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Abstract

Natural Barrier Assessment and Modeling for Fish Communitiesin Delaware
Water Gap National Recreation Area

Ross Andrew

Natural barriers may play an important role in stiwe and composition of
stream fish habitat. Determining the effects dlira barriers on fish communities is
important for understanding ecological processasrtiay occur throughout barrier-
affected habitats. Additionally, modeling the likeod of natural barrier occurrence
using spatial data can reduce survey effort irfisfld and make management of fisheries
in barrier-affected systems more efficient. | ®y&d 446 natural barriers within the
Delaware Water Gap National Recreation Area usisi@adardized field protocol to
assess passability for fishes. | measured ndbaralkers individually based upon
individual morphology and developed a scoring syste determine difficulty for fish
passage. Fish communities were then sampled paii6&d sites for richness and density
upstream and downstream of natural barriers. &kelts were analyzed using pair-wise
comparisons for upstream and downstream sitesteowlesl significant species richness
differences between sites separated by barrierg whth brook and brown trout
densities showed little to no differences amongssitith and without barriers present. |
modeled barrier occurrence across the study areg sgatial data variables and
developed rules criteria for prediction of naturafrier occurrence hot spots. Slope, flow
accumulation number (watershed area) and soilwgre found to be important for
predicting natural barrier occurrence within owrdstarea. Higher slopes increased the
likelihood of natural barrier occurrence while lavegainage area had a similar effect.
Soil types with highly erodible, rocky compositioassociated with steep slopes also
increased the odds of natural barrier incidence.
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Literature Review

Fish ecology and fisheries management may be bro&em into three
overarching pieces 1) biota, 2) habitat, and 3pfeoThe complex interactions among
these three pieces are the foundations of undelisgecology and applying sound
management strategies. Understanding how habftaences fish movement and
distribution is a fundamental step in understandiggatic systems. Barriers to fish
movement such as dams and road culverts are krovestrict fish movement
(Thompson and Rahel 1998; Warren and Pardew 198#&)ough many studies have
focused on habitat fragmentation by unnatural danasroad culverts, less has been
uncovered about the effects of natural barriergndistributions. In high gradient
streams, natural barriers may easily form isol&i@oitats which could have a significant
effect on fish communities (Powers and Orsburn 198&tural barriers may also act in
accordance with the serial discontinuity concepafivand Stanford 1983) to interrupt
longitudinal patterns of biota in stream systemar(vote et al. 1980).

Lotic systems have been defined and researched tr river continuum
concept (RCC) since its development by Vannoté. ¢1980). The RCC illustrates the
mechanisms by which physical, biological, and cleaintharacteristics of streams
change from headwaters to mouth. Nutrients are/stio flow through the river system
while adaptations occur from the biota within eag$pective habitat area according to
their position in the continuum. The RCC reliestloa idea of nutrient spiraling, which
explains how nutrients are transported longitudynas they flow through their
respective nutrient cycles in stream systems (Véeld€75). These ideas help explain

lotic ecosystems as an ever-changing, dynamic emvient.



Since stream ecosystems must flow naturalfylfdl the RCC, any interruption
in the stream could have physical, biological, anémical implications. Ward and
Stanford (1983) proposed the serial discontinuityoept to adjust these parameters in
lotic systems with interruptions caused by dambeyTexplained that longitudinal shifts
in parameters could be caused by barriers in gy8tems. Shifts could occur in either
the upstream or downstream direction and couldkpeessed at the population,
community, or ecosystems levels.

One such issue with dammed lotic ecosystems is mentof fishes.
Downstream effects of dams have been well docurdeatmoss the U.S. (Kanehl et al.
1997; Smith et al. 2000). Fragmentation by dantsiampoundments has also been
considered one of the greatest threats to maintenainative fishes and waterways
within the U.S. (Jackson et al. 2001). Guenther @pacie (2006) found upstream effects
of impoundments on lotic systems in Indiana toudel shifts to more generalist species,
as well as relative abundance of piscivores whenpewed to streams that were
unfragmented. A similar shift in impounded stream$exas to more generalist fish
species was attributed to colonization of morermtgent habitats created by stream
fragmentation (Herbert and Gelwick 2003). A studgoastal Japanese streams found
higher species richness, density, and total biorbaksv dams while trophic dynamics
were dominated by invertivores above the dams anthic algae feeders below the
dams (Katano et al. 2006). Morita and Yamamot@22@ompared white-spotted charr
(Salvelinus leucomaenis) distributions above and below dams in Hokkaidgmah and
found charr upstream in all of the undammed sites@edicted localized extinctions

above barriers if fish ladders were not install@umming (2004) found that species



richness in several Wisconsin streams was notestlgraffected by the presence of low-
head dams as changes in water quality and maxinneens temperature. This offers
some support for fish passability of barriers whadlow water to flow over them such as
low-head dams. Dams may cause issues for fishieviesre not the only type of barriers
that exist within stream networks.

Fishes move by both necessity and choice, to usehabitats, shelter, and food
resources (Fausch and Young 1995). Some movemdnten by attraction to
spawning or feeding activities while other movemesmhotivated by avoidance of
predators, competitors, and disturbances (Faustfiyanng 1995; Harvey 1991). Petty
and Grossman (2004) found mobile juvenile mottiadEn (Cottus bairdi) to grow
faster than their sedentary counterparts when ladgéis were present, indicating
intraspecific competition for resources as a drieermovement. Some movements can
cover large distances of up to approximately tlkiksneters (Gowan and Fausch 1996).

Large distance movement of fishes contrast grewtly the restricted movement
paradigm (RMP) proposed by Gerking (1959). The Rh#®rized that stream fishes do
not move significantly out of a specific “home raigvhich is defined as their normal
day-to-day active range. This theory has sinca loballenged on the basis of biased
sampling in areas where fishes are marked and guées#y recaptured, thus not
allowing for movement to be detected. Gowan etl&l94) tested this bias and found
substantial movement of trout in Colorado and Wymagnising sampling at weirs and
radio telemetry. Still other research has propdkatithe RMP is not invalid, but
incomplete; leaving out the connection betweenduen rates and displacement rates in

stream fish populations (Rodriguez 2002). Theardeers in this study along with



others found that stream fish populations were amag of a sedentary majority with a
small percentage being highly mobile (Hesthager81Big@ggenes et al. 1991; Rodriguez
2002).

Brook trout Galvelinus fontinalis) are highly mobile compared to other salmonids
(Rodriguez 2002). Adams et al. (2000) found brtvokt to be highly mobile in western
U.S. streams, sometimes traveling up gradientteap |1s 22% and barriers of 1.2
meters. Gowan and Fausch (1996) also found higblyile brook trout in Colorado
streams. They found that brook trout were morelyiko move upstream than
downstream and tended to move the most in earlyre@mwhen spring runoff was
slowing down (Gowan and Fausch 1996). Some obtbek trout moved over three
kilometers in this study. Brook trout have alseméund to move upstream and cause
displacement of native cutthroat tro@ncorhyncus clarki) in Colorado streams
(Peterson and Fausch 2003). The researcherssisttldy found rapid and sometimes
vast (up to two kilometers in one summer) movemehthe nonnative brook trout
Brook trout are also highly mobile in their natrange (Peterson and Fausch 2003).
Petty et al. (2005) found mobility of brook troant\West Virginia related to spawning
locations in which spawning adults moved seasonalfind the most suitable habitat.
Gresswell and Hendricks (2007) found a similargratof seasonal movement driven by
spawning in coastal cutthroat trout population®regon. It is clear that movement is
essential for both migratory and resident streatmefs, from both an individual survival
and population persistence perspective.

Habitat connectivity is essential for fish dispétsaoughout a potential range

(Weins 2002; Pringle 2003). A high degree of catingy is also representative of the



natural state in most aquatic systems, allowingesto move freely without artificial
fragmentation of habitat (Weins 2002). When halwtanectivity is lost due to both
natural and artificial barriers, fishes lose thahility to disperse into adjacent habitats and
use adjacent resources (Thompson and Rahel 1998m&nd Pardew 1998; Adams et
al. 2001; Gibson 2005; Cote et al. 2009). Rogaad Dolloff (2005) examined native
brook trout movements in relation to recolonizatodra stream reach damaged by debris
flows and flooding and found movements commonlyah100-200 meters but up to
two kilometers in attempts to recolonize the atfdcareas. Losses in dispersal potential
can therefore lead to changes in fish populationksfaod web dynamics when

movement is necessary for persistence (Winemiidrkepsen 2005).

Artificial barriers such as culverts and other atreroad crossing structures can
affect potential fish movement. Thompson and R&t@98) examined passability of two
types of artificial road-stream crossing structunesocky mountain streams. They found
that rock gabions were passable by brook troutemdokrugated metal pipe culverts were
not passable. They attributed passability to degdeeen the rocks within the gabions
and concrete slabs at the outlet of the culverishvbrevented a jumping pool from
forming downstream. Warren and Pardew (1998) faimdlar results in Arkansas
streams with artificial road crossing structur€ilverts showed an order of magnitude
less movement than natural reaches while open-keme$ords showed little difference
in movement compared to natural reaches. Thepuaitdd these differences in
movement to water velocity differences at the défe types of crossings. Culverts had
the highest velocities and the lowest movemententhié fords and open-boxes had the

lowest velocities and the highest movement.



Natural barriers such as waterfalls have been dersil fish passage barriers as
well (Adams et al. 2001; Cote et al. 2009) Adamal.e2001) found natural barriers of
17% slope and 2.5 meters in vertical height toftream invasion barriers for brook
trout in western streams. Cote et al. (2009) erathbptimal removal of barriers within
aguatic networks to maximize connectivity and deteed that removal of a single
barrier with a large connectivity restriction woudd more valuable than removal of
many barriers with minimal contributions to conmaty. They treated natural barriers
as having zero passability within these networkbsolute impassability is unlikely
since seasonal flow regimes and influence of humavement of fishes is often
unknown.

Losses of genetic integrity and recolonization pté can be created and/or
exacerbated by the presence of barriers in strgatares. Poissant et al. (2005) found
signs of restricted gene flow in Canadian brooktmopulations separated by barriers.
Cegelski et al. (2006) found a similar result inl¥estone cutthroat troudncorhynchus
clarkii bouvieri where streams with the highest genetic diversityeviiee least
modified/fragmented. Habitat fragmentation mayafect the distribution of invasive
species by isolating them in certain areas andgotévg their migration to other areas
(Fausch et al. 2009). This could be a benefitaofibr presence since sympatric
populations of native and introduced species mdyae genetic purity and increase
wasted reproductive effort for the native speckan@da et al. 2002).

Many types of barriers can contribute to habitajfnentation including physical
barriers such as culverts, waterfalls, and tempezathemical barriers such as

intolerable pH, or biological barriers such as dg&or invasive species presence.



Previous research has been conducted to identthaacurately survey artificial barriers
that prevent upstream movements of fish (Clarkial €2003; Coffman 2005). Clarkin et
al. (2003) developed a detailed inventory procedrartificial barriers that has been
used by the U.S. Forest Service for fish passagegs: this inventory procedure is used
in conjunction with passability models developeddwnffman (2005). Fish passability of
artificial barriers is assessed using a threerfittedel which groups fishes into one filter
based on their swimming ability and morphologidsm@cteristics (Coffman 2005).
These classifications along with physical data altleel crossing structure itself including
perch height, slope, width, etc provide a pasdsyéinking for individual barriers
(Coffman 2005).

Predictive models have been developed that atteamyse landscape
characteristics to predict where barriers are motess likely to occur within a stream
network. Poplar-Jeffers et al. (2009) investigdieabk trout passage in the Cheat River
watershed in West Virginia, USA. Using survey noelh for slope, outlet drop, and
other variables, they determined that streams sWthes of 3—-5% or greater were more
likely to contain impassable culvert barriers todk trout. Kocovsky and Carline (2006)
used landscape-scale factors to predict densiyildfbrook trout in Pennsylvania. Their
models were unable to predict trout density withagprecision, but their research
provided some insight into landscape links to tymypulations such as stream acidity and
alkalinity or acid-neutralizing capacity (Kocovskpd Carline 2006). Schlosser (1995)
defined three critical landscape attributes forarsthnding fish population dynamics in
headwater streams. The first is the interactideragstrial-aquatic ecotones and the role

these areas have in providing food, shelter, aadation risk. The second is the



relationships between habitat patches on a laagde sind their ability to control where
fishes can migrate to and from. The third andlfatibute is the presence and degree of
refugia that help determine fish survival as wsliramigration/emigration rates.
However, predicting any stream habitat or biologassemblages requires spatially
accurate landscape feature data (Wang et al. 2006).

Questions of natural barrier assessment for fisisgge have seldom been
addressed in detail by previous research. Therenany factors to consider when
measuring the relative passability of a naturatieamcluding stream morphology and
hydraulic characteristics (Powers and Orsborn 19853tandardized protocol for
assessment of natural barriers, similar to prosodeleloped for culverts (Clarkin et al.
2003) will give a more complete picture of the bmats difficulty for fish passage.

Study Area

The Delaware Water Gap National Recreation ArealfBitis approximately
28,000 hectares and is located in northeasterndykamia and northwestern New
Jersey, USA (Marion and Cole 1996). It straddlesi®meters of the Delaware River
which also serves as the border between the twesstgigure 2.1). The area is operated
by the National Park Service within the U.S. Depeant of the Interior. The habitats
within the area are diverse and include mountaineeky ridges along with forested
hemlock ravines and the large river floodplain.e Bnea has been previously settled and
used for small farms which were subsequently abaedldeaving a high number of relic
farm ponds and dammed streams. Recently, thehaseheen resettled as low density
residential with a number of ponds constructeddooff retention or simply as

ornamental ponds. Many of the streams within @ pre influenced by these



impoundments which create thermal and biologicahaalies. The geology includes the
erodible shale Pocono escarpment on the Pennsglgate and several steep, rocky
ridges that are part of the more resistant sandstohthe Kittatinny Mountain range on
the New Jersey side. The river valley sits betweerphysiographic provinces of the
Pocono Plateau on the west and the Valley and Raltee east (Epstein 2006). Softer
shale and limestone deposits underlie the rivdeyabhile the mountainous ridges on
either side are made up of harder sandstone (BE2d&6). These geologic differences
between erodible and non-erodible rock types chald explain the distribution of fishes
in conjunction with passage needs (Nelson et &219The elevation ranges from 19 to
489m within the park boundary. The study aredassified as a humid continental
climate zone with a predominantly warm summer. t&fmare cold and snowy with
intermittent freezing and thawing. The mean anpuetipitation for the study area
ranges from 101.9-127 cm (Natural Resources CoaBervService) with an average
annual temperature between 7.22-10° C (Nationah&tic Data Center).
Objectives

The first objective of this study was to estabks$tandardized field protocol for
assessment of natural barrier fish passabilityderdent stream salmonids. This field
method was then used to survey natural barrierslafide their relative difficulty for
fish passage of those resident stream salmonilds.s&cond objective was to identify a
barrier difficulty level which impacts fish asseragés within the study area. The third
objective was to identify physical habitat parametnd thresholds for those barriers that
impact fish assemblages. These parameters waraitieel to address the fourth

objective, creation of predictive models for fuoctal natural barrier occurrence using



logistic regression modeling. The protocol foreamssng natural barriers should yield
some agreement with the fish collection data amidvssome measurable biological
response to natural barrier presence. By cre#tiege predictive models and field
protocols, we hope to help reduce the amount &f 8arveys necessary to get an
accurate measure of connectivity across a studisdstape. By classifying areas prior to
field surveys, researchers and agencies can saeeatid money by prioritizing their

efforts for conservation and management.

Literature Cited

Adams, S.B., C.A. Frissell, and B.E. Rieman. 20GEkography of invasion in mountain
streams: consequences of headwater lake fish inttimhs. Ecosystems: 296—
307.

Adams, S.B., C.A. Frissell, and B.E. Rieman. 200Mavements of nonnative brook
trout in relation to stream channel slope. Tratisas of the American Fisheries
Society 129: 623—-638.

Cegelski, C. C., M. R. Campbell, and K. A. Meydd08. Multiscale genetic structure of
Yellowstone cutthroat trout in the upper Snake Rbasin. Transactions of the
American Fisheries Society 135: 711-726.

Clarkin, K., A. Connor, M.J. Furniss, B. Gubernidk, Love, K Moynan, and S.W.
Musser. 2003. National inventory and assessnrecedure for identifying
barriers to aquatic organism passage at road-streassings. U.S. Forest
Service, San Dimas, CA.

Coffman, J.S. 2005. Evaluation of a predictive mdoeupstream fish passage through
culverts. James Madison University.

Cote, D., D.G. Kehler, C. Bourne, and Y.F. Weirsr2809. A new measure of
longitudinal connectivity for stream networks. kdseape Ecology 24: 101-113.

Cumming, G. S. 2004. The impact of low-head damBsinspecies richness in
Wisconsin, USA. Ecological Applications 14: 1495065

Dunham, J. B., M. M. Peacock, B. E. Rieman, R.&hr&eter, and G. L. Vinyard. 1999.
Local and geographic variability in the distributiof stream-living Lahontan
cutthroat trout. Transactions of the American FigseSociety 128: 875—-889.

Epstein, J. B. Geology of Delaware Water Gap MNatidRecreation Area, New Jersey-
PennsylvaniaExcursions in Geology and History: Field Tripsin the Middle
Atlantic States. Boulder, CO: Geological Society of America, 2088-64. Print.

ESRI 2011. ArcGIS Desktop: Release 10. Redlands,Ep&ironmental Systems
Research Institute.

10



Fausch, K. D., B. E. Rieman, J. B. Dunham, M. Kuig, and D. P. Peterson. 2009.
Invasion versus isolation: trade-offs in managiagwe salmonids with barriers to
upstream movement. Conservation Biology 23: 859-870

Fausch, K. D. and M. K. Young. 1995. Evolutionamgnificant units and movement of
resident stream fishes: a cautionary tale. Pag@s3¥0 in J. L. Nielsen, editor.
Evolution and the aquatic system: defining uniqaogsun population
conservation. American Fisheries Society, Sympuosid, Bethesda, Maryland.

Gerking, S.D. 1959. The restricted movement of fispulations. Biological Reviews 34:
221-242.

Gibson, R. J., R. L. Haedrich, and C. M. Wernerh&f05. Loss of fish habitat as a
consequence of inappropriately constructed streassings. Fisheries 30: 10-17.

Gowan, C. and K.D. Fausch. 1996. Mobile brookttino two high-elevation Colorado
streams: re-evaluating the concept of restrictedement. Canadian Journal of
Fisheries and Aquatic Sciences 53: 1370-1381.

Gowan, C., M.K. Young, K.D. Fausch, and S.C. RilE§94. Restricted movement in
resident stream salmonids: a paradigm lost? Camdadiarnal of Fisheries and
Aquatic Sciences 51: 2626—-2637.

Gresswell, R. E., and S. R. Hendricks. 2007. Pajpmascale movement of coastal
cutthroat trout in a naturally isolated stream rogtv Transactions of the
American Fisheries Society 136: 238-253.

Guenther, C. B., and A. Spacie. 2006. Changesimassemblage structure upstream of
impoundments within the upper Wabash River basidiaha. Transactions of the
American Fisheries Society 135: 570-583.

Harvey, B. C. 1991. Interactions among streafmefis predator-induced habitat shifts
and larval survival. Oecologia 87: 29-36.

Heggenes, J., T.G. Northcote, and A. Peter. 1®datial stability of cutthroat trout
(Oncorhynchus clarki) in a small, coastal stream. Canadian Journgistferies
and Aquatic Sciences 48: 757-762.

Herbert, M. E., and F. P. Gelwick. 2003. Spatialateon of headwater fish assemblages
explained by hydrologic variability and upstrearfeefs of impoundment. Copeia
2003: 273-284.

Hesthagen, T. 1988. Movements of brown tr&alkmo trutta, and juvenile Atlantic
salmon,Salmo salar, in a coastal stream in northern Norway. Jouoh&lish
Biology 32: 639-653.

Jackson, D. A., P. R. Peres-Neto, and J. D. Ol2@d1. What controls who is where in
freshwater fish communities - the roles of bioéibjotic, and spatial factors.
Canadian Journal of Fisheries and Aquatic Scief8e457-170.

Kanda, N., R.F. Leary, and F.W. Allendorf. 20@®V idence of introgressive
hybridization between bull trout and brook trotiransactions of the American
Fisheries Society 131: 772—-782.

Kanehl, P.D., J. Lyons, and J.E. Nelson. 1997an@Pks in the habitat and fish
community of the Milwaukee River, Wisconsin, follmg removal of the Woolen
Mills Dam. North American Journal of Fisheries Mgement 17: 387—-400.

Katano, O., T. Nakamura, S. Abe, S. Yamamoto, andaba. 2006. Comparison of fish
communities between above- and below-dam sectibsisiall streams; barrier
effect to diadromous fishes. Journal of Fish Biglé6§: 767—782.

11



Kocovsky, P. M., and R. F. Carline. 2006. Influentéandscape-scale factors
in limiting brook trout populations in Pennsylvasiseams. Transactions of the
American Fisheries Society 135: 76—-88.

Kondratieff, M.C. and C.A. Myrick. 2006. How higian brook trout jump? A
laboratory evaluation of brook trout jumping perf@nce. Transactions of the
American Fisheries Society 135: 361-370.

Marion, J.L, and D.N. Cole. 1996. Spatial andgeral variation in soil and vegetation
impacts on campsites. Ecological ApplicationsZB)-530.

Morita, K. and S. Yamamoto. 2002. Effects of habiragmentation by damming on the
persistence of stream-dwelling charr populatioGenservation Biology 16:
1318-1323.

Peterson, D.P. and K.D. Fausch. 2003. Upstream meweby nonnative brook trout
(Salveinus fontinalis) promotes invasion of native cutthroat tro@n¢or hynchus
clarki) habitat. Canadian Journal of Fisheries and Aq@tiences 60: 1502—
1516.

Petty, J.T., and G.D. Grossman. 2004. Restrictedement by mottled sculpin (pisces:
cottidae) in a southern Appalachian stream. FragtmvBiology 49: 631-645.

Petty, J.T., P. J. Lamothe, and P. M. Mazik. 2@}atial and seasonal dynamics of
brook trout populations inhabiting a central Apghian watershed. Transactions
of the American Fisheries Society 134: 572-587.

Poissant, J., T. W. Knight, and M. M. Ferguson.200onequilibrium conditions
following landscape rearrangement: the relativerdoumtion of past and current
hydrological landscapes on the genetic structuiesifeam-dwelling fish.
Molecular Ecology 14: 1321-1331.

Poplar-Jeffers, 1.0., J.T. Petty, J.T. Andersod, Rite, M.P. Strager, and R.H. Fortney.
2009. Culvert replacement and stream habitat r&tsdo: implications from
brook trout management in an Appalachian watersdd&d,. Restoration
Ecology 17: 404-413.

Powers, P.D. and J.F. Orsburn. 1985. Analysizaofiers to upstream fish migration:
an investigation of the physical and biological ditions affecting fish passage
success at culverts and waterfalls. Final Prdgegort for Bonneville Power
Administration. Albrook hydraulics laboratory — ¥fangton State University.

Pringle, C. 2003. What is hydrologic connectiatyd why is it important?
Hydrological Processes 17: 2685—-2689.

Rodriguez, M. A. 2002. Restricted movement in stréigh: the paradigm is incomplete,
not lost. Ecology 83: 1-13.

Roghair, C. N., and C. A. Dolloff. 2005. Brook ttanovement during and after
recolonization of a naturally defaunated streanschreBlorth American Journal of
Fisheries Management 25: 785-790.

Schlosser, 1. J. 1995. Critical landscape attribtit@t influence fish population dynamics
in headwater streams. Hydrobiologia 303:71-81.

Smith, L.W., E. Dittmer, M. Prevost, and D.R. Bug000. Breaching of a small
irrigation dam in Oregon: a case history. Northekiman Journal of Fisheries
Management 20: 205-219.

12



Thompson, P.D. and F.J. Rahel. 1998. Evaluati@tticial barriers in small rocky
mountain streams for preventing the upstream mowmeofeorook trout. North
American Journal of Fisheries Management 18: 206—-21

Vannote, R.L., G.W. Minshall, K.W. Cummins, J.Rd8k, and C.E. Cushing. 1980. The
river continuum concept. Canadian Journal of Fisseand Aquatic Sciences 37:
130-137.

Wang, L., P. Seelbach, and R. M. Hughes. 2006odiirtion to landscape influences on
stream habitats and biological assemblages. AnreRtsheries Society
Symposium 48: 1-23.

Ward, J.V. and J.A. Stanford. 1983. The serialahsiauity concept of lotic ecosystems.
Pages 29-43 in T.D. Fontaine Il and S.M. Bartitors. Dynamics of lotic
ecosystems. Ann Arbor Science, Ann Arbor, Michigan

Warren, M. L., Jr., and M. G. Pardew. 1998. Roadsings as barriers to small-stream
fish movement. Transactions of the American Figse8ociety 127: 637—644.

Webster, J.R. 1975. Analysis of potassium andwaldynamics in stream ecosystems
on three southern Appalachian watersheds of cdimgagegetation. Ph.D.
Thesis, University of Georgia, Athens.

Weins, J.A. 2002. Riverine landscapes: takingsaage ecology into the water.
Freshwater Biology 47: 501-515.

Winemiller, K.O. and D.B. Jepsen. 2005. Effedtsemsonality and movement on
tropical river food webs. Journal of Fish Biolo§y: 267—296.

13



Chapter 2

Natural Barrier Effectson Trout and Fish Communitiesin Delaware Water Gap
National Recreation Area

Abstract

Natural barriers within stream systems create fexged habitat areas for most
fishes. Fragmented habitat makes it difficultfiehes to find resources and suitable
areas for spawning and refuge. The objectivehisfstudy were 1) to establish a
standardized system of natural barrier assessmerggident stream salmonid passage
difficulty and 2) to examine biological responsesatural barrier presence at the species
and community levels. Within selected watershé8gaired sites were selected and
sampled upstream and downstream of natural barrkeys natural barrier classification,
a standardized scoring system was created forstaptof each barrier. For each natural
barrier, every step within that barrier would reegpoints based on its vertical drop and
slope. Comparisons were made using t-tests or Mehitney tests between upstream
and downstream barrier sites with the full rangbafier severities being represented.
Barrier effects were examined at both the reachveatdrshed scale to detect differences
in species richness and trout densities. Alsoitataariables were compared among
sites to examine the influence of habitat cond&ion fish communities. Barrier effects
on species richness were significant overall (P3D.0while overall effects on both
brook Galvelinus fontinalis) and brown trout$almo trutta) densities were insignificant
(P=0.961 and 0.079 respectively). These resulisate that natural barriers may help
define dispersal boundaries for less-capable swigrepecies but not the trout species of
interest in this study area. ldentifying the ef$eaf natural barriers on trout and other
fish communities can be valuable for managemetii@spertain to stream fish
population dynamics and overall ecosystem theory.

Introduction

When natural barriers are present within a stregstem, they may create
fragmented habitat areas for fishes that canna padicular barriers. Fragmented
habitat makes it difficult for fishes to find resoas and suitable areas for spawning and
refuge. Fragmentation is particularly pronounaedquatic systems where there are very
limited options for alternative movement (Fagan200Natural barriers may fit into

Ward and Stanford’s (1983) serial discontinuity agpt as a way to help understand

longitudinal shifts in fish communities within lotsystems.
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Natural barriers can be defined as waterfalls, efyutascades or any combination
of these within a water course (Powers and Orsbh885%). A waterfall is defined as an
entity in which a water course falls from a ledigesaking contact with the substrate for
some period (Mabin 2000). A chute or slide iseeptsection of mostly smooth substrate
which the water remains in contact with throughitaitiescent (Powers and Orsburn
1985). A cascade is on the spectrum between afaihtend chute, with small breaks
between drops and pools that occur while maintgiam overall high slope and turbulent
water surface (Powers and Orsburn 1985).

Natural barriers create unique challenges forpggsage. In the upstream
direction there is a challenge associated withaedrtirops of waterfalls and steep slopes
of cascades and chutes. There is also the chellgngcreased flow at natural barriers
since they often occur at constricted parts ofstream channel (Powers and Orsburn
1985). Passing natural barriers in a downstreaection also presents challenges.
Increased flows and associated forces pushingdisfief steep drops into unknown
substrate below can cause bodily harm and eveh.d&spending on the structure of the
natural barrier, a plunge pool may offer protectimm downstream falls and may also
provide a resting zone before attempting to prodedlde upstream direction (Powers
and Orsburn 1985).

Fish assemblages are undoubtedly affected by nemgrg within their
environments including habitat suitability (Brownat. 2000), competition dynamics
(Fausch and White 1981; Petty and Grossman 206d )eproductive capacity
(Gillenwater et al. 2006; Isaak et al. 2007). Amsd of natural barrier effects on stream

fish assemblages can help explain limitations i&dr movement and therefore access to
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available habitat for colonization. Habitats fragrted with a high density of barriers
would therefore be less suitable for movement ahonization than habitat with few
barriers. Even the highest quality habitats angtté use if they are severely
fragmented. Fishes that exhibit competitive intBoas such as brown tro8almo trutta
and brook trougalvelinus fontinalis are greatly influenced by available habitat since
optimal feeding and refuge locations are scarcagétaand White 1981; Bozek and
Hubert 1992). Movement of fishes is often impottan spawning (Gresswell and
Hendricks 2007; Isaak et al. 2007) and would subelynfluence by presence of barriers.

Brook trout, the focal species of this study, m&dwater salmonid found mostly
in small, headwater streams (Page and Burr 19Bl¢. species requires cooler water
temperatures and is rarely found in waters abov€ ZBastern Brook Trout Joint
Venture 2005). Deforestation and competition withoduced species throughout their
native range has reduced many native populatiodsnaperiled most others (Hudy et al.
2008). This species is of special concern becalige importance as a native sport fish
in the eastern United States. It is the statedfgtine eastern states and is very popular
among recreational anglers.

Brook trout are known to be highly mobile withimestm habitats in the western
(Adams et al. 2000; Gowan and Fausch 1996) andrea®etty et al. 2005) United
States. Sometimes within-stream movements carr cgvi® three kilometers (Gowan
and Fausch 1996). Brook trout have been foundaeenupstream and cause
displacement of native cutthroat tradcorhynchus clarki in Colorado streams (Peterson
and Fausch 2003). Similar displacement has oatumreastern parts of the country with

rainbow troutOncorhynchus mykiss (Larson and Moore 1985) aldown trout (Fausch
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and White 1981) displacing brook trout. Brown trbave also been shown to displace
native fish species through predation downstreamatérfalls in New Zealand streams
(Townsend and Crowl 1991). Other research has ishioat movements of sympatric
native and non-native trout populations fluctuadeurally over time and are likely not
severe restrictions on the movement range of napeeies (Strange and Habera 1998).
Brook trout will move seasonally to find the mositable habitats for spawning or
feeding (Petty et al. 2005). Natural barriers roayse interruption in these movements,
forcing fishes to live in sub-optimal habitats or&xist with competitors. On the
contrary, barriers may act as a way to keep noivenapecies out of native species
habitats, thereby helping to preserve the natwadystem (Fausch and Young 1995).

Brook trout are strong swimmers, and are less tteloy barrier than other
species within stream fish communities. Therefirig,important to assess natural
barrier effects on fisheries from both a species@mmunity perspective. This study
will focus on trout species but also address ingpians for the fish communities as a
whole. Natural barrier assessment should alsoita&econsideration the spatial
arrangement or density of barriers within a stregstem since this may help direct fish
assemblages into certain areas.

The objectives of this study were 1) to establistamdardized system of natural
barrier assessment for resident stream salmonghpgadlifficulty and 2) to examine
biological responses to natural barrier presentieeaspecies and community levels.
Methods

Sudy Ste
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Within Delaware Water Gap National Recreation Afeéawatersheds were
randomly selected for natural barrier surveyingne3e watersheds ranged in size, stream
order, geology, and slope. These watershed cleaistats are summarized in Table 2.3
and listed according to respective watershed. KMewenly 16 of these watersheds were
selected for fish sampling due to lack of availdidéitat to sample in one of the
watersheds. Of the 16 remaining watersheds, 128 imluenced by impoundments
immediately upstream of the park boundary. Thegmundments undoubtedly affect
the downstream conditions for fish in many waysl @ere treated as an important
determinant for fish assemblages.

Within selected watersheds, 65 paired sites waleeted and sampled for fish
upstream and downstream of natural barriers. €del65 pairs of sampling sites, 46
occurred in watersheds with an upstream impoundia@htl9 occurred in watersheds
without an impoundment. Pairs of sampling sitesevatosen wherever there was
enough stream length to conduct sampling upstreahdawnstream of barriers,
resulting in a range of barrier difficulties beiogvered in the sampling.

Field Surveys

We conducted field surveys of natural barriersnfi28 June to 30 July 2010 and 6
June to 26 July 2011. We selected sites usingdifferent methods. First, we selected
sites across a stream slope gradient using Gl$ligitdl elevation models (DEMS) at
1m?2 resolutions. The DEM was created using LiDAfRadacquired by Robinson Aerial
Surveys, Inc. by way of the Federal Emergency Mamant Agency (FEMA). The
LiDAR data were acquired in April of 2008 using @mnal point spacing of 1.4 meters

with a point density of 0.6. The LIDAR data werdlected using accuracy standards
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suitable for an inherent image scale of 1:1200 tvthe use of the DEM was at variable
map scales. A DEM was created from the LIDAR poattirns using TiFFs 6.0 LIDAR
processing software by John Young at USGS Leetaven8e Center (personal
communication March 30, 2012). We used the DEM @IS to identify raster grid cells
of rapidly changing elevation and slope along stréaw lines. These grid cells were
classified into six categories of slope percen(@®8%, 3—5%, 5-12%, 12-17%, 17—
20%, and 20-100%). We selected these categorsesi hgoon literature-derived values
for stream slope tolerances of salmonids (Adanas. @00, Adams et al. 2001 and
Clarkin et al. 2003). A target of approximatelyldd&rriers from each of six slope
categories (n=90) were randomly selected for sumggyut 93 sites were actually
surveyed.

In addition to the randomly selected stream slapsas 17 randomly selected
watersheds were intensively surveyed to coincidk fish sampling. These 17
watersheds were randomly selected from a potetsiialithin the park and stratified by
characteristics of elevation, geology, stream qrded stream slope. We conducted the
intensive surveys by walking up (or down) a patacwatershed and measuring every
natural barrier found. Among these 17 watershadsdditional 353 barrier surveys
were conducted, bringing the total number of natoaarier surveys within the park to
446. By selecting sites in these two different syaye could see the smaller barriers that
may have been missed by the LiDAR site selecti@hlaaiter understand the limitations
of this selection technique while getting a viewnatural barriers throughout different

watersheds.
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Each natural barrier survey was done in a sefisteps. The first step was the
definition of the location of the barrier withindlstream and assessment of the barrier’s
permanence. This was done to rule out small dgms within the stream which could
act as temporary barriers to fish passage. Wednben define the barrier type based
upon its physical appearance. We defined baragmsaterfalls, cascades, or chute/slides
according to previous research definitions of g&wers and Orsburn 1985; Mabin
2000). Each barrier was also given a unique alpimanic identification typically
associated with its location within a given watexsh

The second step involved collection of general isiftormation including water
temperature, pH, and barrier material such as lo&dbwmulder, etc. We also took a
digital photograph of the site and recorded itscelacation using a Trimble GeoXT
global positioning system (GPS). Additionally, veeorded locations on a handheld
Garmin GPS to act as a back-up to the Trimble longioints. Any interesting site
features were noted including the presence ofdistpecific attributes of the barrier
itself.

The third step was comprised of a physical suofdie natural barrier to
determine its relative difficulty for fish passagéhese surveys were conducted with a
Leica Geosystems DISTO D8 laser distance metee DIBTO laser distance meter
would be set up on a tripod immediately downstredia natural barrier and steps would
be measured using the slope and height functidms flinction could assess both the
slope and height of a barrier step while taking stcount the distance the tripod was set
up from the barrier itself. The procedure was delgat on the type of barrier being

surveyed. For example, chute/slide barriers, whiimot require vertical leaps for fish
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passage, were measured in terms of slope and cistam contrast, waterfalls or
cascades were measured in terms of vertical hefgdch step along with that step’s
slope since most steps were not absolutely vertidapth of jump/resting pools were
also recorded within a half meter of the associagader step to represent the likely
jumping point for a fish attempting to pass therieann an upstream direction. A barrier
step was defined by the presence of a restinglpefote some vertical or highly sloped
component of the barrier. We defined a resting ps@ mostly flat area with enough
surface area to support an adult fish of the déspecies. Resting pool size and depth
varies naturally as the discharge of the streamgidmseasonally. Therefore, resting
pools cannot be completely ascertained but museleeted based on adequate area for
the desired species. These surveys lead to thsifotation of each barrier based upon its
severity or relative difficulty for fish passage.
Barrier Classification

Variation in stream morphology and species peroeptf barriers creates
challenges in barrier classification. To standagdiecisions of barrier classification, we
used the maximum value for brook trout jump hemghtound by Kondratieff and Myrick
(2006) as the minimum qualification for a measuedidrrier. Maximum jump heights
for brook trout are based on the depth of themggtool (0.435m and 0.735m for resting
pools of <10cm and40cm, respectively; Kondratieff and Myrick 200@laximum
passable slopes for brook trout are based upom#x@mum values found in literature
between sustained brook trout populations and #ramum slope and distance brook
trout may travel in a short burst of swimming/leap{Adams et al. 2000; Adams et al.

2001; Clarkin et al. 2003; and Dunham et al. 1998¢ averaged the values found for
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each group and estimated a maximum passable si@@woover a distance of 20 meters
or less and 11.5% with no distance limit. Maximsimpes were used to calculate barrier
difficulty when there was adequate water deptrafGsh to swim through the barrier;

otherwise vertical jump height was used.

For natural barrier classification, a standardigeoring system was created for
each step of each barrier. For each step of aaldtarrier, the step would receive points
based on its vertical drop and slope. For thacadrtirops: <0.735m = 1 point, >0.735m
< 2m =5 points, and >2m = 10 points. For the sfo®-11.5% = 1 point, 11.5-20% = 2
points, 20-50% = 3 points, 50-100% = 4 points, ab@0% = 5 points. The values for
each respective point group were derived fromditge values we found for brook trout
swimming and leaping capabilities as mentioned fieefondratieff and Myrick 2006;
Adams et al. 2000; Adams et al. 2001; Clarkin e2@03; and Dunham et al. 1999).
These point totals for each step were added uplaaked by the number of steps in each
barrier to give a standardized value for the baoierall. Each overall barrier score was
then compared against all other barrier scoresmitte study area to create a relative
difficulty index for the entire study area with aximum value of one. As the scores

approach one, the barrier becomes more severdarafdre difficult for the fish to pass.

Habitat and Fish Sampling

Reaches were defined as 150 meter sections upstreana selected point
upstream or downstream of a natural barrier. Resalere measured using a meter tape
and every 25 meter increment was marked. At e&aheéter increment, habitat data

such as large woody debris and substrate werededorStream wetted width,
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temperature, and pH were also measured at eachFs#le sampling was conducted using
single-pass electrofishing with a Smith-Root LRE2&kpack electrofisher (Smith-Root
Inc., Vancouver, WA). Depending on stream sizénegione or two electrofishing units
were used with at least one netter per electrafighensure similar effort regardless of
stream area. Shocking seconds were recordeddbrs#. All sampling was conducted
during summer baseflow conditions. All speciesenasllected with the exception of
American eeAnguilla rostrata due to issues with containing them in sample biscke
The total number of eels, however, was counte@&sh sample reach. Samples were

identified to species with counts of all speciembeecorded.

Data Analysis

Fish data were analyzed in the context of nataalier fragmentation using
barriers as dividers between fish sampling sitesmparisons were made between
upstream and downstream of barrier sites usingts-t& Mann-Whitney tests when the
data were nonparametic. Normality of data wassaesewith an Anderson-Darling test
for departures from the normal distribution. Conngaans were made with a full range of
barrier severities being represented. Sites daoeast of barriers were hypothesized to
have higher species richness and densities thae gites upstream of barriers.
Therefore, the effects of barriers were testedgusime-sided t-tests with the hypothesis
being greater richness and densities below nabaraiers. Significance levels were set
ato = 0.05 unless otherwise stated. Differencessin finetrics were then analyzed in the
context of barrier severity in order to determinthr@shold for barrier passability. Pairs

of upstream and downstream sampling sites wered@stgroups based upon the level of
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barrier severity that separated them. These graveps classified into four ranges of
barrier severity and tested in a similar way. \Mtpotential range of barrier severity
between zero and one, the four groups represemamnges 0— 0.3, >0.3-0.4, >0.4-0.6,
and >0.6-1. By finding the first barrier groupadtich the fish sites began to show
significant differences, we could assign a thredivallue to that level of barrier severity

which was actually functional within that systentiwiespect to a particular fish metric.

We then compared habitat variables between the sampling sites to determine
the potential impact of changes in habitat on ismmunities. We used two-sided t-tests
to compare the water temperature, pH, conductiwgtted width, large woody debris
volume, and percentage of pools between upstreand@mnstream sites. By comparing
habitat variables between sites, we could bettderstand the impact of the natural
barriers themselves on fish communities. In thayvsites with little to no differences in
habitat metrics but significant differences in frgletrics could be shown to be more

greatly affected by the presence of natural barier

We examined the potential effects of barriersamgitudinal profiles of fish
assemblages within watersheds. We did this by enimg the presence and densities of
both brook and brown trout along the longitudiraige of each stream. In this way, we
hoped to identify any role barriers might be playin spatially structuring the fish
communities. We also examined the effects of hesglwmpoundments on species
richness, trout densities, and habitat variabWe did this by simple t-test comparisons
between sites with headwater impoundments presgatis those sites without these

impoundments present.
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Results

Species richness in sampled sites ranged from @th5 mean richness value of
5.07. Only one site produced no fish and thatwés very small (mean wetted-width 1.1
meters) and appeared to have inconsistent flowwimuld characterize it as marginal
fish habitat. Brook trout densities ranged fron®.a82 fish/m2 with a mean density of
0.0199 fish/m2 while brown trout densities rangexhf 0—0.0466 fish/m2 with a mean
density of 0.0074 fish/m2. Of the 65 pairs of 5jt86 had brook trout present while 45
had brown trout present. Additionally, 21 pairssités contained brown trout but not
brook trout, 11 pairs contained brook trout but lm@wn trout, and 24 pairs contained

both. Nine pairs of sites contained neither brookbrown trout.

Comparison of Stes Upstream versus Downstream of Barriers

Natural barriers were found in every watershedeygd, although some
contained more than others (Table 2.4). Measuladnleers were present in between 55
of the 65 pairs of sampling sites. The remaini@gairs of sites were separated by
uninterrupted stream distance and may act as aotdott naturally occurring changes in
fish communities irrespective of the presence tfirah barriers. Richness comparisons
between those sites without barriers showed nofsignt difference (P = 0.451) while
those sites with natural barriers showed a sigamficlifference (P = 0.031) (Figure 2.3).
However, brook and brown trout densities were mptiicantly different between non-
barrier sites (P = 0.628 & 0.729 respectively) armier sites (P = 0.961 & 0.079

respectively for trout type) (Figures 2.6 and 2.7).
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There were no significant differences in habitatalales for sites separated by
non-barriers. Habitat variables measured anddesése pH, conductivity (uS/cm),
water temperature (°C), wetted width (m), large-dypdebris volume (1), substrate
(numerical average), and proportion of pool hal{gapressed as a fraction of the total
stream area sampled). None of these variables sigamdicantly different between sites
separated by barriers with the exception of wettetih (P = 0.041) (Figure 2.8). Thisis
expected due to downstream tendency of streanmetedse size (Vannote et al. 1980).
This difference would not likely contribute sigmiéintly to shaping fish communities
within these systems since stream size is fairhstant in mainstream branches within
the study area and any density difference wouldamtured since stream area was

incorporated into those metrics.

Differences Between Impounded and Non-Impounded Streams

Fish communities and trout species abundance wiuenced by the presence of
headwater impoundments. Impoundments were praséatof the 16 watersheds
surveyed, often located outside of the study acemtlaries. For the 12 watersheds with
impoundments, 58 sites had significantly highercgserichness than 23 sites in streams
with no impoundments (P < 0.001) (Figure 2.4).eSiwith impoundments also had
significantly lower brook trout density than thagtes without impoundments present (P
< 0.001) (Figures 2.2 and 2.9). There was no Bagmit difference between sites
influenced and uninfluenced by impoundment witlpees to brown trout density (P =
0.371). Brook trout were found at 20 out of 58.634) impoundment-influenced sites

and 18 out of 23 (78.3%) of sites not influencedrbgoundments. For the
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impoundment-influenced sites 30 out of 58 (51.7%) hrown trout present while 9 out

of 23 (39.1%) sites not influenced by impoundmédratd brown trout present.

Water quality and habitat were also affected bypitesence of headwater
impoundments. Sites influenced by impoundmentssigraficantly higher temperature,
wetted-width, pH, and conductivity (P < 0.001, <@L00.036, and 0.036 respectively)
(Figures 2.10 and 2.11). There were no significkffiierences between influenced and
uninfluenced sites for large woody debris volumeamsubstrate type, and percentage of
pool habitat (P = 0.749, 0.634, and 0.553 respelgliv Significant differences for both
pH and conductivity, however, could be inconsegaébtcause mean values were
within brook trout tolerance limits (Raleigh 198&)ean pH = 7.5 for impounded-
influenced and 7.3 for uninfluenced and mean cotidtic= 166 uS/cm for impounded-

influenced and 116.1 uS/cm for uninfluenced).

Defining a Functional Barrier

One of the objectives of this work was to idenafparrier difficulty level which
impacts fish assemblages. After creating a stalwkat survey method for barrier
assessment, we compared fish communities upstredrdavnstream of barriers
throughout the range of difficulty scores. Givenaignificant differences in brook or
brown trout densities between sites regardlessuwofds presence or absence, we
expected no influence based upon the severityeob#mrier. Instead, we relied on
species richness to define a “functional” bardettaffects fish communities within our

study area. The barriers were assessed usingdhe categories listed in the previous
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section. Paired sites without fish were not usethase would not provide any

information about barrier effects.

Species richness differed significantly betweeessitpstream and downstream of
barriers for the second barrier difficulty grou®(3-0.4 (P = 0.027), and for the fourth
level group (>0.6-1, P = 0.022). Significant diffieces, however, did not occur for the
first barrier difficulty group (0-0.3, P = 0.222) for the third group (>0.4-0.6, P =
0.137), but may be influenced by a smaller samigke (& = 9) for the third group. This
indicates that the threshold value for a functiafitierence in species richness is in the
range of 0.3-0.4 of barrier scores (Table 2.1)esEhsame tests gave no significant
results for brook trout density regardless of theilbr severity group. However, brown
trout density showed a significant difference at tinghest barrier difficult level from
>0.6-1 (P = 0.006). This indicates that at thetrsesere barrier difficulties, brown trout
densities may be functionally affected by natueakier presence. Habitat values broken
down by these barrier groups also showed no sggmfidifferences between upstream

and downstream sites (Table 2.2).

Evaluation of Longitudinal Richness Patterns

We estimated differences in species richness betwpstream and downstream
barrier sites, and expected higher species riclohmsastream of barriers. This allowed
evaluation of streams within the context of incnegsichness as you move downstream
into larger habitat zones (Vannote et al. 198@)rp8Bsingly, 16 out of the 65 (24.6%)
pairs of sampled sites actually had higher speabsess upstream of the barrier than

downstream. Of these 16 sites, 13 (81.3%) paisste$ had a headwater impoundment
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located somewhere within the watershed. Compan$omean species richness between
streams with and without headwater impoundmentssaa longitudinal range of sites
from mouth to headwater showed a higher mean rgshfee impounded streams. Also,
the pattern of decreasing richness as you moveagpstinto the headwaters was absent

in the sites with impoundments (Figure 2.5).

Discussion

Extent of Natural Barrier Fragmentation

Natural barriers have been assumed impassahikhtarid have been treated as
such in previous research (McCart and Bain 1974w and Dolloff 2005; Gresswell
and Hendricks 2007). Natural barriers have alsmlpreviously defined mathematically
using hydrologic conditions of the stream and geldmstructure of the barrier (Powers
and Orsburn 1985). This study sought to examimgrakbarriers to provide a rigorous,
standardized approach to passability without dedashathematical methods and reliance
on constant flow conditions. This would potentiallow broad application and easier
implementation. To do this, we used coarse fishroanity metrics to assess differences
among sampled sites with barriers of differing pagdgy scores. The extent of these
sites covered 16 watersheds and approximately98m kilometers. Every watershed
sampled contained fish and suitable fish habitahsaelative importance of barriers
could be equally examined. The amount of natupatractions and barriers occurring in
streams is likely higher than the amount we founahg given time since our sampling
strategy was synoptic and could not account foridrarwhich were temporary due to

flow conditions.

29



| found natural barriers to have differing effeotsfish communities depending
on both their ranked severity and the fish metemg tested. While barriers seemed to
play a role in helping to define species richnéssughout a stream reach, they showed
little if any effect on brook and brown trout deress. This could be attributable to
swimming performance of fish species, as brookkaog/n trout have been described as
some of the strongest swimming freshwater fisheékerlJ.S. along with other salmonids
(Peake et al. 1997; Coffman 2005; Adams et al. p0Barriers may also affect fish
communities differently based on spatial locatiathuu the stream network. Barriers
could potentially isolate native brook trout pogidas in headwater areas by preventing
invasion of nonnative species based upon netwqilaogy (Fausch et al. 2009). Other
factors such as habitat and competition could laésmore greatly affecting certain

species distributions more so than the presenpatafal barriers.

Role of Other Factors Defining Fish Communities

Fish communities within the study area were vayiabfected by the presence
and severity of natural barriers. Other factosmeasured during this study, however,
may have also influenced fish community distribngio While there were barrier effects
at the community level when comparing species Bsknthe composition of these
richness values was not examined. This meansviliah a given species richness
number, there could be several different specidslofwhich had diverse habitat
preferences, feeding habits, and/or reproductragesiies. Therefore, habitat variables
such as temperature, substrate, and others coyistos important in defining suitable

areas for these species as the presence of baréees with the findings of no
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significant habitat differences between sites sspdrby barriers, there cannot be
absolute certainty that the barriers are exertiggeater effect on the fish communities
than some other environmental variable(s). Fooktoout densities, habitat is likely a
more important factor than the presence of nathagiers since we found no significant
effect of barriers but we found a very dramaticuetthbn in brook trout density in sites
with water temperature above 21°C (Figure 2.12pweler, brown trout densities
showed less dramatic decreases with increasingaietypes although they also showed
temperature-dependent patterns of density (Figur&) 2 This indicates that there are
specific thermal ranges which brook and brown tprefer within this study area. This
is likely due to increased growth and decreasedatityrwithin certain optimal

temperature ranges for both species (McCormick a9&2; Wehrly et al. 2007).

Impoundments and fish introductions likely influertbe distributions of fishes
throughout the study area. The effects of impousasion stream fish communities
have been previously documented (Herbert and Gel2003; Guenther and Spacie
2006) and seem to play an important role in thig\gt There were significant
differences in habitat between streams influencetuminfluenced by headwater
impoundments. This could affect the distributidriighes within those streams more so
than natural barriers. Also, artificial inflatiarf species richness could occur in sites
downstream of headwater impoundments because spEitl escape impoundments
during high flows. This may explain the occurrentéargemouth bagdlicropterus
salmoides and golden shinddotemigonus crysoleucas in some headwater sites. Fish

distributions within our study streams may alsorffieienced by angler-induced transfer
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of fishes. Anglers often move game and nongameep#wough intentional

introductions or non-intentional bait bucket intuations.

Another factor worth consideration is the presenfcartificial barriers in the form
of road culverts and other structures. Since th@ysarea was historically settled for
farmland, many of the streams appeared to shovs sifjprevious human influence.
Human-created structures such as stone walls arctate slabs were present in and
around some streams with little to no measurabp@moh However, the presence of these
structures near studied streams indicates theHi@dl of these structures occurring
throughout the area with high frequencies and witknown impacts on stream
connectivity. Road density was high in portiongha study area which resulted in
several stream-road crossings being evaluatedstophssage. Only 7 out of the 65
paired sampling sites had a road culvert in betwkem and showed no significant

differences in any fish or habitat metric tested.

A final issue to address is the presence of meltialtural barriers between
sampling sites. When this occurred, we used theebavith the highest difficulty score
which would give a conservative estimate of thesphb8ity restrictions imposed by the
natural barriers. However, it may be possible twaisecutive barriers could act in an
additive fashion to decrease connectivity morehsm one larger, more difficult barrier.
In this way, headwater streams with high frequeshofenatural barrier occurrence may
act as a strong deterrent to invading speciesdaltteetdifficulty in traveling into the
headwaters. From a trout perspective, this coxidiaén the relative occurrence of brown

trout in the lower reaches of streams and broakt firothe uppermost headwater areas.
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Limitations and Suggestions for Future Sudy

There are some limitations of this study as thexyygin to conclusions drawn.
First, the scale at which we examined differenoggssh communities was mostly
confined to the reach scale contained betweenmstsegments. Since our sampling sites
covered 150 meters of stream, we did not intengisample any one microhabitat. This
provided useful metrics at a coarse level with Wwhie could make initial determinations
about the permeability of natural barriers. Howet@ completely ascertain the effects
of natural barriers within this system, a more lzeal scale with more concentrated
sampling effort would have likely been effectiv&nalysis done at the population or
even individual level could then provide more ex@efails on fishes' ability to move
beyond natural barriers. Increased sampling ittedsectly upstream and downstream
of barriers could also give a more complete pictfrine fish community and account for

species that may have had low capture probabibiigsrg our sampling.

Another limitation of this work is the assessmeivhat is and is not a barrier to
fish movement. We attempted to standardize thessae with our protocols but realize
that some barriers may only be temporary follonchgnnel alterations and flood events.
Also, the permeability of barriers is likely varlalepending on flow conditions which
may offer fishes an alternative passage routes Véuiability is due to environmental
conditions which are outside the scope of our @brind would likely affect any other
similar study. Although the barrier scoring growypere defined by literature-derived
values, a different approach could have been wselhs$sify both the barriers passability

index and the groups assigned for passability iiffees. First, the scoring system used
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the two meter threshold as the cutoff for residahinonid passability and was therefore
biased towards scoring larger barriers as moreditf This could be done using another
method such as a rank-order process to determiighisef barrier step difficulty
(Malczewski et al. 1999). Additionally, insteaddsfining barrier passability groups
based upon natural breaks in the score data, aocheging other variables or patterns in
the data to break up the continuum could have beed. Depending on the way these
groups are classified, biological response to bamay be more or less difficult to

detect.

Future work may build upon this initial examinatiohnatural barrier effect on
fish communities by going into greater detail orffags using systems which lack natural
barriers for comparison. Mark-recapture studiesgiareas upstream and downstream of
barriers could provide more detailed passage indtion at a more localized scale. Also,
genetic techniques may provide clues as to whichdra are being traversed by certain
individuals or if natural barriers may act to foganetically distinct populations of the
same species within a stream network. In spitbede limitations, this research still
provides a useful methodology and pragmatic appro@acuestions of natural barrier

effects on fish communities which have previouseib seldom explored.
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Table 2.1: Summary of tests for differences iddga@al endpoints when comparing upstream and
downstream sampling sites across the range ofebaeverity levels. Species richness showed a
significant difference once the 0.3 threshold wassgd while trout densities were unaffected atewsi
except brown trout at the highest barrier diffiguével.

Barrier
Biological Difficulty Sample Mean
Endpoint Level Group Size, N Difference = P-Value
Species richness 0-0.3 19 0.5263 0.222
>0.3-0.4 13 1.1538 0.027
>0.4-0.6 9 0.7777 0.137
>0.6-1 21 1.7619 0.022
Brook trout
density 0-.0.3 10 -62.66 0.343
>0.3-0.4 10 12.67 0.414
>0.4-0.6 4 56.67 0.281
>0.6-1 11 -21.82 0.597
Brown trout
density 0-.0.3 16 9.58 0.101
>0.3-0.4 9 9.63 0.367
>0.4-0.6 5 -2.66 0.536
>0.6-1 15 25.33 0.006

Table 2.2: Summary of tests for habitat differeno@sparing upstream and downstream sampling sites
across the range of barrier severity levels. Thene no significant differences in measured habita
variables across all barrier difficulty levels witte exception of wetted width (P=0.041) (n=65).

Habitat Mean
Variables Difference P-Value
pH 0.029 0.646
Conductivity -4.71 0.811
Temperature -0.349 0.464
Wetted width 0.787 0.041
LWD volume 0.0327 0.961
Mean substrate -0.0161 0.814
% Pool 0.0093 0.565

38



Table 2.3: Summary data for watersheds sampledendreds were randomly selected within strata for
elevation, stream order, geology and stream sl@snlogy was broken down categorically based oa are
of each type of formation within a watershed. Egées of each geology type: Soft = shales, limestone
Medium = siltstone, claystone Hard = quartzite dsdone. Stream slopes were broken down by the
following categories: Low = 0—12% Medium = 12—-20%g= >20%

Watershed Mean Stream Stream
Area Elevation Elevation Order Length Stream
Name (hectares) (m) Range (Strahler) (km) Geology Slope
Raymondskill 6191.7 244.3 192 3 6.7 Medium High
White Brook 546.1 195.6 130 1 2.2 Medium Low
Adams 1950.7 247.9 201 2 6.6 Medium Medium
Conashaugh 538.3 239.4 186 1 3 Medium High
Dingmans 4404.9 219.7 208 3 115 Medium Medium
Hornbecks 2372.6 206.8 173 3 9 Medium High
Toms 2414.2 227.8 228 3 4.8 Medium Medium
Mill 1056.4 232.9 227 2 4.4 Medium Medium
Alicias 138.9 225.1 170 1 2 Medium High
Heller 172.2 235.8 185 1 2.7 Medium Medium
Randall
VanCampens 587.3 206.2 171 2 3.8 Medium Medium
VanCampens 2379.6 290.8 371 2 20.3 Medium Medium
Dunnfield 1004.2 363.7 398 1 6.4 Medium/Hard High
Caledonia 256.1 296.2 351 1 3 Medium Medium
Spackmans 294.9 226.2 173 1 2.1 Medium High
Flat Brook Tributary N/A N/A 251 1 1.9 Medium/Hard High
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Table 2.4: Summary of watersheds sampled withrabbarrier occurrence shown as number of barriers
and as barrier density, or number of barrier peash kilometer.

Number of

Watershed Barriers Stream km Barriers/lkm State
Adams 31 6.6 4.70 PA
Alicias 12 2 6.00 PA
Caledonia 9 3 3.00 PA
Conashaugh 16 3 5.33 PA
Dingmans 14 115 1.22 PA
Dunnfield 23 6.4 3.59 NJ
FBT (DC) 32 1.3 24.62 NJ
FBT (SP5) 12 1.3 9.23 NJ
Heller 24 2.7 8.89 PA
Hornbecks 21 9 2.33 PA
Mill 22 4.4 5.00 PA
Randall Vancampens 22 3.8 5.79 PA
Raymondskill 20 6.7 2.99 PA
Spackmans 15 2.1 7.14 PA
Toms 28 11.3 2.48 PA
Vancampens 50 20.3 2.46 NJ
White 4 2.2 1.82 NJ
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Figure 2.1: Delaware Water Gap National Recreafiga in relation to surrounding cities and states.
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Figure 2.2: Presence of brook trout and brown tioirmnpounded and unimpounded headwater streams of
the Delaware Water Gap National Recreation Area.
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Figure 2.3: Sampled species richness differeneesden fish sampling sites with no functional nakur
barrier and sites with a functional natural barriRichness between sites below and above a barrier
showed a significant difference (P = 0.0312) wihilese with no barrier showed no significant diffeze
(P = 0.451). Boxes represent interquartile rangle &median bar while the bull’'s-eye represengsrtiean
value for each group. Whiskers represent thedfath range with minimum and maximum values.
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Figure 2.4: Sampled species richness differencegdes sites with a headwater impoundment preseaht an
sites with no impoundment present showed a signifidifference (P < 0.001). Boxes represent
interquartile range with a median bar while thd'btdye represents the mean value for each group.
Whiskers represent the full data range with minimamd maximum values.
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Figure 2.5: Patterns of average sampled speciesass in sites both affected and unaffected biyegs
impoundment presence. Notice an unusual patteitreisites with upstream impoundments present as yo
move upstream. Observed richness actually incsdfase site or two then continues its decline@s y

move into the headwaters. This could provide ewédefor an artificial inflation of species richnesdues

in streams influenced by headwater impoundmententiipg on where fishes that are flushed downstream
end up colonizing or at the very least are detebyedur sampling.
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Figure 2.6: Sampled brook trout density differenbetween fish sampling sites with no functionatiral
barrier and sites with a functional natural barriBensity between sites below and above a barnidra
non-barrier showed no significant differences (@.861 and 0.628 respectively). Boxes represent
interquartile range with a median bar while thd'btdye represents the mean value for each group.
Whiskers represent the full data range with mininmamd maximum values.
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Figure 2.7: Sampled brown trout density differenbetween fish sampling sites with no functionatred
barrier and sites with a functional natural barriBensity between sites below and above a baaridra
non-barrier showed no significant differences (@.679 and 0.729 respectively). Boxes represent
interquartile range with a median bar while thd'bwdye represents the mean value for each group.
Whiskers represent the full data range with minimamd maximum values.
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Figure 2.8: Comparison of average wetted widthl{gtyveen above (upstream) and below (downstream)
barrier fish sampling sites. Wetted width wasdahé/ habitat variable measured which showed a
significant (P = 0.041) difference between sitemrdless of barrier presence or absence. Boxessem
interquartile range with a median bar while thd'bwdye represents the mean value for each group.
Whiskers represent the full data range with minimamd maximum values.
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Figure 2.9: Comparison of brook trout density besw sites with influence from headwater impoundment
and sites without influence from impoundments. dktrout density was significantly lower in sitegthw

an impoundment present upstream (P < 0.001). Bey@ssent interquartile range with a median bar
while the bull's-eye represents the mean valuefmh group. Whiskers represent the full data ravitie
minimum and maximum values.
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Figure 2.10: Comparison of water temperature betvwgtes influenced by impoundments and sites with
no impoundments present. Water temperature wasfisantly higher in sites sampled where
impoundments were present upstream as opposedde sites where no impoundments were present (P <
0.001). This may be important in defining potelrfish habitat during different seasons. Boxesespnt
interquartile range with a median bar while thd'btdye represents the mean value for each group.
Whiskers represent the full data range with mininmamd maximum values.
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Figure 2.11: Comparison of average wetted widthi{etween sites influenced by an impoundment and
those sites uninfluenced by impoundments. Theaesignificant difference (P < 0.001) in averagéted
width between sites with impoundments versus sii#sno impoundments. This is likely a result of
increased flows from impoundment releases and fuhoing storm events and may affect fish community
structure and composition. Boxes represent intetide range with a median bar while the bull’'s-eye

represents the mean value for each group. Whiskpresent the full data range with minimum and
maximum values.
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Figure 2.12: Sampled brook trout density (fish/agyelated to water temperature at each sampliag si
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Figure 2.13: Sampled brown trout density (fish/a®)elated to water temperature at each sampting s
Samples were taken during summer months from Julyesd water temperatures were near their annual
maximums. Brown trout showed a wider range ofrttertolerance than brook trout with some high

densities occurring in water temperatures up t@26°
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Chapter 3

Predictive Modeling of Natural Barrier Occurrencein Delaware Water Gap
National Recreation Area

Abstract

Natural barriers can fragment habitat within stresystems and may restrict
movements of fishes to potential spawning, foragargl refuge habitats. Modeling the
occurrence of natural stream barriers may allowb&iter understanding of habitat
connectivity and associated conservation and manageneeds within a given area.
The objectives for this study were: 1) identify ploal habitat parameters and thresholds
for natural dispersal barriers using GIS and LiDARd 2) develop predictive models for
natural barrier occurrence using logistic regressind map output using rule criteria
formed by the models. We conducted 446 surveymtifral barriers within the
Delaware Water Gap National Recreation Area and leselscape level attributes such
as elevation, slope, geology, and soil type toiptedeas of higher natural barrier
occurrence probability. Predictive models werdugficed by slope, flow accumulation
(drainage area), and soil type. Rules criteriseveat using the contribution of significant
variables and predicted output was mapped acrossshed study areas. This research
demonstrates the capability of predictive modetmgxplain the occurrence of
biologically significant phenomena using spatiaiadarhis process could be applied to
other study areas in order to reduce samplingtafidhe field.

Introduction

As demand for freshwater resources increases dyosdues with aquatic
resource preservation and management are beinghirtmuthe forefront (Jackson et al.
2001). Aquatic freshwater resources including &sd fish habitat are important to
maintain in the face of increasing demand and ¢enchange (Arnell 1999). Climate
change modeling for fish habitat and distributi@s lshown the potential for large
decreases in habitat availability in the wester8.yRieman et al. 2007) and southern
Appalachians (Flebbe et al. 2006). Both westetheastern climate change models
predicted losses in habitat for native trout speoifeup to 99 and 97 percent respectively

within the range of current predicted climate chergges for the coming decades. While
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increasing concerns surrounding freshwater demadalamate change accumulate,
current knowledge of fish habitat and populatioas hecome even more critical for
future conservation and management efforts. Oaole kabitat measure is hydrologic
connectivity or the “water-mediated transfer of tegtenergy, and/or organisms within
or between different parts of the hydrologic cydletingle 2001), and includes fishes
within a stream network. Habitat connectivity @aykey role in fish dispersal
throughout a potential range (Weins 2002; Prin@ie3).

Fish move by both necessity and choice, to utiie® habitats, shelter, and food
resources (Fausch and Young 1995). Some movemdnten by attraction to
spawning or feeding activities while other movemsemhotivated by avoidance of
predators, competitors, and disturbances (FaustiYyanng 1995; Harvey 1991). When
habitat connectivity is lost due to both natural antificial barriers, fishes lose their
ability to disperse into adjacent habitats andagtiadjacent resources (Thompson and
Rahel 1998; Warren and Pardew 1998; Adams et @ll;2Bibson 2005; Cote et al.
2009). Loss of connectivity can also lead to lessiegenetic integrity and recolonization
potential following disturbance (Roghair and Ddll2005). Habitat fragmentation may
also affect the distribution of invasive specieddmjating them in certain areas and
preventing their migration to other areas (Townsand Crowl 1991; Fausch et al. 2009).

Different types of barriers exist within lotic sgats with differing effects on
habitat connectivity. Artificial barriers creatbgt humans include dams, culverts, and
other road-stream crossing structures. The eftgadsms on stream fish populations
have been examined extensively in previous sty#iasehl et al. 1997; Smith et al.

2000; Jackson et al. 2001; Morita and Yamamota 28@gbert and Gelwick 2003;
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Guenther and Spacie 2006). Culverts have also ibgestigated with some rigor
regarding their passability for stream fishes (Tpson and Rahel 1998; Warren and
Pardew 1998; Coffman 2005; Burford et al. 2009;|&oepeffers et al. 2009). These
barriers can prevent movement of mobile-streamefisluch as brook trousgvelinus
fontinalis), with potentially negative implications for grdwand persistence. While
artificial barriers can have profound impacts obita connectivity, natural barriers such
as waterfalls may also impact fish dispersal paen”Adams et al. (2001) found slopes
of 17% and vertical barriers of 2.5m or greatelnécconsidered upstream invasion
barriers for nonnative brook trout in western Wst8eams. While natural barriers can
create similar losses of habitat connectivity shéis as artificial barriers, less research
has been devoted to their role in aquatic syst&awérs and Orsburn 1985; Townsend
and Crowl 1991; Adams 2001). Natural barriers otlstoughout aquatic systems in the
form of waterfalls, steep cascades, and rock charteBdes. Occurrences and spatial
distributions of barriers within watersheds caragjseaffect the habitat connectivity
(Cote et al. 2009). Thus, identifying areas otir@tbarrier occurrence holds great value
for stream management and/or research effortsdirkgmatural barriers within a system
is the first step to understanding what role thiay |n that system.

Predictive modeling has been employed in ecologittadies to identify likely
suitable habitat or species home ranges (Ambresial. 2002; Schadt et al. 2002;
Phillips et al. 2006; Yost et al. 2008). The mdifference between modeling potential
distributions of natural barriers and a given speds the lack of movement of waterfalls
versus vagile organisms. This can be both an ddgarand a challenge to ecological

modeling. For one, modeling natural barriers stidnd easier than modeling organisms
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since they do not move and cannot change prefefenbabitat based on season or
resource availability. Conversely, natural bagiare not dependent on food and shelter
as most organisms so their preferred “habitat” matybe as easily defined. The
modeling technique is not different, but explanataariables consider only physical
attributes and not those that influence life higtnaracteristics. Traditional modeling
using a technique like logistic regression can gi®wnsight into important
environmental variables for predicting presenceeabs of features of interest, in this
case natural barriers (Ambrosini et al. 2002; Stkadl. 2002). This approach assumes
that both presence and absence data are availdlpleesence-only data are available, a
Bayesian probability modeling approach such as mami entropy modeling (maxent)
could be the best modeling solution (Phillips e28l06). Defining barriers as functional
for fish passage ahead of time allows the useedgrce-absence modeling for natural
barriers. Given uncertainty in predicted barrgadtions, a mapped distribution of likely
locations gives us a more realistic “target ar@avhich barrier presence is more likely
than random.

The objectives for this study are to: 1) identifyypical habitat parameters and
thresholds for natural dispersal barriers using &8 LIiDAR data, and 2) develop
predictive models for natural barrier occurrencagifogistic regression and maps based
on rule criteria formed by the models. By creatimgdictive models and field protocols,
we aim to reduce the amount of field surveys neuxgde accurately assess landscape
connectivity. By classifying areas prior to fieddrveys, researchers and agencies may be
able to save time and money by prioritizing théfors for conservation and

management.
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Methods
Field Surveys and Data Collection

We conducted field surveys of natural barriersnfi28 June to 30 July 2010 and 6
June to 26 July 2011. We selected sites usinglifferent methods. First, we selected
sites across a stream slope gradient using Gl$ligitdl elevation models (DEMS) at
1m?2 resolutions. The DEM was created using LiDAfadacquired by Robinson Aerial
Surveys, Inc. by way of the Federal Emergency Manmamnt Agency (FEMA). The
LiDAR data were acquired in April of 2008 using @mnal point spacing of 1.4 meters
with a point density of 0.6. The LIDAR data werdlected using accuracy standards
suitable for an inherent image scale of 1:1200 tvthe use of the DEM was at variable
map scales. A DEM was created from the LIiDAR po@turns using TiFFs 6.0 LIDAR
processing software by John Young at USGS Leetavien8e Center (personal
communication March 30, 2012). We used the DEM @IS to identify raster grid cells
of rapidly changing elevation and slope along stréaw lines. These grid cells were
classified into six categories of slope percen(@®8%, 3—5%, 5-12%, 12-17%, 17—
20%, and 20-100%). We selected these categorsesi hgoon literature-derived values
for stream slope tolerances of salmonids (Adanas. 00, Adams et al. 2001 and
Clarkin et al. 2003). A target of approximatelyd#&riers from each of six slope
categories (n=90) were randomly selected for sumggyut 93 sites were actually
surveyed.

In addition to the randomly selected stream slapsas 17 randomly selected
watersheds were intensively surveyed to coincidk fish sampling. These 17

watersheds were randomly selected from a potef@iadithin the park and stratified by
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characteristics of elevation, geology, stream qrded stream slope. We conducted the
intensive surveys by walking up (or down) a patacwatershed and measuring every
natural barrier found. Among these 17 watershadsdditional 353 barrier surveys
were conducted, bringing the total number of natoaarier surveys within the park to
446. By selecting sites in these two different syaye could see the smaller barriers that
may have been missed by the LiDAR site selectiahlaaiter understand the limitations
of this selection technique while getting a viewnatural barriers throughout different
watersheds.

Each natural barrier survey was done in a sefisteps. The first step was
definition of the location of the barrier withindlstream and assessment of the barrier’s
permanence. This was done to rule out small dgms within the stream which could
act as temporary barriers to fish passage. Wednben define the barrier type based
upon its physical appearance. We defined baragmsaterfalls, cascades, or chute/slides
according to previous research definitions of g&wers and Orsburn 1985; Mabin
2000). Each barrier was also given a unique alpimanic identification typically
associated with its location within a given watexsh

The second step involved collection of general sitormation including water
temperature, pH, and barrier material such as lo&dbwmulder, etc. We also took a
digital photograph of the site and recorded itscelacation using a Trimble GeoXT
global positioning system (GPS). Additionally, veezorded locations on a handheld
Garmin GPS to act as a back-up to the Trimble longioints. Any interesting site
features were noted including the presence ofdistpecific attributes of the barrier

itself.
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The third step was comprised of a physical suofdie natural barrier to
determine its relative difficulty for fish passagéhese surveys were conducted with a
Leica Geosystems DISTO D8 laser distance metee DIBTO laser distance meter
would be set up on a tripod immediately downstreda natural barrier and steps would
be measured using the slope and height functidms flinction could assess both the
slope and height of a barrier step while taking mtcount the distance the tripod was set
up from the barrier itself. The procedure was delgat on the type of barrier being
surveyed. For example, chute/slide barriers, whmimot require vertical leaps for fish
passage, were measured in terms of slope and cistam contrast, waterfalls or
cascades were measured in terms of vertical hefgtdch step along with that step’s
slope since most steps were not absolutely vertidalpth of jump/resting pools were
also recorded within a half meter of the associagader step to represent the likely
jumping point for a fish attempting to pass therieann an upstream direction. A barrier
step was defined by the presence of a restinglpefote some vertical or highly sloped
component of the barrier. We defined a resting ps@ mostly flat area with enough
surface area to support an adult fish of the déspecies. Resting pool size and depth
varies naturally as the discharge of the streamgdmseasonally. Therefore, resting
pools cannot be completely ascertained but museleeted based on adequate area for
the desired species. These surveys lead to thsifotation of each barrier based upon its
severity or relative difficulty for fish passage.

Barrier Classification
Variation in stream morphology and species peroeptf barriers creates

challenges in barrier classification. To standaegdiecisions of barrier classification, we
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used the maximum value for brook trout jump hemghtfound by Kondratieff and Myrick
(2006) as the minimum qualification for a measuedidrrier. Maximum jump heights
for brook trout are based on the depth of themggtbol (0.435m and 0.735m for resting
pools of <10cm and40cm, respectively; Kondratieff and Myrick 200@laximum
passable slopes for brook trout are based upom#x@mum values found in literature
between sustained brook trout populations and #rdamum slope and distance brook
trout may travel in a short burst of swimming/leap{Adams et al. 2000; Adams et al.
2001; Clarkin et al. 2003; and Dunham et al. 1998¢ averaged the values found for
each group and estimated a maximum passable si@@woover a distance of 20 meters
or less and 11.5% with no distance limit. Maximsiopes were used to calculate barrier
difficulty when there was adequate water depthafGsh to swim through the barrier;

otherwise vertical jump height was used.

For natural barrier classification, a standardigeoring system was created for
each step of each barrier. For each step of aaldtarrier, the step would receive points
based on its vertical drop and slope. For thacartirops: <0.735m = 1 point, >0.735m
< 2m =5 points, and >2m = 10 points. For thesto®-11.5% = 1 point, 11.5-20% = 2
points, 20-50% = 3 points, 50-100% = 4 points, ab@0% = 5 points. These point
totals for each step were added up and dividedh&ytumber of steps in each barrier to
give a standardized value for the barrier overgkch overall barrier score was then
compared against all other barrier scores withenstiudy area to create a relative
difficulty index for the entire study area with aximum value of one. As the scores

approach one, the barrier becomes more severdarafdre difficult for the fish to pass.
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Predictive Modeling

We used an average nearest neighbor test of spsdiaciation using Euclidean
distance to determine if there were any signifigaatterns in the spatial distribution of
natural barrier occurrence. This provided insighd whether the barrier occurrence
points were located in a spatial pattern of clustgrdispersal, or randomness. These
tests were done using ArcGIS v10, spatial statigbols (ESRI). Once spatial patterns
were revealed, we could begin to develop ways serilge those patterns using predictive
modeling techniques. We sought to describe thatimas that were more or less likely to

contain natural barriers based upon landscape tiatealthat could be provided remotely.

The logistic regression model was created usiagstatistical software R (R
Development Core Team 2008). Both presence arehabglata were required for the
logistic regression model. Barriers which receigedres below a certain threshold to
have a functional effect on fish communities wesasidered absence points while those
barriers with scores above the threshold were densd presence points. Based upon
data collection and analysis in the previous chapte set the threshold value at 0.4
meaning that barriers with difficulty scores belthis value were considered absences in
the regression while barriers with a difficulty se@bove this threshold were considered
presences in the regression. This allows the itiefinof “biologically functional
barriers” to be used for those barriers with aidlifty score of greater than 0.4. The
response variable was the presence (1) of a bacaarding to our biologically-derived
definition versus the absence (0) of a barriere &kplanatory variables that were used in

the logistic model included elevation, aspect, s|djmw accumulation number, geology
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type, and soil type. These data were also preardareated using ArcGIS v10 (ESRI).
The geology data came from the National Park Ser@eologic Resource Evaluation
Program and is represented by a 1:24,000 inhareade scale. The soil data for the
Pennsylvania side of the study area came fromréataurces found on Pennsylvania

Spatial Data Access (PSDA, http://www.pasda.psu)eahd are available for public

access and use. Data for New Jersey sites cametlimNew Jersey Department of

Environmental Protection (http://www.state.nj.ugldgs) and the Natural Resources

Conservation Service (NRCS) soil data mart (htpildatamart.nrcs.usda.gv/Soill

data are represented by a 1:20,000 inherent scale.

Natural barriers were modeled using landscape-léata. The continuous
variables included were elevation, aspect, slopé fl@w accumulation number.
Categorical variables included geology type anttgpe. Aspect is presented in a
geographical context with the values representiegcairdinal direction a slope faces.
The values are typically presented using a cosarestormation in order to represent a
360 degree plane with a more simple scale of lvich represents relative “north-
ness” of the slope. That transformation was usethiese data and they showed a wide
range of values between -0.99 to 1. Slope wasunedss percent rise in the elevation
over some distance. Flow accumulation is a waletive watershed drainage area at a
given point within a stream network. It is easihgated using a DEM in ArcGIS and
essentially represents the number of cells withEM that flow to any particular cell.
These cell values can be converted to drainagevdren cell size (and subsequently cell

area) is known.
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Model performance was assessed after predictioatofral barriers using
different combinations of predictors. For the esgion models, variable importance was
assessed using significance of p-values for vagabsed in prediction and the overall
model performance using Akaike information critar{@\IC) (Akaike 1974) values for
each successive model run with different explaryatariables included. The best
performing model (lowest AIC value) was used teed®aine important landscape
variables for prediction of barrier presence anitheéerule criteria for mapping. Using
coefficients and variable relationships from regr@s models, a set of rule criteria were
created and applied to individuals watersheds uanc&IS v10 (ESRI). Rules criteria
were used to define areas of higher or lower baogeurrence likelihood using the raster

calculator in ArcGIS v10 (ESRI).

Results

Spatial Distribution of Natural Barriers

Distribution of natural barriers across the stadga was not random. A test for
spatial association using the average nearestin@idanction in ArcGIS v10 spatial
statistics tools revealed a significantly clustepattern (P < 0.001). This tested against
the null hypothesis of a random spatial distribugmd showed that barriers do not occur
randomly throughout the study area. This initibrmation is critical for defining
predictive models and justifying the use of sucthdetls. With a random distribution of
barrier occurrence points, there would be no wayaadlel predictive locations based
upon landscape factors. Among the 17 watershessygd, all contained natural

barriers that were surveyed (Table 3.1). The nvadure among all watersheds was
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19.78+2.68 barriers per watershed. This numberumdsubtedly affected by the
amount of stream kilometers covered in the survelythus we took an average number
of barriers per stream kilometer which was 5.4t+haitiers per kilometer across all
watersheds. Watersheds in New Jersey had a higgeem number of barriers per
kilometer (8.34) than watersheds in Pennsylvani@/(dbut this difference was not

significant (P = 0.432, Figure 3.1).

Model Devel opment

Natural barriers ranged in elevation from 88-33&ers with a mean of
187.6+2.64 meters and a median of 186 meters. , Tiatisral barriers were found
throughout the continuum of stream networks frordveaters to near the mouth but
were most commonly found in the middle elevatiombe mean north-ness (aspect)
value was 0.2803+0.0291 and the median value (S8dpe ranged from 0-105.3% with
a mean value of 13.02+0.69% and a median valu®.6P4. Hence, barriers occurred
over a large range of land gradients but were mmsimon in noticeably sloping. The
flow accumulation number values ranged from 113K ¢2.84 hectares) to 16971912
cells (42429.78 hectares) with a mean value of 23848137443 cells (3620.99+343.61
hectares) and a median value of 401348 cells (B@d8ectares). This shows that natural
barriers were found in a wide range of positiommglthe stream continuum from
headwaters to mouth but were more common in sm@léenage areas such as the upper
elevations of streams. Natural barriers also skloveeurrence across a wide range of

both geology and soil types.
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The logistic regression model predicts barriespnee and absence as defined by
the barrier difficulty scores ranging from O (noarber) to 1 (extremely difficulty barrier
for fish passage). Several models were tested)usfferent combinations of
explanatory variables. Ultimately, the model wiitle lowest AIC value (536.86)
included only slope, flow accumulation number, aod type (Table 3.2). According to
the Akaike weights which represent conditional @faibty of each model, the model
using slope, flow accumulation number, and soietigothe most probable model with a
relative weight of 0.52 (Table 3.2). A second madi¢h Akaike weight of 0.38 includes
the same variables with the addition of aspechcé&theAAIC value for this model is
less than two, it must also be considered as aipl@umodel to explain these natural
barrier data (Burnham and Anderson 2002). Botpesknd flow accumulation number
were significant contributors to the logistic reggimn model (P = 0.0137 & 0.0109
respectively) (Table 3.3). Soil type only had significantly contributing group which
was for type OprE (P = 0.0075) (Table 3.3). This type is synonymous with Oquaga
rock outcrops on 35-60% slopes (USDA Soil Survegssy County, NJ). The
combination of high rockiness and high slope raesulta high erodibility (USDA Soil
Survey). Generally, barrier presence increasastogg increases, increases as flow
accumulation number decreases, and increases venehevpresence of the OprE soill

type is found.

Mapping and Extrapolation of Results

Based upon the significant variables from the regjos and the contribution of

each variable, we created a set of rules criterianfapping the barrier predictions. These
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rules were then applied to the landscape dataffes@ective watershed. Mapped output
was used to delineate areas which are more liketphtain natural barriers based upon
the regression-derived rules set. The rules @itge derived from the significant
findings in the regression. The first rule islsgthe categorical variable for soil type.
Since the only significant soil type for barrieepence was the OprE formation, any area
with this soil type is automatically included iretpredictive area for barrier occurrence.
The second rule is based upon slope values are$ ket if a given land slope value is
greater than or equal to 20 percent it is proneataral barrier occurrence (Figure 3.2).
The third and final rule is based upon the flowaalation number and gives a range
between 500 cells (3.09 acres) and 80% of the safpgav accumulation value in a given
watershed. These areas are modeled to have a Ipigiteability of barrier occurrence
(Figure 3.3). The lower bound of this flow accuatidn range is to ensure that areas of
suitable drainage are targeted (i.e. streams). upper bound is more defining since it
controls where in the stream the likelihood decgsasnce natural barriers are more
common in the headwater areas than in the lowgatt® areas near the mouth of
streams. When combined, these three rules casdukta define areas of likely barrier
occurrence within a given watershed (Figures 3dt3ahB). These rules may also be used
to extrapolate prediction of barrier occurrence iother unsurveyed watersheds or even
other geographic areas. However, extrapolatiamatiier geographic areas should be
done with caution since landscape-level predictmrables may be different and could

lead to false predictions.

Discussion
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Suitability modeling using GIS is common in fisiesrresearch (Brown et al.
2000; Vincenzi et al. 2006; Gillenwater et al. 2PB6t is mostly associated with habitat
suitability for fish spawning or resource needsatuyal barriers influence the
connectivity between habitats and can thereforginéarly influential with respect to
fish population/community dynamics. | was ablesgertain specific landscape variables
that are important for predicting the presenceuattional natural barriers within the
study area. Those variables were slope, flow actathon number, and soil type. Slope
is logically tied to natural barrier occurrence aash define both the type and severity of
barrier (Powers and Orsburn 1985). A positivetiateship between barrier occurrence
and slope also makes sense when the other comghbugriables are considered. Flow
accumulation number was shown to have a negatiagaeship with barrier occurrence
which means barriers occurred more often in aretislewer flow accumulation
numbers. Areas with lower flow accumulation nunshee typically considered
headwaters (if not ephemeral). These areas are imadined to steep, turbulent streams
with plunge pool formations within the channel stiwe. Finally, soil type is interactive
with both slope and flow accumulation in the ocenge of natural barriers. This is
because erodible soils on higher slopes with tertulvater courses flowing over them

are prone to step formation and subsequent baoraplexes.

This research focused on naturally occurring besras opposed to human-
created barriers such as dams or culverts. Thexefe priority here is not so much to
manage fisheries around these naturally occurramgdss, but rather to take note of their
patterns of occurrence and incorporate that imoiking body of knowledge. Multiple

testable hypotheses can come from research subisasd may follow lines of logical
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guestioning. First, do headwater areas with maredys act as a refuge against invasion
and/or competition for the relatively low numberspecies that inhabit these areas?
Also, do natural barrier effects differ seasonathged on flow regime and available
alternative routes of passage? Finally, are nllbaraiers necessary in some systems to
maintain niches, trophic structure, and ultimasggcies diversity? There is already
some evidence that these questions are testablecandifically relevant to fish ecology
(Bozek and Hubert 1992; Schlosser 1995). Furthieleace using spatial data is

essential to understanding these issues acrossinliffgeographic areas.

Limitations and Modeling Considerations

Suitability modeling is a simple and useful wayctambine information to aid in
understanding of complex issues and ultimatelysiecimaking. However, care must be
taken to understand and account for error withith Ilee source data and the methods
used to reach a final output (Yoon 1989; Veregifi5)9 Errors in initial data may
propagate throughout the analyses and create lssgess with validity of results. Also,
subjective decisions for use of weighting critamiay also greatly affect the validity of
the final output. This study used rules criterfsichn were defined by a logistic
regression output and interpretation of those ssgoa results. This could lead to some
disagreement among practitioners regarding impbpeedictions and thresholds.
However, an advantage to this approach is théibiva for the discussion of weighting
criteria and variable importance by experts angsgbent refinement of the models and

results with relative ease. Additionally, modetghictions could benefit from validation
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using random points set aside from the originahsiett This would give a better estimate

of the accuracy and subsequent limitations of tiheseels.

Another issue with this study which should be added is the use of a
conservative Boolean suitability mapping approachis method is conservative because
it only allows areas within the study zones to bémd as either “suitable” or “not
suitable”. This binary result leaves out many ardat may have some suitability but do
not meet all the criteria. A more liberal approacich as fuzzy membership functions
allows for areas to be classified along a contisu@unge of suitability, therefore making
the final decisions less deterministic. Anothgretyf approach could be the use of
Bayesian probability modeling which uses trainiagedto develop prior and posterior
probabilities based upon the characteristics oktievn training sites to predict a
probability surface across a given area for unkneites. These probability distributions
can then be used to extrapolate predictions irtterareas using the same habitat data
sets (Aspinall 1994). These methods both work utideassumptions that we rarely
have perfect, error-free information and must deewthin the best available range that
the data allows. Thus, there is potential to ss&ftdly model the occurrence of natural
barriers and other such phenomena in many diffevays with various techniques. The
exploration of such spatial analysis techniquesauihtinue to be valuable for

understanding the ecological functions and intésastbetween biota and habitat.
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Table 3.1: Summary of watersheds sampled withrabbarrier occurrence shown as number of barriers
and as barrier density, or number of barrier perash kilometer.

Number of
Watershed Barriers Stream km Barriers/lkm State
Adams 31 6.6 4.70 PA
Alicias 12 2 6.00 PA
Caledonia 9 3 3.00 PA
Conashaugh 16 3 5.33 PA
Dingmans 14 115 1.22 PA
Dunnfield 23 6.4 3.59 NJ
FBT (DC) 32 1.3 24.62 NJ
FBT (SP5) 12 1.3 9.23 NJ
Heller 24 2.7 8.89 PA
Hornbecks 21 9 2.33 PA
Mill 22 4.4 5.00 PA
Randall Vancampens 22 3.8 5.79 PA
Raymondskill 20 6.7 2.99 PA
Spackmans 15 2.1 7.14 PA
Toms 28 11.3 2.48 PA
Vancampens 50 20.3 2.46 NJ
White 4 2.2 1.82 NJ
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Table 3.2: Comparison of barrier occurrence lagigtgression models using AIC values. The AlGieal
of the most parsimonious model is highlighted itdbo

Akaike

Delta AIC Weight
Model Name AIC K (Ai) (Wi)

Elevation+Aspect+Slope+Flow

Accumulation+Geology+Soll 558.01 6 21.15 0.00
Aspect+Slope+Flow Accumulation+Geology+Soil 556.01 5 19.15 0.00
Aspect+Slope+Flow Accumulation+Soil 537.5 4 0.64 0.38
Slope+Flow Accumulation+Geology+Soil 555.2 4 18.34 0.00
Slope+Flow Accumulation+Soil 536.86 3 0 0.52
Slope+Flow Accumulation 554.19 2 17.33 0.00
Slope+Soil 541.84 2 4,98 0.04
Flow Accumulation+Soil 541.63 2 4.77 0.05
Flow Accumulation 579.65 1 42.79 0.00
Slope 559.61 1 22.75 0.00
Sail 546.99 1 10.13 0.00

Table 3.3: Significant variable contributions @ tmost parsimonious barrier presence logisticession
model.

Explanatory Variable Estimate Standard Error P-Value
Slope 2.305E-02 9.35E-03 0.0138
Flow Accumulation -1.351E-07 5.31E-08 0.0109
Soil Type OprE 1.596E+00 5.98E-01 0.0076
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Figure 3.1: Comparison between natural barrieuences in sites in New Jersey (NJ) versus sites i
Pennsylvania (PA). There is no significant diffeze (P = 0.432) between states although New Jersey
watersheds did have a higher average value. Fhilgely due to one high outlier with a large numbgé
natural barriers per stream kilometer in a Newelevgatershed. Boxes represent interquartile ravitiea
median bar while the bull's-eye represents the nvadure for each group. Whiskers represent thedfatih
range with minimum and maximum values.
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Legend

®  Natural Barrier Point Locations
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|:| Slope Less than 20% +

- Slope Greater than 20%

Figure 3.2: Map of Conashaugh Creek watershed isigoapplication of rules criteria for mapping in
raster calculator. Areas of high slope are idettind natural barrier occurrence shows a positive
relationship to those areas that have high slapsegbroximity to the stream channel.
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Legend
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- Flow Accumulation Associated with Barrier Presence

Figure 3.3: Map of Conashaugh Creek watershed isigoapplication of rules criteria for mapping in
raster calculator. Areas of suitable flow accurtiafaare shown as grids of black squares which form
stream network patterns. Notice the lack of slétdllow accumulation areas near the mouth of this
watershed in the southeast corner. These area®tircluded in barrier occurrence likelihood bhesm
they represent the upper 20% of the watershedis dlocumulation values. These areas are not gtatigt
associated with natural barrier occurrence andremefore excluded from the rule criteria.
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Legend
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Figure 3.4: Final mapped output from the rasteseblarules criteria for natural barrier occurrenéeeas
with overlapping conditions for slope, flow accuiitn, and soil type are shown as those dark areas
where barrier occurrence is likely. This particukatershed does not contain the suitable soil type
conditions and therefore shows no categorical carapbrepresented as large areas of suitability.
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Legend
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Figure 3.5: Final mapped output from the rasteseblarules criteria for natural barrier occurrenéeeas
with overlapping conditions for slope, flow accuiitn, and soil type are shown as those dark areas
where barrier occurrence is likely. This watersbedtains the soil type associated with barriesgnee.
Those areas are shown in a light gray color andlayevith the actual stream in an area of highibarr

occurrence.
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