  The classification variables allow the user to sort the master sample to refine it for a particular study, to subset the statewide master sample to the geographic domain of interest.  For example, a user might be interested in selecting only sites in the Willamette Basin, or in the Siuslaw National Forest or in the Warm Springs Tribal domain.  If these classification attributes are in the master sample, then a simple sort allows the user to refine the master sample to the area of interest and to select the sites to meet the study’s design criteria.
Adding classification variables: Users might need to select a part of the master sample via classification variables that are not part of a master sample file.  Applying other classification variables is straightforward if users have digital representations
 of the classification variables of interest.  Intersecting this digital coverage with the geographic locations of the master sample sites subsets the master sample into the desired groups.  For situations in which digital versions are unavailable, users can evaluate the master sample for the region of interest by evaluating the list of candidate sites by the “selection” rule: is the site in or out of the preferred group.  In some cases, evaluating a site’s status might require reconnaissance on the ground, or in air.  

Selecting sites from a Master Sample is an example of what is known as “two-phase” sampling.  The Master Sample itself represents the first phase; the second phase is the subset of sites that are selected for a particular study. The weight that is used in analysis must take the selection at both phases into account.  Following the standard rules for calculating probabilities, the overall or joint probability is the product of the inclusion probability at the first stage and the (conditional) probability of inclusion at the second phase given inclusion at the first phase.  Unfortunately, we do not know nor can we calculate the true conditional inclusion probability; that would require averaging over all possible Master Samples.  The best we can do is to calculate the conditional inclusion probability given the particular Master Sample we have in hand. Fortunately, that is enough to provide a sound basis for inference.  See Särndal, et al., for details. 

Master sample files contain a variable “weight” that is the reciprocal of the first phase inclusion probability, as discussed above, set to the average distance used to create the master sample.  As mentioned above, both 1 km and 500 m have been used in developing various master samples.  These are the weights that would be used in the analysis if all sites in the master sample were evaluated.  However, the intent is that for most applications, only a fraction of the master sample sites would be used in any particular survey.  Consequently, final weights must be determined, based on the selection criteria for the particular application, size of the master sample in the domain of interest and the number of sites used in the survey.  In the simplest case, the second phase is an equiprobable selection from all of the master samples sites that meet target population criteria.  In this case, the final weight is calculated as the original master sample weight divided by the proportion of sites from the master sample selected for the survey.   Thus, for a case in which the original master sample weight was 1 km, and 1% of the target population sites were selected for the survey, the new weight would be 100 km.  

This simple example becomes more complicated for a variety of reasons, for example, if sites selected are not sampled, if stratification or variable probability is used in subsetting the master sample, or if data are to be combined from more than one survey.  The general rule is to determine the smallest groups of sites within which the probability of selection is equal across sites.  For example, suppose a survey selected an equal number of first order, second order, and third order sites within a region of interest.  The stream length in each category differs, with first order streams containing the greatest length, resulting in the highest number of sites from the master sample.  Suppose 70% of the stream length (and therefore 70% of the master sample) were in first order streams, 20% in second order streams and 10% in third order streams.  If the network were 1000 km (master sample = 1000 sites), and 30 sites were selected per stream order, recalculated weights would be: first order, 1 km / (30/700) = 23.333 km; second order, 1 km/ (30/200) = 6.667 km; third order, 1 km/ (30/100) = 3.333. 

EXAMPLES
Lower Columbia Salmon Recovery Region (Oregon and Washington)

The Lower Columbia example will illustrate how the concept of a master sample can be used to facilitate the integration of sample surveys among various agencies with common monitoring interests in overlapping geographic domains.  
The Lower Columbia Salmon Recovery Region covers western catchments below the Bonneville Dam that drain into the Columbia River, excluding the Willamette catchment (Figure…).  Recovery plans have been written for the WA portion of the region, and are being written for the OR portion.  In both WA and OR, master samples have been created, and in OR the OR master sample has been used to select sites at which several coho indicators (adult spawners, juveniles, and associated channel habitat) are monitored each year.  In WA, a draft monitoring plan has been written but not yet implemented.  The Oregon Department of Fish and Wildlife is the primary agency overseeing monitoring in OR and the Lower Columbia Fish Recovery Board is the primary agency in WA.  However, in both states, other stream network monitoring activities are underway.  For example, the US Forest Service monitors 6th field HUCs as part of their Aquatic Riparian Effectiveness Monitoring Program, a monitoring program that covers the region delineated in the Northwest Forest Plan (Western WA, OR, and N CA); also two national forests (Gifford Pinchot in WA, and Hood River in OR) conduct stream habitat monitoring in their respective domains.  In WA, an ongoing program monitors bull trout in the Lewis basin, and an intensive restoration project, with associated monitoring, occurs in the Abernathy Creek region.   It is likely that other monitoring efforts will begin (e.g., watershed councils in Oregon; Washington Dept. of Ecology; …).

This Lower Columbia prototype of a master sample tracking website contains two master samples: one for the Oregon portion and one for the Washington portion of the relevant stream networks.  Each is described below.  Note that, as is often the case, different agencies (in this case the state agencies participating in the LC ISTM project) decide on different frames to represent their target resources.  Although it is cumbersome if a multiagency project is anticipated, using separate frames does not, usually, pose insurmountable obstacles.  Merely some inconveniences for participants (particularly statisticians).

OREGON

ODFW designed a master sample for the Oregon portion of the Lower Columbia recovery region, patterned after the ODFW coastal coho survey designs.  The primary purpose of these surveys was to monitor the stream network to estimate the numbers of coho spawners, juveniles, and their habitat, with a secondary objective to allow for the incorporation of steelhead monitoring.  The goal was to establish a long term monitoring plan to run possibly decades.  Eight distinct coho populations occur in the OR LC.  The spawning domain occupies the lowest fraction of the network; the juvenile domain overlaps the spawner domain and extends beyond it.  The habitat domain (with possible interests beyond coho habitat) covers the entire network.  

Oregon’s master sample:  ODFW evaluated both the NHD+ 1:100 K digital hydrography and a 1:24 K statewide digital hydrography (http://hydro.reo.gov/) , finding that the 1:24 K network best covered their domain of interest.  However, they modified the frame by eliminating parts of the network that drained less than 0.6 sq km basin size.  They also found that parts of the network of interest weren’t covered by the 1:24 K hydro layer, so digitized the relevant parts from 1:24 K maps.  The frame is classified into “Type” to address the respective domains of coho spawners, steelhead, juveniles, and habitat as follows: 

The frame is nested in this order: SPAWN, STW, REAR, HABITAT.

Spawning frame = SPAWN

Steelhead frame = SPAWN + STW

Rearing frame = SPAWN + STW + REAR

Habitat frame = SPAWN + STW + REAR + HABITAT

The design is built on 40 panels with 256 sites per panel, as follows:

One annual panel (sites selected from this panel would be visited annually)

Three three-year panels (sites selected from these panels would be visited on a three year cycle starting in year 1, year 2, or year 3)

Nine nine-year panels (analogous to the three year panels, but on a nine year cycle)

Twenty seven 27-year panels (analogous to the three year panels, but on a 27- year cycle)

Don Stevens (dstevens@stat.oregonstate.edu) selected a master sample of 10240 sites (40 panels x 256 sites per panel), using the GRTS algorithm, with average 1.188 km between sites. Panels are coded as follows with 256 sequential sites assigned to:  

s0 = Annual sites

s10, s20, s30 = 3-year sites
s11, s12, s13, s21, s22, s23, s31, s32, s33 = 9-year sites

s4** = once-only sites

The combination of classification variables and sites ordered by panel allows ODFW the flexibility to establish a base sampling program across populations and years and to adjust that sampling program as monitoring priorities (e.g. populations to focus on) or resources change over years by dropping or adding sites based on site ordering within panels and panel assignments to years.  To maintain the spatial balance of the design, sites should be replaced in site id order.  ODFW provides guidance on how to use this master sample, based on an ACCESS database containing the master sample.  Up to this point, this master sample has not been used by other agencies, however, it is available.  The similar design used in the coastal region integrated both the needs of ODFW and the Oregon DEQ.  
WASHINGTON
The Washington component of the LC ISTM chose to use a stream network frame developed by the WA DNR, based on a combination of 1:24 K and 1:12.5 K digital stream network.  This frame was used to generate a statewide master sample, from which the set of sites for the LC area was drawn.  The average distance between points is 1 km.  Up to this point, this master sample has not been incorporated into any ongoing monitoring program.

The following examples move from simple, straightforward designs to more complex designs that anticipate the adoption of a common design approach across multiple agencies interested in stream monitoring in overlapping geographic domains.

Lewis River, Washington.

 
Data/files located at: C:\Documents and Settings\larsen\Desktop\MyFiles\Bull Trout RMEG\2006
As part of the USFWS’s development of guidance to evaluate bull trout recovery in the NW, a variety of exploratory analyses were conducted.  One of these looked at approaches to estimate bull trout occupancy across “patches” or sites in specified regions.  Tracking the proportion of patches occupied or the proportion of sites occupied might reveal information about recovery or loss of bull trout populations.  To explore the combination of field protocols and survey designs, several field surveys were conducted that used the master sample concept to identify sets of candidate monitoring sites.  One example is used here to illustrate a straightforward application of the master sample concept, covering the Lewis basin in SW Washington.  Field protocols that were evaluated involved presence/absence surveys or abundance surveys over defined reaches (e.g., 30 or 50 meter reaches) at locations identified by the master sample.  

Design criteria for the Lewis master sample included: Use of NHD+ (1:100 K digital hydrography), one site per 500 meters, on average, and a classification of the Lewis basin into bull trout patches and sites by stream order.  The GRTS algorithm selected 4056 sites.  The Lewis master sample allowed USFWS to explore a variety of site selection options based on the classification of sites by stream order and by patch.  The Lewis basin included 29 identified bull trout patches, of various sizes.  A significant part of the Lewis basin was outside the range of bull trout occupancy.

The master sample allowed the USFWS to evaluate several sampling options, for example:

Allocate an equal number of sites to each of the patches (sort the master sample by site patch assignment, then select the first n sites (in site id order within patch)  in each patch for field evaluation/sampling) to evaluate patch occupancy.

Allocate sites across the bull trout domain independent of patch assignment (sort the master sample into that part defined by the collection of patches, and that part outside the patches.  Evaluate the sites within the bull trout domain in site id order until the desired n sites are sampled.

A slight variation on 1 and 2 above would be to allocate some sites outside the bull trout domain to determine whether the specified domain is “accurate”.  This is accomplished by evaluating master sample sites outside the bull trout domain in site id order until the desired n sites are sampled.

If there were evidence that occupancy were a function of stream order (for example, by exclusion of first order and above 4th order sites), the selection of sites could be organized by patch and stream order, then select the desired number of sites within each stream order patch combination.  
Wenatchee River, Washington
To meet multiple monitoring objectives in the Wenatchee River stream network, e.g., different salmonid species distribution and abundances, water quality, and habitat,  ISEMP staff requested that a master sample be selected with which they could explore allocation of site visits across the network to meet the multiple objectives.  ISEMP provided a 1:100 K digital frame to represent the target network as well as several attributes by which to classify the network including strahler stream order, stream gradient and gradient class, and barriers to anadromous migration.  Desired sample density was 1 site per kilometer, on average, yielding 2525 sites in the master sample.  This master sample is used to illustrate several examples of the selection of N sites for several monitoring purposes, some somewhat hypothetical but intended to illustrate selecting sets of sites from the master sample for various monitoring purposes.  The examples proceed from simple to complex….

Cutthroat trout surveys:  Cutthroat trout are expected to occupy the full stream network.  A population density survey, consisting of N=50 sites, will be conducted across the network.  Note that for the illustration, an agreed upon sampling protocol for estimating cutthroat density is available.  The site selection process consists of evaluating the sites for target status and site access, working down the list in site id order, until the desired sample size is achieved. It is important to record site evaluation results because the analysis phase requires determining site weights based on estimated frame errors (sites evaluated as non-target) and actual sites sampled.  See example design documentation for typical site evaluation categories.  Conduct the site evaluation process until the desired N set of sites to be sampled is achieved.  Sample the set of streams selected.

Habitat: For habitat surveys, the target population consists of the complete network with a sample size of 50 sites, allocated roughly evenly across each of three stream order classes: first order, second order, and third and higher order.  One result of the even allocation of sites to stream orders is that sites will have different weights because the proportion of the stream network in each stream order category varies.  The site selection process involves first sorting the master sample into the three stream order classes, maintaining the site id order in each class.  Then evaluate each site for target status (is the site actually part of the stream network of interest) and site access until 17 sites are selected that will be sampled (record site evaluation; see example design documentation for site evaluation categories).  If strict adherence to a sample size of 50 is needed, then drop the last site from one of the three categories, selected at random.  Conduct the relevant stream surveys on the set of sites that have passed the evaluation screening.

Steelhead surveys:  Steelhead are expected to occupy only a portion of the stream network below barriers and below stream gradients of 12%.  Select that part of the master sample that meets the steelhead criteria.  Then evaluate the resultant sites, as outlined above, to achieve the desired set of sites.  In this example, all sites that meet the steelhead criterion are given equal weight.  Conduct the site evaluation process as above to obtain the desired number of sites to be sampled.

Goose Lake stream network, Oregon

This example will illustrate how the original spatial balance generated by GRTS can be disrupted by selection of part of the master sample, and how spatial balance of that part can be restored.  One example in which the original spatial balance can be disrupted occurs if disconnected parts of the stream network are selected, as illustrated in this Goose Lake example. Rerunning GRTS on the subset of sites selected across the disconnected network restores spatial balance to this subset of sites.
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APPENDIX XX: DESIGN DOCUMENTATION
Design documentation:  An important part of designing and conducting a sample survey is documentation of the design itself.  A convenient framework has been developed as part of USEPA’s EMAP research effort.  The following is a recent example documenting the development of a three-state master sample based on the NHD+ 1:100 K digital hydrography.
Columbia Basin Master Sample

Contact:
Phil Larsen

US EPA

NHEERL-WED

541-754-4362

Larsen.phil@epa.gov
Description of Survey Design
Target population:  All stream and river channels within USGS Hydro Region 17 and portions of Hydro Regions 16 and 18 that are within boundaries of Oregon and Idaho.  This covers all of Idaho, Oregon and Washington as well as small sections of Montana, Wyoming, Utah, Nevada and California that are part of the Columbia River Watershed.

Sample Frame: Sample frame was constructed in two parts: (1) NHD Plus (downloaded August, 2005) where all segments within NHD Plus are included and (2) NHD Plus (downloaded March 2010) where all segments are included.  Strahler order and other NHD Plus attributes were added from the October 2008 release. This newest version had directional corrections to the original dataset in places, as well as adjustments to other NHDPlus features not used directly for sample frame design (see release notes for NHD Plus – Pacific Northwest). 
Survey Design: A Generalized Random Tessellation Stratified (GRTS) survey design for a linear resource was used.  The GRTS design includes reverse hierarchical ordering of the selected sites.

Multi-density categories:  None.
Stratification: The master sample is stratified by Hydro Region 17, Hydro Region 16 & 18 within Oregon, and Hydro Region 16 within Idaho.  Stratification was required when a decision was made to include the portions of Hydro Regions 16 and 18 that are within boundaries of Oregon and Idaho.
Panels:  None.
Expected sample size:  The sample size was selected to have a sample site approximately every 1 km.  This results in a weight approximately equal to 1 for each sample site.  The number of sites in Hydro Region 17 is 532,268, Oregon supplemental stratum (OR_S) is 11,793 and Idaho supplemental stratum (ID_S) is 6,985.
Over sample: None.
Site Use:  Sites are listed in siteID order within each stratum and must be used in that order within each stratum.  All sites that occur prior to the last site used within a stratum must have been evaluated for use and then either sampled or reason documented why that site was not used.  As an example, if 50 sites are to be sampled within a stratum and it required that 61 sites be evaluated in order to locate 50 stream sites able to be sampled, then the first 61 sites in siteID order would be used. 

Sample Frame Summary
The Hydro Region 17 sample frame has 532,267.94 km of stream channel length.  The Idaho supplemental sample frame stratum has 6,984.832 km of stream channel length. The Oregon supplemental sample frame stratum has 11,792.76 km of stream channel length.  Note that in order to select all sites for a state, make sure to query for border river sites which are denoted by ST:ST in the State attribute field (i.e. sites on the Columbia River would are denoted as OR:WA).  Sites on border rivers are treated the same way in the County field.
Description of Sample Design Output:

The output is provided as a shapefile for the sites.  Note that the “.dbf” file may be read in Excel.

The attributes are as follows:

	Variable Name
	Description

	SiteID
	Unique site identification (character)

	Albers_X
	x-coordinate from map projection (see below)

	Albers_Y
	y-coordinate from map projection (see below)

	Lat_DD
	Latitude in decimal degrees

	Lon_DD
	Longitude in decimal degrees

	Lat_DMS
	Latitude in degree minutes seconds

	Lon_DMS
	Longitude in degree minutes seconds

	Weight
	Weight (in km), inverse of inclusion probability, to be used in statistical analyses

	Stratum
	Strata used in the survey design

	COMID
	Common Identifier of NHD feature

	ReachCode
	NHD reach code assigned to feature

	Measure
	Distance along reach of sample point (as percent along reach beginning at bottom of reach)

	Ftype
	NHD feature type

	Fcode
	Numeric code for feature attributes in NHD

	Des_Ftype
	Modified Ftype for additional design information specifying intermittent, perennial, and artificial line types (lake or stream).  Additional fields are: ‘ArtificialPathLake’,

’ArtificialPathStreamRiver’,’ArtificialPathStreamRiver

Perennial’,’StreamRiverPerennial’, and ‘StreamRiver

Intermittent’.

	SO
	Strahler stream order derived from NHDPlus using improved Strahler order algorithm

	SC
	Strahler calculator value from NHDPlus used in improved Strahler order algorithm

	ELEV_M
	Elevation at point in meters derived from National Elevation Data DEM (NED)

	Gnis_ID
	Geographic Names Information System ID for the value in GNIS_NAME

	Gnis_Name
	Feature name from the Geographic Names Information System

	State
	State point lands in – NOTE: if point on a border river, state includes both states, i.e. OR:WA

	LENGTHKM
	Stream reach length in kilometers

	County
	County point lands in – NOTE: if point on a border river, COUNTY includes both counties, i.e. Multnomah:Clark

	HUC_2
	1st Level USGS Hydrologic Unit Code

	HUC_4
	2nd Level USGS Hydrologic Unit Code

	HUC_6
	3rd Level USGS Hydrologic Unit Code

	HUC_8
	4th Level USGS Hydrologic Unit Code

	HUC_10
	5th Level USGS Hydrologic Unit Code

	HUC_12
	6th Level USGS Hydrologic Unit Code

	Level4
	Level 4 ecoregion codes for the US

	Level4_Nm
	Level 4 ecoregion names

	Level3
	Level 3 ecoregion codes for the US

	Level3_Nm
	Level 3 ecoregion names

	CEC_L2
	Level 2 ecoregion codes for North America

	CECL2_NM
	Level 2 ecoregion names

	CEC_L1
	Level 1 ecoregion codes for North America

	CECL1_NM
	Level 1 ecoregion names

	COL_BASIN
	‘Yes’ or ‘No’ indicating if site is within the Columbia basin

	WRIA_NM
	Washington WRIA regions

	SA_REC_REG
	Washington Salmon recovery regions

	
	


Projection Information
PROJCS["USA_Contiguous_Albers_Equal_Area_Conic_USGS_version",

GEOGCS["GCS_North_American_1983",

DATUM["D_North_American_1983",

SPHEROID["GRS_1980",6378137.0,298.257222101]],

PRIMEM["Greenwich",0.0],

UNIT["Degree",0.0174532925199433]],

PROJECTION["Albers"],

PARAMETER["False_Easting",0.0],

PARAMETER["False_Northing",0.0],

PARAMETER["Central_Meridian",-96.0],

PARAMETER["Standard_Parallel_1",29.5],

PARAMETER["Standard_Parallel_2",45.5],

PARAMETER["Latitude_Of_Origin",23.0],

UNIT["Meter",1.0]]]]

Evaluation Process

The survey design weights that are given in the design file assume that the survey design is implemented as designed.  Typically, users prefer to replace sites that can not be sampled with other sites to achieve the sample size planned.  The site replacement process is described above.  When sites are replaced, the survey design weights are no longer correct and must be adjusted.  The weight adjustment requires knowing what happened to each site in the base design and the over sample sites.  EvalStatus is initially set to “NotEval” to indicate that the site has yet to be evaluated for sampling.  When a site is evaluated for sampling, then the EvalStatus for the site must be changed.  Recommended codes are:

	EvalStatus Code
	Name
	Meaning

	TS
	Target Sampled
	site is a member of the target population and was sampled

	LD
	Landowner Denial
	landowner denied access to the site

	PB
	Physical Barrier
	physical barrier prevented access to the site

	NT
	Non-Target
	site is not a member of the target population

	NN
	Not Needed
	site is a member of the over sample and was not evaluated for sampling

	Other codes
	
	Many times useful to have other codes.  For example, rather than use NT, may use specific codes indicating why the site was non-target.


Statistical Analysis

Any statistical analysis of data must incorporate information about the monitoring survey design.  In particular, when estimates of characteristics for the entire target population are computed, the statistical analysis must account for any stratification or unequal probability selection in the design.  Procedures for doing this are available from the Aquatic Resource Monitoring web page given in the bibliography.  A statistical analysis library of functions is available from the web page to do common population estimates in the statistical software environment R. 

For further information, contact

Anthony (Tony) R. Olsen

USEPA NHEERL

Western Ecology Division

200 S.W. 35th Street

Corvallis, OR 97333

Voice: (541) 754-4790

Fax: (541) 754-4716

email: Olsen.Tony@epa.gov
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Web Pages:  

Aquatic Resource Monitoring http://www.epa.gov/nheerl/arm 

NHD web page http://nhd.usgs/gov

NHD Plus web page (July 2006) http://www.horizon-systems.com/nhdplus
Notes regarding types of records to retain with respect to development of survey designs.

Retain record of frame, and frame modifications if they change over time

Retain master sample file and changes to it as it is updated over time

For particular samples taken from the master sample, document that design.  See Appendix XX for an example documentation structure for the design.  

If the design requires “classification criteria” that are not present in the master sample file, include a description of what those criteria are, and if possible, classify all sites in the “local” master sample with respect to those criteria.  If unable to classify all sites in the local master sample, it will be necessary to use the sample itself to estimate the portion of the frame that meets the various local criteria.

Once a local design has been established and sites selected to meet that design, be sure to complete the site evaluation as sites are visited via recon or field sampling.  See example for basic evaluation categories.

See outline of a master sample management system that will help meet the needs outlined above.

�One sentence describing why GRTS is preferred over SRS or systematic selection would be helpful here.


�Here’s where we run into the map projection problem. The easiest solution is to require users’ digital representations to use the same map projection as the master sample.





