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ABSTRACT 
 

Bat Use of Created and Natural Wetlands 
 

Marcia L. Maslonek 
 

Compensatory wetland mitigation is a common practice to account for wetland 
losses due to dredging and filling under the Clean Water Act, but successful replacement 
of function is rarely achieved.  Small, isolated wetlands also receive no federal 
protection, and are usually not included in accounts of losses.  Although latest reports 
show an increase in wetlands for the first time, this is due in large part to voluntary 
construction of open water ponds, while the loss of freshwater emergent wetlands 
continues to decline.  Research on the wildlife functions of wetlands has focused on 
plants, invertebrates, avian or amphibian species.  But wetlands also are important for bat 
foraging habitat because most insects depend on water for some part of their life cycle.  
Bats could serve as a mammalian indicator of constructed wetland function due to their 
size, mobility, and ease of acoustic monitoring.  Despite this connection, there is a lack of 
studies focusing on bats and wetlands in the Mid-Atlantic and Midwest, and few have 
occurred elsewhere.   

I examined 79 constructed and natural wetlands in western Pennsylvania and 
eastern Ohio for the presence of bats using acoustical monitoring.  The recent use of 
acoustical monitoring has garnered habitat level comparisons, and can be used as an 
index of bat activity and to determine presence and absence.  I used an information 
theoretic approach to model the response of bats to wetland design and landscape based 
on the following: wetland origin, age, size, pH, distance to highway, and areas within the 
surrounding landscape of forest, urban, open water, barren, wetland, and edge density.   

For all species except for eastern pipistrelles (Pipistrellus subflavus), landscape 
characteristics influenced both presence and relative activity of observed bat species.  
The Combo model incorporated wetland size as well as landscape parameters, and 
received support for most species, with differences among species based on wing 
morphology and habitats.  Within supported models, surrounding wetlands in the 
landscape had the greatest influence on most bat species. Big brown bats (Eptesicus 
fuscus) were influenced by barren and open areas, while eastern red bats (Lasiuris 
borealis) were influenced by agriculture.  Wetlands created in a landscape with an overall 
lack of wetlands and less edge may be particularly important for all species of bats, 
regardless of wing morphology.  My results also showed that wetlands of all sizes, even 
small ones not afforded federal protection, can be vital foraging areas for bat species.  
The wetland origin and abiotic characteristics received no support, suggesting that 
placement within the landscape may be the most important consideration for bats.  The 
origin of the wetland only influenced activity for eastern pipistrelles, which may be due 
to the closed canopy associated with natural wetlands.  With the latest research in 
developing indices of biotic integrity for various groups of wildlife such as birds, 
amphibians, and plants, a mammalian indicator group should also be considered.  
Because of the association of bats with wetlands, relative ease of acoustical monitoring, 
and importance of wetlands to mammals in general, bats may be good candidates to 
develop as a mammalian indicator for wetland function.  
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INTRODUCTION, RESEARCH JUSTIFICATION, AND OBJECTIVES 
 

Throughout North America and elsewhere, the presence of bats often is associated 

with riparian and wetland habitats (Zimmerman 2000, Siedman 2001, Russo and Jones 

2003, Menzel et al. 2005, Ford et al. 2006).  In the mid-Atlantic region, all bat species are 

insectivorous and all extant species utilize wetlands, one of the world’s most productive 

environments (Ramsar Convention Secretariat 2007), as foraging habitat (Francl et al. 

2004a). Wetlands are important for bats because of availability of water and high insect 

densities (Vauhgn et al. 1997, Russo and Jones 2003, Flaquer et al. 2009), with many 

insects depending on water for some part of their life cycle (Gordon and Serfass 1989, 

Imes 1992).  Despite this, the importance of wetlands to bats has been neglected relative 

to other taxa such as waterbirds (Flaquer et al. 2009).   

 Insectivorous bats have been shown to selectively forage over open water 

(Brigham and Fenton 1991, Krusic et al. 1996, Walsh and Harris 1996, Grindal and 

Brigham 1999, Francl et al. 2004b).  But there are limited studies on wetlands as bat 

foraging habitat (Arnett 2003, Miller et al. 2003), and even fewer examining restored or 

created wetlands (Menzel et al. 2005a).  Studies of bat habitat selection/use demonstrate 

relatively higher activity over wetlands than forest interior (Zimmerman and Glanz 2000, 

Francl et al. 2004b, Brooks and Ford 2005, Francl 2008).  In the southeastern United 

States, Menzel et al. (2005) examined bat activity over pre- and post-restored Carolina 

bays, as well as in forest interior sites, and found activity highest over restored Carolina 

bays after just one year.  Another study focused on woodland seasonal pools in the 

northern Great Lakes region, and found that pools of all sizes were important for bat 

foraging (Francl 2008).  A study in Kentucky examined constructed woodland ponds, and 

found multi-season use by bats (Huie 2002).  In Arkansas, Wilhide et al. (1998) found 
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that even water-filled ruts and small ponds provided foraging habitat for bats.  Studies of 

bat habitat associations reveal that proximity to water features is important for bat 

activity in the mid-Atlantic region (Fenton and Barclay 1990, Owen et al. 2003, Brooks 

and Ford 2005, Schirmacher et al. 2007), Southeast (Menzel et al. 2005, Ford et al. 2006), 

Southwest (Rogers et al. 2006), Mexico (MacSwiney et al. 2009), and Europe (Rydell et 

al. 1994, Russo and Jones 2003, Downs and Racey 2006, Flaquer et al. 2009). 

In the United States, 47% of wetlands have been lost since the 1780s; Ohio alone 

has lost over 90% of its wetlands (Dahl 1990).  Between 1998 and 2004, wetland gains 

exceeded losses for the first time in history, with a net gain of 77,630 ha (191,750 acres) 

(Dahl 2006).  However, freshwater ponds accounted for the net gain with an increase of 

281,500 ha (700,000 acres), whereas freshwater emergent marshes decreased by 57,720 

ha (142,570 acres) (CEQ 2005, Dahl 2006).  The functions that emergent wetlands 

provide to the environment are then lost, including water quality improvement, 

groundwater recharge, and habitat for wildlife (Mitsch and Gosselink 2000).   Although 

there is no overarching federal wetland policy, limited protection is afforded by 1977 

amendments to the Clean Water Act (Mitsch and Gosselink 2000).  Originally, Section 

404 did not reference wetlands, only “navigable waters,” which limited its application.  

Subsequent court cases led to amendments to clarify wetlands as a resource to be 

protected (Mitsch and Gosselink 2000).  The U.S. Army Corps of Engineers and the 

Environmental Protection Agency are responsible for Section 404 permits that regulate 

impacts to wetlands associated only with navigable waters (Bedford and Godwin 2003).  

Any dredging or filling of wetlands requires a permit, although exceptions are granted.  If 

wetland loss or damage is unavoidable, it must be mitigated through replacement or 
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enhancement.  Wetlands not directly connected to navigable waters are considered 

isolated for regulatory purposes and excluded from federal jurisdiction.  Protection of 

isolated wetlands therefore occurs only at the state level, and varies among states 

(Osmond et al. 1995).   

The type and size of a wetland are primary criterion for determination of the 

mitigation extent for both state and federal wetland regulations (Snodgrass et al. 2000).  

The U.S. Army Corps of Engineers regulates navigable waters and usually allows 

wetlands < 4.0 ha (9.9 acres) to be destroyed under a blanket permit (National Wetlands 

Policy Forum 1988).  Between 1998 and 2004, 85% of freshwater wetland losses were 

less than 2.0 ha (5.0 acres) in size, with half of those wetlands less than 0.4 ha (1.0 acre) 

(Dahl 2006).  Small wetlands may also comprise the majority of wetlands in certain 

areas;  in Maine, for instance, over 62% of wetlands are < 4.0 ha (Gibbs 1993). Rationale 

for this policy is based on the presumption that small wetlands support few species and 

that these species are also found in larger wetlands.  Several studies of amphibians 

suggest that small wetlands may be as important as larger ones in supporting biodiversity 

(Semlitsch and Bodie 1998, Snodgrass et al. 2000, Francl et al. 2004);  Snodgrass et al. 

(2000) reported no difference in species richness among wetlands of various sizes.  

Moreover, the loss of relatively small (< 1.2 ha, 3.0 acres) wetlands could increase 

dispersal distances and possibly isolate source populations of amphibians (Semlitsch and 

Bodie 1998).  Small, isolated wetlands in West Virginia were similar in characteristics to 

larger ones and harbored wetland species distributed patchily across the landscape 

(Francl et al. 2004).  Metapopulations depend upon a mosaic of wetlands, and therefore 

wetlands as small as 0.4 ha in size should receive protection (Gibbs 2000). 
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In addition to replacing the impacted wetland acreage, functions of lost or 

degraded wetlands also must be mitigated.  A successful mitigation may be defined as 

one that “provides habitat that is functionally equivalent to the one that was lost” (Zedler 

1996).  Determining this functionality, and how to achieve it, has been the subject of 

debate within the wetland science community (National Research Council 1992).  For a 

created wetland, hydrophytic vegetation is one simple measure of structure often utilized 

and related to function.  Animal communities and species diversity are common 

ecosystem functions that can be used to characterize constructed wetlands and design 

performance standards (Brinson et al. 1994, Brinson and Reinhardt 1996).  But such 

functions are rarely monitored because they are more difficult to measure than percent 

surface water or plant cover (Mitsch and Wilson 1996, NRC 2001).  Studies have focused 

on wildlife value as a wetland function by examining avian (Hickman 1994) or 

amphibian richness (Funk and Dunlap 1999, Monello and Wright 1999, Lehtinen 2001).  

Despite the value of wetlands to bats, no studies have examined bat use of created 

wetlands in the Mid-Atlantic or Midwest regions, and only one occurred in the Southeast 

(Menzel et al. 2005).  Bats may serve as an important mammalian indicator species in 

wetland functionality assessment as they are closely associated with wetlands.  A 

mammalian indicator is warranted because a large percentage of mammals are believed to 

benefit from wetland habitats (Gordon and Serfass 1989).  Bats may be especially well 

suited to this role because of  their dependence on wetlands for foraging, ease in 

monitoring with the advent of acoustical technology, and ubiquitous distribution across 

landscape types ranging from urban to forest, unlike many other wetland dependent 

species.   
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My study examined wetland characteristics (e.g. size, age, origin [natural or 

constructed], pH, and surrounding landscape features) associated with use and 

presence/absence of bats in the Upper Ohio Valley region.  I hypothesized that 

characteristics such as size and origin of wetlands would not negatively impact bat 

communities, while pH and surrounding land use may deter bat use.  Because bats are 

highly mobile, and depend on wetlands for prey and access to water, I hypothesized that 

they are adaptable to different sized wetlands, and not affected by the origin because 

vegetation structure within the wetland is not important in the same manner as for nesting 

birds (Snell-Rood and Cristoll 2003).  Insects are quick to appear in constructed 

wetlands, and many species that comprise bat diets, such as dipterans, are tolerant of a 

wide variety of pH conditions (Harvey et al. 1999).   

Bats are likely to be influenced by the landscape conditions within their home 

range, such as forest, urban areas, and agriculture which impact breeding habitat, 

foraging, and travel routes.  Differences in habitat will impact species based on wing 

morphology.  Hoary and big brown bats are less maneuverable due to high wing loadings 

and therefore forage in open, clutterless areas (Owen et al. 2004, Menzel et al. 2005).  

Little brown bats, pipistrelles, and eastern red bats are clutter-adapted due to low wing 

loadings and can utilize closed-canopy habitats (Menzel et al. 2003, 2005, Ford et al. 

2005).  Less maneuverable species therefore may be impacted positively by open 

landscapes, larger wetlands, and increased edge density.  

Specific objectives and hypotheses of my project were to:  

(1) Compare species richness and relative activity of bats using constructed and natural 

wetlands. 
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H1: Species richness will be greater in larger created wetlands.                                                                                                                                         
H2: Richness and relative activity of bats will be greater at wetlands with higher edge 
density and forest in the surrounding landscape.  
H3: Richness and relative activity of bats will decrease as distance from wetland to 
road and urban area increases.   
 

(2) Determine influence of wetland characteristics on bat presence/absence and use. 

H1:  Landscape characteristics will influence bat presence more than physical 
attributes alone such as origin, age, or size.  
H2:  Species that prefer less cluttered environments will be positively influenced by 
higher edge density, open landscapes, and larger sized wetlands.  

 

(3) Develop wetland design recommendations for enhancing bat habitat in wetland 

construction and mitigation projects.  
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Chapter 2 
 

Literature Review of Bat Ecology and Wetlands 
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Bat Ecology 

There are 45 bat species in the United States, eleven of which are found in 

northeastern Ohio and southwestern Pennsylvania (Harvey et al. 1999).  Bats are in the 

order Chiroptera, and the aforementioned 11 species are in suborder Microchiroptera and 

family Vespertilionidae.  About 70% of the world’s bat species, and all of the species 

within the study area, are insectivores.  Life span among bat species varies but can be 

more than 20 years (Harvey et al. 1999).  All threatened or endangered bat species in 

North America are cave dwelling for some portion of the year (McCracken 1989, Pierson 

1999).  

Myotid species within Upper Ohio Valley region of western Pennsylvania and 

eastern Ohio include the little brown bat (Myotis lucifugus), northern myotis (M. 

septentrionalis), Indiana bat (M. sodalis), and eastern small-footed bat (M. leibii).  The 

big brown bat (Eptesicus fuscus) and eastern pipistrelle (Pipistrellus subflavus) are also 

common.  Species of tree bats include red bat (Lasiurus borealis), hoary bat (L. cinereus), 

evening bat (Nycticeius humeralis), and silver-haired bat (Lasionycteris noctivagens) 

(Harvey et al. 1999).  The Seminole bat (Lasiurus seminolus) is not considered a regular 

resident, but has been recorded several times in Pennsylvania (Fergus 2002). The Indiana 

bat is the only federally and state endangered species in the region.  The eastern small-

footed bat is of special concern (Harvey 1997).   

During spring and early summer, bat species give birth and raise young.  For most 

species, such as the Myotids, roosts may consist of colonial roosts of females and young, 

or bachelor roosts for males, within snags, tree cavities, or artificial structures such as 

buildings.  Tree bats, such as the red bat and hoary bat, are solitary and primarily roost 
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under the bark of trees or within foliage (Shump and Shump 1982).  Bats spend most of 

the day inside these roosts, so choice may be an important influence on survival and 

fitness (Vonhof and Barclay 1996).  Mature, upland forests are important sites for day 

roosts, especially when near riparian corridors used for foraging (Waldien et al. 2000, 

Cryan et al. 2001, Baker and Lacki 2006).  The use of night roosts is a rarely examined 

aspect of bat ecology, but night roosts may be the same structure as used during the day, 

and may be used by multiple species (Barbour and Davis 1969, Agosta et al. 2005).  

Night roosts are often in close proximity to foraging areas (Agosta et al. 2002), and 

provide critical places to rest between feeding, and for protection from predators and 

weather (Wilkinson 2002).   

During fall, bats exhibit a behavior called swarming, where large numbers of bats 

congregate within and around cave entrances, even though many do not roost within them 

during the day (Fenton 1969).  Copulation occurs during swarming, highlighting the 

importance of such areas for reproduction (Hall 1962, Cope and Humphrey 1977).  

Swarming is not completely understood, but may also aid in hibernacula selection.  

During winter, most bats migrate to mines, caves, and anthropogenic structures for 

hibernation, usually traveling less than 482 kilometers (300 miles) (Tuttle 1997).  

Hibernation sites are chosen based on a suite of conditions specific to each species, such 

as temperature and humidity, and are sensitive to anthropogenic disturbances (Barbour 

and Davis 1969, McCracken 1989).   

Tree bats also swarm and may migrate hundreds of kilometers each season from 

breeding to wintering grounds, where they roost in leaf clusters and branches (Barbour 

and Davis 1969, O’Shea et al. 2003).  Far less is known about the migration patterns of 
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tree bats (Menzel et al. 2003).  Because tree bats have a low reproductive capacity and 

long life span of 30 years, their populations may have difficulty recovering from habitat 

loss, catastrophes, or other impacts due to slower rate of recruitment (Findley 1993). 

Bat Foraging and Use of Wetlands 

Three primary factors influence foraging in bats: wing morphology, prey 

abundance, and echolocation call structure (Barclay 1985, Aldridge and Rautenach 1987, 

Menzel et al. 2005).  Species with high wing loadings, such as hoary and big brown bats, 

are less maneuverable, and therefore forage in open, clutterless areas (Owen et al. 2004, 

Menzel et al. 2005).  Species with low wing loadings, such as little brown bats, 

pipistrelles, and eastern red bats, are clutter-adapted and can utilize closed-canopy 

habitats (Menzel et al. 2003, 2005, Ford et al. 2005).   

Despite wing morphology, most bat species are known to roost in forests and 

travel to open sites to forage (Grindal and Brigham 1999, Francl et al. 2004b).  Clutter-

adapted species such as the little brown bat and pipistrelle often use large water bodies 

and open spaces, suggesting foraging habitat selection may be influenced more by prey 

abundance or availability and foraging ease than wing morphology alone (Ford et al. 

2005).  Other studies have found open areas in heavily forested habitats are important 

foraging habitat for big brown bats, little brown bats, hoary bats, and pipistrelles, 

regardless of wing morphology (Francl et al. 2004b, Owen et al. 2004).   

The low structure and high insect abundance that edge creates makes this habitat 

important for bats (Crampton and Barclay 1998, Hogberg et al. 2002, Menzel et al. 2002, 

Schirmacher et al. 2007).  Red bats are often detected feeding and traveling along forest 

edge (Kunz 1973, Hart et al. 1993, Harvey et al. 1999), especially when combined with 
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water sources such as open and wooded streams, or ponds and lakes (Davis and Mumford 

1962, Schirmacher et al. 2007).  But they also demonstrate wide habitat associations due 

to body size and diet (Carter et al. 2004, Menzel et al. 2005, Schmiracher et al. 2007).  

Within the central Appalachians of West Virginia, the low structural complexity and high 

insect abundance of edge habitat is important for bats (Crampton and Barclay 1998, 

Hogberg et al. 2002, Menzel et al. 2002).  The most meaningful associations include open 

or closed canopy and proximity to water (Schirmacher et al. 2007).   

Insectivorous bats often selectively forage over open water in temperate regions 

(Brigham and Fenton 1991, Krusic et al. 1996, Walsh and Harris 1996, Grindal and 

Brigham 1999, Francl et al. 2004b).  Pipistrelles and little brown bats use a relatively 

small foraging area encompassing waterways and edge habitat (Harvey et al. 1999).  In 

the northern part of its range, the Indiana bat forages primarily in wetlands (Kurta and 

Whitaker 1998), along edges and in riparian areas (Clark et al. 1987, Humphrey et al. 

1977, Brack 1983, Menzel et al. 2001).  Red bats are often detected feeding and traveling 

along forest edge, especially when combined with water sources such as open and 

wooded streams, or ponds and lakes (Kunz 1973, Hart et al. 1993).  Hoary bats are 

known to frequent habitats with expanses of open water and travel above the canopy 

(Hart et al. 1993).   Bat foraging and prey abundance may be higher over calm, quiet 

water, such as wetlands, as compared to turbulent waters that may interfere with 

echolocation (Von Frenckell and Barclay 1987, Zimmerman and Glanz 2000).  A study 

of bat activity in Massachusetts forests also found high bat activity over still-water 

habitats, with greatest activity over large ponds (Brooks and Ford 2005).  Overall, bat 
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foraging habitat is optimized with moderate clutter, some structure, and nearby water 

(Menzel et al. 2005, Schirmacher et al. 2007).   

In Maine, a study of habitat use at various scales, with an emphasis on wetlands, 

found that bat activity was concentrated over ponds, gravel roads, and lakes (Zimmerman 

and Glanz 2000).  Although wetlands were expected to be productive, bat activity was 

low, but low temperatures may have reduced prey base and activity (LeSage and Harrison 

1980).  Elevated bat activity over roads and edges may result from commuting rather than 

foraging by bats (Limpens et al. 1989), which also occurs over streams (Krusic et al. 

1996).  Zimmerman and Glanz (2000) suggest that managers consider both foraging and 

roosting habitat in developing management plans, including factors like insect 

availability and water retention of small ponds and lakes.  

One study examined bat activity over Carolina bays pre- and post-restoration with 

reference wetlands in the southeast (Menzel et al. 2005).  Carolina bays are important for 

wildlife because of their ephemeral nature and isolation from other sources of water.  

Restoration of bays created an open wetland area in a dry landscape and improved 

foraging for bats;  bat activity increased almost immediately upon restoration.  Bat 

activity was also greater over bays as compared to interior forest (Menzel 1998, Menzel 

et al. 2005).  Because dense forests are relatively more difficult for bats to navigate 

(Broders et al. 2003), interior forest is generally thought to be poor for foraging (Owen et 

al. 2004).  

Several studies examined bat use of seasonal woodland pools.  Francl et al. (2008) 

studied bat activity at seasonal ponds in the northern Great Lakes, and found that relative 

bat activity was significantly influenced by pool size, with more bats at small or large 
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sized pools.  Little brown bats were the most common species and found across pools of 

all sizes, while hoary, red, and big brown bats were more common at larger pools. The 

smaller bats are capable of utilizing all sized wetlands, while the larger bats are limited to 

the more open pools.  As open water declined, so did bat activity.  Likewise, bat activity 

over pools in forests of Massachusetts also followed the pattern of high activity over all 

pools, with greatest activity and bat diversity over large ponds (Brooks and Ford 2005).   

Several studies from outside the United States have examined wetland use of bats.  

In Spain, Flaquer et al. (2009) radiotagged Nathusius’ pipistrelle (Pipistrellus nathusii) to 

assess their foraging habitat selection of wetlands, and found wetlands were key for 

foraging. Flooded rice fields, considered important for waterbirds (Fasola and Ruiz 

1996), were avoided by pipistrelles.  This raises a caution for automatically extending 

conservation measures for one suite of species to others (Russo et al. 2005, Flaquer et al. 

2009).  In Mexico, MacSwiney et al. (2009) found that insectivorous bat activity and 

foraging was greater in habitats with cenotes, water-filled sinkholes, than those without, 

and urged protection of this habitat and surrounding landscape.   

Diets of insectivorous bats in the United States include Coleopterans, 

Lepidopterans, Dipterans, and Homeopterans, although variation among species occurs.  

Little brown bats feed on chironomids (Diptera), and caddisflies (Bellwood and Fenton 

1976, Agosta and Morton 2003).  Indiana bats forage in specific habitats but feed 

opportunistically on available insects (Bellwood and Fenton 1976, Fenton and Morris 

1976, Whitaker 1995, Menzel et al. 2001).  Northern myotis are also considered an 

opportunistic forager (Kunz 1973);  however, others consider the species a gleaner, 

capturing Arachnids in particular (Whitaker 2004).  Big brown bats feed on scarab 
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beetles (Hamilton and Barclay 1998, Whitaker 1995) and later in summer, green stink 

bugs (Acrosternum hilare) (Agosto and Morton 2003).  Lasiurine bats primarily feed 

upon moths (Lepidoptera) and beetles (Coleoptera) (van Zyll de Jong 1985), but also on 

flies and mosquitoes (Diptera) and other insects (Harvey et al. 1999).  The larvae of 

many Dipterans, such as chironomids and mosquitoes require water, as well as other 

insect larvae and adults such as caddisflies (Imes 1992).  Because prey abundance is a 

critical factor in determining foraging patterns of bats in temperate regions (Barclay 

1985, Gordon and Serfass 1989, Jung et al. 1999, Menzel et al. 2005), and most insects 

depend on water for some part of their life cycle (Imes 1992), wetlands provide an 

important foraging habitat for many bat species. 

Wetland Policy and Mitigation 

In the contiguous United States, 47% of wetlands have been lost since the 1780s, 

with highest losses in intensive agriculture states such as those in the mid-west; Ohio 

alone has lost over 90% of its wetlands (Dahl 1990).  Between 1998 and 2004, wetland 

gains exceeded losses for the first time in history, with a net gain of 77,630 ha (191,750 

acres) (Dahl 2006).  However, freshwater ponds accounted for the net gain with an 

increase of 281,500 ha (700,000 acres), while freshwater emergent marshes decreased by 

57,720 ha (142,570 acres) (CEQ 2005, Dahl 2006).  The functions that wetlands provide 

to the environment are then lost, including water quality improvement, groundwater 

recharge, and habitat for wildlife (Mitsch and Gosselink 2000).   

Some wetlands receive federal protection under the Clean Water Act (CWA) of 

1972 and the 1977 amendments that aim “to restore and maintain the chemical, physical, 

and biological integrity of the Nation's waters” (Federal Water Pollution Control Act, 
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Public Law 92 –500). Because wetlands can improve water quality, reduce 

sedimentation, and aid in nutrient cycling, wetlands are included in the definition of 

“waters” in order to achieve the goals of the CWA (United States v. Riverside Bayview 

Homes, Inc., 474 U.S. 121 (1985)).   

The CWA places responsibility upon the Army Corps of Engineers and the 

Environmental Protection Agency to regulate wetland impacts by enforcing Section 404 

permits.  Permits are required to fill, drain, or degrade a wetland because of the impact on 

water quality.  Agencies delineate wetlands following a three-part examination of 

hydrology, soil, and vegetation (NRC 1995).  Jurisdictional wetlands must periodically 

support hydrophytic vegetation, consist of predominantly hydric soil, and be saturated 

with water or covered by shallow water at some time during the growing season 

(Cowardin et al. 1979, Dahl 2006).   

Interpretation of a protected wetland under the CWA has changed since its 

inception.  In 2001, the U.S. Supreme Court issued a decision that altered Section 404 

permitting to no longer protect isolated wetlands (Bedford and Godwin 2003), leaving 

states responsible for determining regulatory requirements of these wetlands (Osmond et 

al. 1995).  Isolated wetlands are defined as wetlands not connected to navigable waters. 

The Solid Waste Agency of Northern Cook County v. United States Army Corps of 

Engineers (531 U.S. 159, 2001) is referred to as the SWANCC decision.  This case 

involved the “Migratory Bird Rule” adopted in 1986 that stated waters used by migratory 

birds could qualify wetlands for protection due to the commerce clause within the Army 

Corps’ definition of “waters of the United States” (Kusler 2004).  The decision removed 
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Clean Water Act jurisdiction over isolated wetlands because they are not adjacent to 

navigable waters or tributaries.   

The SWANCC decision also weakened the State 401 permits required for 

federally permitted activities (Porej 2003, Kusler 2004, Kettlewell 2005).  Efforts have 

been made by states to fill in the gaps as a result of the decision (Want 1994).  According 

to Kusler (2004), 18 states have legal protections for isolated wetlands, including both 

Pennsylvania and Ohio.  Ohio has adopted legislation and extended water quality 

programs to include isolated and other wetlands.  Pennsylvania has an existing 

comprehensive wetland legislation that fulfills a similar role and protects nearly all 

wetlands.     

In 2006, the U.S. Supreme Court ruled that the ACOE exceeded its authority in 

denying two developers permits on wetlands linked to navigable waters by drainage 

ditches (Rapanos et al. v. United States 2006, Carabell v. U.S. Army Corps of Engineers, 

2006).  This further complicated the interpretation of “significant nexus.”  The EPA and 

Department of Army issued guidance regarding CWA jurisdiction in 2007, but received 

over 65,000 public comments.  Revised guidance was then released in December 2008 to 

clarify the definitions of “traditional navigable waters,” adjacent wetlands, and the 

concept of “relevant reach.”  A wetland is considered adjacent if it has a continuous 

surface connection to jurisdictional waters, directly abuts, is separated by a berm, or is in 

reasonably close proximity to navigable waters.  A significant nexus is determined by 

flow and function of the tributary and adjacent wetland to assess “if they significantly 

affect chemical, physical, and biological integrity” of the waters (USACE/EPA 2008a). 

Waters not protected include those that do not flow at least three months, swales or small 
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washes, and ditches. A hydrologic connection alone is not sufficient.  This is of particular 

concern to arid-region states (USACE/EPAb 2008).  

The Conservation Foundation introduced the “no net loss” goal in 1988 before it 

was adopted by the national committee as policy in 1990, and announced as a 

Presidential Goal in 2004 (CEQ 2006).  The committee defined a wetland as “an 

ecosystem that depends on constant or recurrent, shallow inundation or saturation at or 

near the surface of the substrate.”   The national policy is instrumental in requiring that 

wetland loss be avoided or minimized before compensatory mitigation is undertaken 

(Mitsch and Gosselink 2000).  Mitigation requires that wetlands lost to development must 

be compensated for by constructing or restoring wetlands, or that existing wetlands 

elsewhere will be protected.  Wetland restoration is the process of returning a disturbed 

or altered wetland to its previously existing condition; wetland creation is the man-made 

process of converting upland into wetland (NRC 1992).  The mitigation is designed to 

offset the loss of specific wetland functions and associated values, including habitat, 

within the watershed (NRC 2001).  Compensatory mitigation wetlands are a common 

form of created wetlands arising from this policy.  

If a wetland meets the initial definition for protection under a 404 permit, the next 

criterion is to determine if compensatory mitigation is required is the size of the impacted 

wetland (Snodgrass et al. 2000). The Army Corps of Engineers considers wetlands over 

0.13 ha as jurisdictional, with sites that are less than 4.1 ha (<10 acres) usually allowed to 

be developed (NWP 26).  This leaves small isolated wetlands, perhaps “one of the most 

important and threatened ecosystems in the United States,” without protection (Osmond 

et al 1995).  Dahl (2006) reports that, between 1998 and 2004, 85% of freshwater wetland 
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losses were less than 2.0 ha (5.0 acres) in size, with 52% of those wetlands less than 0.4 

ha (1.0 acre).  Cumulative wetland losses across the United States are likely higher than 

reported due to the loss of small isolated wetlands that are not accounted for (Gladwin 

and Roelle 1992, Race and Fonseca 1996).   

Wetland Creation and Restoration 

The process of wetland creation or restoration involves numerous stages.  The 

first stage is determining the watershed location (National Research Council 2001) based 

on defined objectives.  The no-net-loss policy promotes in-kind, on-site mitigation, where 

wetlands of one kind, such as emergent wetlands, are replaced with the same kind 

adjacent to the discharge site (NRC 2001).  Despite this policy, most compensatory 

wetlands are designed as ponds with a fringe of emergent vegetation (Kentula et al. 1993, 

Dahl 2000).  Such wetlands are easier to construct (Cole and Shafer 2002, Porej 2003), 

most likely to meet ACOE requirements (USACE 1987), and the difference does not 

have to be reported (Kettlewell 2008).  Proximity to the development that precipitated the 

need for mitigation often causes changes in hydrology, altered landscapes, and other 

issues that jeopardize the likelihood of success for in-kind replacement (Erwin 1991, 

Kentula et al. 2004).  Agencies can decide if a mitigation occurs “in close proximity” and 

“to the extent possible” in the same watershed, if the environmental gain is deemed 

greater (USACE/EPA 1990).  

The second stage is a site design plan to secure target functions.  The NRC 

committee (2001) suggests that wetland design and local setting within the landscape 

determine the resulting ecological functions of the created wetland.  Plans are based on 

the wetland’s structure and location to achieve a desired function, or to replace the same 
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kind of wetland.  Compliance is ascertained by a variety of approaches, from 

implementing an approved plan, called a design standard, to achieving a measure of 

function, referred to as a performance standard (NRC 2001).  Common ecosystem 

functions that can be used to characterize wetlands and design performance standards 

include: hydrologic, biogeochemical, plant community maintenance, animal community 

maintenance, water balance, and species diversity (Brinson et al. 1994, Brinson and 

Reinhardt 1996).   

Hydrology is perhaps the most critical dimension to the wetland design, as well as 

soils and elevation (Lowry 1990, Mitsch and Gosselink 2000).  Although wetland science 

is well established, created wetlands often fail due to unsuitable hydrology (Bedford 

1996). On-site mitigation often occurs in urban areas, contributing to altered and 

problematic hydrology (Erwin 1991).  A hydrological study, or water budget, is 

conducted to ensure that ground water and/or surface water is sufficient to maintain 

proper wetland conditions (Lowry 1990).  Frequent, natural inundation is important for 

success (Willard et al. 1989), although some engineers use artificial water level controls 

(Lowry 1990).  The wetland should require little to no long-term maintenance, and be 

self-sustaining (Mitsch and Gosselink 2000).   

The third stage is site acquisition, construction, and inspection.  Excavation 

considerations include determining the subgrade based on the final thickness of soils to 

be deposited, ability to grade the soils to specified elevations, erosion control, and 

logistics of soil deposition, especially if water level controls may be needed (Lowry 

1990).  Elevations are crucial in order to support the desired vegetation and provide 

habitat, and can be determined through well studies and the water budget (Heaven et al. 
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1993).  Obligate, emergent wetland vegetation will thrive in the lowest elevations, while 

shallower areas will be suitable for facultative wetland species (Reed 1998, Heaven et al. 

1993).  Final contouring should be gentle, ideally less than 3% (Lowry 1990).   

Soils are important for wetland design.  Characteristics should be assessed for 

permeability and texture, as well as chemistry that may influence the water quality or 

productivity of the future wetland such as toxins (Willard et al. 1989, Mitsch and 

Gosselink 2000).  An important component of the soil that will influence the created 

wetland’s success is the seed bank.  Seed banks can be transferred from nearby or pre-

restoration wetlands by depositing the top 15−30 cm (6−12 inches) of soil as the surface 

horizon, or taking plugs or cores from other wetlands.  Microbes, seeds, and organisms 

will be transferred in the soil as well during this process (Lowry 1990, Mitsch and 

Gosselink 2000). 

Ensuring successful vegetation in wetlands is accomplished through various 

methods besides deposition of wetland soils for its seed bank, such as introduced 

plantings, natural succession, and a combination of plantings and natural processes.  The 

techniques of vegetation introduction are commonly referred to as either “designer” or 

“self-design.”  Designer wetlands are planted and expected to remain unchanged; self-

design includes multiple seedings, transplants, and an open system to allow natural 

processes to recruit new species and retain the most appropriate introductions (Odum 

1989, Mitsch 1993, Mitsch and Wilson 1996).  If plants, tubers, or rhizomes are used, 

they should be obtained from nearby sources and not detrimental to the source wetland, 

or from wild stock propagated at local nurseries (Lowry 1990, Mitsch and Gosselink 

2000).  As studies compare the success of designer and self-design wetlands, multiple 
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opportunities for vegetation development through multiple planting techniques and an 

open system appear to be most successful (Reinartz and Warne 1993, Mitsch and Wilson 

1996).   

Physical monitoring of the trend toward the wetland type or function is the fourth 

stage; once the site meets the performance criteria, regulatory certification is provided.  

Mandatory monitoring to measure success of mitigated wetlands is minimal (Race and 

Fonseca 1996, NRC 2001), with once or twice a year monitoring of simplistic measures 

such as percent plant cover, animals observed, and amount of surface water (Mitsch and 

Wilson 1996).  Although plant cover is a common, easy monitoring method, it may be a 

poor indicator of function (Reinartz and Warne 1993, Mitsch and Wilson 1996).  In 

addition to hydrological parameters, other ecological factors such as plant communities 

or avian composition may be important in assessing wetland function (NRC 2001). But 

the function of wildlife value is rarely measured because it is more resource intensive 

than percent surface water or plant cover (NRC 2001, Mitsch and Wilson 1996).  Several 

scientific studies have focused on avian (Hickman 1994, van Rees-Siewert and Dinsmore 

1996, Melvin and Webb 1998, Davis et al. 2008, O’Neal et al 2008) and amphibian 

species composition (Funk and Dunlap 1999, Monello and Wright 1999, Lehtinen 2001) 

to assess wetland function.  Other studies have investigated invertebrate communities in 

constructed verses reference wetlands (Streever et al. 1996, Balcombe 2005b).   

 Mitsch and Wilson (1996) suggest three requirements for successful creation:  

understand function, use natural self-design, and allow sufficient time.  Regulatory 

agencies usually discontinue the monitoring requirement by year five, which assumes the 

wetland is essentially established (Zedler 1996, Snodgrass et al. 2000, Campbell et al. 
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2002).  But freshwater marshes may require closer to 20 years to fully reach functional 

and ecological development (Mitsch and Wilson 1996).  Functional replacement is rarely 

achieved (Race 1985, Erwin 1991, NRC 1992, Brinsen and Reinhardt 1996).   

The final stage in the mitigation process is verification of protection in perpetuity.  

Besides protection of the site over time, permanence also refers to “long-term 

sustainability in a changing landscape” (NRC 2001).  Future risks to the wetland’s ability 

to provide services are rarely considered (Boyd and Wainger 2002).  Although succession 

could be expected to revegetate the prevalent open-water wetlands, only 2% of open-

water wetlands were reclassified into emergent marsh between the 1997 and 2005 Status 

and Trends of Wetlands reports (Dahl 2000, Dahl 2006).  Better enforcement and permit 

compliance is needed to ensure quality of mitigation replacements (Redmond 1992, Race 

and Fonseca 1996).   

Not all created or restored wetlands are compensatory mitigation.  The gap in 

successful 404 mitigations and losses of non-jurisdictional wetlands is partially 

counteracted with voluntary wetland constructions on public and private lands.  Over 

85% of wetlands are on private lands (CEQ 2006).  Federal programs that encourage 

private landowners to voluntarily construct or restore wetlands include the Wetlands 

Reserve Program, Partners for Fish and Wildlife, Conservation Reserve Program, and 

Conservation Reserve Enhancement Program (CEQ 2006, O’Neal et al. 2008).   The 

United States Department of Agriculture offers several financial incentive programs for 

private landowners to restore wetlands.  The Wetland Reserve Program (WRP) has 

protected over 720,000 ha of wetlands (Rewa 2005), and the Conservation Reserve 

Enhancement Program (CREP) has enrolled over 37,000 ha in wetlands (Allen 2005, 
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O’Neal et al. 2008). The Fish and Wildlife Service also offers federal funds through the 

Partners for Wildlife program to encourage private landowners to improve wildlife 

habitats, including restoration of wetlands.  There are 303,415 wetland ha (750,000 acres) 

enrolled in Partners for Wildlife with 37,000 landowner agreements (CEQ 2006).  Similar 

to compensatory mitigation, success is usually evaluated by measures of hydrology and 

hydrophytic vegetation (O’Neal 2003, Richards and Grabow 2003, Wanhong et al. 2005, 

O’Neal et al. 2007).  The success of CREP wetlands in the Illinois River watershed was 

examined as a function of quality habitat for waterbirds, though few other studies of the 

habitat functions of voluntary wetlands exist (O’Neal and Heske 2007). 

Acoustical Sampling 

With the improved technology of bat detectors and associated software, many 

studies now utilize acoustical monitoring, either alone or in conjunction with mist netting 

(Fenton et al. 1977, Bell 1980, Fenton et al. 1983, Crome et al. 1988, O’Farrell 1997, 

Vaughan et al. 1997).  Acoustical monitoring can sample a larger area than mist netting 

(O’Farrell et al. 1999) to assess relative activity, bat community composition, and general 

vegetation associations (Thomas and West 1989, Johnson et al. 2002, Menzel et al. 2003, 

Miller et al. 2003, Brooks and Ford 2005).   

Sampling with bat detectors can be conducted either passively or actively.  

Passive recording is conducted by placing the Anabat (Titley Electronics, Ballina, 

Australia) recorder, attached to an AnaBat Compact Flash data storage module, in a 

stationary position where it will record continuously throughout the night or repeat 

recording over a fixed period each night (Hayes and Hounihan 1994, Hayes and Adam 

1996, Krusic et al. 1996, Perdue and Steventon 1996).  Bats may fly outside of the 
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limited cone area or pass through it too quickly to adequately record an individual’s call.  

Level of clutter and differences in flight patterns above canopies can also affect detection 

among species (Johnson et al. 2002).  In contrast, active monitoring involves either 

monitoring while the researcher is moving, or remaining stationary and sweeping the 

detector through the air to focus on areas of concentrated bat activity.  Active monitoring 

is superior to passive monitoring due to enhanced quality of calls, higher volumes of data, 

and a better representation of bat species richness (O’Farrell et al. 1999, Johnson et al. 

2002).   

Acoustical monitoring can yield important information not easily gleaned from 

mist netting, can be a vital tool for assessing presence and relative indices of activity, and 

may serve as the basis for additional focused studies (Gannon et al. 2003).  O’Farrell and 

Gannon (1999) compared acoustical monitoring versus capture techniques for conducting 

inventories of bats in the southwestern United States.  They captured only 63.5% of the 

species present using nets or harp traps, compared to 86.9% of the species present using 

an Anabat II ultrasonic detector (Titley Electronics, Ballina, Australia).  This difference 

is important to note because acoustical sampling allows the sampling of bats that usually 

fly above net level, such as hoary bats or those that are using flight paths that do not 

coincide with the nets.  The ability to detect these species is therefore useful in surveying 

bat communities (Johnson et al. 2002), as long as limitations are considered. 

Akaike’s Information Criterion 

Null hypothesis testing, and the use of associated p-values, has limitations in the 

biological sciences due to several inherent flaws.  The null hypothesis is false a priori, 

often trivial, and associated with a single alternative hypothesis (Chamberlin 1965, 
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Burnham and Anderson 2002).  With a large enough sample size, one can always reject a 

null hypothesis (Anderson et al. 2000).  Furthermore, the alpha level, based on 

conventional values, is arbitrary and forces a decision (reject or not reject), when the 

issue should be estimation of the size of an effect or strength of evidence (Royall 1997, 

Anderson et al. 2000).  Null hypothesis testing does not allow for measuring the evidence 

for multiple models, nor provide an estimate of precision.  Stepwise procedures are 

likewise problematic with model selection uncertainty (McQuarrie and Tsai 1998).   

In contrast, the information theoretic methods allow a more extended analysis of 

multiple working hypotheses based on evidence, not significance, where the goal is to 

find the best model(s) in a set (Burnham and Anderson 2002).  The information theoretic 

approach is a multi-model selection theory that bases inferences on the entire set, and can 

utilize model averaging using Akaike weights (Burnham and Anderson 1998).  The 

information criteria (AIC, AICc, QAIC) are estimators of relative Kullback-Leibler 

information, from which the inference is based upon (Kullback and Leibler 1951, 

Burnham and Anderson 2002). This allows for a more in-depth analysis of models, 

including estimates of precision to examine model selection uncertainty.  

Models are generated a priori based on literature review and the species natural 

history traits.  A global model containing all variables is created, as well as subsequent 

models that subset these variables based on alternative hypotheses.  Specification of too 

many possible models, or “data dredging,” is to be avoided (Burnham and Anderson 

1998).   

Candidate models are ranked according to their AICc values, with the smallest 

value approximating the best model.  Models with AICc differences ≤  2 are considered 
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supported.  The Akaike weight (ωi) estimates the probability that a particular model is the 

best model in the candidate set and therefore estimates the relative importance of the 

individual parameters (Burnham and Anderson 2002).  
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Abstract:  In theory, compensatory wetland mitigation is designed to offset the loss of 

specific wetland functions and associated values, including wildlife habitat, resulting 

from dredging and filling of wetlands under the Clean Water Act.  Issues preventing 

offset success include failure to replace functions, lack of protection for isolated and 

small wetlands, and conversion of emergent wetlands to open water ponds.  Most 

research on wildlife functions in these wetlands has been limited to birds, amphibians, 

plants, and insects.  However, wetlands also are important for mammals, particularly 

bats.  I conducted acoustic surveys at 79 created and natural wetlands in western 

Pennsylvania and eastern Ohio to determine bat species presence, richness, and a relative 

index of activity by bat species.  I developed a priori models of wetland design and 

landscape characteristics for analysis through an information theoretic approach.  The 

landscape characteristics surrounding the wetland predicted presence and influenced 

activity in all bat species studied, except for activity of eastern pipistrelles (Pipistrellus 

subflavus), which was influenced by the origin of the wetland.  The particular response to 

each landscape type varied by bat species based on differences in wing loading and 

adaptations to urban and agricultural areas.  My results suggest that for nearly all bat 

species sampled, an absence of wetlands in the surrounding landscape may enhance the 
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value of created wetlands regardless of size.  Wetland characteristics such as pH, age, and 

size did not influence activity or predict species presence.  My results suggest that future 

mitigation decisions should consider land uses and habitat types surrounding a potential 

location of a compensatory mitigation wetland.  Additionally, wetlands of all sizes, even 

small wetlands usually not protected under current regulations, can be important for bat 

species in the region.  Because of the association of bats with wetlands, relative ease of 

acoustical monitoring, mobility, and longevity, bats may be good candidates as 

mammalian indicators for wetland function.   

JOURNAL OF WILDLIFE MANAGEMENT 00(0): 000-000:2009 

Key Words: acoustical monitoring, bats, mid-Atlantic, mitigation, Ohio, Pennsylvania, 

Upper Ohio River Valley, wetlands 

 

INTRODUCTION  

Knowledge of foraging requirements of bats is limited and results in uncertainty 

when making decisions on watershed management (Arnett 2003, Brooks and Ford 2005).  

For most bat species, flight activity is concentrated over riparian and wetland habitats 

(Grindal et al. 1999, Zimmerman and Glanz 2000, Francl et al. 2004, Owen et al. 2004, 

Brooks and Ford 2005).  Because prey abundance is a critical factor in determining 

foraging patterns of bats (Barclay 1985, Gordon and Serfass 1989, Jung et al. 1999, 

Menzel et al. 2005), and many insect species depend on water for some part of their life 

cycle (Imes 1992), wetlands provide an important foraging habitat for many bat species. 

In the contiguous United States, 47% of wetlands have been lost since the 1780s, 

with the highest losses found in the intensively farmed Midwest; Ohio alone has lost over 
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90% of its pre-settlement wetlands (Dahl 1990).  Some wetlands receive federal 

protection under the Clean Water Act (CWA) of 1972 and subsequent 1977 amendments 

(Mitsch and Gosselink 2000).  The U.S. Army Corps of Engineers (USACE) and the 

Environmental Protection Agency (EPA) regulate impacts to wetlands via Section 404 

permits that are required to fill, drain, or degrade a wetland.  Wetlands are delineated 

following a three-part examination of hydrology, soil, and vegetation (Cowardin et al. 

1979, NRC 1995, Dahl 2006).  Interpretation of a jurisdictional wetland under the CWA 

has changed since its inception.  In 2001, a U.S. Supreme Court ruling altered Section 

404 permitting to no longer protect isolated wetlands (Bedford and Godwin 2003), which 

are wetlands not directly connected to navigable waters, leaving states responsible for 

determining regulatory requirements of these wetlands (Osmond et al. 1995).   

In 2006, interpretation of “significant nexus” was challenged in two court cases, 

Rapanos et al. v. United States and Carabell v. United States, when permits were denied 

for wetlands connected to navigable waters by drainage ditches (USACE/EPA 2008a).  

Revised guidance released in 2008 attempted to clarify the concept of relevant reach and 

adjacent wetlands that would be protected under the CWA (USACE/EPA 2008b).  

Waters not protected include those that do not flow at least three months, swales or small 

washes, and ditches (USACE/EPA 2008b).   

The “no net loss” goal, introduced in 1988 by the Conservation Foundation and 

adopted as policy in 1990 (CEQ 2006), was instrumental in requiring that wetland loss be 

avoided or minimized before compensatory mitigation is undertaken (Mitsch and 

Gosselink 2000) .  Mitigation requires that jurisdictional wetlands lost to development 

must be compensated for by creating or restoring wetlands, or by protecting existing 
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wetlands elsewhere.  Wetland restoration is the process of returning a disturbed or altered 

wetland to a previously existing condition; wetland creation is the anthropogenic process 

of converting upland into wetland (NRC 1992).  Mitigation is designed to offset the loss 

of specific wetland functions and its associated values, including habitat, within the 

watershed (NRC 2001).   

If a wetland meets the jurisdictional definition for protection, it must also meet a 

size requirement of at least 0.13 ha before avoidance, minimization, or compensatory 

mitigation is required by the ACE (Snodgrass et al. 2000). Sites greater than 0.13 ha but 

less than 4.1 ha (<10 acres) are usually granted a permit for disturbance, pending 

mitigation requirements (National Wetlands Policy 26).  This leaves small isolated 

wetlands without protection (Osmond et al 1995).  Between 1998 and 2004, 85% of 

freshwater wetland losses were less than 2.0 ha (5.0 acres) in size, with 52% of those 

wetlands less than 0.4 ha (1.0 acre) (Dahl 2006). Urban and rural development was 

responsible for 61% of wetland losses (Dahl 2006).  Agricultural drainage also caused the 

conversion of 75% of 33,751 ha (83,400 acres) of wetlands to upland; most of the drained 

wetlands were an average size of 1.6 ha (4.0 acres).  Cumulative wetland losses across 

the United States were likely higher than reported due to additional, unaccounted loss of 

small isolated wetlands (Gladwin and Roelle 1992, Race and Fonseca 1996).   

The deficit between successful mitigations and losses of non-jurisdictional 

wetlands is partially offset by voluntary wetland construction on public and private lands. 

In 2004, the U.S. President expanded the “no net loss” policy to increase the quantity and 

quality of wetlands annually through protection of high-quality wetlands and creation of 

new wetlands (CEQ 2006).  Compensatory mitigation wetlands do not count towards 
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created wetland acreage because it is a replacement for destroyed wetlands, and should 

theoretically compensate one for one.  Federal programs that encourage private 

landowners to voluntary construct or restore wetlands include the Wetlands Reserve 

Program, Partners for Fish and Wildlife, Conservation Reserve Program, and 

Conservation Reserve Enhancement Program (CEQ 2006, O’Neal et al. 2008).    

Between 1998 and 2004, wetland gains exceeded losses for the first time in 

history, with a net gain of 77,630 ha (191,750 acres); however, freshwater ponds 

accounted for the net gain with an increase of 281,500 ha (700,000 acres) (Dahl 2006).  

At the same time, freshwater emergent marshes decreased by 57,720 ha (142,570 acres).  

As the types of wetlands being lost or replaced changes from historical conditions, there 

also is a shift in wetland functions on the landscape (Mitsch and Gosselink 1993, NRC 

1995, Brinson and Rheinhardt 1996).  As wetlands are replaced with open ponds, 

functions such as improved water quality, plant communities, and habitat for wildlife are 

altered or lost (Magee et al. 1999, Mitsch and Gosselink 2000, CEQ 2006, Dahl 2006).   

Compensatory mitigation wetlands in theory must meet compliance to achieve 

regulatory certification.  Ecosystem functions for wetland standards include hydrology, 

biogeochemistry, plant community, animal community, species diversity, and habitat 

(Brinson et al. 1994, NRC 2001). The most common and simple monitoring method is 

plant cover, which is often a poor indicator of function (Reinartz and Warne 1993, Mitsch 

and Wilson 1996).  Reference wetlands often have greater plant richness and cover than 

compensatory wetlands. Moreover, physical similarities alone do not guarantee 

functional equality (Campbell et al. 2002).  In reality, functional replacement is rarely 

achieved (Race 1985, Erwin 1991, NRC 1992, Brinsen and Reinhardt 1996).   Placement 
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of the wetland within the landscape is critical to long-term success, and sites surrounded 

by urban areas may be particularly vulnerable to hydrologic failure (Kentula et al. 2004, 

Kettlewell 2008).   

The function of wildlife value is rarely measured because it is often considered 

more time consuming and costly than a quick and easy measure of percent surface water 

or plant cover (Mitsch and Wilson 1996, NRC 2001).  Several studies have focused on 

avian (Hickman 1994, van Rees-Siewert and Dinsmore 1996, Melvin and Webb 1998, 

Davis et al. 2008, O’Neal et al 2008) and amphibian species composition (Funk and 

Dunlap 1999, Monello and Wright 1999, Lehtinen 2001) to assess wetland function (i.e. 

species diversity).  Other studies have investigated invertebrate communities in 

constructed verses reference wetlands (Streever et al. 1996, Balcombe 2005b).  Although 

numerous studies have examined bat use of natural wetlands and riparian areas, few have 

examined bat use of created wetlands.  In South Carolina, Menzel et al. (2005a) reported 

bat activity increased almost immediately after Carolina bays were restored, as compared 

to reference wetlands.  In Kentucky, constructed woodland ponds were used by bats 

during multiple seasons (Huie 2002).  

All bat species in Pennsylvania and Ohio bats are known to use open or forested 

wetlands (Kirkland and Serfass 1989).  Even species that day-roost in upland habitats 

routinely forage over wetland and riparian areas (Barbour and Davis 1969, van Zyll de 

Jong 1985, Merritt 1987, Jones and Rayner 1988).  Furthermore, wetlands of all sizes 

represent valuable foraging habitat for many bat species (Francl 2008).  Although 33 of 

Pennsylvania’s 63 native mammals (53%) derive benefit from wetlands, few studies have 

examined mammalian use of constructed wetlands.  Bats as a taxonomic group are more 
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closely associated with wetlands than most other mammals (Merritt 1987). Therefore, 

bats may serve as a practical mammalian indicator of habitat function due to their 

dependence on wetlands, ease of monitoring through acoustical technology, and their 

ubiquitous distribution across the landscape.   

Given the increase in compensatory mitigation wetlands and voluntarily 

constructed wetlands, my study was a novel opportunity to investigate wetland design 

specifications and landscape placement relative to bats.  My objective was to examine 

richness and relative activity of bats using created and natural wetlands and to determine 

the influence of wetland characteristics on bat presence and foraging.  I modeled 

individual bat species presence and relative activity to wetland design parameters, 

landscape characteristics, and wetland origin.  I then evaluated the models in an 

information theoretic framework to elucidate factors useful in decision-making for 

compensatory and voluntary wetland construction design.   

STUDY AREA 

I sampled wetlands for bat use in the Upper Ohio Valley region in western 

Pennsylvania and eastern Ohio.  My study sites were located in Allegheny, Beaver, 

Center, Fayette, Greene, Washington, and Westmoreland counties in Pennsylvania, and 

Ashtabula, Carroll, Columbiana, Harrison, Jefferson, Trumbull, and Tuscarawas counties 

in Ohio (Fig. 2-1).  All sites were located in the Central Hardwood region, either within 

the mixed mesophytic region of the Allegheny Plateau or Ohio Hills, or the beech (Fagus 

grandifloria)-maple (Acer sp.) forest region (Braun 1950, Hicks 1998).  The 

geomorphology of the northern Ohio sites are maturely dissected glaciated plateaus, with 

the remainder of the sites in western Pennsylvania and eastern Ohio occupying a 
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maturely dissected plateau (Bailey 1994, Hicks 1998).  Elevation ranged from 198 m to 

412 m (Bailey 1994, Hicks 1998). 

In 2004, mean temperature in northeast Ohio for June–August was 19.2°C (66.5 

°F), with a departure from normal of -2.9°C (-1.6 °F), while during 2005, the average was 

21.9°C (71.5°F), with a departure from normal of 6.3°C (3.5°F).  Precipitation for the area 

during 2004 was 9.9 cm (3.9 inches), with a 0.28 cm (0.11 inch) departure from normal, 

and in 2005, it was  8.31 cm (3.27 inches) with a -1.27 cm (-0.5 inches) departure.  In 

southwestern Pennsylvania, during June–August 2004, the mean temperature was 20.7°C 

(69.2°F), departure of -2.7°C (-1.5°F), and in 2005, it was 23.1°C (73.5°F), departure of 

5.0°C (2.8°F).   Mean precipitation for southwest Pennsylvania during the same time was 

42.67 cm (16.8 inches) in 2004, with a departure of 4.57 cm (1.8 inches), while in 2005, 

it was 9.65 cm (3.8 inches) with a departure of -0.05 cm (-0.02 inches) (NOAA 2005).   

Of the 79 wetlands I sampled in 2004–2005, 30 were located in western 

Pennsylvania, and 49 in northeastern Ohio.  Created wetlands (n=48) had approximately 

50% palustrine open water with at least 25% palustrine emergent, based on the 

classification of Cowardin et al. (1979).  I chose all wetlands for similar characteristics, 

approximately 50–75% open water and 25−50% emergent vegetation.  Selected wetlands 

were constructed for various reasons including mitigation, waterfowl hunting, wildlife 

value, and other private use.  Only a limited number of natural wetlands were available in 

the region and therefore I did not attempt to pair natural and created wetlands that were 

similar in characteristics and in close proximity for comparison.  The natural wetlands 

(n=31) were palustrine persistent emergent marshes dominated by cattail (Typha spp) 

with <25% open water during summer.  
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METHODS 

Site Selection 
In 2004−2005, I sampled 79 isolated, emergent and open-water wetlands in 

western Pennsylvania (n=30) and eastern Ohio (n=49) (Fig. 2.1).  I characterized 

wetlands by size (SIZE), age (AGE), pH (PH), presence of standing water (WET), and 

created versus natural origin (ORG) (Tables 2-1, 2-3).  

 I determined size of wetland from landowner information and maps, and treated 

it as a continuous variable.  Age categories reflected anticipated successional changes as 

constructed wetlands matured, and were classified as categorical variables (Table 2-2).   

Initially following construction, wetlands are usually sparse in vegetation as plantings 

mature and/or the seed bank germinates.  Wetlands can be classified as young when <10 

years of age (Campbell et al. 2002).  But regulatory agencies usually cease monitoring 

requirements by year five, which assumes the wetland is essentially established (Zedler 

1996, Snodgrass et al. 2000).  The <5-year age class accounts for the sparse vegetation 

common at this stage.  As herbaceous succession continues between 5−20 years, 

vegetation becomes increasingly established.  By year 20, a wetland may exhibit woody 

succession, thereby decreasing open water and altering other key characteristics such as 

plant communities (Mitsch and Gosselink 2000).  Wetlands >20 years of age are 

uncommon due to the historical lack of regulation.  The Clean Water Act of 1977 used 

Section 404 permits to require wetland mitigation in certain instances but mitigation was 

much less common than in recent times.  The six wetlands >20 years old were created on 

public land for waterfowl hunting in the 1970s.  Created wetlands in our study had 

approximately 50% palustrine open water and at least 25% palustrine emergent according 

to the classification of Cowardin et al. (1979).  Wetlands were constructed for various 
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purposes including compensatory mitigation, waterfowl management, wildlife value, and 

recreation.  Ages of natural wetlands in my study were unknown.  Because natural 

wetlands were certainly older than the created wetlands, they were categorized in the 

>20-year age class (Table 2-2).  Most of the natural wetlands were palustrine persistent 

emergent marshes dominated by cattail (Typha spp.) with < 25% open water during 

summer.   

As an indicator of insect abundance, I measured pH of standing water at wetland 

sites with a pH meter.  I created two categories to examine impact on prey base, 

circumneutral or dry (0), and not neutral (1) (Table 2-3).  Circumneutral waters are able 

to sustain insect populations that serve as prey, whereas both acidic and alkaline waters 

host less insect diversity or abundance (Parsons 1968, Roback and Richardson 1969, 

Warner 1971, Kimmel 1983, Earle and Callaghan 1998).  Wetlands that did not have 

sufficient surface water to test pH were categorized into circumneutral (0) because there 

was no effect of water chemistry on insect abundance.  Because some wetlands had 

visible, standing water, and several did not, a category (WET) was created to account for 

the presence of water on bat activity.   

Landscape Analysis 
 

I acquired Geographic Positioning System (GPS) locations for all wetland sites 

and imported the data into ArcView 3.3 as a centrally located point.  I measured distance 

(DIST) to nearest state route or interstate highway from the site’s central point.  Bats may 

use gravel or paved roads for commuting and navigation (Limpens et al. 1989, 

Zimmerman and Glanz 2000), though few studies have examined intra- or interstate 

highways.  I calculated edge density (ED) as the amount of edge within the landscape 

using ArcView Tools as a measure of fragmentation. This is biologically relevant 
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because bats are known to travel and forage along ecotones (Menzel 2003, Gerht and 

Chelsvig 2004, Ford et al. 2005).  I calculated a Shannon's diversity index for each site as 

a second measure of fragmentation.  This measure of relative patch diversity increases as 

the proportional distribution of patch types increases (McGaril and Marks 1994).   

I classified land cover types using National Land Cover Data (NLCD) grids (U.S. 

Geological Survey 1999a,b).  I then reclassified each land cover class in the raster grid 

(30 m cell size) as urban (URB), barren (BAR), agricultural (AG), forest (FOR), open 

water (WAT), or wetland (WETL) based on the NLCD classifications and biological 

relevance to bat species (Gerht and Chelsvig 2004) (Table 2-3).  I examined the 

surrounding land use when sampling each wetland, and land uses did not change 

significantly according to these broad reclassifications.  Urban areas included 

commercial, industrial, and residential uses.  Species such as the big brown bat and little 

brown bat in particular are known to exploit insect concentrations in lighted, urban areas 

(Furlonger et al. 1997, Rogers et al. 2006), and roost within buildings (Barbour and Davis 

1969, Agosta and Morton 2003).  However, urban development can threaten the 

hydrologic integrity of created wetlands (Kentula et al. 2004, Kettlewell 2008).  Barren 

areas included bare ground, quarries, strip mines, and gravel pits;  such habitats void of 

vegetation are considered poor bat habitat (Tibbels and Kurta 2003, Menzel et al. 2005).  

Agriculture included pasture, hay, and crops.  Big brown bats in particular are known to 

forage selectively on agricultural crop pests such as scarab beetles (Coleoptera) and 

green stink bugs (Hemiptera) (Whitaker 1995, Agosta and Morton 2003).  Forest type at 

all study sites was primarily deciduous or mixed deciduous forest, and reclassified as a 

single forest category.  Most bats roost within forests and forage in openings and along 
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edges, depending on species (Grindal and Brigham 1999, Francl et al. 2004b, Owen et al. 

2004).  The Water land cover class included all open water, whereas the Wetland class 

represented areas of woody or emergent herbaceous wetland in the landscape.  Proximity 

to area of open water is important for bats (Brooks and Ford 2005, Schirmacher et al. 

2007).    

Because most bat species present have relatively limited home range extents 

(<1,000 meters in radius) during summer months (Adam et al. 1994, Krishon et al. 1997, 

Carter et al. 1999, Owen et al. 2003), I created a buffer of 1,000 meters around each 

central point.  I used the Patch Analyst (Grid) extension to determine mean patch size for 

each reclassified land use category (Rempel and Carr 2003).   

Acoustical Sampling 

To determine species presence, I used active acoustical sampling with an Anabat 

II detection system linked to a storage ZCAIM (Titley Electronics, Ballina, Australia).  I 

conducted acoustical sampling from 1 June through 15 September, 2004 and 2005, to 

reduce intraseasonal variation for the region (Whitaker and Hamilton 1998, Ford et al. 

2005).  Of the 79 sites, I sampled 9 sites only in 2004, 53 sites once in 2004 and once in 

2005, and 17 sites in 2005 alone.  I was unable to return to the 9 sites sampled only in 

2004 due to safety or access issues which were not evident before sampling.  I discovered 

the 17 sites sampled in 2005 after the sampling season ended.  Sites sampled once in 

2004 were sampled again once in 2005 to record additional species that may not have 

been observed previously.  This repeated measure was staggered among months and time 

of night to account for possible differences in occurrence throughout the season and 

nocturnal activity patterns.   
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I actively recorded bat calls for 20 minutes per wetland with a slow sweeping 

motion to capture call sequences (O’Farrell et al. 1999, Johnson et al. 2002, Ford et al. 

2006).  I oriented the detector over open water with no obstructions to reduce the impact 

of clutter on calls (Obrist 1995).  Johnson et al. (2002) compared passive versus active 

monitoring and concluded that active was superior in obtaining higher quality calls of 

longer sequences, and that it better assessed richness by capturing less distinct calls of 

Myotids.  I sampled between 2100–0100 hours when bat activity is greatest (Kunz 1974, 

Kunz and Brock 1975, Thomas and West 1991, Jones et al. 1996, Zielinski and Gellman 

1999, Seidman and Zabel 2001) and only on nights with no rain or high winds, and when 

temperatures exceeded 15.6°C (60°F) (Ford et al. 2005).   

I analyzed calls to determine species presence using Anabat 6.2d software and 

Anabat V Zero-Crossing Analysis Interface Module (Corben 1999), and examined calls 

in the software program Analook 4.7j (Corben 1999) using filter parameters similar to 

Britzke and Murray (2000).  I identified only those call sequences containing at least 3 

quality pulses (Johnson et al. 2002).  Each series of feeding buzzes was counted and 

pooled across species as a relative index of foraging in order to examine general bat use 

of wetlands versus commuting.  Myotid calls were identified based on frequency and 

slope characteristics (O’Farrell 1997, Britzke and Murray 2000).  If a call was deemed 

questionable, the record was discarded.  To aid identification, I examined bat calls using 

a qualitative, dichotomous key, developed using a reference library created by M. Menzel 

and J. Johnson (unpublished data) that included over 8,000 calls.  I identified all calls to 

reduce bias and increase consistency (O’Farrell et al. 1999).  Two other researchers 

experienced in bat call identification randomly verified identification accuracy.   
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Statistical Analysis 

Using site and landscape variables (Table 2-3), I developed a series of a priori 

models to predict the influence of wetland conditions on bat presence and use.  Models 

were based on personal knowledge and literature of bat natural history and development 

of wetlands (Whitaker and Hamilton 1998, Lehtinen and Galatowitsch 2001, Balcombe 

2005a,b, Ford et al. 2005, Menzel et al. 2005, Ford et al. 2006).  Wetland size, areas of 

land use, edge density, Shannon’s diversity index, and distance to highway were 

continuous independent variables (Table 2-3).  Wetland site characteristics such as origin, 

age, pH, and standing water were categorical variables.  Prior to fitting models, I 

examined possible correlation among variables using Pearson’s product-moment 

correlation (Proc Corr; SAS Institute 1990).  If variables were highly correlated (>0.6), I 

retained the most biologically meaningful variable to bats.  

I developed six models, including a global model containing all variables and 

subset models (Table 2-4).   I used these model sets to examine the response variables of 

bat presence, relative activity, and foraging.  My Wetland model contained physical 

characteristics of wetlands associated with compensatory mitigation engineering and 

monitoring, such as size, age, and origin.  My Origin model examined wetland origin and 

presence of water to determine influence of created wetlands on bats.   The Landscape 

model included only landscape-level variables such as edge density, open water in 

landscape, forest, and surrounding wetlands.  These habitat variables related foraging 

habits and wing morphology (Francl et al. 2004b, Owen et al. 2004, Menzel et al. 2005b).  

The Open model examined landscape types with open habitats such as urban and 

agricultural areas, as well as distance to nearest major highway.  The Combo model was a 
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combination of landscape-level variables and size of wetland that may influence bat use.  

Several studies have suggested bat activity may be influenced by wetland or pond size in 

relation to surrounding habitat (Zimmerman and Glanz 2000, Downs and Racey 2006, 

Francl 2008, Brooks 2009).  

I used logistic regression analyses with repeated measures (Proc Genmod; SAS 

Institute, Inc. 1990) to develop predictive models of bat species presence.  Because I 

could not assume the bat population was adequately measured, I estimated intensity of 

use rather than abundance.  I developed a relative index of activity by examining only 

sites where bats were present (n=70), and counted recorded calls by individuals of each 

species. I also measured response variables of total species richness.  Of sites with bats 

present, 46 of the wetlands were sampled in 2004−2005, 9 sampled only in 2004, and 15 

sampled only in 2005. I also examined a relative index of foraging activity at each 

wetland by pooling feeding buzzes among all species to examine foraging use versus 

commuting.  I developed multiple regression models with a negative binomial 

distribution to account for unequal sampling and used the repeated measures statement 

within a generalized linear model format (Proc Genmod; SAS Institute, Inc. 1990).   The 

negative binomial distribution is useful for count data from biological populations with 

heterogeneity, does not assume normality, and may reduce bias (White and Bennetts 

1996, Boyce et al. 2001).  I assessed fit of the global model using the scaled Pearson’s 

chi-square statistic and associated cumulative P-value.   

I used an information-theoretic approach to select models based on Akaike’s 

Information Criteria adjusted for small sample size, AICc, AICc differences (∆ i), and 

Akaike weights (ωi) (Burnham and Anderson 2002).  Candidate models were ranked 
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according to their AICc values, with the smallest value approximating the best model.  

Models with AICc differences ≤  2 were considered supported.  I calculated Akaike 

weights (ωi) to estimate weight of evidence that a given model was the best model in the 

candidate set (Burnham and Anderson 2002).  To estimate correct classification rates of 

global logistic models, I used a jack-knife procedure with a probability threshold of 0.50.  

To validate multiple regression models post hoc, I created a model of all variables in 

competing models (AICc < 2), and then calculated percent residuals above and below the 

confidence intervals to better understand if expected values under- or overestimated 

observed values.  

RESULTS 

In summer 2004, I sampled 62 wetlands and recorded 1,064 identifiable search 

phase passes and 660 feeding buzzes at 52 sites.  I identified little brown bats (Myotis 

lucifugus) (n=385) at 26 sites, eastern pipistrelles (Pipistrellus subflavus) (n=69) at 16 

sites, big brown bats (Eptesicus fuscus) (n=248) at 31 sites, hoary bats (Lasiurus 

cinereus) (n=197) at 26 sites, eastern red bats (L. borealis) (n=130) at 27 sites, 

unidentified Myotids (n=18) at 6 sites, and northern myotis (M. septentrionalis)(n=17) at 

7 sites.  There were 10 sites with no recorded calls.  An additional 152 calls were of 

insufficient call duration or quality to identify.   

In summer 2005, I sampled 70 wetlands, and recorded 718 identifiable calls and 

254 feeding buzzes at 54 sites.  I identified little brown bats (n=321) at 40 sites, northern 

myotis (n=6) at 3 sites, eastern pipistrelles (n=144) at 19 sites, big brown bats (n=137) at 

30 sites, hoary bats (n=43) at 16 sites, eastern red bats (n=61) at 21 sites, and 

unidentified Myotis (n=6) at 3 sites.  Sixteen sites had no recorded calls, and an 
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additional 40 calls were of insufficient call duration or quality to identify. I excluded 

northern myotis from my analyses because of small sample sizes in both years.  Northern 

myotis are often undersampled acoustically due to their short call duration and gleaning 

habits (Denzinger et al. 2003).  Because northern myotis are more commonly associated 

with closed-canopy forests and small, first-order streams (McKenzie and Rolfe 1986, 

Denzinger et al. 2003, Owen et al. 2003), their presence was unlikely in the open 

wetlands sampled in my study.   

Shannon’s Diversity Index (SDI) and Edge Density were the only variable pair to 

exceed (r=0.63) the correlation threshold of 0.60 (Proc Corr; SAS Institute 1990).  I 

removed SDI from the global model because Edge Density is simpler to interpret when 

considering management implications.   

Model selection and subsequent analysis of estimates suggested that specific 

landscape characteristics influenced all bat species presence and relative activity (Tables 

2-5, 2-6).  Only the eastern pipistrelle was influenced by both the Landscape model 

(wAICc= 0.62) and the Origin model (wAICc= 0.24) (correct classification = 51%).  The 

Landscape model was best supported for presence of little brown bat (wAICc= 0.85, 

correct classification = 61%) and hoary bat (wAICc= 0.82, correct classification = 48%).  

Wetlands influenced all three of these species, but only little brown bats were more likely 

present at sites surrounded by more wetlands in the landscape. Conversely, hoary and 

eastern pipistrelles were influenced by sites that had fewer wetlands in the 1,000 meter 

buffer surrounding the site.   

The Open model was best model for predicting presence of big brown bats 

(wAICc= 0.88, correct classification = 51%); the big brown bat was the only species to 
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demonstrate a positive relation to barren areas.  The eastern red bat was influenced by 

agriculture and urban areas in the landscape, as evidenced by the competing models of 

Combo (wAICc= 0.58), and Open (wAICc= 0.24) (correct classification = 56%). 

For species richness, the Open (wAICc= 0.48) and Combo models (wAICc= 0.26) 

were competing models.  Richness was greatest with diversity of land uses, particularly 

agriculture, edge, and distance to nearest road.  Although estimates were weak, goodness-

of-fit for most global models were adequate to strong (P > 0.60).  Residuals were 31% 

within confidence intervals, 38% below, and 30% above, demonstrating approximately 

one-third of observed values fell within the predicted value when tested post hoc.  

Competing models for foraging (as indicated by total feeding buzzes) include Combo 

(wAICc= 0.53) and Landscape (wAICc= 0.34).  The Combo model over-predicted foraging, 

with percent residuals 31% within, 56% below, and 20% above confidence intervals.  The 

pooling of feeding buzzes across species likely minimized any differentiation among 

niches and habitat preferences of species, and contributed to the poor model fit and weak 

estimates. 

Relative activity of all species was influenced by landscape, except for the eastern 

pipistrelle, which was influenced by natural wetlands (Origin model, wAICc= 0.53).  For 

relative index of activity of the little brown bat (Table 2-6), the Combo (wAICc= 0.40), 

Origin (wAICc= 0.28), and Open models (wAICc= 0.22) were competing.  Percent residuals 

were 27% within, 56% below, and 17% above confidence intervals.  Little brown bats 

were more active at study wetlands located within a landscape with less agriculture and 

urban areas, which may be due to less foraging opportunities in the landscape.  
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Conversely, an increase in agriculture positively influenced eastern red bats, with the 

Combo model (wAICc= 0.84) as the only supported model.   

For big brown bats, competing models included Open (wAICc= 0.37), Origin 

(wAICc= 0.34), and Landscape (wAICc= 0.15), with higher activity in landscapes with more 

urban areas and less wetlands.  Competing models for the hoary bat were the Landscape 

model (wAICc= 0.49) and Combo (wAICc= 0.39), with an increase in wetlands within the 

landscape negatively impacting activity.   

DISCUSSION 

To maximize benefit of created wetlands for bats, site placement within the 

landscape may be the most influential factor examined.  The influence of each landscape 

type varied slightly among species given differences in their wing loading and 

echolocation characteristics, adaptation to urban and agricultural areas, and selected 

habitats among bats.  But the area of forest, surrounding open water and wetlands, and 

edge influenced every species, which is consistent with previous findings in the eastern 

region of the United States (Owen et al. 2004, Ford et al. 2005, Schirmacher et al. 2007).   

Species Richness, Presence, and Foraging 

Bat species richness was highest over larger wetlands in areas with more forest 

and edge, and that were closer to roads.  Although the latter was unexpected, roads create 

more edge for commuting bats (Limpens et al. 1989, Zimmerman and Glanz 2000).  

Likewise, even though many bat species are considered less common within urban areas 

(Gerht and Chelsvig 2004), richness was greater.  Individual bat species differ in their 

response to urban areas, with open-adapted species often positively impacted (Furlonger 

et al 1987, Gaisler et al 1998, Gerht and Chelsvig 2004).  Big brown bats were most 
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influenced by barren and urban areas surrounding the wetland site.  This landscape likely 

attracts generalist species that can use the available open and edge habitat, whether roads 

or urban interfaces, while those that select intact forest still find sufficient core habitat.  

In-kind mitigation near an urban development site may still provide some benefit to bats, 

despite threats to hydrology and long-term site protection (Kentula et al. 2004,  Kettlewell 

2008).   

Bat foraging activity was greatest over larger wetlands within forested landscapes, 

with less agriculture and less edge.  Edge density likely provides additional and 

accessible sources of prey, thereby reducing concentrated feeding over the wetland.    

Pooling feeding buzzes across species may have eliminated potentially important 

differences among species in determining presence.  For instance, agriculture influenced 

some bat species differently.  Clutter-adapted species such as little brown bats were 

negatively impacted by intensive agricultural areas, whereas eastern red bats were 

positively influenced.  Because of their morphological adaptations, species such as hoary 

bats could be expected to access prey more efficiently in open, clutterless areas (Aldridge 

1987, Menzel et al. 2005b), and big brown bats prey heavily on several crop pests 

(Agosta and Morton 2003).  However, this impact varies widely based on intensity and 

type of farming, and can reduce available prey (Walsh and Harrison 1996, Fenton 1997, 

Gerht and Chelsvig 2004).   Further examination of agricultural areas, and in particular 

prey availability, could elucidate a potentially complex relation.  However, constructing 

wetlands in agricultural settings may not be optimal for bat foraging compared to other 

habitats. 
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Larger wetlands provide suitable habitat for open-adapted species, and an increase 

in water could be expected to positively impact insect abundance (Wallace and Merritt 

1999), hence increasing foraging activity.  Bat activity over all pools in forests of 

Massachusetts was high, with greatest activity and bat diversity over large ponds (Brooks 

and Ford 2005, Brooks 2009).  In the northern Great Lakes region, both small and large 

wetlands were shown to have value to bats (Francl 2008), and in the southwest, even 

small water-filled ruts are important in landscapes lacking water (Wilhide et al. 1998).  

Although I specifically measured foraging as the number of feeding buzzes pooled across 

species, bats can also be expected to drink from wetlands as well, and this subtle 

difference would not be captured in the study.  Within the supported models, size of the 

wetland had weak explanatory power.  Therefore, created wetlands, regardless of size, 

may serve as important foraging areas, especially when located optimally within the 

landscape.   

Bat Activity 

Because bats are volant and highly mobile, the importance of a wetland’s context 

within the surrounding landscape exerted influence on activity, with species-specific 

differences.  Although size of wetland was a variable in competing models for some 

species, its contribution was low, perhaps because wetlands of all sizes may provide 

value to bats (Wilhide et al. 1998, Francl 2008, Brooks 2009).   

Little brown bats were more likely present at wetlands that were surrounded in a 

landscape with higher wetland acreage, and showed higher levels of activity as 

agriculture declined.  Because little brown bats are generalists that may forage on crop 

pests, less agriculture in the landscape could enhance the importance of the wetland for 
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foraging (Walsh and Harrison 1996, Fenton 1997, Gerht and Chelsvig 2004), or 

conversely agriculture could reduce insect diversity and hence potential prey.  In contrast, 

agriculture positively impacted the presence and activity of red bats, which demonstrate 

broad habitat associations due to body size and diet (Carter et al. 2004, Menzel et al. 

2005b, Schmiracher et al. 2007).  Red bats are often detected feeding and traveling along 

forest edge (Kunz 1973, Hart et al. 1993, Harvey et al. 1999), especially when combined 

with water sources such as open and wooded streams, or ponds and lakes (Davis and 

Mumford 1962, Schirmacher et al. 2007).  Therefore, the ecotones created by a wetland 

near agriculture and forest may be particularly attractive to red bats.    

Big brown bats were associated with increased open areas such as barren and 

urban landscapes.  Species with high wing-loading use such open, less cluttered environs 

effectively (Menzel et al. 2005b), and are associated with more open forests and riparian 

habitats (Ford et al. 2005, Ford et al. 2006, Schirmacher et al. 2007).  They are also most 

associated with highly urban areas, adapted to buildings, attics, and development (Gerht 

and Chelsvig 2004, Loeb et al. 2009).  Parks in urban settings may be important refugia 

for certain bats, particularly big brown bats in the mid-Atlantic region (Johnson et al. 

2008, Loeb et al. 2009).  Wetlands within urban areas could be similar to, or located 

within, park-like conditions, and could be serving as important foraging or drinking areas 

where conditions are suitable for their presence.   

Hoary bats forage in large, intact forests in the Northeast (Veillueux et al. 2009), 

and conversely, in the Midwest, in open and edge habitats (Barclay 1995, Sparks et al. 

2005).  However, the amount of wetlands in the landscape surrounding the study wetland 

was the strongest, negative influence on both presence and activity.  When there is less 
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water within the landscape, created wetlands may become particularly important.  There 

also was a weak, unexpected association with smaller wetlands.  This did not conform to 

expectations because hoary bats are known to frequent habitats with expanses of open 

water (Hart et al. 1993), although large intact forests could be expected to have less open 

water.  The importance of various sized wetlands for bats was also demonstrated by 

Francl (2008) in woodland seasonal ponds.  Historical losses and limited studies of small 

wetlands within the landscape may have underestimated their importance for protection.  

Of all freshwater wetland losses, 85% were wetlands less than 2.0 ha (5.0 acres) in size;  

52% were wetlands less than 1.0 acre (0.4 ha) (Dahl 2006).  Only wetlands over 0.13 ha 

receive protections under the CWA by the ACOE.  Therefore, the 43 sampled wetlands in 

this size category would not qualify for protection or mitigation under Section 404.  This 

is a concern given the importance of wetlands of all sizes to bat species.   

Wetland Origin 

Pipistrelles were more likely present at study wetlands within forested landscapes 

that had less water and wetlands.  However, where pipistrelles were present, relative 

activity was positively associated with natural wetlands.  Previous research has shown 

that certain guilds of bird species are negatively impacted by created wetlands (Snell-

Rood and Cristoll 2003).  Suppressed vegetation growth and delayed development impact 

avian richness, whereas natural wetlands are often structurally more complex (Mitchell 

and Lancia 1990, Kellison and Young 1997).  The complexity of natural wetlands may 

likewise influence pipistrelles because they are clutter-adapted.  Prey associated with 

wetland succession might also be affected; for example, a low shrub layer provides 

refuge and results in higher insect densities (Tibbles and Kurta 2003, Francl 2008).  
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Natural wetlands may enhance foraging for species adapted to a cluttered environment, as 

the habitat surrounding the natural wetland may be less disturbed than a constructed 

wetland.  The most important influence upon pipistrelles could be a preference for small 

canopy gaps within immediate surrounding canopy and structure (Francl 2008).   

In contrast, little brown and big brown bat activity was positively influenced by 

created wetlands.  However, the model was not the best supported in any given set, and 

the presence of standing water had a negative influence on big brown bats but was 

positive on little brown bats.  This was expected as most bat species appear to use created 

wetlands regardless of plant community development or age (Menzel 2005a, Menzel et 

al. 2006).  Bats were found to quickly use restored Carolina Bay wetlands, suggesting 

that restoration can have an immediate impact (Menzel et al. 2006).   Created wetlands 

often have less clutter than the surrounding landscape or natural wetlands, and this 

moderate clutter is ideal for many generalist species (Menzel et al. 2005a).  Created 

wetlands also did not have to be large to be utilized by bats in this study.  Origin may not 

impact bat use as much as avian guilds because most bat species in the study area prefer 

less structurally complex areas or are generalists, compared to the avian guilds that are 

sometimes used as wetland indicators.  In addition, many bird species nest within and 

forage differently within wetlands, and therefore require different plant structure.    

Influence of wetland characteristics 

Abiotic wetland design characteristics such as size, age, origin, pH, and presence 

of standing water received little support for influencing bat activity.  This lack of 

influence is somewhat unexpected because vegetation succession should be more 

advanced in older wetlands, and therefore either negatively or positively impact bat 
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foraging given a species preference for more or less cluttered environments.  However, 

wetland development takes over 20 years for woody succession to occur (Mitsch and 

Wilson 1996), so many of the wetlands may not be mature enough to adequately examine 

this factor.  In addition, the tendency of mitigation wetlands to be designed as deep water 

or ponds to meet ACE requirements (USACE 1997, Kettlewell 2008) could minimize 

succession and this impact.  Likewise, pH can impact insect abundance and hence prey 

base (Barclay 1985, Gordon and Serfass 1989, Jung et al. 1999). My results suggest that 

the location of a wetland within the landscape is more important for use by bat species 

than physical design alone.  Unfortunately, most compensatory mitigation wetlands stress 

physical design parameters and do not consider landscape location as an important 

criteria (Mitsch and Gosselink 2000, NRC 2001).  If certain landscape-level features are 

limited, such as edge, open water, or other wetlands, created wetlands could provide 

needed habitat for bat species.  Such factors may be more important than origin, age, or 

even size.  

MANAGEMENT IMPLICATIONS 

Constructed and natural wetlands positively influence bat presence, relative 

activity, and foraging, particularly if the landscape is lacking other water sources and 

edge density.  These wetlands also do not have to be large to provide benefit.  Small 

isolated wetlands lack protection (Osmond et al 1995), are key for regional biodiversity 

(Semlitsch and Bodie 1998), and should therefore be considered important for bat 

conservation.  Because bats benefit from wetlands of all sizes, bats should be considered 

in design criteria and assessment of created wetlands.   
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Table 2-1. Characteristics of sampled wetlands (n=79) in western Pennsylvania and 

eastern Ohio. 

  Constructed wetlands age  

Size Natural < 5 years 5−20 years > 20 years 

Small (< 4 ha) 18 11 11 3 

Medium (4−8 ha) 9 4 11 1 

Large (8−40 ha) 5 2 4 1 

Extra large (>40 ha) 0 0 1 1 

Totals 33 17 27 6 

 



 

91 

 

 Table 2-2.  Age categories of sampled wetlands (n=79) in western Pennsylvania and 

eastern Ohio. 

Description Category n 

Created, < 5 years 0 16 

Created, 6−20 years 1 28 

Created or Natural, 21 years and 

older 

2 35 
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Table 2-3. Biotic and abiotic parameters included in negative binomial and logistic 

regression models explaining wetland and landscape relationship of bat presence and 

relative abundance in sampled wetlands in western Pennsylvania and eastern Ohio.   

Variable Abbreviatio
n 

Variable 
Type 

Additional Description 

Origin ORG Categorical Natural (0) vs Constructed (1) origin of wetland 

Size SIZE Continuous Size of wetland (hectares) 

Age of 

wetland 

AGE Categorical Age categories of wetland in years (table 2-2) 

pH PH Categorical Neutral pH (7.0−7.9) or dry (0), Not neutral (1) 

Wet WET Categorical Presence of standing water in wetland (1), dry (0) 

Distance 

to highway 

DIST Continuous Distance to nearest major highway as determined 

with spatial analysis (meters)  

Edge 

density 

ED Continuous amount of edge relative to the landscape within 

1,000 meter buffer of wetland 

Water WAT Continuous Area of open water in surrounding landscape 

Urban URB Continuous Area of residential, commercial, industrial, or 

transportation use 

Barren BAR Continuous Area of bare ground, quarries, strip mines, gravel 

pits 

Forest FOR Continuous Area of deciduous, evergreen, and mixed upland 

forest 

Agriculture AG Continuous Area of pasture, hay, row crops, small grains 

Wetland WETL Continuous Area of woody or herbaceous wetland in landscape 
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Table 2-4.  Model set explaining wetland and landscape relationship of bat presence and 

relative abundance in sampled wetlands in western Pennsylvania and eastern Ohio.   

Model Parameters a 

Global AG AGE BAR DIST ED  FOR ORG PH SIZE URB WAT WET 

WETL  

Wetland AGE ORG PH SIZE WET  

Origin ORG WET 

Landscape ED FOR WAT WETL 

Open AG BAR DIST URB  

Combo AG ED FOR SIZE 

a  Abbreviations correspond to model parameters in Table 2-3.  
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Table 2-5. Logistic regression analysis and model selection using Akaike Information Criteria (AICc) difference with correction for 

small sample sizes (∆ AICc ) and model weight (wAICc) for wetland characteristics and presence/absence of each bat species at  each 

wetland (n = 79) in western Pennsylvania and eastern Ohio, June−August.   

Model a 

 

K b AICc ∆ AICc wAICc 

Little brown myotis     

       Landscape  6 182.31 0.00 0.85 

       Origin 4 187.49 5.18 0.06 

       Combo 6 188.61 6.30 0.04 

      Wetland 8 188.75 6.44 0.03 

       Open 6 190.59 8.28 0.01 

       Global c 16 203.04 20.74 0.00 

Eastern pipistrelle     

       Landscape 6 153.92 0.00 0.62 

       Origin 4 155.84 1.91 0.24 
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Table 2-5. Continued.       

Model a K b AICc ∆ AICc wAICc 

      Combo 6 157.99 4.07 0.08 

      Wetland 8 158.73 4.80 0.06 

      Open 6 161.95 8.03 0.01 

     Global d 16 168.70 14.77 0.00 

Big brown bat     

       Open 6 180.58 0.00 0.89 

       Origin 4 185.31 4.73 0.08 

       Combo 6 188.65 8.06 0.02 

       Landscape 6 189.86 9.28 0.01 

       Wetland 8 192.29 11.71 0.00 

      Global e 16 192.11 11.53 0.00 

Red bat     

       Combo 6 176.38 0.00 0.58 
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Table 2-5. Continued.       

Model a K b AICc ∆ AICc wAICc 

       Open 6 178.13 1.75 0.24 

       Origin 4 179.10 2.72 0.15 

      Landscape 6 182.26 5.88 0.03 

       Wetland 8 186.37 9.99 0.00 

       Global f 16 197.02 20.64 0.00 

Hoary bat     

       Landscape 6 164.62 0.00 0.82 

       Combo 6 168.96 4.34 0.09 

       Origin 4 169.89 5.27 0.06 

       Open 6 171.10 7.20 0.02 

       Wetland 8 176.68 12.06 0.00 

       Global g 16 178.42 13.80 0.00 

a  Models are defined in Table 2-4. 
b Number of estimable parameters in approximating model. 
c Scaled Pearson χ2 = 128.32, P = 0.76 
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d Scaled Pearson χ2 = 184.62, P = 0.99 
e Scaled Pearson χ2 = 123.75, P = 0.66 
f Scaled Pearson χ2 = 130.03, P = 0.79 
g Scaled Pearson χ2 = 136.29, P = 0.88 
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Table 2-6. Negative binomial regression analysis and model selection using Akaike Information Criteria (AICc) difference with 

correction for small sample sizes (∆ AICc ) and model weight (wAICc) for wetland characteristics and species richness and for aging 

activity recorded and number of recorded bats at each wetland (n = 79) in western Pennsylvania and eastern Ohio, June−August.   

Model a 

 

K b AICc ∆ AICc wAICc 

Species Richness     

       Open 6 93.10 0.00 0.48 

       Combo 6 94.32 1.22 0.26 

       Origin 4 95.32 2.22 0.16 

       Landscape 6 96.32 3.22 0.10 

       Wetland 8 103.44 10.34 0.00 

       Global c 16 108.15 15.05 0.00 

Foraging Activity     

       Combo 6 -3348.56 0.00 0.53 

       Landscape 6 -3347.68 0.87 0.34 
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Table 2-6. Continued.       

Model a K b AICc ∆ AICc wAICc 

       Open 6 -3344.71 3.85 0.08 

       Origin 4 -33473.82 4.74 0.05 

       Wetland 8 -3340.18 10.73 0.00 

       Global d 16 -3333.63 25.19 0.00 

Little brown myotis     

       Combo 6 -2772.17 0.00 0.40 

       Origin 4 -2771.47 0.69 0.28 

       Open 6 -2770.95 1.22 0.22 

       Landscape 6 -2769.09 3.07 0.09 

       Wetland 8 -2766.27 5.89 0.02 

       Global e 16 -2750.49 21.68 0.00 

Eastern pipistrelle     

       Origin 4 -489.19 0.00 0.53 
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Table 2-6. Continued.       

Model a K b AICc ∆ AICc wAICc 

       Wetland 8 -486.75 2.44 0.16 

       Combo 6 -486.49 2.70 0.14 

       Open 6 -485.83 3.36 0.10 

       Landscape 6 -485.49 3.70 0.08 

       Global f 16 -470.19 19.00 0.00 

Big brown bat     

       Open 6 -812.75 0.00 0.37 

       Origin 4 -812.62 0.13 0.34 

       Landscape 6 -810.91 1.84 0.15 

       Combo 6 -810.91 1.84 0.12 

       Wetland 8 -806.71 6.05 0.02 

       Global g 16 -800.58 12.17 0.00 

Red bat     
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Table 2-6. Continued.       

Model a K b AICc ∆ AICc wAICc 

       Combo 6 -157.50 0.00 0.84 

       Origin 4 -153.42 4.08 0.11 

       Open 6 -151.17 6.33 0.04 

       Landscape 6 -147.66 9.83 0.01 

       Wetland 8 -148.29 9.21 0.01 

       Global h 16 -141.05 16.45 0.00 

Hoary bat     

       Landscape 6 -502.59 0.00 0.49 

       Combo 6 -502.15 0.44 0.39 

       Origin 4 -498.68 3.91 0.07 

      Open 6 -499.02 4.90 0.04 

       Wetland 8 -493.88 8.71 0.01 

       Global i 16 -490.50 12.09 0.00 
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a  Abbreviations correspond to model parameters in Table 1. A “+” before a variable indicates a positive relation, while a “-” indicates 
a negative relation. 
b Number of estimable parameters in approximating model. 
c Scaled Pearson χ2 = 129.00, P = 0.96 
d Scaled Pearson χ2 = 113.79, P = 0.80 
e Scaled Pearson χ2 = 127.66, P = 0.96 
f Scaled Pearson χ2 = 90.53, P =  0.22  
g Scaled Pearson χ2 = 92.40, P = 0.26  
h Scaled Pearson χ2 = 93.15, P = 0.28 
i Scaled Pearson χ2 = 105.87, P = 0.62 
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Table 2-7. Variables included in best approximating candidate models selected using Akaike Information Criteria (AICc) within 

logistic regression analysis predicting bat presence at wetlands. 

 
Parameter Estimate SE Z Pr > |Z| 95% CL 
Little brown bat       

Landscape a      
Intercept -0.01 1.03 -0.01 0.10 -2.02—2.01 
ED -0.00 0.01 -0.36 0.72 -0.01—0.01 
FOREST 0.00 0.01 0.00 0.99 -0.03—0.03 
WATER 0.07 0.06 1.19 0.23 -0.04—0.18 
WETLAND 0.33 0.20 1.68 0.09 -0.06—0.72 

Pipistrelle      

Landscape b      

Intercept -1.97 1.17 -1.68      0.09 -4.26—0.33 
ED 0.01 0.01 1.07 0.29 -0.01—0.02 
FOREST 0.01 0.01 0.98 0.33 -0.01—0.04 
WATER -0.01 0.02 -0.29 0.77 -0.04—0.03 

           WETLAND -0.70    0.38 -1.86      0.06 -1.45—0.04 
Origin c      

Intercept -2.17 0.78 -2.78 0.01 -3.70— -0.64 
ORG 0.34 0.42 0.80 0.42 -0.49—1.17 
WET 1.03 0.79 1.31 0.19 -0.51—2.57 
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Table 2-7. Continued.      

Parameter Estimate SE Z Pr > |Z| 95% CL 
Big brown bat      

Open d      
Intercept -0.47 0.38 -1.24      0.22 -1.20—0.27 
URBAN -0.02 0.12 -0.20 0.84 -0.26—0.21 
AG 0.07 0.05 1.35 0.18 -0.03—0.18 
BARREN 0.13 0.07 1.96 0.05 0.00—0.27 
DIST -0.00 0.00 -0.56 0.58 -0.00—0.00 

Red bat      

Combo e      

Intercept -1.64 1.17 -1.40 0.16 -3.94—0.66 
ED 0.00 0.01 0.56 0.57 -0.01—0.01 
FOREST 0.02 0.01 1.62 0.11 -0.01—0.05 
SIZE -0.01 0.09 -1.02 0.31 -0.02—0.01 
AG 0.10 0.05 2.03 0.04 0.00—0.19 

Open f      
Intercept -0.96 0.37 -2.60     0.01 -1.68—0.24 
URBAN 0.15 0.12 1.31 0.19 -0.08—0.38 
AG 0.09 0.05 1.99 0.05 0.00—0.18 
BARREN 0.01 0.03 0.51 0.61 -0.04—0.06 
DIST 0.00 0.00 -0.70 0.48 -0.00—0.00 
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Table 2-7. Continued.      

Parameter Estimate SE Z Pr > |Z| 95% CL 
Hoary bat g      

Landscape       
Intercept -2.30 1.14 -2.03 0.04 -4.53— -0.08 
ED 0.01 0.01 1.68 0.09 0.00— 0.00 
FOREST 0.01 0.013 1.03 0.30 -0.01—0.04 
WATER -0.01 0.02 -0.64 0.52 -0.06—0.03 
WETLAND -0.51 0.30 -1.74 0.08 -1.09—0.07 

a Scaled Pearson χ2 = 128.92, P = 0.56 
b Scaled Pearson χ2 = 144.52, P = 0.86 
c Scaled Pearson χ2 = 130.42, P = 0.55 
dScaled Pearson χ2 = 126.80, P = 0.51 
e Scaled Pearson χ2 = 130.50, P = 0.60 
f Scaled Pearson χ2 = 132.29, P = 0.64 
g Scaled Pearson χ2 = 130.82, P = 0.61 
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Table 2-8. Variables included in best approximating candidate models selected using Akaike Information Criteria (AICc) within 

multiple regression analysis predicting bat use at wetlands. 

Parameter Estimate SE Z Pr > |Z| 95% CL 
Species richness       

Open model a      
Intercept 0.83 0.10 8.57 0.00 0.64—1.02 
URBAN 0.03 0.03 1.00 0.32 -0.03—0.09 
AG 0.02 0.01 1.68 0.09 -0.00—0.04 

      BARREN 0.01 0.01 0.92 0.35 -0.01—0.02 
      DIST -0.00 0.00 -1.86 0.06 -0.00—0.00 
Combo model b      

Intercept 0.06 0.32 0.19 0.85 0.57—0.69 
ED 0.00 0.00 2.39 0.02 0.00—0.01 
FOREST 0.01 0.00 1.51 0.13 -0.00—0.01 
SIZE 0.00 0.00 0.17 0.86 -0.00—0.00 
AG 0.02 0.01 1.62 0.10 -0.00—0.04 

Foraging       
Combo model c      

Intercept 2.22 0.86 2.58 0.01 0.54—3.90 
ED -0.00 0.00 -0.56 0.58 -0.01—0.01 
FOREST 0.02 0.01 1.59 0.11 -0.00—0.04 
SIZE 0.00 0.00 0.68 0.49 -0.00—0.01 
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Table 2-8. Continued.      

Parameter Estimate SE Z Pr > |Z| 95% CL 
AG -0.02 0.03 -0.61 0.55 -0.09—0.46 

Landscape d      
Intercept 2.07 0.80 2.60 0.01 -0.51— 3.63 
ED 0.00 0.00 -0.47 0.64 -0.01—0.01 
FOREST 0.02 0.01 1.79 0.07 -0.00—0.04 
WATER 0.00 0.01 0.35 0.72 -0.01—0.02 
WETLAND 0.03 0.11 0.27 0.79 -0.19—0.25 

Open model e      
Intercept 2.59 0.28 9.21 0.00 2.04—3.14 
URBAN -0.13 0.10 -1.28 0.20 -0.32—0.07 
AG -0.03 0.03 -0.87 0.38 -0.10—0.04 

      BARREN -0.01 0.02 -0.36 0.72 -0.04—0.03 
      DIST -0.00 0.00 -1.81 0.07 -0.00—0.00 

Little brown bat       
Combo f      

Intercept 3.85 1.22 3.15 0.00 1.45—6.24 
ED -0.01 0.01 -1.74 0.08 -0.02—0.00 
FOREST -0.01 0.01 -0.37 0.71 -0.03—0.02 
SIZE 0.00 0.00 0.40 0.69 -0.01—0.01 
AG -0.10 0.05 -1.99 0.05 -0.20—0.00 

Origin g      
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Table 2-8. Continued.      

Parameter Estimate SE Z Pr > |Z| 95% CL 
Intercept 0.60 0.70 0.85   0.40 -0.78—1.97 
ORG 0.09 0.44 0.20 0.84 -0.78—0.96 
WET 1.24 0.70 2.61 0.08 -0.13—2.61 

Open h      
Intercept 2.40 0.39 6.05 0.00 1.62—3.17 
URBAN -0.24 0.14 -1.75 0.08 -0.52—0.03 
AG -0.09 0.05 -1.84 0.07 -0.19—0.01 
BARREN -0.04 0.03 -1.40 0.16 -0.09—0.02 
DIST -0.00 0.00 -0.11 0.91 -0.00—0.00 

Pipistrelle      

Origin i      

Intercept -0.71 0.99 -0.72 0.48 -2.66—1.24 
ORG -0.90 0.57 -1.57 0.12 -2.03—0.22 
WET 1.87 1.00 1.86 0.06 -0.01—3.84 

Big brown bat       
Open j      

Intercept 1.47 0.39 3.81     0.00 0.72—2.23 
URBAN 0.06 0.13 0.46 0.65 -0.20—0.32 
AG -0.00 0.05 -0.00 0.10 -0.09—0.09 
BARREN 0.03 0.03 1.00 0.32 -0.03—0.08 
DIST -0.00 0.00 -2.00 0.05 -0.00—0.00 
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Table 2-8. Continued.      

Parameter Estimate SE Z Pr > |Z| 95% CL 
Origin k      

Intercept 1.87 0.56 3.32 0.00 0.77—2.98 
ORG 0.14 0.38 0.37 0.71 -0.60—0.88 
WET -0.92 0.56 -1.63 0.10 -2.01—0.18 

Landscape l      
Intercept 1.20 0.96 1.25 0.21 -0.68— 3.07 
ED 0.00 0.00 -0.08 0.93 -0.01—0.01 
FOREST 0.01 0.01 1.21 0.23 -0.01—0.04 
WATER -0.04 0.02 -1.69 0.09 -0.08—0.01 
WETLAND -0.07 0.14 -0.50 0.62 -0.34—0.20 

Combo m      

Intercept 1.17 0.99 1.19 0.23 -0.76—3.10 
ED 0.00 0.00 0.10 0.92 -0.01—0.01 
FOREST 0.01 0.01 0.85 0.39 -0.01—0.03 
SIZE -0.01 0.01 -1.77 0.08 -0.02—0.00 
AG -0.03 0.04 -0.72 0.47 -0.11—0.05 

Red bat       

Combo n      

Intercept -1.65 1.02 -1.62      0.11 -3.64—0.35 
ED 0.01 0.01 1.55 0.12 -0.00—0.02 
FOREST 0.03 0.01 2.85 0.00 -0.01—0.06 
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Table 2-8. Continued.      

Parameter Estimate SE Z Pr > |Z| 95% CL 
SIZE -0.01 0.01 -1.53 0.13 -0.03—0.00 
AG 0.10 0.04 2.70 0.01 0.03—0.18 

Hoary bat       
Landscape o      

Intercept -0.49 1.27 -0.39 0.70 -2.99— 2.00 
ED  0.00 0.01 0.65 0.51 -0.01—0.02 
FOREST  0.04 0.02 2.52 0.01 0.01—0.07 
WATER -0.03 0.02 -1.08 0.28 -0.07—0.02 
WETLAND -0.17 0.20 -0.84 0.40 -0.56—0.22 

Combo p      

Intercept -0.69 1.28 -0.54      0.59 -3.19—1.81 
ED  0.01 0.01 0.87 0.38 -0.01—0.02 
FOREST  0.03 0.01 2.27 0.02 -0.00—0.06 
SIZE -0.01 0.01 -1.22 0.22 -0.02—0.01 
AG 0.00 0.05 0.02 0.99 0.10—0.10 

a Scaled Pearson χ2 = 125.72, P = 0.84  i Scaled Pearson χ2 = 132.09, P = 0.89   
b Scaled Pearson χ2 = 124.23, P = 0.82  j Scaled Pearson χ2 = 145.45, P = 0.98   
c Scaled Pearson χ2 = 115.46, P = 0.63    k Scaled Pearson χ2 = 112.49, P = 0.50 
d Scaled Pearson χ2 = 114.13, P = 0.60  l Scaled Pearson χ2 = 105.06, P = 0.36 
e Scaled Pearson χ2 = 113.83, P = 0.59  mScaled Pearson χ2 = 97.00, P = 0.17 
f Scaled Pearson χ2 = 138.40, P = 0.96    n Scaled Pearson χ2 = 97.24, P = 0.18     
g Scaled Pearson χ2 = 142.20, P = 0.97  oScaled Pearson χ2 = 122.58, P = 0.79 
h Scaled Pearson χ2 = 131.10, P = 0.91  pScaled Pearson χ2 = 107.07, P = 0.41
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Figure 1.  Sampled wetland locations (n=79) in western Pennsylvania  

and eastern Ohio, June-August, 2004−2005.   
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Appendix A.  Difference in bat species richness as recorded for each wetland (n= 79) by 

year in western Pennsylvania and eastern Ohio, June−August, 2004−2005. 

Wetland ID Richness 2004 Richness 2005  
(additional species detected) 

Total richness 

1 2 . 2 
2 2 4 (+2) 4 
3 2 4 (+4) 6 
4 3 2 (+1) 4 
5 2 1 (+1) 3 
6 2 4 (+2) 4 
7 2 . 2 
8 3 . 3 
9 2 . 2 
10 2 . 2 
11 0 0 0 
12 2 1 2 
13 4 0 4 
14 0 0 0 
15 4 4 (+1) 5 
16 0 0 0 
17 2 4 (+2) 4 
18 2 . 2 
19 2 2 (+2) 4 
20 2 5 (+3) 5 
21 1 4 (+3) 4 
22 5 0 5 
23 0 1 (+1) 1 
24 4 4 (+1) 5 
25 3 4 (+2) 5 
26 2 . 2 
27 4 2 4 
28 . 4 4 
29 . 1 1 
30 . 4 4 
31 2 1 (+1) 3 
32 2 2 (+1) 3 
33 4 4 (+2) 6 
34 0 3 (+3) 3 
35 2 3(+1) 3 
36 4 2 4 
37 1 0 1 
38 2 2 (+2) 4 
39 0 0 0 
40 5 3 (+1) 6 
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Appendix  A. Continued.    

Wetland ID Richness 2004 Richness 2005  
(additional species detected) 

Total richness 

41 2 3 (+2) 4 
42 2 1 2 
43 . 1 1 
44 0 1 1 
45 4 2 4 
46 1 . 1 
47 1 2 (+2) 3 
48 3 0 3 
49 1 . 1 
50 2 1 2 
51 0 0 0 
52 0 0 0 
53 4 0 4 
54 4 1 (+1) 5 
55 2 2 (+1) 3 
56 1 3 (+2) 3 
57 3 2 (+2) 5 
58 0 0 0 
59 3 0 3 
60 4 1 4 
61 4 1 4 
62 2 1 (+1) 3 
63 2 0 2 
64 3 2 3 
65 2 1 (+1) 3 
66 4 4 (+1) 5 
67 . 3 3 
68 . 2 2 
69 . 2 2 
70 . 2 2 
71 . 3 3 
72 . 3 3 
73 . 2 2 
74 . 3 3 
75 . 0 0 
76 . 3 3 
77 . 1 1 
78 . 2 2 
79 . 0 0 
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