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Abstract
The United States Army Corps of Engineers (USACE) has partnered with the City of Roanoke to carry out the Roanoke River Flood Reduction Project (RRFRP), a suite of floodplain modifications to the Roanoke River. The incidental take permit issued to USACE requires that USACE monitor populations of the federally endangered Roanoke logperch (Percina rex) prior to (Phase A), during (Phase B), and after (Phase C) construction, to estimate effects of incidental take during the course of the project.  This report summarizes logperch relative abundance, suitable habitat, and water quality conditions across Phase B and compares these data to Phase A.  We also conducted additional research in 2011 to assess the representativeness of permanent monitoring sites, estimate the sampling efficiency of the electrofishing methodology, and evaluate the statistical power and appropriateness of alternative impact-detection methods.  Despite substantial fluctuation of the relative abundance of adult logperch over the course of monitoring, we found no statistical evidence for an impact of RRFRP construction.  Thus USACE has maintained compliance with its incidental take permit during Phase B.  Young-of-year logperch density, habitat availability, and water quality conditions also varied considerably over time and space during Phase B, but not in ways that could be attributable to the RRFRP.  We found that permanent sites were representative of reach-wide conditions, suggesting that our findings can reasonably be extrapolated to the entire study area.  The sampling efficiency of our standard electrofishing method was estimated to be low (~ 11%), yet our assessment method produced indices of abundance that were strongly correlated with true population estimates.  Herein we demonstrate a new, generalized linear modeling approach to impact assessment that should provide greater insight and statistical rigor than the traditional t-test approach.

Introduction

The Roanoke River has a distinctive fish fauna that is among the most diverse of all Atlantic-slope basins of North America (Jenkins and Burkhead 1994).  Near its headwaters in the Valley and Ridge physiographic province of Virginia, the river flows through the city of Roanoke.  This reach of the river has a history of flooding, including a 200-year flood in 1985 that killed 10 people and cost $225 million dollars in property damages in the Roanoke region (Corrigan 2010).  For this reason, the U.S. Army Corps of Engineers (USACE) partnered with the City of Roanoke to carry out the Roanoke River Flood Reduction Project (RRFRP), a suite of floodplain modifications.
The Roanoke River is known to support a population of the federally endangered Percina rex Jordan and Evermann (Roanoke logperch), a small-bodied fish in the family Percidae (Jenkins and Burkhead 1994), that could be adversely impacted by fine sediment mobilized as a result of construction activities (USFWS 2005).  Following formal consultation with the U.S. Fish and Wildlife Service (USFWS), an incidental take permit was issued to USACE to conduct the RRFRP.  However, the permit stipulated that USACE monitor populations of Roanoke logperch prior to (Phase A), during (Phase B), and after (Phase C) construction to estimate effects of incidental take during the course of the project (USFWS 2005).  The USACE contracted with Virginia Tech and the U.S. Geological Survey, Virginia Cooperative Fish and Wildlife Research Unit to conduct Phase-A monitoring during 1997-2003 and 2005 (Roberts and Angermeier 2006).  RRFRP construction began in fall of 2005, initiating Phase B of the project.  The primary goal of the monitoring research is to determine the effects of the RRFRP on population density and availability of suitable habitat of Roanoke logperch within the construction-affected reach.  Secondary study goals were to explore logperch population dynamics and identify key factors driving those dynamics.  This report summarizes findings from Phase B of monitoring (2006-2011) and compares these data to data from Phase A.  Specific objectives addressed in this report include:

1. Assess the representativeness of permanent monitoring sites relative to the entire RRFRP project area; 

2. Estimate population density and distribution of Age-1+ Roanoke logperch in the RRFRP construction reach (CR) and in a reference reach (RR);

3. Estimate population density and distribution of Age-0 logperch in CR and RR;

4. Identify, quantify, and map the availability and distribution of habitat suitable for Age-1+ logperch in CR and RR;

5. Identify and quantify the availability and distribution of habitat suitable for Age-0 logperch in CR and RR;

6. Measure and compare water quality in CR and RR; 

7. Estimate the sampling efficiency of the standard electrofishing protocol; and

8. Determine whether incidental take of Roanoke logperch due to RRFRP activities has exceeded acceptable levels designated by the USFWS. 

Methods
Study area
The studied segment of the Roanoke River is an unregulated, montane, sixth-order stream in the Ridge and Valley physiographic province, flowing through portions of Roanoke County and the cities of Salem and Roanoke, Virginia.  The channel gradient is moderate (1.8 m km-1), producing alternating series of riffle, run, and pool habitats.  Riparian vegetation is nearly continuous throughout the study area, but most adjacent land has been developed for suburban or urban uses.  Stream temperature ranges from 0 to 28° C annually, and mean daily discharge ranges from 3.6 to 22.7 m3 s-1 annually (data from the U.S. Geological Survey [USGS] stream gauge 02055000).
Roanoke logperch have been monitored at twelve permanent sites along a 24-km segment of the Roanoke River over the duration of the project.  Six of these sites are located within the RRFRP construction reach (CR), and six are located within the reference reach (RR) upstream of RRFRP activities (Roberts and Angermeier 2006; Table 1).  Each site comprises a 55-160-m-long reach of river that contains riffle-run habitats of high suitability for adult Roanoke logperch (Rosenberger and Angermeier 2003).

Representativeness of permanent sites
Use of permanent monitoring stations allows for the assessment of temporal changes in logperch abundance (e.g., due to RRFRP activities), while holding spatial variation constant.  If conditions at permanent sites are representative of conditions throughout the CR and RR reaches, then findings from permanent sites reasonably can be extrapolated to the entire study area.  However, prior to 2011, the assumption of representativeness had not been tested.  Therefore, in summer 2011, we conducted a more extensive survey of fishes within the study area, to assess the representativeness of the twelve permanent monitoring sites.  First, a reconnaissance survey was performed of the RRFRP project area (RR and CR) to quantify and locate all riffle-run channel units (including permanent monitoring sites) that appeared to be suitable for Roanoke logperch.  On 8 and 9 June 2011, the 24 river km from site RR6 to site CR1 were canoed, and the length, width, and geographic location of every encountered riffle-run were recorded.  Each riffle-run also was assigned a categorical suitability score, reflecting professional judgment of the suitability of the riffle-run for logperch.  Riffle-runs received either an “excellent”, “good”, or “fair” suitability score.  A stratified-random selection routine was used to select a subset of the excellent- to good-quality riffle-runs for further intensive study.  Nineteen riffle-runs were selected, of which 9 were in RR and 10 were in CR.  Seven of the 19 sites were existing permanent monitoring sites, whereas 12 were new riffle-runs sampled for the first time in 2011.  The five permanent monitoring sites not selected by the routine were not sampled for fishes in summer 2011.  The 19 sites selected by the routine were sampled in summer 2011 using the standard backpack electrofishing protocol, described below.  Simple linear regression was used to test for a relationship between estimated logperch density and site position in the study area (estimated as km upstream) in R (R Development Core Team 2011).

Since 2000, electrofishing has been the preferred method for estimating Age-1+ logperch density.  Previous snorkeling-based density estimates (S) were converted to electrofishing-based density estimates (E) based on the equation: E = (S - 7.51) / 1.06 (Ensign et al. 1994).  For all of Phase B, population density estimates have been generated using electrofishing methods, conducted at baseflow (i.e., discharge < 5.7 m3 s-1 at USGS gauge 02055000).  In the standard electrofishing protocol, logperch were sampled by electrofishing fixed-area quadrats along transects at each site.  Transects were run perpendicular to stream flow and occurred at 15-m intervals along the length of the site; the number of transects per site varied from 4 to 11.  We positioned the first quadrat on the downstream-most transect of a site, 1 m from the left ascending streambank (LAB).  The second quadrat was positioned along the same transect, adjacent to and 1 m to the right of the first.  We sampled as many non-overlapping quadrats as would fit on a given transect, given the length of the transect (i.e., the stream width).  Occasionally we also skipped areas of the stream that, based on our best judgment, exhibited velocity too high to position a seine or too low to sweep fishes into a seine.  We then proceeded to the next upstream transect and continued the above procedures for quadrat sampling.  During sampling, a 2-m-tall, 4-m-wide, 5-mm-mesh bag seine was positioned 5 m downstream from the transect.  Then, beginning 5 m upstream from the transect, the electrofisher made two to three rapid downstream passes into the seine, ensuring that the entire area of the quadrat was sampled.  Thus, a 40-m2 area was sampled by each quadrat.  Following electrofishing of a quadrat, the seine was hauled to the stream bank, where captured fishes were processed.  Logperch captured in all quadrats were pooled to determine the total catch of logperch in the site.  Catch data then were converted to population density (number ha-1), a type of catch-per-unit-effort, based on the area (i.e., number of quadrats) sampled at a site.

Captured logperch were sorted into age categories based on total length (TL).  Based on length-frequency histograms, Roberts and Angermeier (2006) set the age-class cutoffs for summer-caught logperch at ≤ 80 mm TL for Age-0 fish and > 80 mm TL for Age-1+ (i.e., adult plus juvenile) fish; for fall-caught logperch, these cutoffs were ≤ 95mm TL for Age-0 fish and > 95 mm TL for Age-1+ fish.  Adults and large juveniles cannot be reliably distinguished based on size or other externally visible characteristics.

Density and distribution of Age-1+ logperch
As described above, monitoring at permanent sites allows for temporal variability to be parsed from spatial variability.  For comparability, only data from permanent sites were used to assess temporal variation in logperch abundance.  As described above, 7 of the 12 permanent sites were sampled for fishes in summer 2011.  These data were compared to data collected during summer (July or August) in previous Phase B (2006-2011) and Phase A (1997-2003 and 2005) years.  All 12 permanent sites were sampled by backpack electrofishing in fall 2011.  These data were compared to data collected during fall (September or October) in previous Phase B (2006-2011) and Phase A (1997-2003 and 2005) years.  From density estimates, we calculated D = mean density of CR sites minus mean density of RR sites, for each season x year sampling period.

Density and distribution of Age-0 logperch

We previously determined that Age-0 logperch are best censused by different methods at different times of year (Roberts and Angermeier 2006).  Therefore, we sampled Age-0 logperch using electrofishing in riffles and visual observation in pools.  Because of dramatic shifts in habitat use from pools to riffles over a logperch’s first year of life (Rosenberger and Angermeier 2003), the former method appears to provide the better index of population density in the fall, whereas the latter provides the better index in the summer (Roberts and Angermeier 2006).  Electrofishing surveys were conducted using the standard methodology described previously for Age-1+ logperch.


Visual surveys for Age-0 logperch were conducted within each of nine stream reaches that adjoined one of the permanent electrofishing sites (RR6, RR5, RR4, RR3, RR1, CR6, CR5, CR3, and CR1).  Each reach contained a mix of pool-margin, backwater, and/or side-channel habitats, which are believed to be important nursery areas for Age-0 logperch (Rosenberger and Angermeier 2003).  During sampling, three investigators slowly walked upstream, one along each shoreline and one that “zig-zagged” along the middle of the stream, scanning shallow areas for Age-0 logperch.  All investigators wore polarized sunglasses and took great care not to disturb the water surface, to avoid frightening the fish.  Age-0 logperch counts were converted to population density (fish km-1) by dividing the number of individuals observed by the length of stream surveyed.  Age-0 logperch density was not continually measured during Phase A (Roberts and Angermeier 2006) and thus will not be used to assess compliance with incidental take restrictions.  However, comparison of Age-0 logperch density over time between reaches will give us an additional basis for interpreting effects of RRFRP on Roanoke logperch in general.
Availability and distribution of suitable Age-1+ logperch habitat

Lack of suitable habitat may be the primary factor limiting the distribution and abundance of Roanoke logperch, both range-wide and in the Roanoke River (Rosenberger 2007).  This, combined with the difficulty of estimating P. rex abundance given its rarity, suggests that the availability of high-quality habitat itself may provide a useful index of the viability of the logperch population in the Roanoke River (USFWS 2005).  We have adopted the geographic information system (GIS) approach to habitat assessment described in Ensign and Angermeier (1994).  


The same transects used for fish sampling were used for habitat sampling.  Habitat measurements were made at each of a series of 1-m2 cells centered on, and occurring every 3 m along, transects.  Orientation of cells with regard to transects allowed for precise geo-referencing of cells.  Within each cell, we measured depth (cm) and water velocity at 0.6 x depth (cm s-1) at the center of the cell and described how much of the area of the cell was covered by silt using a five-point scale.  We also used a pebble-count method to describe substrate size at five locations equally spaced across the width of the cell.  Categorical particle sizes were assigned using a standard Wentworth scale.  The five substrate measurements were then averaged together to obtain a single mean substrate size for analysis.  We thus obtained four habitat measurements for each cell: three continuous variables (depth, velocity, and substrate) and one ordinal variable (silt-cover).  Geo-referenced habitat values were then imported into ArcGIS (ESRI 2011), subjected to a habitat suitability index (HSI), and used to estimate the amount and distribution of suitable logperch habitat within each site.

An HSI for Roanoke logperch in the Roanoke River was developed by Ensign and Angermeier (1994) and modified slightly by Ensign et al. (1998).  In developing this HSI, habitat preferences were established by observing logperch underwater and comparing habitat use with habitat availability.  For each variable, frequency of logperch use was divided by the frequency of availability to obtain a measure of habitat preference.  Preference values (PV) for each variable were scaled to range from 0 to 1.  The final HSI value for each cell was then calculated as: HSI = 100 x (DepthPV x VelocityPV x SubstratePV x Silt-coverPV)0.25.  


Within ArcGIS, measured habitat values at sampled habitat cells were used to interpolate habitat values for unmeasured cells that occur between sampled cells.  Interpolated cell size (i.e., the grain of prediction) was 1.5 m2, providing a reasonable tradeoff between map resolution and precision of the interpolation.  We used inverse distance weighting to interpolate silt cover and kriging to interpolate the three other variables.  Once each cell in the grid was assigned its empirical or estimated habitat values, in ArcGIS we calculated an HSI value for each cell using the above equation and assigned each cell a suitability category (“Excellent”, “Good”, “Suitable”, “Fair”, or “Poor”).  We considered cells with excellent or good designations to represent “high-quality” habitat for Age-1+ logperch.  We then used ArcGIS to calculate the proportion of the cells in a site that were of high quality and created a map showing the spatial coverage of each category at each site.  Statistical or visible changes in these proportions can be used to gauge the effects of RRFRP construction on the availability of suitable logperch habitat and interpret changes in logperch populations.

Habitat data were collected at all 12 permanent sites during summer 2011 and compared to habitat data collected during summer (July or August) in previous Phase B (2006-2011) and Phase A (1997-2003 and 2005) years.  
Availability and distribution of suitable Age-0 logperch habitat

Because of the pronounced ontogenetic habitat shifts exhibited by the species (Rosenberger and Angermeier 2003), the habitat suitability index (HSI) developed for Age-1+ logperch (Ensign and Angermeier 1994) is not directly applicable to Age-0 logperch.  Therefore, Roberts and Angermeier (2006) developed a new HSI for Age-0 logperch based on the microhabitat observations of Rosenberger and Angermeier (2003).  Age-0 habitat was assessed using a transect-based method within six discrete pools that adjoined permanent electrofishing sites (RR6, RR5, RR1, CR6, CR3, and CR2).  The method was similar to that used for Age-1+ habitat, except that transect spacing was varied among sites to achieve 9 transects per site.  To these data, we applied the HSI described by Roberts and Angermeier (2006).  This HSI best characterizes Age-0 logperch habitat needs during late spring-early summer (Rosenberger and Angermeier 2003) and thus, together with the Age-1+ HSI, brackets the habitats needed over the species’ post-larval ontogeny.  We considered any microhabitat cell with an HSI value > 0 to be suitable for Age-0 logperch.  Analysis of spatiotemporal changes in Age-0 habitat may enable us to sort out biotic (e.g., stock-recruitment) from abiotic (e.g., habitat availability) factors limiting abundance.  Habitat data were collected at all 6 pool sites during fall 2011 and compared to habitat data collected during previous Phase B (2006-2011) and Phase A (1997-2003 and 2005) years.
Water quality
Standard water quality variables were measured during each field season (July, August, and September) of Phase-B monitoring.  These variables included dissolved oxygen (mg L-1), pH, specific conductivity corrected to 25 °C (microseimens s-1), turbidity (NTU), and water temperature (°C).  Discharge was at baseflow levels (i.e., < 5.7 m3 s-1) on all occasions.  
Sampling efficiency of the standard electrofishing protocol


The standard quadrat-based electrofishing approach provides a relative index of Roanoke logperch density, which enables the assessment of how density changes over time and space.  However, these density estimates are not readily convertible to estimates of true abundance or population size, because of a lack of information on sampling efficiency or the proportion of all logperch present at a site that are caught during a sampling event.  Raw catch of logperch (c), true number present (N), and sampling efficiency (p) are related through the equation: N = c / p.  Sampling efficiency may be relatively constant, or it may vary among sites and time periods.  Such variance is important to understand, because it affects the ability to accurately infer population dynamics from relative density indices.


In summer 2011, new research was conducted to quantify the sampling efficiency of the standard electrofishing protocol and how it varies across sites.  Two techniques were employed in a combined approach, mark-recapture and depletion sampling.  Both techniques become more accurate with larger sample sizes of individuals, so studies were conducted only in those sites featuring high catch-rates of logperch.  In all, six sites were selected for study; half were existing (permanent) sites and half were new riffle-run sites (see above).  

At each site, a total of four electrofishing passes were made, each pass employing the same standard electrofishing protocol and sampling the same number and location of quadrats.  During each pass, all captured logperch were placed in aerated streamside bins until sampling was completed for that day.  Logperch and data were kept separate for each pass.  Passes one and two constituted the marking session of the mark-recapture experiment.  Following the first pass, each captured Age-1+ logperch was marked with two different visible implant elastomer (VIE) tags (see Roberts et al. 2008).  Tag color and location were varied such that each individual could be uniquely identified.  Prior to returning these fish to the river, a second pass was made, immediately following the first.  Any newly captured logperch were marked as described previously, and then fish from both passes were returned to the river at the midpoint of the site.

Passes three and four constituted the recapture session of the mark-recapture experiment.  This session was conducted 1-3 days after the marking session.  This time interval presumably was long enough to allow marked fish to recover normal behaviors but short enough to satisfy the assumption of a closed population between marking and recapture (Rosenberger and Dunham 2005).  All Age-1+ logperch captured during passes three and four were checked for marks and recorded as either a recapture or a new, unmarked fish.  The method assumed that no fish lost both tags, which probably was valid, given that no fish were observed with one lost tag, and previous studies have shown high short-term retention of VIE tags in other darter species (Rosenberger and Angermeier 2002; Roberts and Angermeier 2004a).

Mark-recapture data were used to estimate true population site at each size based on maximum-likelihood closed-population models in the program MARK 6.0 (White and Burnham 1999).  The relative fit of alternative models was evaluated; models differed in that capture probability either was assumed to be constant, allowed to vary among sites, or allowed to vary between the marking and recapture sessions.  The best-fitting model featured constant capture probability, so this model was used to estimate Age-1+ population size for each site.  Then, sampling efficiency was estimated by dividing the number of Age-1+ logperch captured during the first pass by the estimated true population size.  We used simple linear regression in R to estimate the relationship between first-pass population density and estimated population size.
The use of multiple sampling passes and fish tagging enabled the use of an additional technique for estimating population size: depletion sampling.  The sampling design was a four-pass depletion study in which each pass’s catch was the number of unmarked Age-1+ logperch encountered.  Recaptured marked fish were ignored for this analysis.  Population size was estimated for each site using the maximum-likelihood removal method in the program MicroFish 3.0 (Van Deventer and Platts 1989).  Sampling efficiency was then estimated by dividing the number of Age-1+ logperch captured during the first pass by the estimated true population size.
Detection of impact

The t-test approach - The Incidental Take Statement (ITS) for the RRFRP specifies that the population density of Roanoke logperch may decline by no more than 75% over a single year, or 25% sustained over a three-year period, as a result of RRFRP activities (USFWS 2005; see also Roberts and Angermeier 2004b).  To determine compliance with this measure, a paired Before-After-Control-Impact (BACI) experimental design was developed (Stewart-Oaten et al. 1986; Smith 2002).  By simultaneously collecting data in CR and RR, the BACI design, in principle, allows variation in logperch abundance due to RRFRP (i.e., in CR) to be separated from natural variation due to other factors (i.e., in RR).  Various statistical procedures have been suggested for performing BACI tests, most recently a two-part procedure that begins with a one-tailed t-test for a significant decline in the difference (D) of CR and RR densities between project phases (Roberts and Angermeier 2006). If a significant difference is found, this test is followed by an assessment of whether mean CR density is < 75% of “Before” density in any individual “After” year, or if “After” density is < 25% of “Before” density based on the moving average of any three-year Phase-B sequence.  Based on these methods, there was no evidence for permit non-compliance during 2006-2010 (Roberts and Angermeier 2011).  


In 2011, for the first time, there was a significant decline in D between project phases, but the effect was observed only in fall and not summer samples (see Results).  This ambiguity prompted an exploration of the robustness of the BACI approach for detecting current and future construction impacts.
Power analyses were conducted to evaluate the ability of the one-tailed t-test to reliably detect future impacts of known magnitude and to compare its power to that of other possible statistical procedures (see below).  Power was estimated separately for each season (summer versus fall).  In each season, the mean and variance of “Before” D were calculated.  One-tailed t-tests then were used to compare this value to various simulated “After” D datasets that differed in the magnitude of simulated decline and the number of additional post-construction sampling years.  Each scenario began with existing phase-B data (i.e., 2006-2011), to which additional years’ worth of data sequentially were added, up to year 2026 (i.e., 15 additional years).  For each dataset, all post-2011 samples were assigned a D value that was a given percentage less than the mean “Before” D in CR.  Thus, a sustained decline was simulated, beginning in 2012, lasting a given number of years.  One minus the P-value of a t-test was interpreted as the power of the test for rejecting the null hypothesis of no decline in D.


The GLMM approach – To remedy the limitations of the BACI approach, an alternative statistical approach for detecting impact was developed and evaluated.  Generalized linear mixed modeling (GLMM) provides a framework to account for many sources of variation, then properly attribute causal effects.  This approach is based on analysis of covariance (ANCOVA), that, unlike ANOVA or t-tests, allows the direct estimation of weight-of-evidence for an impact, after accounting for other additive or interactive influences (Mathur et al. 1980, Smith 2002).  Another major benefit of the GLMM approach is that it uses all of the data available to test for impact, treating each site (rather than each reach, as in an analysis of the derived variable D) as an observation, thus increasing the sample size (and presumably power) of the analysis, as well as allowing the examination of alternative hypotheses regarding fish population response.  

A series of competing GLMM models was developed to rank and test possible sources of variation in logperch abundance within the project area (CR plus RR).  Models specifically addressed three alternative hypothesized impacts: (1) Mean abundance decreases between Phases A and B in CR but not in RR (i.e., a “mean effect”, analogous to a t-test of difference in means between 1997-2005 and 2006-2011; Fig. 24A). (2) Mean abundance decreases between phases, as above, but the decrease lags two years behind the onset of RRFRP construction (i.e., a “lagged effect”, analogous to a t-test of difference in means between 1997-2007 and 2008-2011).  This scenario hypothesizes impacts primarily on Age-0 logperch, which do not contribute appreciably to estimates of adult abundance until Age 2 (Fig. 24B).  (3) Over the course of Phase B, logperch abundance exhibits a constant monotonic decrease in CR but not in RR (i.e., a “slope effect”, analogous to a comparison of regression slopes between 1997-2005 and 2006-2011; Fig. 24C).   


Models were built using information pertaining to each site visit, including site identity, number of quadrats sampled, number of Age-1+ individuals captured, mean streamflow during sampling (USGS gauge 02055000), season, project reach, project phase, and year of sampling.  Each site (n = 12) was treated as a random factor in the analysis (Underwood 1994, Smith 2002).  The response variable was the count of Age-1+ logperch captured at each site in each year, divided by the number of quadrats sampled in that site and year (similar to a weighted catch per unit effort).


Models were fit using the lme4 package (Bates et al. 2011) in R, which produces linear mixed-effects models and model selection criteria.  Support for alternative models was assessed using the Bayesian Information Criterion (BIC; Schwarz 1978, Burnham and Anderson 2002), for which lower values indicate greater support.  In total, 153 models were fit and compared, representing all different linear combinations of the covariates (i.e., season, reach, year, streamflow, phase, and time-lagged phase) and each of the three hypothetical impact scenarios (Figure 24).

Power analyses were used to gauge the GLMM approach’s ability to detect RRFRP impacts and compare this power to that of the t-test.  Two separate power analyses were performed: a retrospective analysis using existing data and a prospective analysis using future sampling scenarios.  Because of the complexity of GLMMs, there is no simple analytical formula to calculate their power, as there is for a t-test.  Instead, an iterative approach was used to simulate datasets created from the regression coefficients and standard deviation estimates from the best-supported model.   For each simulation, data were generated for the 12 sites over the course of 15 years for the retrospective power analysis, where sampling occurred in the two seasons.  As with the real dataset, year 8 (i.e., 2004) was removed, leaving 14 years of data.  The process for the prospective power analysis was similar; however, the number of years of data was increased, and a constant effect size was implemented that was equivalent to a 25% reduction in logperch counts.  Additionally, the power of different sampling scenarios was assessed: one sample per year (summer or fall) or two samples per year (summer and fall).  Statistical power (1-β) was calculated by simulating datasets with different RRFRP effect sizes.  Ten thousand simulated datasets were created for each effect type (i.e., mean, lagged, or slope, depending on impact scenario) and effect size; effect size was varied from 0 to -1 in intervals of 0.05 for the retrospective power analysis and held constant for the prospective power analysis.  Power to detect the size and type of effect was estimated as the proportion of the 10,000 simulations in which the regression coefficient for the RRFRP effect was found to be greater than zero.   

Results
Representativeness of permanent sites

A total of 56 riffle-runs were encountered during the canoe reconnaissance survey, of which 27 were within RR and 29 were within CR (Fig. 1).  Average riffle-run length and width were 106 m and 23 m, respectively.  Twenty-nine riffle-runs featured excellent, 22 featured good, and five featured fair habitat suitability.  Habitat suitability differed somewhat between reaches; 59% of riffle-runs in CR received excellent scores, whereas only 44% of riffle-runs in RR received excellent scores.  Nineteen sites were selected for fish sampling.  Examination of the longitudinal positions of these sites indicated that they were evenly distributed throughout the study area (Fig. 2).  
During sampling of these sites in summer 2011, only one Age-0 Roanoke logperch was captured, at one of the new riffle-run sites, whereas 86 Age-1+ logperch were captured.  Age-1+ logperch density appeared to increase with distance downstream (Fig. 2), though there was substantial idiosyncratic variation and the apparent positive trend was not significant based on a linear regression model (F = 4.0, P = 0.06, R2 = 0.19).  In six of the seven permanent sites sampled, summer 2011 Age-1+ density was lower than the average summer density across 1997-2010.  However, density at permanent sites was not consistently higher or lower than density at new sites.  

Density and distribution of Age-1+ logperch

Within both reaches, summer Age-1+ logperch density was slightly higher in 2011 than in 2009 or 2010, but continued a three-year trough of density that followed a four-year spike in density between 2005 and 2008 (Fig. 3).  Mean (± one standard error, number of individuals ha-1) Age-1+ density was higher in CR (66.4 ± 13.7) than in RR (55.9 ± 21.8) in summer 2011 (Table 2).  The tendency for Age-1+ CR density to exceed RR density also typifies the previous 10 summer sampling periods (2000-2010), but not the first three summers (1997-1999), in which RR density was greater than or nearly equal to CR density (Fig. 3).  The difference (D) between CR and RR densities (D = CR - RR) in summer generally increased between 1997 and 2003, but generally has decreased since 2003.

As in summer, mean Age-1+ logperch density was higher in fall 2011 than in fall 2009 or 2010, whereas all three years exhibited lower density than that observed in the previous four years (2005-2008; Fig. 3).  Density was higher in CR (81.3 ± 32.3) than in RR (54.4 ± 7.3) during fall 2011 (Table 2), a pattern that has typified density in all previous falls (Figure 3).  Fall D has oscillated somewhat over the course of monitoring, but has not exhibited any discernible overall trend.

Spatial variation in Age-1+ logperch density is moderate among the nine upstream-most sites (CR4-RR6), whereas density is appreciably higher at the three downstream-most sites (CR1-CR3), particularly during the fall (Figs. 2 and 4).
Density and distribution of Age-0 logperch

No Age-0 logperch were captured at permanent sites in summer 2011.  Age-0 logperch density generally is low in both RR and CR during the summer (Table 3; Fig. 5), because Age-0 fish do not appreciably recruit to electrofishing gear until fall.  In fall 2011, one Age-0 logperch was captured, at site CR6 (CR density = 9.2 ± 5.0 individuals ha-1; RR density = 0.0 ± 0.0 individuals ha-1; Table 3).  Although low, these densities are within previously observed limits.  However, 2011 continued a six-year trend of relatively low Age-0 logperch density in both reaches, which followed a very high-density year in 2005 (Fig. 5).  Although the onset of this lower density coincides with the onset of RRFRP construction, the decline affected both CR and RR similarly.

During summer, only six electrofishing sites in the Roanoke River ever have produced observed Age-0 individuals, and these sites are scattered throughout the study area (Table 3).  During fall, all electrofishing sites have produced at least one Age-0 fish (Table 3), with density peaking at sites CR1, CR5, and RR3 (Fig. 4).  With the exception of site CR1, spatial peaks of fall Age-0 density do not correspond with spatial peaks of Age-1+ density.
Visual surveys for Age-0 logperch were conducted at all nine river reaches between 1 and 21 July 2011 (Table 4).  Surveyed reaches (30-217 m in length) adjoined electrofishing sites and included as many types of micro- and mesohabitats as possible.  A total of 1289 m of stream were surveyed.  Only one group of Age-0 logperch, comprising four individuals, was observed during 2011 visual surveys, for a mean density estimate of 4.0 fish km-1 across sites (Table 4).  This was the second-lowest mean density recorded over the course of the visual monitoring, and it occurred one year after the greatest observed density, in 2010.  The only apparent spatial pattern in the data is that sites RR5 and CR1 consistently produce the most Age-0 fish.  Of these two sites, only CR1 also yields significant numbers of Age-0 fish during fall electrofishing samples (Fig. 4).

Availability and distribution of suitable Age-1+ logperch habitat

Maps showing the distribution of suitable habitats at each site over Phase B are shown in Figures 6-17.  The proportions of microhabitat cells featuring high-quality (i.e., good or excellent) habitat in 2011 were typical of previous Phase-B years (Table 5).  High-quality Age-1+ habitats were slightly more prevalent in RR than in CR in 2011, but there is no apparent trend for either reach to consistently have more high-quality habitat than the other (Figure 18).  Age-1+ habitat D has fluctuated around zero for the duration of the monitoring and shows no clear trend since the onset of construction.  High-quality habitat also exhibits little variability across sites, except that RR1 consistently exhibits a higher proportion of high-quality habitat than that observed at other sites (Fig. 19).  Despite its abundance of high-quality habitat, however, site RR1 typically exhibits only moderate Age-1+ logperch density and low Age-0 logperch density.
Availability and distribution of suitable Age-0 logperch habitat
Age-0 habitat data were collected during fall 2011 at all six of the Age-0 habitat sites that were described in Roberts and Angermeier (2006).  The proportional availability of suitable Age-0 habitat (i.e., microhabitats with an HSI score > 0) was characteristically low in 2011 (i.e., < 16%; Fig. 20) and was slightly higher in CR (0.10 ± 0.03) than in RR (0.09 ± 0.03) (Table 6).  However, there has been no discernible trend in Age-0 habitat suitability since the onset of construction, and the difference (D) between reaches has oscillated about zero (Fig. 20).
Water quality

All measured water-quality variables (dissolved oxygen, pH, temperature-corrected conductivity, turbidity, water temperature) generally were similar between reaches throughout Phase B (Table 7).  Overall, water quality in the study area appeared to be consistently suitable for Roanoke logperch (Jenkins and Burkhead 1994).
Sampling efficiency of the standard electrofishing protocol

Across four passes at the six sites, a total of 139 individual Roanoke logperch were captured (Table 8).  Of the 73 individuals marked during passes one or two, only 13 (18%) were recaptured during passes three or four.  Moreover, a large number of new, unmarked individuals (n = 66) were captured during recapture passes.  Accordingly, single-pass sampling efficiency estimated from the mark-recapture experiment was relatively low, ranging from 0.07 to 0.13 and averaging 0.11 across sites.  Because the confidence intervals of population size estimates were wide, confidence intervals of sampling efficiency also were wide, ranging from 0.04 to 0.21 among sites.  Nonetheless, Age-1+ density estimated from the first pass (i.e., the standard electrofishing index) was strongly positively correlated with true abundance estimated from the mark-recapture experiment (Fig. 21; F = 9.8, P = 0.04, R2 = 0.71).
Depletion-based estimates of population size were somewhat lower, and single-pass sampling efficiency estimates correspondingly higher, than mark-recapture-based estimates (Table 8).  Neither parameter could be estimated using the depletion method for one of the six sites (riffle 54), due to a non-descending catch pattern.  Based on the other five sites, single-pass sampling efficiency ranged from 0.11 to 0.24 and averaged 0.19 across sites.  Age-1+ density estimated from the first pass was positively correlated with true abundance estimated from the depletion experiment, but not significantly so (Fig. 21; F = 1.4, P = 0.32, R2 = 0.33).
Detection of impact


The t-test approach – A one-tailed t-test was used to test whether the D of Phase B (“After”) was significantly less than that of Phase A (“Before”).  There was no significant difference between means based on summer samples (28.1 versus 26.3 fish ha-1, respectively; t = 0.15, P = 0.443).  In contrast, D was significantly lower in Phase B than Phase A based on fall samples (22.4 versus 34.7 fish ha-1, respectively; t = 1.79, P = 0.049).  However, in neither season was Phase-B CR density < 75% of mean Phase-A density in any single year, or < 25% of mean Phase-A density over any three-year sequence (Fig. 22).  Accordingly, compliance with part two of the BACI test was met, but compliance with part one was ambiguous due to seasonal differences. This ambiguity prompted an exploration of the robustness of the t-test approach for detecting current and future construction impacts.


The statistical power of the t-test increased moderately with additional years’ worth of data, but differed dramatically between summer and fall datasets.  In summer, a sustained decline of 25% or less could not be detected with statistical confidence (i.e., at P < 0.1) over the timeframe considered, and even a sustained 75% decline required an additional 6 years’ worth of data to reject the null hypothesis of no decline at the typical P < 0.05 threshold (Fig. 23).  This is because the mean Phase-B D presently is greater than the mean Phase-A D in summer, such that a large future decline would be necessary to reverse this relationship and detect an impact.  In contrast, for fall, a sustained decline of ≥ 10% had a high detection rate (P < 0.04), even after only one additional year of monitoring.  This is because the mean Phase-B D already is significantly lower than the mean Phase-A D in fall, such that additional declines only strengthen this relationship.

The GLMM approach – Based on BIC, there was strong support (i.e., model weight or posterior probability = 0.71) for a single best model relating observed conditions to logperch counts, although four other models also exhibited model weights greater than 0.01 (Table 9).  The best-supported model indicated that logperch counts were negatively related to streamflow during sampling, positively related to the year of study (i.e., increasing over time), and negatively related to the interaction of lagged phase and year.  This phase-year interaction indicates that the relationship between logperch counts and year (i.e., the slope of the trend) differed between 1997-2008 and 2009-2011.  Together, these relationships indicate that, after accounting for effects of streamflow, site, and number of observations, logperch counts in both reaches increased between 1997 and 2008. However, beginning in 2008 (i.e., two years after the construction phase began) counts in both reaches decreased (Fig. 25).

Our analysis indicated that several covariates were linearly related to counts of adults observed at each site.  Among these covariates, streamflow and sampling year had the highest cumulative weights, and their representation across the five best-supported models indicates that these factors capture important components of the variation in logperch abundance.  The regression parameter for the interaction of year with lagged phase of the project (i.e., 2008-2011) also exhibited high weight, which bolsters support for the population trend shown in Figure 25.  Effects of other covariates, such as season and reach, were less supported.   These results indicate that there were no persistent differences in Age-1+ abundance between seasons or reaches, after accounting for other factors (e.g., stream flow).  Furthermore, there was almost no statistical support for any of the three hypothesized RRFRP impact scenarios.


Based on the retrospective power analysis of the GLMM, statistical power varied with impact scenarios and the magnitude of the simulated effect.  Given existing data, the power to detect the first scenario (i.e., mean effect; Fig. 24A) varied from 0.05 (equivalent to the α threshold set for statistical significance) for an effect-size of 0 to ~1 for an effect-size of -0.7 (equivalent to a ~50% decrease of Age-1+ counts; Fig. 26A).  Power to detect the second (i.e., lag effect) and third impact scenarios (i.e., slope effect; Figs. 24B and 24C, respectively) was weaker and increased more slowly with increasing effect size (Figs. 26B and 26C).  The power of detection for each of these effects varied between 0.05 for an effect-size of 0 to ~1 for an effect-size of -0.95 (equivalent to a ~61% decrease).  


Similar to the retrospective analysis, the prospective power analysis indicated that the power to detect the first impact scenario was higher than the power to detect the second or third impact scenarios (Fig. 27).  Given the existing dataset (i.e., 1997-2003 and 2005-2011), power to detect a 25% decline under the three impact scenarios (see Fig. 24) was 0.66, 0.41, and 0.41, respectively (Fig. 27).  Power increased linearly with additional years’ worth of data.  Power also was greater when two samples were collected per year than when only one annual sample was collected, and this disparity increased with additional years’ worth of data.

Overall, the GLMM approach had less power to detect impacts than a t-test based on fall data, but more power than a t-test based on summer data.  Given the current dataset (1997-2003 and 2005-2011), the power of the GLMM, summer-t-test, and fall-t-test procedures to detect a 25% decline was 0.66, 0.66, and 0.95, respectively.  After an additional six years of monitoring (i.e., in 2017), the power of these three procedures to detect a 25% decline was 0.81, 0.75, and 0.99, respectively.  However, if only one seasonal sample per year was collected, the GLMM’s power in 2017 would be only 0.76, similar to that of the t-test based on summer data.
Discussion


Fish surveys at a series of new sites in 2011 indicated that the 12 permanent electrofishing sites are representative of other riffle-runs in the RRFRP study area.  We therefore believe that findings from the 12 permanent sites (e.g., tests for RRFRP impacts) can be reasonably extrapolated to the whole study area.  These surveys also revealed substantial longitudinal variation in logperch density.  It is unknown whether this variation is due to longitudinal variation in recruitment or survival, habitat quality, sampling efficiency, or other factors.  However, movement studies indicate that downstream sites are a source of upstream immigrants (Roberts et al. 2008), which suggests that downstream sites may be important to the population dynamics of the entire study reach.


Relative abundance of adults and large juveniles (i.e., Age-1+ fish) has varied substantially in both reaches during Phase B.  Generalized linear mixed models indicated that this variance was partly explained by variation in stream flow during sampling, a trend toward generally increasing abundance over time, and a one-time decline in 2008, two years into Phase B.  Logperch catch is higher during lower stream flows, presumably because during such times, logperch are concentrated in smaller areas that are well-sampled by the seine and electrofisher.  The increasing trend over time could indicate that our sampling efficiency has increased over time, or that there has been a real increase in logperch abundance.  We lack the data to parse these two explanations.  The model-estimated decline of Age-1+ abundance in 2008 coincides with the year that Age-0 fish produced in 2006 (the first year of Phase B) first appreciably recruited to the adult population and therefore could indicate a lagged impact of RRFRP construction.  However, given that this decline was manifested in both reaches, this impact seems unlikely.  There is little statistical evidence for a persistent difference in Age-1+ density between seasons or reaches.  This large-scale synchronicity suggests that logperch abundance is determined by environmental factors that vary over annual time scales and stream-wide spatial scales.

In electrofishing surveys, Age-0 logperch density has been low throughout Phase B.  However, this probably cannot be attributed to RRFRP construction, given that the low recruitment has occurred in both reaches.  In contrast to electrofishing surveys, visual surveys of Age-0 logperch have revealed years of high and low density within Phase B.  This discrepancy between methods may indicate that visual surveys provide a more effective index of Age-0 abundance, because Age-0 fish have not reliably recruited to electrofishing gear by fall.  Alternatively, it may indicate that Age-0 fish have high, density-independent mortality between summer and fall (i.e., between visual and electrofishing surveys) and that both survey methods are effective for their respective times of year.
Habitat and water quality conditions have varied somewhat within and between reaches during Phase B.  However, there have been no consistent differences between reaches that would suggest an impact from RRFRP construction.  Much of the temporal variability in HSI scores and water quality may be due to hydrologic variation between sampling years.  Higher-stream-flow years are likely to exhibit less silt, deeper depths, and higher velocities, which would positively affect Age-1+ HSI values but negatively affect Age-0 HSI values.  Despite observed spatiotemporal variation in habitat suitability, we have observed no apparent correlation of habitat with logperch density.  We interpret this to mean that suitable summer-fall microhabitat conditions have not been a major factor limiting the abundance of logperch during the study period.  Logperch abundance may have been limited by other, complex factors such as hydrologic conditions during spawning, over-wintering conditions, and competition or predation.
Results of mark-recapture and depletion experiments indicated that the standard index of Age-1+ logperch density is positively correlated with unbiased population estimates, and thereby provides a reasonably good index of true logperch abundance.  However, population estimates from the two methods differed substantially.  Previous studies have shown mark-recapture methods to provide more accurate estimators of population size and sampling efficiency than those provided by depletion methods (Rosenberger and Dunham 2005).  Thus, the sampling efficiency of the standard electrofishing protocol probably is closer to the estimate based on mark-recapture, 0.11, than the estimate based on depletion, 0.19.  Regardless, it is important to note that small, benthic fishes such as Roanoke logperch are difficult to detect and capture and therefore that logperch abundance may be greater than some previous surveys that ignored sampling efficiency have suggested (summarized in Jenkins and Burkhead 1994).

In 2011 calculations, for the first time, BACI calculations based on t-tests indicated a significant decline in Age-1+ logperch density in Phase B relative to Phase A.  However, this significant result was obtained only for fall and not summer data, and in neither season had density declines exceeded numerical thresholds listed in the incidental take permit.  Moreover, a new GLMM approach that combined the two seasons indicated no effect of RRFRP on logperch abundance.  We therefore conclude that USACE has complied with its incidental take permit during Phase B.

Although the BACI design is intended to reveal the relation between potential impacts and biological responses, the high environmental variation inherent in complex natural systems can mask these relationships.  For example, sampling efficiency for small fishes can be affected by a range of site conditions such as streamflow, temperature, and turbidity.  Furthermore, idiosyncratic differences between sites within treatment groups or years within treatment phases can overwhelm the detectability of real between-group differences, for example due to RRFRP construction.  Unfortunately, the t-test procedure cannot account for this variation and therefore suffers from a low signal to noise ratio.  Furthermore, this procedure provides no unified way to analyze summer and fall samples jointly and therefore does not take full statistical advantage of all observations.

In contrast, the GLMM approach allowed for the testing of multiple explicit hypotheses regarding population change in the project area over the study period.  Treating each sample as an observation within the model added the flexibility to test for more complex RRFRP impact scenarios, while accounting for extraneous environmental features that may drive population change.  It is possible to expand or refine these models in the future, based on new data and hypotheses.  The GLMM was substantially less likely to detect a logperch decline than a t-test based on fall data, yet substantially more likely to detect a decline than a t-test based on summer data.  Neither season is intrinsically more representative of reality, so neither t-test can be presumed more accurate.  In fact, these seasonal differences in t-test results suggest that it would be risky to base future sampling and impact assessments on only one season and that a more honest assessment of logperch population trends would include both seasons.  Only the GLMM approach can fully leverage, into a decision framework, the additional sample size that this intra-annual replication provides.

Nonetheless, it is important to note that statistical power to detect biologically significant declines in abundance (e.g., 25%) was generally low in GLMM models, indicating that even the best model has power to detect only catastrophic declines in abundance.  This power can best be  enhanced by: 1) accounting for sources of variation that add noise to the data, such as streamflow, sampling effort, and environmental conditions, and 2) maximizing replication of sampling within and between years.  Because the GLMM approach used herein does both of these and can accommodate new data as needed, this approach is more instructive than the traditional t-test approach in the context of managing potential RRFRP impacts on Roanoke logperch.


Based on these findings, the following additional suggestions for continued monitoring seem warranted:

(1) Treat all data collected during 2006 - 2011 as the construction phase (i.e., Phase B) data for RRFRP monitoring.

(2) Use the methodologies described herein to monitor post-construction trends.

(3) Continue monitoring the abundance of Age-0 logperch, availability of Age-0 logperch habitat, and their use of pools to help interpret spatiotemporal variation in abundance of Age-1+ logperch in riffles.

(4) Resume summer electrofishing at the 12 permanent sites during post-construction monitoring, because these data provide valuable replication necessary for achieving high power in impact analyses.
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Table 1. Universal transverse Mercator locations (Virginia South 4502; US State Plane 1983) for each of the 12 permanent monitoring stations sampled from 1997 to 2011 in the Roanoke River, Virginia.

	Site
	Northing
	Easting

	CR1
	1103719.803
	3374601.163

	CR2
	1103446.308
	3372238.731

	CR3
	1103929.164
	3370765.516

	CR4
	1104730.853
	3370226.313

	CR5
	1105458.854
	3368620.125

	CR6
	1105105.833
	3365916.413

	RR1
	1104944.510
	3364819.557

	RR2
	1104562.424
	3364471.674

	RR3
	1105710.827
	3362427.948

	RR4
	1106481.540
	3361706.824

	RR5
	1106505.305
	3358835.269

	RR6
	1106056.788
	3357653.402


Table 2.  Estimated densities (individuals ha-1) of Age-1+ Roanoke logperch from 2006-2011 in the Roanoke River of Virginia, based on electrofishing at reference reach (RR) and construction reach (CR) sites during Phase B.  SE represents standard error.  Dashes indicate un-sampled sites.
	
	Summer
	
	Fall

	Site
	2006
	2007
	2008
	2009
	2010
	2011
	
	2006
	2007
	2008
	2009
	2010
	2011

	RR6
	107.1
	191.2
	50.0
	27.8
	13.2
	25.0
	
	100.0
	138.9
	52.6
	25.0
	13.9
	39.5

	RR5
	125.0
	107.1
	160.7
	55.6
	27.8
	-
	
	118.4
	133.3
	66.7
	62.5
	13.9
	29.4

	RR4
	46.9
	55.6
	14.7
	20.8
	19.2
	-
	
	97.2
	159.1
	50.0
	22.7
	53.6
	53.6

	RR3
	68.2
	47.6
	109.4
	52.6
	17.9
	117.6
	
	102.3
	69.4
	93.8
	83.3
	38.5
	78.1

	RR2
	45.5
	55.6
	93.8
	16.7
	38.5
	25.0
	
	0.0
	27.8
	222.2
	20.8
	38.5
	57.7

	RR1
	41.7
	87.0
	137.5
	60.0
	107.1
	-
	
	70.0
	178.6
	32.6
	25.0
	34.1
	68.2

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	72.4
	90.7
	94.3
	38.9
	37.3
	55.9
	
	81.3
	117.9
	86.3
	39.9
	32.1
	54.4

	SE
	14.5
	22.1
	22.2
	7.9
	14.4
	21.8
	
	17.5
	23.5
	28.4
	10.8
	6.3
	7.3

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CR6
	90.9
	125.0
	156.3
	11.9
	11.9
	41.7
	
	118.4
	156.3
	100.0
	33.3
	37.5
	39.5

	CR5
	140.6
	53.6
	31.3
	50.0
	0.0
	-
	
	55.6
	75.0
	50.0
	53.6
	0.0
	50.0

	CR4
	125.0
	152.8
	102.9
	12.5
	22.7
	39.5
	
	69.4
	78.1
	15.6
	31.3
	0.0
	62.5

	CR3
	133.3
	88.2
	58.8
	58.8
	183.3
	73.5
	
	194.4
	203.1
	73.5
	62.5
	69.4
	16.7

	CR2
	83.3
	97.2
	166.7
	83.3
	44.1
	-
	
	154.8
	125.0
	152.8
	83.3
	176.5
	236.1

	CR1
	111.1
	222.2
	250.0
	166.7
	100.0
	111.1
	
	100.0
	83.3
	250.0
	125.0
	62.5
	83.3

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	114.1
	123.2
	127.7
	63.9
	60.3
	66.4
	
	115.4
	120.1
	107.0
	64.8
	57.7
	81.3

	SE
	9.5
	24.1
	32.6
	23.5
	28.5
	13.7
	
	21.4
	21.1
	34.3
	14.4
	26.7
	32.3


Table 3. Estimated densities (individuals ha-1) of Age-0 Roanoke logperch from 2006-2011 in the Roanoke River of Virginia, based on electrofishing at reference reach (RR) and construction reach (CR) sites during Phase B.  SE represents standard error.  Dashes indicate un-sampled sites.
	
	
	
	Summer
	
	
	
	
	
	
	
	Fall
	
	

	Site
	2006
	2007
	2008
	2009
	2010
	2011
	
	2006
	2007
	2008
	2009
	2010
	2011

	RR6
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	RR5
	0.0
	0.0
	0.0
	0.0
	0.0
	-
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	RR4
	0.0
	0.0
	0.0
	0.0
	0.0
	-
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	RR3
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	RR2
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	RR1
	0.0
	0.0
	0.0
	0.0
	0.0
	-
	
	0.0
	11.9
	0.0
	0.0
	0.0
	0.0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	2.0
	0.0
	0.0
	0.0
	0.0

	SE
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	2.0
	0.0
	0.0
	0.0
	0.0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CR6
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	16.7
	12.5
	13.2

	CR5
	0.0
	0.0
	0.0
	0.0
	0.0
	-
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	CR4
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	0.0
	11.4
	0.0

	CR3
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	CR2
	0.0
	0.0
	0.0
	0.0
	0.0
	-
	
	0.0
	15.6
	0.0
	0.0
	0.0
	0.0

	CR1
	0.0
	0.0
	0.0
	0.0
	25.0
	0.0
	
	0.0
	0.0
	0.0
	25.0
	31.3
	0.0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	0.0
	0.0
	0.0
	0.0
	4.2
	0.0
	
	0.0
	2.6
	0.0
	6.9
	9.2
	2.2

	SE
	0.0
	0.0
	0.0
	0.0
	4.2
	0.0
	
	0.0
	2.6
	0.0
	4.5
	5.0
	2.2


Table 4. Summary of Phase-B visual surveys for Age-0 logperch from 2006-2011 in the Roanoke River of Virginia.  For each year, the linear distance surveyed (km) and estimated density of logperch (fish km-1) are shown.  SE represents one standard error.

	
	2006
	2007
	2008
	2009
	2010
	2011

	
	Distance
	Density
	Distance
	Density
	Distance
	Density
	Distance
	Density
	Distance
	Density
	Distance
	Density

	RR6
	122
	0
	115
	0
	137
	0
	170
	0
	109
	0
	92
	0

	RR5
	300
	43.3
	300
	22.7
	303
	0
	222
	0
	192
	182.3
	189
	0

	RR4
	266
	0
	260
	0
	250
	0
	250
	0
	224
	8.9
	217
	0

	RR3
	134
	14.9
	220
	0
	210
	0
	133
	0
	220
	4.5
	170
	0

	RR1
	135
	0
	122
	24.6
	190
	0
	129
	0
	138
	0
	110
	0

	CR6
	150
	0
	144
	0
	160
	0
	150
	0
	148
	0
	30
	0

	CR5
	232
	4.3
	268
	0
	240
	0
	144
	0
	154
	0
	153
	0

	CR3
	350
	0
	257
	0
	177
	0
	280
	0
	216
	9.3
	216
	0

	CR1
	225
	4.4
	135
	81.5
	135
	96.3
	158
	0
	110
	227.3
	112
	35.7

	Mean
	
	7.4
	
	14.3
	
	10.7
	
	0.0
	
	48.0
	
	4.0

	SE
	
	4.8
	
	9.1
	
	10.7
	
	0.0
	
	29.9
	
	4.0


Table 5. Total area of each site and percentage of site’s microhabitats estimated to be “excellent” or “good” for Age-1+ Roanoke logperch during each year of Phase B (2006-2011) in the Roanoke River of Virginia.  SE represents one standard error.

	
	2006
	2007
	2008
	2009
	2010
	2011

	
	Area
	%
	Area
	%
	Area
	%
	Area
	%
	Area
	%
	Area
	%

	RR6
	3532
	67.8
	3134
	44.4
	3069
	25.3
	3451.5
	72.4
	3303.0
	69.4
	3739.5
	75.7

	RR5
	2729
	59.4
	2502
	52.5
	2434
	44.1
	2873.2
	69.9
	2747.3
	62.2
	2976.7
	68.0

	RR4
	2455
	48.4
	2196
	35.5
	2221
	7.5
	2643.7
	59.6
	2542.5
	60.5
	2670.7
	67.6

	RR3
	3733
	35.0
	3442
	35.5
	3177
	31.3
	4070.2
	30.0
	3561.7
	45.7
	4029.7
	40.2

	RR2
	1865
	71.3
	1944
	54.5
	1683
	29.8
	2126.2
	62.0
	1914.7
	62.2
	2025.0
	68.3

	RR1
	2486
	77.6
	2277
	89.8
	2140
	65.5
	2434.5
	90.6
	2272.5
	81.0
	2605.5
	76.4

	
	
	
	
	
	
	
	
	
	
	
	
	

	RR mean
	2800.1
	59.9
	2582.6
	52.0
	2454.0
	33.9
	2933.2
	64.1
	2723.6
	63.5
	3007.9
	66.0

	RR SE
	288.8
	6.5
	238.1
	8.2
	234.4
	8.0
	291.5
	8.2
	253.6
	4.7
	306.7
	5.4

	
	
	
	
	
	
	
	
	
	
	
	
	

	CR6
	4351
	26.7
	4509
	35.2
	4075
	13.6
	4833.0
	57.0
	4029.7
	30.3
	4101.7
	33.8

	CR5
	2225
	63.6
	2088
	66.8
	1973
	43.8
	2272.5
	58.3
	1930.5
	61.8
	1937.2
	61.8

	CR4
	2540
	48.6
	2783
	52.8
	1861
	48.4
	3096.0
	64.9
	2281.5
	74.8
	2724.7
	49.5

	CR3
	2308
	42.2
	2439
	66.9
	2272
	39.5
	2567.2
	53.0
	2265.7
	72.1
	2252.2
	65.2

	CR2
	1975
	60.9
	1732
	76.8
	1654
	61.0
	1989.0
	46.3
	1802.2
	74.3
	1865.2
	73.1

	CR1
	1591
	52.2
	1494
	49.8
	1404
	22.4
	1401.8
	36.4
	1363.5
	53.1
	1536.8
	49.6

	
	
	
	
	
	
	
	
	
	
	
	
	

	RR mean
	2498.6
	49.0
	2507.6
	58.0
	2206.5
	38.1
	2693.2
	52.7
	2278.9
	61.1
	2403.0
	55.5

	RR SE
	393.4
	5.5
	443.1
	6.1
	392.4
	7.1
	486.4
	4.1
	376.5
	7.1
	377.2
	5.7


Table 6.  Proportions of surveyed microhabitat cells at each site estimated to be suitable for Age-0 Roanoke logperch during each year of Phase B (2006-2011) in the Roanoke River of Virginia.  SE represents standard error.

	Site
	2006
	2007
	2008
	2009
	2010
	2011

	RR1
	0.10
	0.05
	0.11
	0.08
	0.13
	0.05

	RR5
	0.10
	0.11
	0.09
	0.05
	0.09
	0.08

	RR6
	0.15
	0.19
	0.25
	0.15
	0.25
	0.13

	
	
	
	
	
	
	

	RR mean
	0.12
	0.12
	0.15
	0.09
	0.15
	0.09

	RR SE
	0.02
	0.04
	0.05
	0.03
	0.05
	0.03

	
	
	
	
	
	
	

	CR2
	0.04
	0.11
	0.00
	0.05
	0.00
	0.05

	CR3
	0.23
	0.15
	0.16
	0.15
	0.16
	0.14

	CR6
	0.04
	0.05
	0.05
	0.05
	0.05
	0.12

	
	
	
	
	
	
	

	CR mean
	0.10
	0.10
	0.07
	0.09
	0.07
	0.10

	CR SE
	0.06
	0.03
	0.05
	0.03
	0.05
	0.03


Table 7. Mean and standard error (SE, in parentheses) of water quality parameters collected monthly during July-September of each year of Phase B (2006-2011) in the Roanoke River of Virginia.  DO, Cond, Turb, and Temp represent dissolved oxygen (mg L-1), conductivity corrected to 25 °C (microseimens s-1), turbidity (NTU), and water temperature (°C), respectively.
	
	Reference reach
	Construction reach

	
	DO
	pH
	Cond
	Turb
	Temp
	DO
	pH
	Cond
	Turb
	Temp

	July 2006
	7.8 (0.3)
	8.4 (0.0)
	360.5 (3.8)
	1.8 (0.2)
	23.4 (0.3)
	7.7 (0.3)
	8.4 (0.0)
	368.5 (2.0)
	3.5 (0.3)
	26.1 (0.4)

	August 2006
	8.2 (0.2)
	8.3 (0.1)
	381.8 (0.7)
	1.4 (0.2)
	24.8 (0.2)
	6.4 (0.4)
	8.2 (0.1)
	382.9 (3.7)
	5.6 (0.8)
	24.1 (0.1)

	September 2006
	10.8 (0.2)
	8.1 (0.1)
	362.7 (5.4)
	1.7 (0.2)
	15.6 (0.2)
	10.1 (0.2)
	8.3 (0.0)
	373.1 (1.1)
	2.3 (0.3)
	16.7 (0.1)

	July 2007
	8.4 (0.1)
	8.4 (0.0)
	388.1 (1.5)
	3.5 (0.5)
	23.9 (0.2)
	8.1 (0.1)
	8.4 (0.0)
	390.1 (1.9)
	5.6 (0.3)
	26.5 (0.6)

	August 2007
	7.7 (0.1)
	7.8 (0.0)
	396.7 (4.5)
	10.2 (1.4)
	23.3 (0.1)
	7.3 (0.3)
	7.7 (0.1)
	333.8 (17.0)
	33.0 (9.7)
	25.0 (0.4)

	September 2007
	8.0 (0.3)
	8.0 (0.0)
	402.3 (3.4)
	1.8 (0.3)
	21 (0.4)
	8.1 (0.3)
	8.0 (0.0)
	409.9 (1.0)
	3.8 (0.5)
	22.8 (0.4)

	July 2008
	8.3 (0.1)
	8.5 (0.0)
	385.5 (1.5)
	4.3 (0.5)
	22.7 (0.2)
	8.2 (0.1)
	8.3 (0.0)
	387.5 (1.9)
	6.4 (0.3)
	25.3 (0.6)

	August 2008
	7.6 (0.1)
	8.4 (0.1)
	454.1 (4.5)
	3.1 (0.5)
	22.1 (0.1)
	7.4 (0.3)
	8.3 (0.0)
	391.2 (17.0)
	5.2 (0.3)
	23.8 (0.4)

	September 2008
	7.9 (0.3)
	8.1 (0.0)
	419.7 (3.4)
	9.7 (0.3)
	19.8 (0.4)
	8.2 (0.3)
	7.9 (0.0)
	427.3 (1.0)
	11.7 (0.5)
	21.8 (0.3)

	July 2009
	8.3 (0.2)
	8.3 (0.0)
	390.5 (1.0)
	2.7 (0.4)
	23.1 (0.2)
	7.7 (0.2)
	8.2 (0.0)
	390.0 (1.3)
	5.5 (0.4)
	24.7 (0.3)

	August 2009
	7.2 (0.1)
	7.7 (0.0)
	342.3 (0.7)
	7.3 (0.5)
	23.2 (0.3)
	7.5 (0.1)
	7.6 (0.0)
	349.4 (1.7)
	9.3 (0.6)
	25.2 (0.3)

	September 2009
	8.5 (0.3)
	8.0 (0.0)
	394.2 (1.5)
	4.0 (0.3)
	21.0 (0.2)
	8.4 (0.2)
	8.0 (0.0)
	392.5 (4.2)
	5.9 (0.2)
	22.0 (0.2)

	July 2010
	8.2 (0.1)
	8.1 (0.0)
	396.1 (1.5)
	5.3 (0.5)
	25.0 (0.2)
	7.9 (0.1)
	8.1 (0.0)
	398.1 (1.9)
	7.4 (0.3)
	27.6 (0.6)

	August 2010
	8.5 (0.1)
	7.9 (0.0)
	368.7 (4.5)
	7.3 (0.5)
	23.6 (0.1)
	8.1 (0.3)
	7.9 (0.1)
	305.8 (17.0)
	9.4 (0.3)
	25.3 (0.4)

	September 2010
	8.1 (0.3)
	8.1 (0.0)
	472.3 (3.4)
	2.6 (0.3)
	22.5 (0.4)
	8.2 (0.3)
	8.1 (0.0)
	479.9 (1.0)
	4.6 (0.5)
	24.3 (0.4)

	July 2011
	8.3 (0.2)
	7.9 (0.1)
	396.1 (1.9)
	9.2 (0.5)
	22.7 (0.3)
	8.1 (0.1)
	8.2 (0.0)
	395.9 (1.7)
	12.8 (0.7)
	24.6 (0.3)

	August 2011
	8.0 (0.1)
	8.4 (0.0)
	420.5 (1.0)
	3.1 (0.4)
	25.1 (0.2)
	7.6 (0.3)
	8.3 (0.0)
	420.0 (1.3)
	7.4 (0.6)
	26.7 (0.3)

	September 2011
	8.1 (0.3)
	8.1 (0.0)
	472.3 (3.4)
	2.6 (0.3)
	22.5 (0.4)
	8.2 (0.3)
	8.1 (0.0)
	479.9 (1.0)
	4.6 (0.5)
	24.3 (0.4)

	
	
	
	
	
	
	
	
	
	
	

	July mean (SE)
	8.2 (0.1)
	8.3 (0.1)
	386.1 (5.4)
	4.5 (1.1)
	23.4 (0.4)
	7.9 (0.1)
	8.3 (0.1)
	388.3 (4.3)
	6.9 (1.3)
	25.8 (0.5)

	August mean (SE)
	7.8 (0.2)
	8.1 (0.1)
	394.0 (16.1)
	5.4 (1.4)
	23.7 (0.4)
	7.4 (0.2)
	8.0 (0.1)
	363.9 (17.1)
	11.7 (4.3)
	25.0 (0.4)

	September mean (SE)
	8.5 (0.5)
	8.0 (0.0)
	420.6 (18.0)
	3.7 (1.2)
	20.4 (1.0)
	8.5 (0.3)
	8.0 (0.1)
	427.1 (18.2)
	5.5 (1.3)
	22.0 (1.1)


Table 8. Results of the combined mark-recapture/depletion study conducted during summer 2011 at six riffle sites in the Roanoke River of Virginia.  Three of the sites were existing (permanent) monitoring sites. Numbers of marked, recaptured, and unmarked fish are shown, as well as estimates of population size and sampling efficiency based on mark-recapture and depletion methods. Estimation of depletion-based population size at site 54 was impossible due to the non-descending catch pattern.  For population and sampling-efficiency estimates, 95% confidence intervals are shown in parentheses.
	
	Marking session
	
	Recapture session
	Mark-recapture
	Depletion
	
	

	
	1st-pass
	2nd-pass
	
	3rd-pass
	
	4th-pass
	population
	population
	1st-pass sampling efficiency

	Riffle number
	Marked
	Marked
	
	Recaptures
	Unmarked
	
	Recaptures
	Unmarked
	estimate
	estimate
	Mark-recapture
	Depletion

	13
	10
	5
	
	2
	6
	
	1
	7
	82 (53.4, 143.3)
	56 (28.0, 135.9)
	0.12 (0.07, 0.19)
	0.18 (0.07, 0.36)

	17 (RR3)
	8
	5
	
	2
	4
	
	2
	5
	64 (41.2, 115.4)
	34 (22.0, 66.2)
	0.12 (0.07, 0.19)
	0.24 (0.12, 0.36)

	38
	6
	3
	
	0
	5
	
	0
	3
	47 (29.2, 87.5)
	26 (17.0, 54.0)
	0.13 (0.07, 0.21)
	0.21 (0.11, 0.35)

	47 (CR3)
	5
	2
	
	0
	3
	
	0
	4
	41 (25.2, 78.2)
	27 (14.0, 80.5)
	0.12 (0.06, 0.20)
	0.19 (0.06, 0.36)

	54
	10
	9
	
	2
	11
	
	2
	9
	112 (73.8, 189.5)
	inestimable
	0.09 (0.05, 0.14)
	inestimable

	56 (CR1)
	4
	6
	
	2
	7
	
	0
	2
	56 (35.2, 101.5)
	35 (19.0, 88.0)
	0.07 (0.04, 0.11)
	0.11 (0.05, 0.21)


Table 9. Model structure, relative difference in Bayesian information criterion values (i.e., relative support for the model; [image: image2.png]


), and model weight (i.e., posterior probability of the model; [image: image4.png]


) for well-supported models (i.e., those with [image: image6.png]


≥0.01).   Data originated from electrofishing samples at 12 permanent sites listed in Table 1 from 1997-2011 in the Roanoke River, Virginia.  Parameter estimates are shown for variables occurring in each model.  Possible variables included streamflow, season, stream reach, and year of each sampling event, as well as two-way interactions between these variables.  Parameters “Mean Effect”, “Lag Effect” and “Slope Effect” represent possible RRFRP construction-impact scenarios.  [image: image8.png]


 indicates the cumulative model weight of the parameter across the 153 models run; greater weight indicates a stronger confidence for the inclusion of that parameter.
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Figure 1. Map of the study segment of the Roanoke River in Virginia (shaded portion of inset map).  Locations of all riffle-run habitat units are indicated by colored circles.  The twelve riffle-runs at which permanent sites are located are indicated in red.
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Figure 2. Longitudinal variation of summer Age-1+ Roanoke logperch density in the Roanoke River of Virginia.  Circles indicate densities observed at 19 sites surveyed in summer 2011, whereas diamonds indicate average densities at the 12 permanent sites pooled across all previous summers (1997-2003 and 2005-2010).  Open circles represent permanent sites surveyed in summer 2011, whereas filled circles represent new 2011 sites.  Vertical bars represent 95% confidence intervals, assuming a normal distribution.  Stream flow goes from the left to the right of the abscissa.
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Figure 3. Temporal variation in the mean density of Age-1+ Roanoke logperch at construction and reference reach sites, as well as the difference between mean reach densities, during summer (top panel) and fall (bottom panel) of 1997-2003 and 2005-2011, in the Roanoke River, Virginia.  Error bars represent 95% confidence intervals, assuming a normal distribution.  The confidence interval for CR in summer 2003 is not shown in full, but ranged from -154 to 196. The dashed vertical line indicates the onset of RRFRP construction.
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Figure 4. Among-site variation in fall Age-0 and Age-1+ Roanoke logperch density, pooled across all falls (1997-2003 and 2005-2011), in the Roanoke River, Virginia.  Vertical bars represent 95% confidence intervals, assuming a normal distribution.
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Figure 5. Temporal variation in the mean density of Age-0 Roanoke logperch at construction and reference reach sites, as well as the difference between mean reach densities, during summer (top panel) and fall (bottom panel), during 1997-2003 and 2005-2011, in the Roanoke River, Virginia.  Error bars represent 95% confidence intervals, assuming a normal distribution. The dashed vertical line indicates the onset of RRFRP construction.
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Figure 6. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site CR1 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 7. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site CR2 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 8. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site CR3 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 9. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site CR4 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 10. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site CR5 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 11. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site CR6 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 12. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site RR1 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 13. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site RR2 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.

[image: image25.emf]Unsuitable

Poor

Fair

Good

Excellent

Unsuitable

Poor

Fair

Good

Excellent

Unsuitable

Poor

Fair

Good

Excellent

Unsuitable

Poor

Fair

Good

Excellent

Unsuitable

Poor

Fair

Good

Excellent

Stream flow

Unsuitable

Poor

Fair

Good

Excellent

2009 2010 2011

2006 2007 2008


Figure 14. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site RR3 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 15. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site RR4 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 16. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site RR5 during summers of Phase B (2006-2011) in the Roanoke River, Virginia. 
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Figure 17. Distribution and quality of microhabitat cells (1.5-m2-area pixels) at site RR6 during summers of Phase B (2006-2011) in the Roanoke River, Virginia.
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Figure 18.  Mean percentage of available microhabitats classified as high quality (i.e., excellent or good) for Age-1+ Roanoke logperch at reference and construction reach sites during summer 1997-2003 and 2005-2011 in the Roanoke River, Virginia.  Error bars represent 95% confidence intervals, assuming a normal distribution. The dashed vertical line indicates the onset of RRFRP construction.
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Figure 19. Mean percentage of available microhabitats classified as high quality (i.e., excellent or good) for Age-1+ Roanoke logperch at each site, across summers (1997-2003 and 2005-2011) in the Roanoke River, Virginia.  Error bars represent 95% confidence intervals, assuming a normal distribution.
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Figure 20. Mean proportion of available microhabitats classified as suitable (i.e., with an HSI score >0) for Age-0 Roanoke logperch in pools located in the reference and construction reaches during 2005-2011 in the Roanoke River, Virginia.  Error bars represent 95% confidence intervals, assuming a normal distribution.  The dashed vertical line indicates the onset of RRFRP construction.
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Figure 21. Relationship between Age-1+ logperch density estimated from a single electrofishing pass (i.e., the standard index) and true logperch abundance estimated from the mark-recapture or depletion experiments.  Data come from six riffle-run sites sampled in summer 2011 in the Roanoke River, Virginia.  Abundance at one site could not be estimated using depletion.
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Figure 22: Percent difference between each Phase-B year’s mean CR Age-1+ logperch density and the mean CR density across all Phase-A years (i.e., 1997-2003 plus 2005) in the Roanoke River, Virginia.  No single year exhibited a decline approaching the 75% threshold, and no three-year sequence exhibited a sustained decline approaching the 25% threshold.
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Figure 23: Results of a power analysis of the one-tailed t-test for BACI calculations.  Observations show how the probability of rejecting the null hypothesis (i.e., one minus the P-value of the test) of no significant decline in D (the difference between CR and RR density) varies with the magnitude of a simulated decline of D (10, 25, 50, or 75% reduction) and the number of additional annual samples.  Data originated from electrofishing samples at 12 permanent sites from 1997-2011 in the Roanoke River, Virginia.
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Figure 24: Three plausible impacts of RRFRP construction on logperch abundance in the Roanoke River, Virginia.  The vertical line segment indicates the onset of construction (i.e., transition from Phase A to Phase B).  Other line segments indicate mean abundance in CR (dashed line), RR (dotted line), or both (solid horizontal line).  Impacts include (panel A) a mean effect, wherein mean logperch density decreases in CR immediately after the onset of construction, (panel B) a lagged mean effect, wherein logperch density decreases in CR two years after the onset of construction, and (panel C) a slope effect, representing a constant, gradual decline of logperch counts in CR but not in RR after the onset of construction.
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Figure 25: Estimated trends in Age-1+ logperch counts at permanent sites from 1997-2011 in the Roanoke River, Virginia, based on the best-supported generalized linear model (i.e., Model 1 from Table 12).  Summer CR, fall CR, summer RR, and fall RR sites are plotted as dark gray dashed lines, dark gray solid lines, light gray dashed lines, and light gray solid lines, respectively.  The mean trend across sites and seasons is shown as a solid black line. 
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Figure 26: Plots of retrospective statistical power to detect (A) a mean effect, (B) a lagged effect, and (C) a slope effect, given different levels of decline in logperch counts in the Roanoke River, Virginia.

[image: image38.emf]
Figure 27: Plots of prospective statistical power to detect (A) a mean effect, (B) a lagged effect, and (C) a slope effect representing a constant 25% decrease in logperch counts in the Roanoke River, Virginia. Power increases with an increase in sampling years or seasons.  Grey lines represent sampling once per year; black lines represent sampling during two seasons per year.
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