Effects of culverts on resident fish assemblages in forested watersheds.
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Abstract. – Culvert installations at road crossings number in the hundreds of thousands across forested watersheds in the eastern United States.  Culvert design and installation practices typically do not address the needs and abilities of resident fishes to freely move along stream corridors. Our objective was to assess fish communities in second and third order streams downstream and upstream (location) of culverts which were a priori classified as passable or impassable (type) for fishes based on culvert perch and water depth of the culvert. We sampled 31 streams twice (2002 and 2003) in the Monongahela National Forest, West Virginia collecting 10,315 individual fish representing 20 fish species. There was a significant interaction between location (downstream/upstream) and culvert type (passable/impassable) for some fish community variables. The differences in relative abundance between locations were greater in impassable culverts than in passable culverts for brook trout, creek chub Semotilus atromaculatus, fantail darters, total fish (2002 only) and blacknose dace Rhinichthys atratulus (2003 only). There were no differences between locations for passable culverts for any individual species. We found differences between locations and impassable culverts. There were fewer species, total fish, brook trout Salvelinus fontinalis and fantail darters Etheostoma flabellare (2002 only) found upstream of impassable culverts compared to downstream of impassable culverts. The slope of the culvert and the product of culvert length and slope were higher in streams with fewer fish species. Impassable culverts may negatively affect resident fish assemblages by prohibiting re-colonization of upstream habitats and restricting movements to locate food, habitat or spawning areas.

INTRODUCTION

Roads can have a tremendous impact on aquatic ecosystems by increasing sedimentation and altering both large-scale and small-scale stream channel morphology (Lim 1995; Harper and Quigley 2002; Trombulak and Frissell 2000; Wellman et al. 2000; Forman 2003). In addition to these negative affects of roads on streams, road crossings at streams may also affect fish movement potentially changing species distributions and relative abundance because of fragmentation of habitat from impassable culverts (McKinnon and Hnytka 1985; Slawski and Ehlinger 1998; Kosicki and Davis 2001; Clarkin et al. 2003). Forested watersheds in the eastern United States have hundreds of thousands of road crossings with an average of 0.99 road crossings per stream kilometer (Whalen 2004). Few of these crossings preserve natural stream morphology, which is needed for unrestricted movement of fishes (Warren and Pardew 1998). Although these potential blockages and their affects have been documented for anadromous fish species, resident fish species passage needs have largely been ignored as a culvert design criterion. Movement of resident stream fishes has been shown to be necessary for long-term persistence of many species (Gerking 1959; Smithson and Johnston 1999; Rodriquez 2002; Albanese et al. 2003). Road crossings potentially fragment populations of resident fish species by preventing re-colonization of stream habitat that has suffered localized extirpations. These extirpations can be triggered by both natural (flood, drought, fire) or anthropogenic events (logging, pesticides, channelization)(Olmsted and Cloutman 1974; Roghair et al. 2002). Resident fishes also may have movement needs to locate food, habitat and spawning areas. 


Our working hypothesis was that impassable culverts might be affecting resident fish distribution and abundance in the upper Greeenbrier watersheds in the Monongahela National Forest, West Virginia. To test this hypothesis we compared fish species, total relative abundance, and individual species relative abundance upstream and downstream of culverts we a priori classified as impassable or passable to resident fishes.

METHODS

Study site


We conducted the study in the Upper Greenbrier, Glady Fork, Deer Creek/Sitlington and Shavers Run watersheds, three 5th level watersheds (Seaber et al. 1987) in the Monongahela National Forest, West Virginia (Figure 1).

Culvert Selection and Measurement

We evaluated road and trail crossings of streams (n = 86) within the adjacent Upper Greenbrier (n = 59), Glady Fork (n = 6), Shavers Run (n = 12) and Deer Creek/Sitlington (n = 9) watersheds and classified culverts a priori based on jump barriers and water depth barriers during spring flows (Friel et al. 1989; Wiley et al. 2002; Ward et al. 2003). Culverts with no outlet perch (bottom of the culvert outlet is level to water surface or submerged)(Figure 2) and water depth greater than 2.54 cm were classified as passable and culverts with an outlet perch greater than 12 cm or water depth less than 2.54 cm throughout the pipe were classified as impassable. Culverts that met neither classification were classified as indeterminate. After classification, we selected a subset of passable and impassable classified streams (n = 40) with culvert crossings that were (1) second or third stream order in size, (2) had a length of stream at least 40 times channel width prior to confluence with other tributaries and (3) had no natural stream channel characteristics (waterfalls, cascades, debris jams) preventing unrestricted fish movement within 40 channel widths downstream and upstream of the culvert. We then randomly selected approximately equal numbers of  “passable” (n = 16) and “impassable” (n = 15) crossings from this subset.

Physical traits of the selected crossings (n = 31) were characterized according to methods and procedures outlined in Clarkin et al. 2003. We used a level, leveling rod, and tape measure to determine the physical traits of each culvert (Figure 2). We found six culvert types in the study area: vented ford, box culvert, pipe arch, circular culvert, and bottomless arch. There were multiple culverts at a road crossing 31% of the time. Where multiple culverts occurred we selected for classification purposes the one pipe that we deemed easiest for fish passage. Photos of culverts can be viewed at:

http://csmres.jmu.edu/forestservice/Culvert/  .

Fish Sampling


The appropriate sampling effort for a given study depends on numerous factors (Angermeir and Smogor 1995). We sampled fishes upstream and downstream of culverts over a length of stream 20 times the channel width (Figure 3) because this effort was expected to collect over 90% of the available species (Angermeir and Smogor 1995; Meador et al. 1993).  We established a non-sampled buffer area (20 times the channel width or a minimum of 80 meters) that separated the culvert from the upstream and downstream sampling areas to minimize the impact of local habitat alteration from the road and culvert. Because we classified the culverts a priori and had no previous knowledge of site-specific species composition we wanted to sample as many streams as possible to increase potential statistical power for species-specific comparisons. We actively choose sampling by one-pass backpack electrofishing using a minimum of two netters to increasing the number of streams we could sample within our time frames and budget. Many national and regional sampling programs and research studies have successfully used single pass electrofishing to assess metrics related to species occurrence and relative abundance (Angermeir and Karr 1986; Crozier and Kennedy 1994; Meador et al. 1993; Lazorchak et al. 1998; Daniels et al. 2002; Meador et al. 2003). Past experience in the region and previous electrofishing by the authors within the study watersheds have shown increases in sampling effort (two and three–pass electrofishing) to yield diminishing returns in information on community attributes such as number of species and their relative abundance (Angermeir and Smogor 1995).  Although one-pass electrofishing may miss some species and numbers of fish the comparisons are valid because they are based on identical sampling protocols (Angermeir and Smogor 1995).

 Block nets were not used because they have not been shown to improve the estimates of species richness or relative abundance (Vadas and Orth 1993; Simonson and Lyons 1995; Edwards et al. 2003). In previous electrofishing experiences in the watersheds by the authors, sampled fishes used specific habitats and did not run “evade” great distances but tended to conceal themselves in available habitat similar to the findings of Mitro and Zale (2000, 2002). In larger streams multiple netters and two electro-fishers were used. We conducted the study in 2002 and duplicated the study at the same locations in 2003. We identified and measured (total length) all fish. 
Statistical Analysis 
The statistical analysis focused on differences between the location of the samples (upstream or downstream) and the classification of the culvert type (passable or impassable) and the interaction between these two factors. The experimental design is a split-plot design with streams representing “whole-plots” (31 units) and stream segments (upstream/downstream) representing “sub-plots” (2 units per stream). Parametric analysis was not appropriate as residuals indicated long tailed distributions. We therefore used a nonparametric approach for testing. Recognizing that the data conforms to a BACI (Before-After Control-Impact) design, we replaced downstream and upstream for before- after and culvert type (passable/impassable) for control-impact (Stewart-Oaten et al. 1986, Smith, 2002).  This analysis is based on taking differences between upstream and downstream locations and testing these differences across the culvert type.  A test for interaction is made using a Wilcoxon rank sum test on the differences.  When the interaction is significant, additional tests can be carried out using the observations for individual location-culvert type combinations.  When the two samples from the same stream are compared (downstream -passable versus upstream-passable) a Wilcoxon signed rank test was used. The signed rank test is used rather than the rank sum test because two (possibly correlated) measurements are made on the same stream.  The signed rank test is based on the differences between the two measurements. For evaluation of effects, we used a alpha level of 0.10 for the test of interactions. This slightly higher level was selected to increase the power of the tests.  In unplanned follow-up analysis of the means (Tables 6 to 9) we adjusted the Type I error rate using a Bonferroni correction (Sokal and Rohlf, 2003).  

As dependent variables, we used total number of species, total numbers of fish and total numbers of the most common individual species (brook trout Salvelinus fontinalis, sculpin Cottus sp., blacknose dace Rhinichthys atratulus, fantail darter Etheostoma flabellare, creek chub Semotilus atromaculatus, and mountain redbelly dace Phoxinus oreas). Although there were 31 sites (16 passable sites and 15 impassable sites), actual sample sizes for some analyses varied because of the absence of individual species (Table 1).

RESULTS

Relative abundance and species richness 

A total of 5,910 fish and 19 species were collected in 2002 and 4,405 fish and 20 species in 2003. The species richness and relative abundance of all fishes and individual species is summarized in Figure 4 by (1) location (downstream/upstream), (2) location and passable culverts, and (3) location and impassable culverts. The sampled sections averaged 90 fish (SD = 108) in 2002 and 71 fish (SD = 105) in 2003.

 Brook trout (28 streams), mottled sculpin (22 streams), blacknose dace (18 streams), fantail darter (17 streams), creek chub (16 streams) and mountain redbelly dace (11 streams) were the most common species (Table 1). We did not collect other species in enough streams to analyze their relative abundance. All 31 streams had fish at downstream locations and 7 streams had no fish upstream of the culvert. We conducted additional follow up electrofishing (at the same time as original sampling) in the two buffer areas (Figure 3) in those 7 streams that had no fish upstream of the culvert. In all cases, for both years, no fish were collected in the buffer area above the culvert and the complete downstream fish assemblages were found in the 10 meters directly below the culvert in question. Six of the 7 culverts with no fish upstream were a priori classified as impassable. The majority of streams had fewer species upstream (65% in 2002; 61% in 2003) than downstream. 

Interaction location (downstream/upstream) and type (passable/impassable)

There was a significant (p < 0.10) interaction between location and culvert type in some of the dependent variables (Table 2). The differences in relative abundance between locations were greater in impassable culverts than in passable culverts for brook trout, creek chub, fantail darters, total fish (2002 only) and blacknose dace (2003 only). Except for total fish (2002) and blacknose dace (2003) the direction of the differences was for fewer fish above impassable culverts than below impassable culverts (Figure 4).

Location (downstream/upstream) for passable culverts

There were no significant differences (p > 0.10) between locations for passable culverts for any individual species (Table 3). There were fewer species and higher relative abundance (2003 only) upstream of passable culverts compared to downstream of passable culverts (Figure 4).

Location (downstream/upstream) for impassable culverts

We found differences (p < 0.10) between locations and impassable culverts (Table 4). There were less species, fewer total fish, fewer brook trout and fewer fantail darters (2002 only) found upstream of impassable culverts compared to downstream of impassable culverts (Figure 4). Six of the 7 culverts with no fish above the culvert were impassable culverts.

Upstream/downstream 

We found significantly (p < 0.10) fewer species upstream than downstream in both 2002 and 2003 (Table 5). The average taxa difference between upstream and downstream locations was -0.96 (SD = 1.27) in 2002 and –0.74 (SD = 1.15) in 2003. The total relative abundance of all fishes combined was significantly different (p > 0.10) between upstream and downstream locations in both years (Table 5).

Watershed and Culvert measurements

Selected watershed metrics and culvert measurements are summarized in table 6.  The outcome of the overall analysis suggested some unplanned comparisons of the means among the fish data, selected culvert and watershed measurements, and our a priori classifications of passable and impassable. 

We compared the means of selected watershed characteristics and culvert measurements between streams with fewer species upstream of culverts and those with equal or more species upstream of culverts. Culvert slope (mean fewer fish = 4.27%; mean others = 2.24%) and the product of culvert length and slope (mean fewer fish = 62.53; mean others = 24.11) were the only variables that were significantly different (Bonferroni experimentwise critical p < 0.01)(Table 7).

  We also compared the mean culvert and watershed values between those streams with no fish species upstream (n = 7) of the culvert and all other culverts (n = 24). Streams with no fish species upstream were significantly different (Bonferroni experimentwise critical p < 0.01) in watershed size (mean 0 fish = 0.81 km2; mean others = 6.74 km2), median flow (mean 0 fish = 0.009 cms; mean others = 0.075 cms), peak flow (mean 0 fish = 0.496 cms; mean others = 2.581 cms), channel width (mean 0 fish = 2.93 m; mean others = 5.35 m), culvert slope (mean 0 fish = 6.03%; mean others 2.49%), the product of culvert length times slope (mean 0 fish = 79.48; mean others = 33.56) and the meters of upstream habitat (mean 0 fish = 514; mean others = 4,733)(Table 8).

Lastly, we compared the mean culvert and watershed values between our a priori classifications of passable and impassable and found significant differences (Bonferroni experimentwise critical p < 0.01) in watershed size (mean impassable = 1.70 km2; mean passable = 8.87 km2;), median flow (mean impassable  = 0.019 cms; mean passable = 0.099 cms), peak flow (mean impassable = 0.878 cms; mean passable = 3.265 cms), culvert slope (mean impassable = 4.73%; mean passable = 1.94%), outlet perch (mean impassable 36.2 cm ; mean passable = 0.0 cm),  the product of culvert length times slope (mean impassable = 67.60 m; mean passable = 21.80 m) and the meters of upstream habitat (mean impassable = 1,240 m; mean passable = 6,126 m)(Table 9). Because the differences in fishes between passable and impassable culverts may be confounded by stream size we focused our comparisons on location differences that were not related to stream size (Figure 4). 

DISCUSSION

The movement of fish through a culvert is complex involving the interaction of stream flow, fish species, life stage and barrier type. In this study we did not directly validate that a culvert was passing fish with tagging studies. There may be many possible reasons for species richness and relative abundance differences in stream habitats, however we hypothesize that the majority of culverts classified a priori as impassable in this study have conditions that are never met or infrequently met for passage of most fish species and this is affecting species occurrence and relative abundance upstream of the impassable culverts in the watersheds we studied. We base this on the results of two years of sampling species and relative abundance on streams where: (1) we found no individual species differences between upstream and downstream locations on passable culverts, (2) we found differences in some fish species and relative abundance between upstream and downstream locations on impassable culverts, (3) we often found interaction between location and culvert type, (4) we found 6 of the 7 culverts with no fish above the culvert were a priori classified as impassable and (5) where we didn’t find statistical differences upstream and downstream of impassable culverts the trend for fewer species and relative abundance upstream of impassable culverts was in that direction but could not be determined statistically because of small sample sizes and poor statistical power (i.e. mountain redbelley dace 2002, 2003). 

We also hypothesize that our a priori classification of passable and impassable culverts and our electrofishing results may actually underestimate the stream fragmentation that is possibly occurring from culverts. Our a priori system failed to take into account potential barriers from velocity and exhaustion that may be important (USDA 2003). Some of the culverts a priori classified as passable may not be allowing fish movement during some parts of the year because of potential exhaustion and velocity barriers. The greater mean culvert slope and the higher mean product of pipe length and culvert slope in those streams with fewer upstream fish species suggests potential velocity and exhaustion barriers. In addition some culverts may maintain similar fish communities and relative abundances upstream and downstream of an impassable culvert for decades until a stochastic event occurs or even after such event. The original and replacement dates of culverts and the number and dates of stochastic events in the watersheds studied are not known at a practical scale but most of the culverts have been in place between 15 and 30 years and have experienced numerous floods and draughts (Friel et al. 1989; Wiley et al. 2002; Ward et al. 2003). However, these streams may not have experienced a natural or man-made disturbance that has threatened these populations (Morita and Yokota 2002; Roghair et al. 2002; Carline and McCullough 2003). It is possible that some of our study streams have recently experienced a local extirpation and not enough time has passed for fishes to re-colonize through a passable culvert. However, we hypothesize re-colonization for most of the habitats upstream of our classified impassable culverts remain highly unlikely. Fragmented streams contribute to long-term population risks (Hilderbrand and Kershner 2000).

We found no differences in stream size parameters between those streams with fewer upstream fish species and those with equal or greater numbers of species downstream. However the seven streams with no fish upstream of the culvert were significantly smaller. Smaller streams are more vulnerable to localized extirpations from stochastic events because of the smaller fish populations found in these streams (Hilderbrand and Kershner 2000). There is no indication the natural stream characteristics played a role in permanently extirpating all fish from the upstream habitats of these streams. In fact those seven streams had fish immediately below the culvert in all cases for both years. Only one of the seven culverts with no fish was classified as passable. We hypothesize that this one classified passable culvert was not passing fish the majority of the time because of an unmeasured velocity or exhaustion barrier.

We also found many of the a priori classified impassable culverts were in smaller streams. This may reflect culvert design flaws where road crossings at small streams are undersized eventually resulting in downstream scouring that result in larger outlet perches and subsequent jump barriers (Lim 1995). 

The differences in fish assemblages above and below impassable culverts were evident in the watersheds we studied. We hypothesize culvert removal and/or replacement with new design considerations will minimize the differences between upstream and downstream fishes at the impassable classified culverts we sampled particularly in the culverts with no upstream fishes. Culvert installations at road crossings are pervasive in most watersheds in the eastern United States (Whalen 2004) and this potential problem may exist in many eastern United States watersheds. Consideration of resident fish passage needs in future culvert design, replacement, and maintenance projects should be required.  

We recommend preserving natural stream morphology as a goal for road crossings. Culvert slope, outlet drop, and the ability of the culvert to simulate natural stream habitat are consistently identified as important factors in determining whether or not a culvert can pass fish effectively (McKinnon and Hnytka 1985; Slawski and Ehlinger 1998; Kosicki and Davis 2001). Many existing culverts exceed short-term swimming velocities of many resident fishes (Toepfer et al. 1999; Kosicki and Davis. 2001).  Because existing culverts number in the hundreds of thousands and replacement bridges, bottomless arches and properly designed culvert replacement costs are high and may be cost prohibitive (Murphy and Pyles 1989) focus areas should be high priority watersheds that maximize connectivity of habitats of at risk species. Proper inventory and assessment is a necessary first step prior to any culvert replacement because impassable culverts may also be preventing successful invasion by invasive species (Clarkin et al. 2003).
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Table 1. Fish species collected from 31 study streams during summer 2002 and 2003, Monongahela National Forest, West Virginia. Listed in descending order of occurrence.
	Common name
	Scientific name
	ID code
	 Number

 of streams 
	Number of streams with

passable culverts

	Brook trout (wild and stocked)
	Salvelinus fontinalis
	BKT
	28 
	12

	Mottled sculpin
	Cottus bairdi
	SCL
	22 
	15

	Blacknose dace
	Rhinichthys atratulus
	BND
	18 
	13

	Fantail darter
	Etheostoma flabellare
	FTD
	17 
	12

	Creek chub
	Semotilus atromaculatus
	CC
	16 
	12

	Mountain redbelly dace
	Phoxinus oreas
	MRD
	11 
	8

	White sucker
	Catostomus commersoni
	WS
	10 
	10

	Rosyside dace 1
	Clinostomus funduloides
	RSD
	7 
	7

	Central stoneroller
	Campostoma anomalum
	STR
	6 
	6

	Brown trout (wild and stocked)1
	Salmo trutta
	BNT
	5 
	5

	Longnose dace
	Rhinichthys cataractae
	LND
	4 
	4

	New River shiner
	Notropis scabriceps
	NRS
	3
	3

	Rainbow trout (stocked only)1
	Oncorhynchus mykiss
	RBT
	3 
	3

	Bigmouth chub
	Nocomis platyrhynchus
	BMC
	2 
	2

	Rock bass
	Ambloplites rupestris
	RB
	2 
	2

	Brown bullhead 1
	Ameiurus nebulosus
	BB
	1 
	1

	Bluntnose minnow
	Pimephales vigilax
	BNM
	1 
	1

	Green sunfish
	Lepomis cyanellus
	GS
	1 
	1

	Greenside darter
	Etheostoma blennioides
	GSD
	1 
	1

	Toungetied minnow
	Exoglossum laurae
	TTM
	1 
	1


1 Not native to watershed 

Table 2. Wilcoxon Rank Sum tests for interaction between location (downstream and upstream of culvert) and culvert type (passable and impassable) for species richness, total fish (relative abundance) and species relative abundance (BKT = brook trout; SCL = sculpin sp.; BND = blacknose dace; FTD  = fantail darter; CCH = creek chub; MRD = mountain redbelly dace). N = number of streams used in the analysis. Bold text indicates significant p values (p<0.10) for Wilcoxon Rank Sum test.

	
	2002


	
	
	
	2003


	
	

	
	
	
	
	
	
	
	

	
	N
	df
	P value
	
	N
	df
	P value

	Species richness
	31
	29
	0.4108
	
	31
	29
	0.2595

	Total fish
	31
	29
	0.0214
	
	31
	29
	0.1471

	BKT
	28
	26
	0.0515
	
	28
	28
	0.0498

	SCL
	22
	20
	0.4171
	
	22
	20
	0.3793

	BND
	18
	16
	0.1689
	
	18
	16
	0.0839

	FTD
	17
	15
	0.0286
	
	17
	15
	0.0914

	CCH
	16
	14
	0.0199
	
	16
	14
	0.0159

	MRD
	11
	9
	0.1070
	
	11
	9
	0.1114


Table 3. Wilcoxon Sign Rank tests between downstream and upstream locations on passable culverts for species richness, total fish (relative abundance) and species relative abundance (BKT = brook trout; SCL = sculpin sp.; BND = blacknose dace; FTD  = fantail darter; CCH = creek chub; MRD = mountain redbelly dace). Np = number of pairs of streams used in the analysis. Bold text indicates significant p values (p<0.10) for Wilcoxon Sign Rank tests. 

	
	2002


	
	
	
	2003


	
	

	
	
	
	
	
	
	
	

	
	Np
	df
	P value
	
	Np
	df
	P value

	Species richness
	16
	15
	0.0225
	
	16
	15
	0.0859

	Total fish
	16
	15
	0.5708
	
	16
	15
	0.0811

	BKT
	13
	12
	0.2051
	
	13
	12
	0.9170

	SCL
	15
	14
	0.2458
	
	15
	14
	0.8470

	BND
	13
	12
	0.5088
	
	13
	12
	0.3203

	FTD
	12
	11
	0.4351
	
	12
	11
	0.5938

	CCH
	12
	11
	0.7207
	
	12
	11
	0.8135

	MRD
	8
	7
	0.8438
	
	8
	7
	0.7422


Table 4.  Wilcoxon Sign Rank tests between downstream and upstream locations on impassable culverts for species richness, total fish (relative abundance) and species relative abundance (BKT = brook trout; SCL = sculpin sp.; BND = blacknose dace; FTD  = fantail darter; CCH = creek chub; MRD = mountain redbelly dace). Np = number of pairs of streams used in the analysis. Bold text indicates significant p values (p<0.10) for Wilcoxon Sign Rank tests. 

	
	2002


	
	
	
	2003


	
	

	
	
	
	
	
	
	
	

	
	Np
	df
	P value
	
	Np
	df
	P value

	Species richness
	15
	14
	0.0137
	
	15
	14
	0.0020

	Total fish
	15
	14
	0.0020
	
	15
	14
	0.0079

	BKT
	15
	14
	0.0749
	
	15
	14
	0.0486

	SCL
	7
	6
	0.6563
	
	7
	6
	0.8750

	BND
	5
	4
	0.3125
	
	5
	4
	0.2500

	FTD
	5
	4
	0.0625
	
	5
	4
	0.2500

	CCH
	4
	3
	0.1250
	
	4
	3
	0.2500

	MRD
	3
	2
	0.2500
	
	3
	2
	0.5000


Table 5. Wilcoxon Rank Sum tests between downstream and upstream culvert locations for species richness, total fish (relative abundance) and species relative abundance (BKT = brook trout; SCL = sculpin sp.; BND = blacknose dace; FTD  = fantail darter; CCH = creek chub; MRD = mountain redbelly dace). N = number of streams used in the analysis. Bold text indicates significant p values (p<0.10) for Wilcoxon Rank Sum tests. 

	
	2002


	
	
	
	2003


	
	

	
	
	
	
	
	
	
	

	
	N
	df
	P value
	
	N
	df
	P value

	Species richness
	31
	29
	0.0016
	
	31
	29
	0.0009

	Total fish
	31
	29
	0.0064
	
	31
	29
	0.0064

	BKT
	28
	26
	0.1927
	
	28
	26
	0.3415

	SCL
	22
	20
	0.4307
	
	22
	20
	0.3939

	BND
	18
	16
	0.1467
	
	18
	16
	0.3239

	FTD
	17
	15
	0.1421
	
	17
	15
	0.2950

	CCH
	16
	14
	0.5000
	
	16
	14
	0.1197

	MRD
	11
	9
	0.4603
	
	11
	9
	0.3522


Table 6. Means (SD) of watershed area (km2), elevation (m), estimated flows (cms) and selected culvert metrics at 31 sample locations (N) in the Monongahela National Forest, West Virginia. 

	
	 N
	Area (km2)
	Elevation (m)
	Median flow (cms) 
	Peak flow (cms)
	Avg. Channel Width (m)
	Culvert Slope %
	Outlet Perch (cm)
	Pipe length (m) 
	Pipe length

X slope (m)
	Upstream habitat (m)

	All culverts


	31


	5.40 

(8.21)
	992 

(79)
	0.060 (0.097)
	2.110

(2.587)
	  4.80

 (2.82)
	  3.29

( 2.44)
	14.0

(24.59)
	12.4

 (7.5)
	43.94 (41.7)
	3,780 (5,332)


Table 7. Comparison of the mean (SD) watershed area (km2), elevation, estimated flows  (cms) and selected culvert metrics between culverts with fewer fish species upstream (Fewer species) (2002 and 2003) and culverts with the same number or more species upstream (Equal species). The 31 sample locations (N) are in the Monongahela National Forest, West Virginia. Bold p values are statistically significant (t test; Bonferroni experimentwise critical p < 0.01).
	
	N
	Area (km2)
	Elevation (m)
	Median flow (cms) 
	Peak flow (cms)
	Avg. Channel Width (m)
	Culvert Slope %
	Outlet Perch (cm)
	Pipe length (m)
	Pipe length x slope (m)
	Upstream habitat (m) 

	Fewer species
	16


	3.88

(6.87)
	1006 

(85)
	 0.043

(0.076)
	1.571

(2.261)
	4.22

 (2.54)
	 4.27

 (2.56)
	13.94 (20.60)
	14.175 (9.61)
	62.53 (47.72)
	2,737 (4,520)

	
	
	
	
	
	
	
	
	
	
	
	

	Equal species
	15


	7.02

 (9.39)
	976

 (72)
	0.078

(0.104)
	2.685

(2.859)
	5.42

 (3.05)
	 2.24

 (1.87)
	14.10 (29.00)
	10.54 (3.59)
	24.11 (21.68)
	4,893 (6,038)

	
	
	
	
	
	
	
	
	
	
	
	

	P value
	
	0.1505
	0.1489
	0.1507
	0.1200
	0.1245
	0.0089
	0.4931
	0.0873
	0.0041
	0.1366


Table 8. Comparison of the mean (SD) watershed area (km2), elevation, estimated flows (cms) and selected culvert metrics between culverts with 0 fish upstream (2002 and 2003)(0 fish) and culverts with at least one species upstream (Fish). The 31 sample locations (N) are in the Monongahela National Forest, West Virginia. Bold p values are statistically significant (t test; Bonferroni experimentwise critical p < 0.01).

	
	N
	Area 

(km2)
	Elevation (m)
	Median flow (cms) 
	Peak flow (cms)
	Avg. Channel Width (m)
	Culvert Slope %
	Outlet Perch (cm)
	Pipe length (m)
	Pipe length

X slope (m)
	Upstream habitat (m)

	0 fish
	7
	0.81 
	1,036
	0.009
	0.496
	2.93
	6.03
	23.4
	13.8
	79.48
	  514

	Fish
	24
	6.74
	979
	0.075
	2.581
	5.35
	2.49
	11.3
	12.0
	33.56
	4,733

	
	
	
	
	
	
	
	
	
	
	
	

	P value
	
	0.0018
	0.1043
	0.0018
	.0007
	0.0008
	0.0035
	0.15028
	0.1982
	0.0017
	0.0007


Table 9. Comparison of the mean (SD) watershed area (km2), elevation (m), estimated flows (cms) and selected culvert metrics between culverts a priori classified as passable and impassable. The 31 sample locations (N) are in the Monongahela National Forest, West Virginia. Bold p values are significant (Bonferroni experimentwise critical p < 0.01).

	
	Sample size
	Area (km2)
	Elevation (m)
	Median flow (cms) 
	Peak flow (cms)
	Avg. Channel Width (m)
	Culvert Slope %
	Outlet Perch (cm)
	Pipe length (m)
	Pipe length

X slope (m)
	Upstream habitat (m)

	Passable


	16


	 8.87 (10.23)
	983 

(83)
	0.099 

(0.114)
	3.265 (3.140)
	  5.78

 (3.40)
	  1.94

 (1.55)
	  0.0

 (0.0)
	10.1 

(3.7)
	21.8 

(21.0)
	6,126 

(6,537)

	
	
	
	
	
	
	
	
	
	
	
	

	Impassable


	15


	 1.70

 (1.91)
	1001

 (77)
	  0.019

 (0.021)
	0.878

(0.791)
	  3.76

 (1.56)
	  4.73

 (2.43)
	  36.2

 (27.8)
	14.9  (9.6)
	67.6 

(45.8)
	 1,240

 (1,319)

	
	
	
	
	
	
	
	
	
	
	
	

	P value
	
	0.0070
	0.2620
	0.0070
	0.0040
	0.0217
	0.0005
	0.0004
	0.0459
	0.0011
	0.0046


Figure 1. Watershed and culvert locations (solid circles are passable culverts; hollow squares are impassable culverts) in West Virginia.

Figure 2. Selected measurements used to classify culverts. Outlet perch = Culvert outlet (P2) – Tailwater control (P3)

Figure 3. Study electrofishing sample areas above and below culverts. Buffer areas not sampled.

Figure 4. Summary of the mean species richness, total relative abundance and species relative abundance (BKT = brook trout; SCL = sculpin sp.; BND = blacknose dace; FTD  = fantail darter; CCH = creek chub; MRD = mountain redbelly dace) by; (1) location (DS) = downstream; (US) = upstream; (2) location and passable culverts (PASS); and (3) location and impassable culverts (IMPASS). 
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