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A B S T R A C T

We describe the current distributions and relative abundances of southeastern Pennsylvania’s crayfish; changes in the region’s crayfish

fauna over the last century; and, where pertinent, the relationship of the current fauna to site-specific characteristics, basin-wide

attributes, and exotic crayfish. The crayfish fauna currently inhabiting the region bears little resemblance to the historical assemblage.

Whereas historical surveys yielded Orconectes limosus and Cambarus bartonii, both native species, recent collections produced eight

species including five exotics. Many areas occupied by exotic Orconectes no longer support O. limosus. Cambarus bartonii was found in

a number of invaded systems, but was typically a minor component of the crayfish community and may not be able to persist in those

systems indefinitely. The distribution of Cambarus (Puncticambarus) sp., an undescribed member of the Cambarus acuminatus

complex, was extremely limited, with populations only found in four streams, all of which are threatened by urbanization and exotic

crayfish. Exotic species collections include the first published records for Procambarus clarkii in Pennsylvania and extend the ranges of

Orconectes virilis and Orconectes obscurus in the state by . 150 km. These results indicate the need for conservation and management

initiatives aimed at preserving the native crayfish that remain in southeastern Pennsylvania.

KEY WORDS: Cambarus acuminatus complex, Cambarus bartonii, conservation, exotic species, Orconectes
limosus, Orconectes obscurus, Orconectes rusticus, Orconectes virilis, Procambarus acutus,
Procambarus clarkii, range shifts
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INTRODUCTION

Crayfish are a conspicuous and ecologically important
component of aquatic communities across the globe. In
many water bodies, they account for a major portion of
macroinvertebrate biomass and production (Huryn and
Wallace, 1987; Momot, 1995; Rabeni et al., 1995;
Haggerty et al., 2002; Haertel-Borer et al., 2005) and exert
direct and indirect effects on basal resources (detritus,
algae, macrophytes) and other invertebrates (Hart, 1992;
Creed, 1994; Lodge et al., 1994; Parkyn et al., 1997;
Schofield et al., 2001; Nyström, 2002). They are also an
important food item for a number of species of fish,
including some of recreational and commercial importance
(Rabeni, 1992; Roell and Orth, 1993; Dorn and Mittelbach,
1999; Tay et al., 2007; Weinman and Lauer, 2007).

Crayfish diversity is highest in North America with over
400 species and subspecies (Taylor, 2002; Taylor et al.,
2007). Many of these species have limited distributions and
are threatened by exotic (introduced) crayfish, habitat
destruction, pollution, urbanization, and other human
influences (Hamr, 1998; Wilcove et al., 2000; Lodge et
al., 2000; Taylor, 2002; Taylor et al., 2007). Recent
conservation status assessments indicate that about half of
the North American crayfish fauna is imperiled and in need
of protection (Master, 1990; Taylor et al., 1996; Master et
al., 2000; Taylor et al., 2007). Even species that were once
widely distributed are rapidly disappearing due to man-

made disturbances (Hamr, 1998; Kazyak et al., 2005;
Bouchard et al., 2007; Loughman et al., 2009).

Despite their functional importance and threatened status,
efforts to preserve and protect North America’s crayfish are
hindered by a shortage of data. Taylor et al. (2007) estimated
that current distributional information is available for only
40% of the United States and Canadian fauna. Even where
adequate contemporary data are available, the absence or scar-
city of historical collections, particularly for large geograph-
ical areas (entire states), often makes it difficult to assess long-
term changes across landscapes. Without such data it is hard to
accurately classify individual species (endangered, threatened,
stable) and develop conservation strategies for those in decline
(Jones et al., 2005; Taylor et al., 2007).

In Pennsylvania, although contemporary data are scarce
and mostly unpublished, historical collections dating back
more than 100 years are available for large areas of the
state (Ortmann, 1906). Ortmann’s monograph is one of the
most thorough and important crayfish studies ever
conducted and one of the few large-scale surveys of its
vintage from North America. Nonetheless, given that over
100 years has passed since Ortmann’s study, a reexamina-
tion of Pennsylvania’s crayfish fauna is overdue.

Historically, the flowing waters of southeastern Pennsyl-
vania were believed to support two native species of crayfish
[Orconectes limosus (Rafinesque, 1817), Cambarus bartonii
(Fabricius, 1798)], both of which were widely distributed in
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the region (Ortmann, 1906). Unfortunately, the current status
of those species is uncertain. Exotic crayfish were absent
from the region at the time of Ortmann’s survey.

Recently, a member of the Cambarus acuminatus
complex [Cambarus (Puncticambarus) sp.] was discovered
in southeastern Pennsylvania (Lieb et al., 2007b; Lieb et al.,
2008). Although initial surveys suggest that C. (P.) sp.
inhabits flowing waters, has an extremely limited range,
and is native to the region, a thorough analysis of its
distribution in Pennsylvania is lacking.

The main objectives of this study were to: 1) describe the
current distributions and relative abundances of southeastern
Pennsylvania’s crayfish and, where pertinent, the relationship
of the current fauna to site-specific characteristics, e.g.,
stream width, basin-wide attributes (physiography), and
exotic crayfish; and 2) compare those results to historical
data (Ortmann, 1906 and miscellaneous unpublished museum
records) to assess changes in the region’s crayfish fauna over
the past century. We focused our efforts on surface-dwelling
crayfish; primary burrowers were not included in this survey.

MATERIALS AND METHODS

Contemporary Data

Study Area and Sampling Sites.—Contemporary (1968-2007) crayfish
data from 60 lotic sites and an unknown water body (description too vague
to pinpoint exact location) were included in this study (Fig. 1, see on-line
Supplemental Appendix 1, DOI 10.1651/10-3267.1). Sites were located in
southeastern Pennsylvania in an area roughly bordered by the Schuylkill
River and tributaries to the north, the Pennsylvania state line to the south,
the city of Philadelphia to the east, and the western boundary of the
Delaware River basin to the west. Sixty sites were located in the Piedmont
or Coastal Plain physiographic provinces. Manatawny Creek, site 34 was
positioned at the intersection of the Ridge and Valley, New England, and
Piedmont Provinces. Many sites were located in streams that flow directly
or nearly directly into the Delaware River (Delaware tributaries, sites 1-8
and 10-15) or its largest tributary, the Schuylkill River (Schuylkill
tributaries, sites 29-60). Additional sites were located in the Brandywine
and White Clay Creek drainages (sites 16-25), which both empty into the
Delaware River via the Christina River; Big Elk Creek (site 61), which
flows into the Chesapeake Bay via the Elk River; and the Schuylkill River
(sites 26-28). One site was located on Long Hook Creek (site 9), which
flows out of the lower, marshy portion of a Delaware River tributary
(Darby Creek) and historically entered the Delaware River. The northern
part of the study area (the north) includes the headwaters of Brandywine
Creek (sites 19-20) and the Schuylkill River and tributaries; the southern
part of the study area (the south) includes the lower Brandywine drainage
(sites 16-18 and 21-22), Delaware tributaries, Long Hook Creek, Big Elk
Creek, and the White Clay drainage (sites 23-25).

Land use change is occurring at a rapid pace throughout much of the
study area. As such, many formerly rural areas are quickly becoming
urbanized (Kemp and Spotila, 1997; Interlandi and Crockett, 2003; Reif,
2004; Steffy and Kilham, 2006).

Thirty-two sites on 27 streams were thoroughly surveyed for crayfish
(comprehensive sites; see on-line Appendix). The remaining 29 sites
located on 25 streams and one unknown water body were sampled for
other purposes, e.g., fish surveys, not specifically for crayfish (incidental
sites; see on-line Appendix). Comprehensive sites were georeferenced
using a handheld GPS unit (model GPS 12 XL, Garmin International). The
latitude and longitude of the incidental sites were either provided by others
or were estimated with a computer program (Terrain Navigator Pro) that
uses electronic United States Geological Survey (USGS) quadrangle maps.

Crayfish Collections.—Each comprehensive site was surveyed during
daylight hours when water clarity was high and the stream bottom was
clearly visible. The lower reaches of Valley Creek (lower Valley Creek,
sites 50-53) were sampled twice (spring and fall 2003); other comprehen-
sive sites were sampled once (spring 2005 or 2006). Welch Run, Fawn

Run, Baptism Creek, Spout Run, and lower Valley Creek were sampled for
other projects (Lieb et al., 2007a, b; Lieb et al., 2008); the remaining
comprehensive sites were sampled specifically for this study.

At each comprehensive site, multiple riffle-pool sequences and all
available habitat types were thoroughly searched. The length of stream
sampled varied from approximately 40-500 m depending on the distance
between habitat types and size of the stream. Each site was sampled for at
least one person-hour per visit. Based on earlier surveys of 53 streams
located across Pennsylvania, this level of effort frequently results in the
collection of large numbers of crayfish of all sizes and life stages and
appears to be an effective method for determining community composition
and compiling species lists for individual sites (Lieb et al., 2007a).
Additionally, our effort was equal to or in excess of that used in a variety
of settings to detect the presence of stream-dwelling crayfish species
(Naura and Robinson, 1998; Light, 2003; Gil-Sánchez and Alba-Tercedor,
2006). Species were assumed to be reproducing (established) if
reproductive females (those with attached eggs or young) were found or
$ 9 individuals, both sexes, and a range of sizes were collected.

Most comprehensive sites were sampled with dip nets and kick seines.
Dip net samples were collected by sweeping the net through root masses,
aquatic vegetation, and leaf deposits and by turning over rocks and chasing
crayfish into the net. Kick seine samples were collected by stretching a 2.8
3 2.0 m bag seine with 5-mm mesh across the stream channel and
disturbing the substrate (kicking, overturning rocks) upstream of the seine.
Dislodged crayfish were swept into the seine by the current. Crayfish
inhabiting slow-current habitats (pools and nearshore areas of riffles) were
usually collected with dip nets, whereas those in fast-current habitats (main
channels of riffles) were mostly collected with kick seines. A few
comprehensive sites (sites 50-53) were sampled with electrofishing gear.
The number of crayfish collected from sites 50-53 was greater than from
the other sites because electrofishing gear tended to be more efficient than
dip nets and kick seines in terms of the number of specimens collected per
person-hour [see Lieb et al. (2008)] and sites 50-53 were sampled twice,
whereas the other comprehensive sites were only sampled once.

At the incidental sites, most collections contained , 10 individuals (see
on-line Appendix) and it is unlikely that all habitat types were sampled or
that species lists are complete. As a result, the Crayfish Associations and
Community Composition sections of this paper do not include data from
most incidental sites. The only exception was lower Manatawny Creek
(sites 35-38) which was included in the Community Composition section
because collections where large (69 individuals) and the assemblage found
there was not collected elsewhere during this study.

It was impossible to determine whether species were reproducing at
most incidental sites because collections included few specimens and no
reproductive females. The only exception was lower Manatawny Creek,
where enough Orconectes rusticus (Girard, 1852) were collected (n 5 60)
to assume the presence of a reproducing population.

Incidental collections were gathered using a variety of methods.
Specimens from Crum Creek (site 1), Little Valley Creek, and East
Branch (EB) Brandywine Creek were collected with Lium samplers
(Lium, 1974) by the USGS during benthic invertebrate sampling and those
from Manatawny Creek (site 38) were collected with seines during
fisheries studies carried out by the Academy of Natural Sciences of
Philadelphia (ANSP). Specimens from Dismal Run, Webb Creek, and the
Schuylkill River (site 26) were also collected by ANSP personnel but their
purpose and method of collection is unknown. Similarly, site 25 in the
White Clay Creek drainage was sampled for unknown reasons using
unknown methods. The Procambarus clarkii (Girard, 1852) attributed to
Sandy Run was found dead on a roadway that runs parallel to the creek,
but was included in this study because the species is known to exhibit
overland dispersal and was likely an emigrant from Sandy Run or another
nearby water body (Bouchard et al., 2007). The remaining incidental sites
were sampled with electrofishing gear during fisheries studies conducted
by ANSP. Most incidental sites were sampled on one occasion (summer or
fall) between 1996 and 2007 (see on-line Appendix).

After collection, crayfish were identified to species and reproductive
females were noted. The carapace length (CL) of specimens collected from
comprehensive sites was determined. Representative specimens of C. (P.)
sp. were deposited at the North Carolina State Museum of Natural
Sciences (NCSM), Raleigh, North Carolina (NCSM 24749-24753, 26548-
26553) or ANSP, Philadelphia, Pennsylvania (not yet cataloged, A. Kirsch,
personal communication). Voucher specimens of Orconectes virilis
(Hagen, 1870), O. limosus, Orconectes obscurus (Hagen, 1870), O.
rusticus, C. bartonii, and P. clarkii were deposited at ANSP (ANSP 14573,
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18349, 18398, 18413, 18419, 18421-26, 18437, 18443-45, 19345-46,
19349-50, and 19352 or not yet cataloged, A. Kirsch, personal
communication). The Procambarus acutus (Girard, 1852) collected from
site 25 is housed at the United States National Museum, Smithsonian
Institution (USNM), Washington D.C. (USNM 129955).

Historical Data

Historical crayfish data from the study area and nearby areas were
available from Ortmann (1906), ANSP, and USNM. Ortmann (1906),
which includes numerous collections from southeastern Pennsylvania and
a map (Plate XLIII) that shows the original distributions of Pennsylvania’s
crayfish (including C. bartonii and O. limosus), was a particularly useful
resource. At most of Ortmann’s sites, it appears that efforts were made to
collect all the crayfish species that were present. Collections were
generally made by hand or with a dip net. Additional collection
information is provided in Ortmann (1906). For the remaining historical
sites (USNM and ANSP records), sampling methods were not recorded.

RESULTS AND DISCUSSION

Taxonomy of Cambarus (Puncticambarus) sp.
in Pennsylvania

Although it will not be possible to attach a species name to
our C. (P.) sp. collections until a thorough taxonomic

analysis of the northern members of the C. acuminatus
complex is completed (Lieb et al., 2008), we doubt that
they include multiple species because of the proximity of
our collection sites (Fig. 2) and morphological similarity of
our specimens. If later taxonomic studies were to show that
multiple species of Puncticambarus occur within the study
area, it will be possible to attach the correct species name to
our collections because we have deposited representative
specimens of C. (P.) sp. from all the streams where it was
collected in museums.

Overview of Crayfish Collections

A total of 1416 crayfish belonging to eight species was
collected during contemporary surveys (Table 1, see on-
line Appendix). Of these, 1165 were collected from 37 sites
(25 streams) in the north; the remaining 251 were collected
from 24 sites (20 streams) in the south (Fig. 1, Table 1, see
on-line Appendix). More crayfish were collected from
lower Valley Creek (613 individuals) than from the other
northern sites (552 individuals) because sampling efforts
were greater in lower Valley Creek than elsewhere. Due to

Fig. 1. Map of eastern Pennsylvania with an enlargement of the study area and nearby regions in the southeastern part of the state. Contemporary (1968–
2007) crayfish collection sites are denoted by closed circles (N) and are numbered consecutively according to the scheme provided in the on-line Appendix.
A dashed line separates the northern and southern parts of the study area. A jagged north/south line denotes the western boundary of the Delaware River
basin. Fawn Run, which is extremely small and flows directly into the Schuylkill River, is completely covered by its site marker, giving the incorrect, but
unavoidable appearance that site 30 is located in the Schuylkill River. Abbreviations: EB 5 East Branch, Cr 5 Creek, R 5 River.
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this potential bias, the abundance summaries (number
collected, relative abundance) provided in the remainder of
this section do not include data from lower Valley Creek
(see Table 1 for further explanation).

Contemporary surveys yielded five exotic crayfish
including P. acutus, which is native to extreme southeast-
ern Pennsylvania (Coastal Plain and nearby areas of the

Piedmont) but not to most of the study area (Bouchard et
al., 2007); O. obscurus, which is native to western but not
eastern Pennsylvania (Ortmann, 1906; Bouchard et al.,
2007); and O. virilis, O. rusticus, and P. clarkii, which are
not naturally found anywhere in the state (Taylor et al.,
1996, 2007) (Table 1, see on-line Appendix). The P. clarkii
data provided herein are of particular significance because

Fig. 2. Map of the study area and nearby regions in southeastern Pennsylvania. Occurrences of Cambarus (Puncticambarus) sp., introduced Orconectes
(O. obscurus, O. rusticus, O. virilis), and introduced Procambarus (P. acutus, P. clarkii) are shown on the map. Sites supporting reproducing populations of
C. (P.) sp. are denoted by asterisks (*) and are referred to as reproductive sites. Other C. (P.) sp. occurrences are denoted by open diamonds (e) and include
sites without reproducing populations and sites where the reproductive status of the species is unknown. Sites are numbered according to the scheme
provided in the on-line Appendix. A dashed line separates the northern and southern parts of the study area. A jagged north/south line denotes the western
boundary of the Delaware River basin. Selected dams located downstream of the reproductive sites are shown on the map and are denoted by 3 symbols. A
small, low-head dam located between sites 52 and 53 on Valley Creek is omitted from the figure to improve clarity. It is possible that other small dams
occur downstream of the reproductive sites unbeknownst to us. Abbreviations: EB 5 East Branch, Cr 5 Creek, R 5 River.
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they are the first published records for Pennsylvania
(Ortmann, 1906; Hobbs, 1972, 1989; and Taylor et al.,
2007) and increase the number of known crayfish species in
the state. Records of O. rusticus, O. virilis, and O. obscurus
are the first that have been published for southeastern
Pennsylvania.

Contemporary collections also included C. bartonii and
O. limosus, which historically occurred throughout the
study area (Ortmann, 1906), and the recently discovered C.
(P.) sp. (Table 1, see on-line Appendix). Collectively,
recent efforts have added five species (four exotics and one
native) to the known crayfish fauna of southeastern
Pennsylvania. The region’s crayfish fauna is now vastly
different than that encountered by Ortmann (1906). Such
differences tended to be much more pronounced to the
north, where exotic crayfish (mostly Orconectes) were
common, than to the south (Figs. 2, 3, Table 1, see on-line
Appendix).

Across the study area, C. bartonii was the most frequently
collected crayfish (269 individuals, 33% of the catch),
followed by O. rusticus (204 individuals, 25% of the catch)
and O. limosus (144 individuals, 18% of the catch); other
crayfish accounted for , 10% of the catch (Table 1, see on-
line Appendix). In the north, O. rusticus was the most
commonly collected crayfish, followed by C. bartonii and O.
obscurus; other crayfish were uncommon (Table 1). The
scarcity of O. limosus in the north, an area that it once fully
occupied, was especially noticeable. In contrast, in the south,
O. limosus was the most frequently collected crayfish,
followed by C. bartonii and C. (P.) sp.; other crayfish were
rarely collected (Table 1). The rarity of O. rusticus, O.
obscurus, and O. virilis in the south was particularly evident
given their comparative abundance to the north.

Contemporary Distributions and Range Shifts

Cambarus bartonii.—During this study, C. bartonii was
collected from 31 sites (29 streams) (Fig. 3, Table 1, see

on-line Appendix). These sites were in the Coastal Plain
(n 5 1), Piedmont (n 5 29), and at the intersection of the
Ridge and Valley, New England, and Piedmont (n 5 1).
Cambarus bartonii was found in 21 of the 24 small to
midsized streams that were comprehensively surveyed and
was common throughout all parts of the study area except
the Coastal Plain. These results agree with Ortmann (1906)
who concluded that, although C. bartonii was generally
absent from large rivers in Pennsylvania, ‘‘conditions seem
to be favorable for this species everywhere, possibly with
the exception of the Coastal Plain’’ and suggests that the
range of C. bartonii in southeastern Pennsylvania has
remained relatively stable over the past century.

Cambarus bartonii has been able to persist over the long-
term in a number of streams in the study area. More
specifically, C. bartonii was collected from Cobbs and
Darby creeks in the early 1900s (ANSP 4783-84 and 5023),
from Ridley and White Clay creeks in the 1950s (ANSP
6149, 6215-18, and 6224-25), and from all four of those
creeks in 2006 (Fig. 3, see on-line Appendix). However,
exotic crayfish are currently not found in any of those
waterways and it remains to be seen whether C. bartonii
can coexist with exotic crayfish over the long-term in
southeastern Pennsylvania.

Cambarus (P.) sp.—During this study, C. (P.) sp. was
collected from 13 sites (eight streams) (Fig. 2, Table 1, see
on-line Appendix). These sites were in the Coastal Plain
(n 5 1) and Piedmont (n 5 12) and were located within a
relatively small area (, 220 km2) extending from Pickering
Creek southeast to the lower reaches of Darby Creek within
, 30 km of Philadelphia. Most C. (P.) sp. sites were
located to the north in the Schuylkill River and its
tributaries, which is mainly due to the large number of
collections from the Valley Creek basin. Cambarus (P.) sp.
was also collected from tributaries of the Delaware River,
but was not collected from the Brandywine and White Clay
Creek drainages. Most of the C. (P.) sp. collected during

Table 1. Comparison of contemporary (1968-2007) crayfish collections from the northern part of the study area (northern sites) to those from the
southern part of the study area (southern sites). Sites were assigned to the north and south as described in the text and as shown in Figure 1. For individual
species and groups of species (all natives, all nonnatives), the number of specimens collected (No. coll), relative abundance (Rel ab), and number of
collection sites and water bodies [No. sites (water bodies)] were reported separately for the northern and southern sites. Abundance summaries (No. coll,
Rel ab) for the northern sites were calculated without data from lower Valley Creek (LVC, sites 50-53) because LVC was more intensively sampled than
the other sites (see Materials and Methods). Thus, inclusion of data from LVC would have biased our abundance summaries toward Cambarus
(Puncticambarus) sp., which is the dominant crayfish species in LVC. Occurrence summaries [No. sites (water bodies)] for the northern sites included data
from LVC. Due to rounding errors, relative abundances may not sum to exactly 100%. Abbreviations: P. 5 Procambarus (genus) or Puncticambarus
(subgenus), O. 5 Orconectes, and C. 5 Cambarus. a Includes 13 Cambarus sp. that could not be identified to species with absolute certainty due to their
small size but were probably C. bartonii.

Species

Northern sites Southern sites

No. coll Rel ab (%) No. sites (water bodies) No. coll Rel ab (%) No. sites (water bodies)

C. bartonii 194 35.1 17 (16) 75 29.9 14 (13)
C. (P.) sp. 23 4.2 10 (6) 42 16.7 3 (2)
O. limosus 13 2.4 3 (3) 131 52.2 14 (13)
All natives 243a 44.0 24 (20) 248 98.8 21 (17)
O. obscurus 61 11.1 8 (5) 0 0.0 0
O. rusticus 204 37.0 12 (7) 0 0.0 0
O. virilis 31 5.6 3 (3) 1 0.4 1 (1)
P. acutus 2 0.4 1 (1) 1 0.4 1 (1)
P. clarkii 11 2.0 3 (3) 1 0.4 1 (1)
All nonnatives 309 56.0 21 (14) 3 1.2 3 (3)
All species 552 – 37 (25) 251 – 24 (20)
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this study (n 5 666) were found in the Pickering, Valley,
Darby, and Crum Creek drainages. The remaining individ-
uals were collected from Welch Run and the Schuylkill
River.

A reproducing population of C. (P.) sp. occurs in Valley
Creek (Lieb et al., 2008, Fig. 2, see on-line Appendix).
Surveys done specifically for this study uncovered
additional reproducing populations of C. (P.) sp. in

Pickering, Crum, and Darby creeks (Fig. 2, see on-line
Appendix). These findings are not particularly surprising
given that the headwaters of Valley Creek are , 2 km from
those of Darby, Pickering, and Crum creeks and the
headwaters of Darby and Crum creeks are , 2 km from
each other (Fig. 2). Dams are located downstream of the
Crum, Darby, and Pickering Creek populations and may be
preventing them from being colonized by exotic crayfish,

Fig. 3. Map of the study area and nearby regions in southeastern Pennsylvania. Occurrences of Cambarus bartonii, Orconectes limosus, introduced
Orconectes (O. obscurus, O. rusticus, O. virilis), and introduced Procambarus (P. acutus, P. clarkii) are shown on the map. Sites are numbered according to
the scheme provided in the on-line Appendix. A dashed line separates the northern and southern parts of the study area. A jagged north/south line denotes
the western boundary of the Delaware River basin. The Green Lane Reservoir dam located in the upper Perkiomen Creek drainage is shown on the map and
is denoted by a 3 symbol. Fawn Run, which is extremely small and flows directly into the Schuylkill River, is completely covered by its site marker, giving
the incorrect, but unavoidable appearance that site 30 is located in the Schuylkill River. Abbreviations: EB 5 East Branch, Cr 5 Creek, R 5 River.
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which occur in a number of nearby waterways (Lieb and
Bhattarai, 2009 and Fig. 2).

A thorough search of sites on the Schuylkill River and
Welch Run resulted in the collection of only two C. (P.) sp. (see
on-line Appendix). This suggests that reproducing populations
of the species do not occur in those waterways. Instead,
individuals collected at those sites were probably emigrants
from nearby Valley Creek or Pickering Creek (Fig. 2).

Orconectes limosus.—During this study, O. limosus was
collected from 17 sites (16 streams) (Fig. 3, Table 1, see
on-line Appendix). Sites were in the Coastal Plain (n 5 4),
Piedmont (n 5 12), and at the intersection of the Ridge and
Valley, New England, and Piedmont (n 5 1). Most O.
limosus sites were located in the south, where exotic
crayfish were rare. Northern occurrences of O. limosus
were limited to three sites, all of which were located on
Schuylkill tributaries and were devoid of exotic Orco-
nectes. Reproducing populations of O. limosus were found
in eight streams, seven of which are in the south.

The absence of O. limosus from much of the north
(Fig. 3, Table 1, see on-line Appendix), a region it once
fully occupied [see Ortmann (1906)], suggests a substantial
range reduction over the past century. In the early 1900s, O.
limosus was collected from a , 90 km stretch of the
Schuylkill River (Philadelphia upstream to Reading) where
it was sometimes ‘‘exceedingly abundant’’ (Ortmann,
1906). In the 1950s, O. limosus was again collected from
multiple locations along that reach (ANSP 5674 and 6229);
however, recent crayfish surveys in that section yielded
large numbers of exotic O. rusticus, which was not
previously collected from the Schuylkill River, but no O.
limosus (see on-line Appendix). Similarly, O. limosus was
collected from an upstream reach of EB Perkiomen Creek
in the 1930s (USNM 131923), but contemporary collec-
tions produced only O. rusticus (see on-line Appendix).
Although contemporary collections from EB Perkiomen
Creek were not comprehensive, O. limosus and O. rusticus
have never been found together at the same site in the study
area (see on-line Appendix). In Pennsylvania, O. rusticus
has been collected from 59 sites, but with O. limosus at
only one of them, a recently invaded site in the northeastern
part of the state (Bouchard et al., 2007; Lieb et al., 2007a;
D.A. Lieb and R.W. Bouchard, unpublished data).

In other parts of the Perkiomen Creek drainage,
historical collections produced only O. limosus, while
those completed more recently yielded only O. rusticus
(Figs. 1, 3, 4, see on-line Appendix). Direct comparisons
are not possible because historical collections (1916-1943)
were from headwater reaches (Perkiomen Creek at
Pennsburg, ANSP 5307; Hosensack Creek, ANSP 5332;
unnamed tributary of Pleasant Spring Creek, USNM
131914), whereas recent efforts have been from down-
stream areas (Perkiomen and Swamp Creeks). Nonetheless,
since O. limosus was historically more common in the
larger, downstream reaches of Pennsylvania’s river net-
works than in smaller, upstream tributaries (Ortmann,
1906); it seems unlikely that O. limosus would have been
found in the headwaters of Perkiomen Creek but not in
downstream areas. Thus, we suspect that O. limosus was
once found throughout much of the Perkiomen drainage but

no longer occurs in downstream areas. Although the
headwaters of Perkiomen Creek have not been sampled in
. 60 years, O. limosus may have been afforded protection
from O. rusticus invasions by the dam on Green Lane
Reservoir (Figs. 3, 4).

In the south, O. limosus was relatively common and the
species seems to have retained much of its original range
(Ortmann, 1906; Fig. 3, Table 1, see on-line Appendix).
For example, resampling efforts in Marcus Hook and
Brandywine creeks found that populations of O. limosus
were still present in those waterways 100 years later
(Ortmann, 1906; see on-line Appendix). Recent collections
from the headwaters of Brandywine Creek included large
numbers of exotic O. virilis and O. obscurus but no O.
limosus (see on-line Appendix), suggesting that the
continued existence of downstream populations of O.
limosus in Brandywine Creek is not assured.

Overall, we suspect that exotic crayfish (particularly O.
obscurus, O. rusticus, and O. virilis) are a major reason for
the absence of O. limosus from much of the north including
a substantial section of the Schuylkill River, a number of
Schuylkill tributaries, and some headwater reaches in the
Brandywine basin. In contrast, the scarcity of exotic
crayfish to the south probably explains the persistence of
O. limosus in that region.

Within the study area, reproducing populations of O.
limosus were found in running water systems that ranged
from small streams (EB White Clay Creek: generally ,
10 m wide) to large rivers (Brandywine Creek: generally .
30 m wide). This finding is in agreement with Ortmann
(1906) who found that, although O. limosus preferred larger
waterways, the species occurred throughout drainage
networks (headwater streams to large rivers).

Orconectes obscurus.—During this study, O. obscurus was
collected from eight sites (five streams) in the Piedmont
(Fig. 4, Table 1, see on-line Appendix). All were in the
north, but were widely scattered, suggesting multiple
introductions. One site was located in the headwaters of
Brandywine Creek, where the species is reproducing; the
remaining sites were located in Schuylkill tributaries, two
of which also support reproducing populations.

The O. obscurus records herein extend the known range
of the species in Pennsylvania substantially eastward. More
specifically, to the best of our knowledge, the previous
eastern-most, published O. obscurus localities for Pennsyl-
vania are located . 200 km to the west of Wissahickon
Creek in the north central and south central parts of the
state [upper Genesee River drainage, Potter County and
Willis Creek, Bedford County (Ortmann, 1906)].

In the study area, O. obscurus was collected from small
to midsized streams (, 5-30 m wide). Orconectes obscurus
was not collected from any of the large river sites
(Perkiomen Creek, Brandywine Creek, Schuylkill River;
see on-line Appendix), even though in its native range
(western Pennsylvania) it generally prefers such sites
(Ortmann, 1906). The presence of O. rusticus at most of
the large river sites may be responsible for the absence of
O. obscurus at those locations, as has been found in parts of
Ohio and New York (Thoma and Jezerinac, 2000;
Kuhlmann and Hazelton, 2007).
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Orconectes rusticus.—During this study, O. rusticus was
collected from 12 sites (seven streams) in the Piedmont
(Fig. 4, Table 1, see on-line Appendix). All were in the
north and were located either in the Schuylkill River or its
tributaries. Reproducing populations of the species were
found in five streams. Notably, O. rusticus was the only
crayfish collected from the lower Perkiomen Creek
drainage (sites 39-42) and occurs far upstream in the
headwaters of at least one tributary in that drainage (EB
Perkiomen Creek). Similarly, aside from the collection of a

single C. (P.) sp., which was probably an emigrant from
elsewhere, and a single P. clarkii, O. rusticus was the only
crayfish collected from the Schuylkill River. Because
exotic O. rusticus tend to eliminate other crayfish from
invaded sites through time (St. John, 1991; Taylor and
Redmer, 1996; Wilson et al., 2004; Kuhlmann and
Hazelton, 2007), it seems likely that, within the study area,
O. rusticus introductions occurred first in the Schuylkill
River or in the lower Perkiomen drainage. It also appears
that environmental conditions, e.g., temperature, nutrient

Fig. 4. Map of the study area and nearby regions in southeastern Pennsylvania. Occurrences of Orconectes obscurus, Orconectes rusticus, Orconectes
virilis, Procambarus acutus, and Procambarus clarkii are included on the map. Sites are numbered according to the scheme provided in the on-line
Appendix. A dashed line separates the northern and southern parts of the study area. A jagged north/south line denotes the western boundary of the
Delaware River basin. Abbreviations: EB 5 East Branch, Cr 5 Creek, R 5 River.
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concentrations, at those sites are particularly favorable for
O. rusticus, allowing the species to thrive there. More
specifically, the Schuylkill River and lower Perkiomen
Creek are relatively large (generally . 50 m wide), warm,
enriched [Jaworski and Hetling, 1996; Jaworski et al.,
1997; Pennsylvania Department of Environmental Protec-
tion (PADEP), 2003], and negatively impacted by a variety
of anthropogenic stressors (Weisberg and Burton, 1993;
Fairchild et al., 1998; Steyermark et al., 1999; Interlandi
and Crockett, 2003; PADEP, 2003), all of which tend to
favor O. rusticus relative to resident species (Momot, 1984;
Jezerinac, 1986; Butler, 1988; Momot et al., 1988;
Mundahl and Benton, 1990; St. John, 1991; Jezerinac et
al., 1995; Thoma and Jezerinac, 2000).

Within the study area, O. rusticus sites ranged from
large, warm rivers at the base of drainage networks
(Perkiomen Creek, Schuylkill River) to small, cooler
streams near the headwaters (EB Perkiomen Creek)
(Fig. 4, see on-line Appendix) and included visibly
polluted waterways in highly urbanized watersheds (Trout
Creek), as well as higher quality streams draining mostly
forested and agricultural lands (French and Manatawny
creeks; Thomson et al., 2005; J.K. Jackson, Stroud Water
Research Center, unpublished data). Collectively, these
data indicate that O. rusticus is a highly-adaptable, tolerant
species that has been able to colonize a wide variety of
running water systems in southeastern Pennsylvania, as has
been found elsewhere (St. John, 1982, 1991; Page, 1985;
Hobbs and Jass, 1988; Hobbs et al., 1989; Thoma and
Jezerinac, 2000; Taylor and Schuster, 2004; Guiaşu, 2007).
Ultimately, the spread of O. rusticus into new areas may be
more limited by dispersal (both natural and human-
assisted) than by the availability of suitable environmental
conditions. It is possible; however, that exotic O. rusticus
may be less successful in cool, nutrient-poor, headwater
steams than in warmer, more productive, downstream
reaches as predicted by Momot (1984) and as appears to be
the case in Ohio (Mundahl and Benton, 1990; Thoma and
Jezerinac, 2000). If so, in southeastern Pennsylvania and
elsewhere, some native species may be able to persist in the
headwaters of invaded systems, where O. rusticus is absent
or less abundant. This is particularly likely for C. bartonii,
which naturally occurs in headwater streams throughout the
eastern United States (Ortmann, 1906; Crocker, 1957,
1979; Francois, 1959; Meredith and Schwartz, 1960;
Jezerinac et al., 1995; Seiler and Turner, 2004). Unfortu-
nately, for those native species that prefer larger,
downstream reaches, e.g., O. limosus (Ortmann, 1906),
direct competition with O. rusticus may be unavoidable.

Orconectes virilis.—During this study, O. virilis was
collected from three sites in the Piedmont and one site in
the Coastal Plain and was more common in the north than
south (Fig. 4, Table 1, see on-line Appendix). Orconectes
virilis collections were widely scattered, suggesting
multiple introductions and included a site in the headwaters
of Brandywine Creek, where the species is reproducing,
and sites on Schuylkill and Delaware tributaries.

The localities herein extend the known range of O. virilis
in Pennsylvania substantially eastward. More specifically,
to the best of our knowledge, the previous easternmost

published O. virilis record for Pennsylvania is located .
150 km to the west of Hermesprota Creek in the south
central part of the state [Marsh Creek, Adams County;
USNM record listed in Hobbs (1989)].

Within the study area, O. virilis was collected from small
to midsized streams (, 5-30 m wide) that varied with
regards to temperature and upstream land use. More
specifically, Trout and Hermesprota creeks are warm-water
fisheries, while French and West Branch (WB) Brandywine
creeks support cold-water fishes (trout) for much of the
year. Similarly, Trout and Hermesprota creeks are located
in highly urbanized areas, whereas French and WB
Brandywine creeks are located in more rural settings with
mixed land use. Overall, O. virilis was collected from a
variety of stream types in southeastern Pennsylvania, as has
been found in other parts of its introduced range (Schwartz
et al., 1963; Bouchard, 1976; Jezerinac et al., 1995;
McGregor, 1999).

Procambarus acutus.—Procambarus acutus was collected
from two sites in the Piedmont during this study: a
Schuylkill tributary in the north and a site in the White Clay
drainage in the south (Fig. 4, Table 1, see on-line
Appendix). The distance between sites suggests separate
introductions. A private aquaculture facility, which sells P.
acutus and is located , 20 km west of the northern site,
may be responsible for the presence of the species in the
area.

Although P. acutus is expanding its range in Pennsylva-
nia due to introductions, native P. acutus have not been
collected from Pennsylvania since the early 1900s and few
thorough surveys in its native range in southeastern
Pennsylvania have been conducted (Bouchard et al.,
2007; Fig. 1, see on-line Appendix). For this reason,
additional surveys in its native range are needed.

Procambarus clarkii.—Procambarus clarkii was collected
from three sites in the Piedmont and one site in the Coastal
Plain during this study (Fig. 4, Table 1, see on-line
Appendix). These collections were widely scattered
suggesting multiple introductions and included sites to the
north in the Schuylkill River and its tributaries, one of
which supports a reproducing population, and a site to the
south in Long Hook Creek.

Procambarus clarkii sites varied substantially in size,
gradient, and temperature. More specifically, sites on
Sandy Run and Wissahickon Creek were generally ,
15 m wide, whereas the Schuylkill River site was . 50 m
across. Similarly, the Schuylkill River is a warm-water
fishery, while Wissahickon Creek supports trout for much
of the year. Long Hook Creek is a low-gradient, marshy
stream, whereas Wissahickon Creek is a higher-gradient,
rocky stream. Procambarus clarkii sites tended to be
similar with regards to upstream land use (all in urban
areas) and nutrient status (most enriched) (Jaworski and
Hetling, 1996; Jaworski et al., 1997; Butler et al., 2001;
Philadelphia Water Department, 2004; PADEP, 2006).
These findings are not unexpected given that, although P.
clarkii has been widely introduced to a variety of habitats
(swampy lowlands and ponds to trout streams; Hobbs et al.,
1989; Dehus et al., 1999; Gherardi et al., 1999; Thoma and
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Jezerinac, 2000; Huner, 2002), some authors have noted
their apparent preference for developed (urbanized) areas
and enriched waters in parts of their introduced range
(Diéguez-Uribeondo et al., 1997; Gil-Sánchez and Alba-
Tercedor, 2002; Riley et al., 2005).

The discovery of P. clarkii in southeastern Pennsylvania
is not particularly surprising given the presence of exotic
populations in Maryland, New York, and Ohio (Thoma and
Jezerinac, 2000; Daniels, 2004; Kazyak et al., 2005; Kilian
et al., 2009) and cultured populations in western Pennsyl-
vania. Although particular dispersal mechanisms are not
known, P. clarkii probably initially reached southeastern
Pennsylvania via human assistance (release or escape of
laboratory specimens, aquarium pets, fishing bait, com-
mercially cultured animals), as has occurred elsewhere
(Hobbs, 1989; Campos and Rodriguez-Almaraz, 1992;
Bouchard et al., 2007; Larson and Olden, 2008; Kilian et
al., 2009). Upon arrival, the presence of urbanized,
enriched systems likely favored its establishment in the
area.

Crayfish Associations

At most sites, either one or two species of crayfish were
collected (see on-line Appendix). Common species pairs
were C. bartonii and O. limosus and C. bartonii and C. (P.)
sp. Cambarus bartonii was collected from all streams (and
five of seven sites) where reproducing populations of C.
(P.) sp. were found and six of eight streams (sites) where
reproducing populations of O. limosus were found.
Cambarus bartonii has also been collected with the C.
acuminatus complex in parts of Virginia (Hobbs et al.,
1967).

Cambarus bartonii was collected with exotic crayfish at
a number of sites in the north including six of seven
comprehensive sites inhabited by P. acutus, P. clarkii, O.
virilis, and O. obscurus and two of six comprehensive sites
inhabited by O. rusticus (Figs. 3, 4, see on-line Appendix).
The association of C. bartonii with O. obscurus was not
surprising given they co-occur elsewhere and when
sympatric appear to avoid direct competition by selecting
different habitats (Jezerinac et al., 1995; Hamr, 1998;
Kuhlmann and Hazelton, 2007; D.A. Lieb, PSU and
RWBouchard, ANSP, unpublished data). Cambarus barto-
nii is also found with exotic crayfish in other parts of
Pennsylvania (Bouchard et al., 2007; Lieb et al., 2007a;
R.W. Bouchard, ANSP and D.A. Lieb, PSU, unpublished
data). These results suggest that the continued prevalence
of C. bartonii in the north is probably due to its ability to
coexist with exotic crayfish.

Cambarus bartonii was never found exclusively with O.
rusticus, but was collected with O. rusticus and O. virilis
(see on-line Appendix). Although it is unclear why C.
bartonii and O. rusticus were only found together with
other species, this tendency was not restricted to the study
area. Elsewhere in Pennsylvania, C. bartonii and O.
rusticus were found together in eight streams but
exclusively in only two of them (Lieb et al., 2007a; R.W.
Bouchard, ANSP and D.A. Lieb, PSU, unpublished data).
Because exotic O. rusticus typically eliminate O. virilis
(Berrill, 1978; Capelli, 1982; Taylor and Redmer, 1996;

Wilson et al., 2004), they are probably not permanent
associates in southeastern Pennsylvania. Instead, the O.
virilis collected were probably remnants of larger popula-
tions, emigrants from elsewhere in their respective
watersheds, or recent introductions. Because C. bartonii
can sometimes persist with exotic O. rusticus (Hamr, 2002;
D.A. Lieb and R.W. Bouchard, unpublished data), their
association may be more permanent.

Cambarus (P.) sp. was collected with O. rusticus in the
Schuylkill River but was absent from other invaded sites
(Figs. 2, 4, see on-line Appendix). Because the single C.
(P.) sp. collected from the Schuylkill River was likely an
emigrant from elsewhere, C. (P.) sp. is probably only an
occasional, transient associate of O. rusticus in that
waterway. Crayfish surveys conducted in the summer of
2008 by the National Park Service (NPS) indicate that O.
rusticus has recently invaded lower Valley Creek and
currently coexists with C. (P.) sp. (Kristina Heister, NPS,
personal communication), although C. (P.) sp. appears to
be in decline and may eventually disappear from the
system.

Orconectes limosus was only collected with exotic
crayfish at one site and was never found with exotic
Orconectes (Fig. 3, see on-line Appendix). The apparent
inability of O. limosus to coexist with exotic congeners
probably contributed to its absence from much of the north.

Community Composition

Uninvaded sites supported one species of crayfish or if
multiple species were present O. limosus or C. (P.) sp.
usually accounted for a substantial portion of the
collections (43-98%), with C. bartonii comprising most
of the remaining catch (see on-line Appendix). The
preference of O. limosus and C. (P.) sp. for slow-current
areas probably favored their coexistence with C. bartonii,
which tend to select areas with faster-current (Ortmann,
1906; Lieb et al., 2008; D.A. Lieb, PSU, personal
observations). The preference of O. limosus and C. (P.)
sp. for similar habitats may have prevented their coexis-
tence and contributed to their mostly allopatric distribution
in the study area.

Collections at most invaded sites were dominated by one
species of exotic Orconectes; other species were usually
uncommon (see on-line Appendix). Where found, O.
rusticus usually comprised $ 75% of the catch. In the
absence of O. rusticus, O. obscurus and O. virilis accounted
for 63-100% of the catch, whereas those species usually
constituted # 25% of the catch in the presence of O.
rusticus. The dominance of O. rusticus will likely increase
in the future as populations of O. obscurus and O. virilis are
further reduced or eliminated.

Cambarus bartonii was uncommon at invaded sites
(relative abundance # 20%) but was frequently an
important member of the crayfish community in the
presence of native crayfish (relative abundance often .
20% and sometimes $ 50%) (see on-line Appendix). These
data along with observations from Maryland and other parts
of Pennsylvania, where C. bartonii is not always able to
coexist with exotic crayfish (Schwartz et al., 1963; D.A.
Lieb, PSU and R.W. Bouchard, ANSP, unpublished data),
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suggest that, although the range of C. bartonii in
southeastern Pennsylvania has remained relatively stable
over the past century, its continued persistence in the region
is not assured and will depend on its ability to coexist with
exotic crayfish over the long-term, potentially at reduced
densities and as a minor component of the crayfish
community.

Concluding Remarks and Conservation Implications

The results presented herein indicate that there have been
substantial changes in the crayfish fauna of southeastern
Pennsylvania over the past century. The prevalence of
exotic crayfish in the region and disappearance of O.
limosus from invaded areas was particularly noticeable.
Although C. bartonii was found in a number of invaded
systems, it was typically a minor component of the crayfish
community and may not be able to persist in those systems
over the long-term.

In addition to documenting changes, this study also
provides important distributional information for C. (P.) sp.
More specifically, the data herein along with results from
less-focused, larger-scale surveys (Lieb et al., 2007a;
Bouchard et al., 2007) indicate that C. (P.) sp. has an
extremely restricted distribution in Pennsylvania, with
collections limited to 13 sites and reproducing populations
only known from four streams, all of which are located in a
rapidly expanding urban area in close proximity to several
species of exotic crayfish (Figs. 2, 4).

Based on these findings, the native crayfish fauna of
southeastern Pennsylvania is clearly in decline and
conservation measures targeting the group are urgently
needed. The protection of existing populations of C. (P.) sp.
and O. limosus is of particular importance and will
probably require measures aimed at preventing crayfish
introductions and reducing the impacts of urban develop-
ment. The recent invasion of lower Valley Creek by O.
rusticus and apparent decline in resident C. (P.) sp.
illustrate the urgency of the situation. Although C. bartonii
is not an immediate conservation concern in the region,
existing populations (particularly those in invaded sys-
tems) should be monitored periodically. Overall, we
suspect that, without management intervention, native
crayfish will continue to disappear from southeastern
Pennsylvania and may eventually be lost from much of
the region.
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