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Road Crossings as Barriers to Small-Stream Fish Movement 

Ahsri.nr,t.-- We used mark-rcunprure tcrhniqucs to exnlnjnc the effccrs of four rypcs of road 
crossin&\ on lisli ~niovtm~ent dur-jng spring base flows and summer low Rows in s1naI1 ~Lrcnnih (of 
rhc Oua~.hitn Mounta~r~s,  wcsl-contrill Arknn~as. Wc asscsscd mobcmcnr Ibr 21 lish spccics in 
scvcil larrlilics rhr.ongh culvvrl, slab, opcn-box, and ford crossings and Lhrough natr~rsl I-cacheh. 
We derccrcti no scaional or dirccrional bias in fish movcmcnt rhrough any croshing rype or thc 
natural rcachcs. OVCI-all fish movcmcnL wns an order of magnitude lower through culverta rhnn 
thl-ough (~rhcl- crossing.; or nurural i~eachcs, cxcepr no movemcnl was d c ~ c c ~ e d  rhrough thc slab 
crossirig. In crrllrrasr, open-box and lord crossings showed lirrlc difrcrcnce Lrorn ~ ~ a t u r d  rc:~chcs 
i r ~  overall movcmcnl ot fishes. Nun-iberh of species t hn~  rrnverscd crossings and lnuvcrrlcnr within 
three of four dorninanl fish fam~lics (Ccr~tr~irchidae, Cyprinitlae, and Fundulidacl d s o  w?rc reduced 
at culvcri\ rclat~vc to ford iuid open-hox crtxsings and nalural reachri. In sprir~g, rctenrlon of 
frshcs was conaisrcn~ly highehl in  itream scgrnrnh up.;Lrr;lrn of cro<stng\ and Iuwr~r  i n  downs~reum 
sepmerlrs for all crosrlng ~ypcs .  a response attribulcd to scor~rinf a\socinlcd with hprin? spntcs. 
Water vcloci~y at crosiings wnb inversely rclarcd to fish movcmcrlt: culccrl cro.$sinps corisisrcntly 
hnd rhc highcst velocir~cs und oprn-box crossings had thc lowest. A key I-equii-eincnr for improving 
road cr-o$sin_: designs for small-slrcem tish passage will be dcterrninrrtlcln of c.rltiual ~ C V C I C  01'wXcr 
velocity through crossings 

Thc abiliry to disperse i s  orten cl-itical to fishes 
for access Lo qpawning habit31 (Fausch and Yourlg 
1995),  for  maintenance oC popu ln~ ions  in mess  un- 
suitable for rcprodrlction (Schlosser 1095; Schlrrs- 
ser and Angcrmeicr 1Y95), arld t'ur access to prey 
o r  avoidance o r  prcdatol-s (Powcr  1987; Harvcy ct 
al. 1988; Hurvey 1991). Bnrricrs to dispersal may 
delay 01- prccludc recovcry o f  tish assemblages fol- 
lowing dislurbance (Detcnbcck ct  d. 1992) and 
increase exlinction risk by frngmcii~ation (Bestgen 
and Platania 1991: WinsLon et al .  1991 ) .  

Road crossings are pokrltial b a ~ r i c r s  to thc 
rnuvemcnt nf s~nal l -s t~-emn fishes. Road crossing 
designs vary f r o ~ n  sirnple, low-watcr fords to mas- 
sivc concrcle or earth-tilled structures.  S o m c  
crossing types may ncl as semipcrmeablc or sca- 
sonal harriers T O  fish Inovr~ncn t .  s~n l i l a r  to shallow 
riffles (Matthews et al. 19!)4); others may preclude 
all Jnovcnicnt by fishes, similar Lo cl'fcuts of d m ~ s  
(Winston et  sl .  199 I ; Wnttcrs 1906). 

Unlikc sa lmor~ids  (Fausch and Your~g  1995). lit- 
t le is know11 about moverrlcnL of small-slrcam. 
wurrnwntcr fishcs (Hill and Grossman 19873; Bart 
1989; Petcrson and Bailey 1943; Prceman 1995). 

and even less 1s known about effects of r o ~ i d  cross- 
ings on Lhese ii<hc:;. D e s p i ~ e  i m d j ~ ~ o ~ ~ a l  v icws Lo 
the conlrary ( e , ~ . .  Gerking 1959), reccnt work  has 
shown lhat small-strcam fishes can be  highly mo- 
bile (Deckcr a i d  Errnan 1992: Mathcney and R3- 
beni 11195) m d  show rapid rccolor~ization into de- 
farmated stream rcachcs (Pctcl-son and Bayley 
1993: Sheldon and Mefl'e 1994).  T h e  c r f c c ~ s  of 
I-oad crossing? or1 fish lnovcrncnt in smal l  w u m -  
water streams, how eve^; arc unknc~wn. 

Thc poten~ial  ol' a road crossing to acr as a bar-- 
rier to fishcs prohubly is related to [he altel-alien 
ol' How through the crossing.  Wc hypolhcsizcd that 
crossing types that minin-lnlly alter natural  flow 
may be less likely tn intlucncc fish rnovernent. We 
examined thc effccls o n  lish rnovernent uf four 
road crossing Lypcs with diffrr-ent potcnlinls to al- 
ter flows. Fish rnoverne~lt ~ h r o u g h  crossings was  
determined a1 sprlng base find surnmcr low Rows 
in s m d l  strcarrls In f o r e s ~ e d  walershcds of [he 
Ouachita Mountains, Ouachita National Forcst, 
we.st-centl-ul Arkansas. We specifically askcd four  
qucslions: ( I )  Docs crossing rypc affcct overall, 
directional, or seasonnl fish movcrncnl? ( 2 )  Is 
crossing type a s soc i a~ed  with the dlversily o f  kshcs 
o r  fish Carnilies able to travcrSe the cross in^'! ( 3 )  
Are patterns of  ljsh retcntiorl affected I3y c;-oss- 
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ings'! (4) Is there a relationship bctwccn fish mtive- 
rnctnt and wstcr dcpth and vclucjty through cross- 
lngs'! 

Methods 

Rood cro.~.virig.r.-We sclcctcd nine crosrings un 
tight streams in tht. Ouach i~a  National Forcst 
(Ouachita River drainage),  Montgomery County, 
Arkansas,  for s ~ u d y  of fish rnovern'nt a1 sulnrncr 
low flows (July-August 1993) and spring (March- 
May 1994) base Ilows. Crossing ryprs included 
LW(.) ford,s, two open-box bl-ldgcs, four cylindrical 
CLI IVCI - I  C I . O S S I I ~ ~ S ,  and onc solid concrctc slab with 
no culverts ( included only in surnrncr- \amples).  
Ciradients of s ~ u d y  srl-cam reaches, dctcrrn~ncd 
f rom 1:15,000-sc:dr lopogrnphic maps, avel-aged 
O . X % ,  (SE - 0.14%);  substl-atcs wcsc predomi- 
n:~ntly cobhle. hcdrock, and gravcl. Wc cha~-aclc~-- 
i7cd crossirlgs by detcrminiug nvcrapc u ;llel- vc- 
locity (m/s .  by timilip a neutrally hr~[.i)'ant ohjecl 
11-ovclinp thrnuph the crossiny a mlnirnurri of thrre 
~ i r n c s  or by digital current mcrcl-), length irrl, up- 
slrcam l o  downstrca~n distancc 01 thc crossing), 
a n d  avcragr dcpth ( c ~ r i j .  r k p l h s  of  culwrt  and 
opcn-box c~.ossing.; wcl-c averages of lhc upstrcarn 
and downs~r-earn opcninc dcplhs: fcrr othcr cross- 
ings, dcpths along the thalwcg wei-c avcragrd. 

Ford crossings (Little and 13ig Cedar creeks, 
both srrcarn order 2 )  wcl-c y n t l y  s l o p ~ n _ ~ .  suh- 
merged roadbeds composcd of c c m p s c ~ e d  gravel 
uhst r i i tc .  Vclocitlcs through Lhr folds uc rc  0.10 
m/s in sutnmcr and rnngcd fl-rim 0.12 t o  0.28 rn/s 
in spr-irlp. L c n ~ t h s  wcrn 7 and F; rn. and depths 
wc.1-c h cm ihoth)  in summel- ;uicl ranped i m n  12 
to 20  cr1.1 In spring. 

C)l~en-box crossings (Twin and Martin crreks,  
01-dcrs 2 and 3. rcspcrtively) had one LO rhrce bays 
( 3 -3  rn wide, 24 3 0  rn long)  ropprd wilh a con- 
crete roadhcd and underlain with a concrclc or 
gravcl hotlom. Vclocitics wcr r  rlcpliglble In both 
sp r i r~g  and sunimrr (~:0.05 m l s ) ,  n~id  deprhs ranged 
fr-or11 3 0  to 75 cm in sun-lrncr and frorri 40 ro 80 
cln in spring. 

Culvcrt c r ~ x s i n ~ s  (Mur-phy Creek and Walnut 
Fol-k. holh ordcr 2; 1,jttlc Crdal- Creek. ordcr 3; 
n d  S o ~ ~ t h  Foi-k, ordel- 4) corlsistcd of l u o  lo foul- 
I - ~ n - d i a m e ~ e r  concrete or corrugated p la~r i c  cul- 
vcr-t pipes positioned oil a concre[e pad overlain 
hy concrete or  earth-anci-graveI-fillcd roadbed 
wilh a concrctc apron extending drrwnstrcn~u 3-4 
m.  Cu1vc1.t CI-ossing watcr velocities wcr-c 0.4-1.4 
rn/s in surnrnrl- and 0.8- 1.4 1111s in  spnng:  Icngths 
were 6 -10 m; and dcplhs were 5-16 cm In summcr 
and 14-47 cni in spring. One  culvcrt (Murphy 

Crcck) had n vertical drop o f  5-6 c m  in summer 
on the downs~ream cdgc of thc concrete apron. ~ i n d  
another (Walnut Fork) had n drop of 8 em in sum- 
mer and 5 cm in spring off thc cdgc of the apron. 
Other culvert crossing aprons werc submerged 
throughout the study. 

T h e  concl-etc slab uoss ing  (East Fork Twin 
Creek, order I )  was a lriw dam across the stream 
with a 15-cm verlical drop off thc downstrea~n 
edge lo the surface of thc receiving pool.  Velocity 
ovcr the slab was negligible; length was 4 m; nnd 
deplh was 5 cm during the summer. 

Stub, de.~igrr.--At cach crossing, we divided the 
stream into thrcc scgmcnts of ahout cqual length 
(mean = 36 rn, SE = I .2 m, N = 51 )  In both 
seasons. Wr located the first segrnenl (upstrcarn 
scgmcnt) immcdiatcly upstrcam of (he crossing 
and thc second segment i rnrr~dia te ly  downstr-car11 
(downstream segment 1) .  We located the third scg- 
~ n c n t  (dowristrcarn segment 2 )  dowrlsu-caln o f  
downstream scpmcnt 1 but separntcd from i~ by a 
natur-al stream reach equal in Ic~lgth  to thc- cross- 
ing. At cach crossing. Lhc natul-a1 reach was a shal- 
low I-ii'tlc or. run with a rangc in dcpths of 10-40 
crn in summer and 20-70 cm in spring. Wc did 
not determine velocities through natural I-caches. 

b7.rl1 s(linp/ill~.---At ench silc, W c  placed block 
nets at  the ends o f  cuch strcarn scgmeiit and con- 
ducled ~wo-pass  clcc~l-ofishing Lhl-ough the seg- 
mcnt. Wc batchmarkcd all fishcs with a subcuta- 
neous injecliun of acrylic palnl (Lotrich and Mcr- 
edith 1974: Flill and Grossman 19X7h: Freeman 
1095) of a colol- unique to that stream scgrnc~lt  and 
bcason. 

Rftcr initial marking, we rcsarnpled each site 
twicc during cach scason hy blocknclting segments 
and conducring two-pass elcctrofishing. Mean in- 
tervnl betwren sarnples was 17 d (SE = I d) in 
thc spring and 12 d ISE = 0.8 d )  in the summer. 
Wc rcsampled one open-box crossinp (Min-tin 
Cxcck) only once during thc surnmcl- because shal- 
low water precluded cfficicnt sanipling. During the 
first I-esainplc, unmarked fishes wcrc marked, and 
fishes that had rnovrd wel-e rr-marked with a calm 
unique ro thr  segrr ie~~t  in which recapture occurred. 

Jjcrro (I~LL!\.JPJ-.-A~ cach site, w c  assessed fish 
movcmcnt through thc crossing (bctwcen the up- 
stream scgrncnl and downstrea~n segmcnr I )  and 
across thc na~ura l  reach (between doa~ns~ l -cam scg- 
~r i rn t s  I and 2).  We expressed fish movcmrnl  as 
propor~ional  daily movement,  M. R ' .L) ' , where 
M was the numher of fish that had moved. K was 
the total numher of recaptures in both segments, 
and 13 was the numbcr o f  days sincc lhc first mark- 



i n s .  Wc cxpressetl dirrclional movernent sinlilarly 
with M being thc numbci- of fish th:rl movcd up- 
slrcam or. downstr-cam. \Ye uscrl an arcsine sclL1xe 
roo1 wanfurmarion of 171-opor-tlcinal daily rncivr- 
mrnt to achieve equality of var-ianccs and nor-- 
~ n ; ~ l i l y  (01- annlysci of \ , ~ I - ~ ~ I I ~ c c  h u t  prcsrnt rc t~xnh-  
Col-mcd mcans and error rcrrna 1Sokal and Kohlj. 
I C ) X  I ). Signili~.ancr vnlucs were P i C).05 For all 
Irsls 

We t c s ~ c d  for cffccLs olc i -oss~ng rypr. a n d  season 
on fish m o v c m c n ~  h y  using t w n - f m o r  analysis of 
variar~cc IANOVA) with cwrlio~or~al corltrahts of 
rneui proportional daily mtwclncnt iSokal and 
Rohlf 1981 ) among crossing t!ycs 2nd natural 
I -cacl~cs  (Tahlr 1 ) .  No diffrrenccs wcr-c found 
among n a ~ u r d  rcachcs in rnewl PI-opol-r~onal daily 
rnovcrrlcr11 ( A N O V A :  F - I .54. df = 3 ,  5 ;  P -::: 
0.3 127 for 5uITlIrlCl': F 0.78. df = 2, 5 ;  P 
0.5084 for s p r ~ n g ) ,  Lhus na~ura l  rcaches were 
poolcd. Fol- contl-as&, we hypothc~ized that crosy- 
ings wilh thy gre;atcsI os~cnsrblc  a1ter:lliun 01' flow 
wc~uld show the g ~ x a t c s t  clfccrs or] fish tnovrrnerlr 
(Tahle 1 ) .  The slab crcrssing n r r s  exc1udt.d f r o n ~  
this analysis bccausc oi ' i ls  inclusrali orily i n  s u n -  

tncr samplcs.  We analyzcd directtotla1 movement 
separately for each scason by  sing analysis of 
varinncc i'nr d l  crossings pooled and for each 
crossing class scpnratcly. 

Wc tcsled fur- assucia~ion of crossing typc with 
diversity of fishes or fish families [ha1 moved 
~ h r o u g h  a c r o s s i n  by using G- te s~s  (Sokal and 
RohlC 198 1 ) with cxacl P-valucs (Mchta and Patcl 
1992). For the diversity t e x ,  rows wcrc crossing 
types and  columns wcre thc nu~riber of recaptured 
species that had movcd or had not moved through 
a crossing. Wc cxcludcd the slab crossing from 
this analysis bccause 01. low species richness. For 
tcsts of a~soc ia t ion  hctwecn farriily and crossitig 
typc. wc uscd lhc ibur laniilics with thc hiphest 
p c r c c n t a F  o f  I - c c a ~ t u ~ w s :  Ccntrarchidne., Cyprin- 
idae. F~rndulidnc, and Pel-cidnr ('Lihle 2). We pel-- 
formed scpa rak  tcsts for each family; rows were 
crossing Iypes ur~d colurnn:; wrrc  tht. numbel- oT 
rec ;~pured  individuals that had  moved or had n o t  
rnovcd h r o u g h  ;I cl-osslng. Bccausc of p a r s c  ccll 
h - e q u t n u w .  we pocllrd slab :md culvcr-t crossings 
for thls analysis. 

Wc lcslcd for diSSermces in fish rctcntiun among 
~ h c  upstream segmcnr and downsrrcaln scgmcnts 
I and 2 h>l using ~-ec:lpt~we dala I'uI- each s~ rcan)  
scgrnent at cacli sire. Wr c s l~mated  fish rctcntiun 
in cach strca1-n scpmcnl TOI- cach scason as X/T 
where E: was thc total nurnlxr of fishes recaprurcd 
arid T was rhc ~ o t a l  rrlnrkcd in thal scgrnent. Clrlder 
Lhc null hypolhesis that segment posrrion ~rclalivc 
to a crossjn; has no e f f r c ~  on lish rctcntinn, ~ n i -  
praticurt would hc nlloca~ed randomly among s c ~ -  
nlenr:, within a sitc a n d  would show no among- 
silr parlcrns. 'To rcst this hyporhe5is, we used 
Fricdman's method fol. randorr~ited blocks i r ~  
which wjthin-site fish r c ~ r n t i o n  was I-anked by scg- 

rrlerlt arld blocked by sitc (Sokwl anti Kohlf 1981).  
We tesred for r e l ; r~ io~nh ips  between physical 
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'1~nl.l: 3.-Summary of mo\,cnlcnt of fish species rccnprurcd ul four road CI-ossing typcs and nnturnl rcaches. A "Y" 
indicates a spccies movcd through a crossing typc: "N" indicales n specics not round to havc moved through a crossing: 
nn aslerirk (*) inilica~cs n SPCCICS rn;~ldied b111 nevcr rccnptured, and  a dash (-j indic~tcs i~ spccics noL cncounwrcd finr 
tha~ crossmg type. 

characicl-istics (vclocity and depth) of n crossing 
and fish movcn-rcnt by usirq Kcndall's cwfficient 
of rank corrcl alion (Kcndall's Luu-bcta). We cor- 
rclatcd V, d. and \/Id (where \/was avcrapr velocity 
and J was avcrajic depth) with proporrional daily 
rnovelncnl for crossings (N - 9 j n  summer; ,V = 
S in  spring) for both scasons togcthcr and scpa- 
rarely. 

Results 

We. marked 6.1 13 individuals (2.721 in summer 
and 3,392 in spring) I-eprcscnling 26 specics and 
8 hrtiilics of fishcs during ~ h r .  study. Avcrage riurn- 
ber of individuals marked per sitc was 302 (SE = 
69.4) for summer and 424 (SE = 87.9) for spring. 
For all siles, wc rccapturcd 18% of f i s h c  in spring 
and 21%) in summer. We recaptured 21 specics 
representing 7 fnrnilies (Table 3) .  Four hsh I'arni- 
lies-Ccntrarchidae (sunfishes), Cyprinidae (min- 
nows), Fundulidae ( topminnow),  nnd I'ercidac 
(darter-s)-cons~ituled more Lhan 97% nf all re- 
captures (Tahle 2). 

Discharge and rainfall data frorn South Fork 
Ouacli~ta River, MI. Ida, Arkansas INCDC: 1993a. 
199.7b, 1994.a. 1994h. 1 9 9 4 ~ ;  USGS 1994. 1995) 
and  our personal observations indicatcd that study 
strcams had lower than avcrapc surnrnrr flows und 

ncar avrragc spring flows. Avcrngc dnily discharg- 
cs or the rivcl- were 2.7 m/s for summer and 26.9 
m/s for spring sa~nplcs. The corresponding 52-year 
average discharges of  the rivcr wcrc 4.9 m/s (.luly 
and August) and 34.6 m/s (March, April, and May: 
IJSGS 1994, 1995). I11 sumrncr sampling, raiiliall 
was rlegligihlr (NCDC 1993a, IW3b); no hank- 
rull conditions occurrcd in study slrcarns. In spring 
sampling, four rainfall cvcnts greater than 1.2 
~ d d  (NCDC 1994a, 1994h, 1 9 9 4 ~ )  produced 
bank-full to overflowing conditions at lcast thrcc 
timcs i n  the study slreams. 

Movement o f  fishcs was significuntly affccled 
hy crossing type (Tnhlc 1; Figul-c I ) .  No difTrr- 
ences wcrr f o u ~ ~ d  in seasonal movement, and i n -  
tcraction was nor significant. Contrnsts indicatcd 
mean rnovcment was significantly higher for open- 
box (0.0096) and ford crossings (0.0056) and nat- 
ural reaches (0.0038) lhan for culvert crossings. 
hlovemcnt ~hrough nalural ]-caches was  Iowcr than 
through open-box and ford crossings. No differ- 
ences wcrr clctccled betwccn open-box and ford 
crossings. No movement was detected thl-ough the 
slab crossirig. 

Fish movement through crossings was bidirec- 
rional. No differences wcrc deteckd between up- 
stream a n d  downstream movement across crossing 
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types and na~ural  reaches ( F  = 0.36, df = 1.32; P 
< 0.5514 in summcl-; F = 0.40, d f  - 1 ,  30; P < 
0.5315 in spring). Likewise, ucithcr ir~dividual 
cl-ossing typcs nor natural reaches showcd signif- 
icant dircctjonality in spring or summcr, 

Thc  number of fish spccies that ~novcd was as- 
sociated significantly with crossing type (G - 
13.28, df = 3: P .: 0.0146; Tnhlc 3 ) .  Diversity of 
lishcs tl-aversing crossings increased along a gra- 
dicnt of  slab. culvert. open-box, and ford crossings 
and natural reaches. 

Movcment of three o f  I-our fish families ~ h o w c d  
bignificant associations with crossing type (Tahlc 
2). Sunfish and minnow raovcmcnt was lowcst 
through culvert and slab crossings, interrnediatc 
through r~atural reachcs and l-ord crossings, and 
highest in open-hox crossings. Toprninnows 
showcd lowcst movemerit through open-box, cul- 

Stream Segment 

FIOUKII 7.-Mean p ~ r ~ c n l a g t !  (+SEj of tagged Lish I-c- 
caplur-cd during spring i n  ~ h c  snlnc w a r n  scgrnenl (up- 
srrcaln or  downs~rcnm cii road cmssirlgs) in  which thcy 
wcre la$& 

vcrt, and slnb crossings: interrnedintc mcivemcnt 
in nnlural rcachcs; nl~d higllrsl niovcrnenr t111-ough 
fords. Darter movement was indcpcndcn~ of cross- 
ing typc and gcnerally was low relativc lo othcr 
families for all crossings. 

Crossings showcd co~islstcnt upstream-down- 
stream differences in retention of marked fishes in 
spring (Figurc 2 )  but not in  surnlncr (data not 
shown). In spring, scgments upstream of crossings 
mnkcd significantly higher in retention of mnrkcd 
fishes (upstream scgment, mcan = 77.1%) than 
S C ~ I ~ C I I L S  duwnstream of the crossing (downstream 
scgment 1 ,  mean = 14.6%; dow~istrcam segmenl 
2, mean = 18.3%; x X Z  = 13.00, dl' = 2, P <: 0.005; 
Figure 2) .  Uownstrcatn segment 1 generally 
ranked lowest in retention; only two of eight of  
thcsc segmcnts were rankcd higher than down- 
strcarn segmcnt 2. In summer, there was no cffrct 
of segmcnt position on retention of fishes (y,? - 
0.40, df = 2, P < 0.90). 

Movemenl of fishes ~hrough crossings was re- 
lated inversely lo velocity and the ratio o C  velocity 
to depth. Vclocjty was correla~ed negatively with 
proportionnl daily moverncnt of fishes acl-oss sea- 
sons nnd jrl  thc surnrner (Table 4), but the r c h -  
tionship was norilincar (Figurc 7). The r a ~ i o  of 
velocity 10 depth showed consistent ncgativc cor- 
relations with fish moverncnl for seasons pooled 
and for cach scason, but the strength of  the as- 
sociatiorl was similar LU that shown for velocity 
alone. Depth was not correlated with fish movc- 
mcnt. Mean velocities generally increascd across 
road crossings from spring to surnmcr h u t  wcrc 
consistently higlicsL in culvert crossings ('.0.90 rn/ 
s ) ,  intermediate in ford crossings (.: 0.19 m h ) ,  
and lowest in opcn-box crossings (-c0.03 mls). 
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TAHLI: ~ . - C O I I - C ~ ~ L ~ O I ~ S  (KCI~~: I I I 'S  (all-hela) ol propor- 
~lclnal daily fish rnrivcinent with vcloclly. dcprli. anti Ihc 
rmo of velocilp to dql th  o i  I.i>ur road ci-ohsing rypes. Thr 
1'-valuc is pikc11 in pnrcr~thcses. 

Vclncllv I \ ' )  --0.5hb -0  500 -0.585 
10 0022) (0 OH??) iO.UiK2) 

I)cplh ( r l )  0 . W  0 . l i J  0.377 
(0.1053) 10.4579) iO.lhhh) 

1': d -0.538 -0.571 li.h(lti 
(0  0034) 10.047X~ ( 0  0100) 

Culvert  and slab crossings rcduced overall fish 
niovcmcnt, dtvci-sity of rnovcrncnl, and movcrncnt 
of fish Farnilics relative to natural reaches. Jn con- 
trast, rnovcmcnt thl-ou3h open-bux and for-d cross- 
ings generally was corn pa^-ahlc with or higher than 
rnovcmcnI through natui-a1 rcachcs. Neither natural 
I-caches ncir ally GI-ossing type showed wasonal or  
di~-cctional hias I-or fish passage. Fox ~ h c  slab cross- 
in:, wc cictectcti no  moverncnt of lishct in citlicr 
d i r ec~ ion ,  suggcsling this csossirlg typc may act as 
a total b a l ~ i e r  for much of the ycar. (h lver t  cross- 
ings wcre  bidirectional harriers l o  fish movcmcnl 
in both seasons despitc 21 range o l  f low cotiditinns 
( c . ~ . .  hank-f~rll flows). 

Rctcnlion of fisl~cs at 311 crossirrgs was higher 
in upslrcani segnicnls than in clownsrrcam seg- 
mcnts duriug spring bur not hutnmcr. Although 
shol-r-term. high turnover- (i.c., low retention) of 

FIC;I.JRF 3.-Scx~c~-plol 01 
sprint; flows. 

Gshes in st]-cam rcaches is not unusual (Fausch and 
Young l Y S ) ,  the rcason foi- diffcrcnt I-etention 
rates bctwccn segments upstream and downstrcani 
of crossings is no1 readily appai-cnt. Thc difference 
could hc attributed to thc intcraclio~l of crossings 
and cltvaled stream dischar-ge in  spring. Fishes 
immccliarely below n crossing [nigh1 have been 
displaced downstream by scouring (Matthews 
1986: Harvey 1987; Sluck nnd Schlosser 19Y1), 
a ~ i d  fishes abovc a trussing, using it t i s  a hydraulic 
refuge, might have tcndccl lo aggregate. 

The d c p ~ c c  In which a crvssing acted as a ban-ier 
w ~ l s  related to a l tcra~ion ot- Ilow thruugh the ci-oss- 
ing. Culvert crossings had  he highcst rnem vc- 
locitics and lowest fish pnssagc, and open-box 
crossings had thc Iowcsl mean velocities and high- 
r s t  fish pasc;agc. All culvcrts had watcr- velocities 
thal cxcccded 40 ends (Figurc 3). At constant fish 
size and water depth, increasing wntcr vclocities 
limit swimming ahilitics of  fishes. This rclation- 
ship led to [he suggestion that maxirrlurn water 
vclocilies of 30-40 cni/s for  100-rn-length culverth 
would allow passagc of most mature migratory fish 
species; shorter culverts could sustain passagc at 
higher velocities (Joncs ct al. 1974). Fish passagc 
acl-oss shol-t distances (110 m in culverts) in our 
study slrcams was reduced substantially a1 wntcr 
vcloci~ies  ahove 40 m / s ,  suggesting Aows through 
crossings for noninigratory, slnall-stream fishcs 
nccd ro be much lower that1 the rn:~xirnuni sug- 
gested fur migratory fishes. 

Our- Familial-lrvcl analysjz suggested passage 

*Culvert  (summer) 

A C u l v e r t  ( spr ing)  
nopen-box (6ummer) 

open-box ( s p r m g )  
o F o r d  (summer) 
I F o r d  ( s p r i n g )  

u S l a b  (summer) 

V e l o c i t y  (cm/s)  

vcliiciry and proporr~onal daily inovclncn~ ul tishes ~hrough  road crossineh al sunuiicr nnd 
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also was  mediated hy  taxoli-specific responses lo 
crossings.  Both s ~ ~ n f i s h c s  (mostly lonpear sunfish 
and prccn sunfish) and minnows (mostly the geti- 
era rarnpostom(l. Notr-upis, and Sernotilu.r), the 
dominant fishes in our  strcarns, are capuhlr  of rapid  
dispersal (Tktcnhcck c l  al 1992)  arid routine 
crossing nl- habitat bou~idar ics  (Eel-1-8 and Gunning 
1970, 1972; Ellis 1974: Bart 1983; 121-teman 1995). 
Howcvrr,  h e  two familic-5 have diffcr-cnl body 
morphologies and sizcs. two primary dekrrninants 
of swimming a b i l i ~ y  (Bcan~ i sh  1978; Berry and 
Pitnentcl 1985; Harvey l(JX7). Culvcrt crossings 
17roduc~d Vas~ f l~ lws  that appal-ently wcrc hidircc- 
~ i o n a l  harricrs to passagc Tor sunfishes and min- 
nows despite a prcsumed riinge of swimming abil- 
itics in thc two fariiilics and lhcir obscl-vcd nbility 
to hidircctionally ncgotinte other CI-ossinys and 
narural rcachch. In conll-ast, topminnows showed 
l(:)u. I I I O V C I T I ~ I I I  rhl-ough both opeli-box and culvcl-t 
crossmps, thc two exlremcs ill obscrvcd watcr ve- 
locities. Rccaprured topminnows in ou r  strcurns 
wcl-c predominantly northern studfish, diurnal 
fccdcl-s that may cxpcriencc e x ~ r n s i v c  scasonul 
movements (Fisher 198 1 ). Toprninnow inability to 
cross culvcrts may bc attrjlwtcd to water velocity, 
but r c spmscs  to o ther  aspecls of crossing contig- 
urations also npparently ir>fluericcd passage suc- 

ccss.  M o v c l n c n ~  of dar t t r s ,  primarily coinposcd of 
thc I-il-llr-dwelling ornngebclly dartt.1; was re l~i -  
tivcly low rnr all crossinzs. Similarly, Scalct 
(1973)  obscrvcd I11tlc rnovcincnt in orangebelly 
darlers in ;I natural stream sctting. Studies of darter 
r-tiovcmcnt generally indicatc l ong- t cm r c s ~ d c n c e  
in r~clatively small  area\ ,  although intcrhabitat 
rnovcrnents hy a sinall proportion of individuals 
are no1 uncornr-nnn (c.g. ,  M m d a h l  and Irigersoll 
1983; Frccman 1995). 

Our  rcsults i r~dica te  that culvert and slnh cross- 
ings ~rcduced o r  precluded movemcnl of fish of 
most spccies.  Ford a n d  open-box crossings showcd 
littlc djrferericc ft-om nutural reaches in movement 
oC lishes. We prcscnt cvidcr~cr. that incrclised walel- 
v e l o c i ~ y  through culvcrts is part of the mechanism 
by which thesc crossings rcsrrict fish passage.  Giv- 
en the necessity of dispersal for fishes to meel  their 
life history rcquiremcnl:, ISchlosser and Anger- 
nicicr I Y95), road crossingr should be dcsjgncd to 
rninirnjzc cfi'ects on fish movemcnL. Detcrminutjon 
of crilicnl lcvels o f  water vcloctty through cxoss- 
inps may bc k e y  to design\ that facilitate riithcr 
thnn prcvent rnoverncnt of small-strcan~. warm- 
watcr lishes. 
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