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ABSTRACT

Research on the effects of wetland restoratioreptiles and amphibians is
becoming more common, but almost all of these stidave observed the colonization
of recently disturbed habitats that were completiefyat the time of restoration. In a
similar manner, investigations herpetofaunal resperto forest management have
focused on clearcuts, and less intensive standpulations are not as well studied. To
evaluate community and population responses oileés@nd amphibians to hydrology
restoration and canopy removal in the interiorr@vpously degraded Carolina bays, |
monitored herpetofauna in the uplands adjacenkthistorically degraded Carolina bays
in the at the Savannah River Site (SRS) in Soutblida for four years after restoration.
To evaluate the effects of forest thinning on udlaerpetofauna, forests were thinned in
the margins of three of these bays. | used repeatadures ANOVA to compare species
richness and diversity and the abundance of seleptecies and guilds between these
bays and with those at three reference bays tha meg historically drained and three
control bays that remained degraded. | also usedmetric Multidimensional Scaling
(NMDS) to look for community-level patterns baseshtments

| did not detect any differences in diversity oewmll abundance of reptiles or
amphibians between the four treatments, and NMASadi indicate any patterns of
community structure based on treatment. | captaleeken South Carolina species of
conservation concern at the twelve bays, inclugingnile Carolina gopher frog&éna

capito) at two restored bays. Adult gopher frogs have oaulely been documented on the



SRS despite intensive, long-term sampling at sévwerdands, and successful
recruitment is even rarer.

Southern toadB{fo terrestris) responded quickly to bay restoration, and gopher
frog recruitment can be considered an indicatiohalfitat quality. Because many of
these species are highly philopatric and have dichdispersal ability, four years may be
too soon to see changes in the herpetofaunal coimynespecially since restoration
improved existing habitat rather than restoringhbabitable sites. Pre-restoration
sampling and long-term monitoring would allow mdéren conclusions to be made.

Forest thinning reduced the most common reptile gileen anoleAnolis
carolinensis), a generalist lizard not especially sensitivanampen canopy or to harvest
operations. Increased red imported fire &otdnopsisinvicta) populations in disturbed
areas and open canopies could be a factor, thoogh research is needed on the effects

of fire ants on herpetofauna.
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INTRODUCTION

Imperiled Isolated Wetlands

In the southeastern United States, wetlands or dornwvetlands cover
approximately 15% of the landscape. Approximatel968of the wetlands that existed in
1954 were converted for agriculture or developnisni983 (Hefner and Brown 1988).
Although net wetland losses declined from 117,0@0pkr year to 26,700 ha after the
institution of the policy of “no net loss” of wetlds, losses of wetlands with emergent
vegetation continue (Dahl 2000). Until 2002, U.3m& Corps of Engineers regulations
allowed “fast-track” permits for projects that wduimpact isolated wetlands less than
1.2 ha in area and proposed as recently as 19@8rease that threshold to 3 ha (Kaiser
1998). Recent Supreme Court decisions have intexgbtbe Clean Water Act to include
only wetlands directly connected with or adjacentrtajor waterways, leaving isolated
depression wetlands unprotected by the act (Ghrastd Hausmann 2003, Tiner 2003,
Zedler 2003). This distinction is not based orfedénces in ecological functions but is
related to the jurisdiction of the federal govermmand states’ rights. Even without
predictable surface connections to larger aquatgtems, isolated wetlands perform
ecological services that impact the broader larqusc8ome isolated depression wetlands
retain and slowly release rainwater pulses, eitheyugh surface connections at periods
of maximum rainfall or through slow release int@gndwater. Others can retain and

remove contaminants from surface runoff (Zedler308mall isolated wetlands are very



important for sustaining diversity of plants, vémaes, and invertebrates, including

many endemic species.

Evaluating Wetland Restoration Success Using Hefagha

Reptiles and amphibians are an important compootmhe faunas of isolated
wetlands. Ironically, the factors most responsiblethe herpetofaunal diversity at these
wetlands are the same factors that make their girotedifficult. Because they are never
connected to source populations or they dry corapleh at least some years, many
isolated wetlands lack predatory fish. Although saerrestrial amphibians like the green
frog (Rana clamitansand southern cricket frogA¢ris gryllug will breed in wetlands
containing fish (Gibbons and Semlitsch 1991), ath@eed exclusively in fish-free sites,
often only available in small isolated wetlandse™mall size of many of these wetlands
and their hydrological variability make precise idehtions difficult, yet hydroperiods
that vary across years and across wetlands alltangar suite of amphibian species to
coexist, as some species can breed successfulhe atame wetland in separate years
(Semlitsch et al. 1996, Snodgrass et al. 2000j different wetlands in the same year. In
a very wet year, even the smallest and most eplaroémetlands can offer breeding

habitat.

The permeable skin and biphasic life histories aiphibians make them
particularly sensitive to habitat disturbances, amdland use by amphibians can be an
indication of water quality (Vitt et al. 1990). Arhjpians have been shown to be

remarkably productive in some ecosystems, accogyiriin more biomass than all other



vertebrates combined in some southern Appalachaests (Hairston 1987). One
Carolina bay can produce several hundred thousémlispersing juveniles in a single
year (Gibbons et al. 2006). Organic and inorganitrients are flushed into wetland
basins by heavy rains, but eutrophication is amatieal by this dispersal, one of the few

mechanisms to transport nutrients out of wetlanttsthe uplands (Wassersug 1975).

Some species of snakes are highly aquatic, usitgndg only for migration,
dispersal, or aestivation. Some aquatic snakedudimg the black swamp snake
(Seminatrix pygaeaare almost exclusively found in seasonal wetlaridany turtle
species use temporary wetlands in addition to peemiawater bodies, and some species
(Kinosternon spp.Deirochelys reticularia prefer shallow, seasonal wetlands to deeper,

more permanent habitats.

Since the majority of the amphibians and reptiléssolated wetlands are also
terrestrial for at least a portion of their lifeedgs, the uplands surrounding these wetlands
are also crucial herpetofaunal habitats. The distdraveled into the uplands depends on
the species; salamanders are generally less \Wgite frogs, and long-ranging species
like the Carolina gopher frog travel up to two kRrgnz et al. 1988). By synthesizing
thirteen radio-telemetry and radioactive taggingd&s, Rittenhouse and Semlitsch
(2007) estimated that 50% of amphibians remainiwigh93 m radius of wetlands, but
the radius must be extended to 664 m to include 86%dividuals. In an earlier, more
comprehensive review of distances traveled intaufflands, Semlitsch and Bodie (2003)
proposed “core habitat” zones of 142-189 m aroumdlands for both reptiles and

amphibians. Most amphibians have limited home ranggce in the uplands, making



only small movements between microhabitats. Someatar) snakes move into the
uplands for aestivation, and turtles travel intoe thplands for nesting. While
comparatively fewer reptile species are as depdrmewetlands, others reside in upland

habitats and use wetlands opportunistically.

Habitat loss is considered the largest factor ia turrent well-documented
worldwide amphibian declines (Blaustein and Wak&®®@9 with wetland loss and
degradation of particular concern in the Unitedt&tgDelis et al. 1996). Concern over
reptile declines is also rising (Gibbons et al. @00Though there are notable
physiological differences between the two classé®ir similarities make them
vulnerable to some of the same threats and alsce rif&m easily studied together, as

they are often sympatric and susceptible to siniikgpping methods.

Objectives
This research was designed to test the responsegptife and amphibian
assemblages to Carolina bay restoration and taitigrin the upland margins of restored
bays. | hypothesized that the buffers surroundindisiurbed bays would harbor the
highest richness, diversity, and abundance of lefitiles and amphibians, and that
restored bays would support more richness, diweraihd abundance than unrestored
disturbed bays, but less than reference bays. Aslages in bay buffers that had been
thinned were expected to include a different saftepecies than those living in mixed

pine hardwood buffers, because species adaptedjherhlevels of insolation could be



expected to be more common under the more opermpieanof the pine savannah buffers,

and species known to be sensitive to forestry djpeisacould be expected to be reduced.






BACKGROUND

Carolina Bays on the Savannah River Site

Carolina bays are elliptical depression wetlandgha Atlantic Coastal Plain of
the southeastern United States, from New Jers&orida. The long axis of each bay is
oriented from northwest to southeast, and theraised sand rim along the southeastern
edge. They range in size from 50 m to 8 km in dimmeThough a few bays have
connections with groundwater (Shields et al. 198¢2¢n these have no permanent natural
connections with surface flows, and rainfall andptranspiration are almost always the
primary sources of changes in water levels (Lidale1995). A 1980 study used infrared
aerial photos and assigned a minimum area of Oal® hdentify 189 Carolina bays on
the Savannah River Site (SRS) (Shields et al. 198®)current estimates are just above
300. The exact number depends not only on sizehgdoblogical requirements, but also
on the presence of the structural qualities desdrdbove. Regardless of the strictness of
the definition, the Carolina bays on the SRS aréesalated depression wetlands (Sharitz
2003). Only 10% of known Carolina bays in South dlaa are ‘“relatively intact”

(Bennett and Nelson 1991).

Herpetofaunal Responses to Wetland Restoration

Previous efforts to evaluate wetland restorationcess for amphibians have
generally been limited to previously uninhabitabikes, allowing the assumption that all
amphibian captures are colonists. Often, studiesn@e restoration of a single wetland

or of several sites in a limited area and nearly® populations are known or are



monitored concurrently, with reference sites alsovigling source populations (Bowers

et al. 2000, Petranka et al. 2003a, Brodman 1086).

Pechmann et al. (2001) documented amphibian c@taiz of small ponds that
were created before a large Carolina bay, Sun Bag,drained and covered by a parking
lot. The inserted clay layers drained more quidkign those of natural bays, so plastic
liners were installed after 17 months, but the rBneaused the ponds to hold water
permanently. Despite these and other differencesdan the constructed ponds and the
original wetland, some individual amphibians whigkd been marked at Sun Bay in the
years before it was drained subsequently colontbed constructed wetlands. While
communities at the constructed wetlands did notim#tose present at Sun Bay in the
last four years of its existence, in the aggredia¢y represented a subset of the former
amphibian assemblage, with the most common spduoé#sg the most successful

colonizers.

In northwestern Indiana, a 3,000 ha site had beamet and converted to
farmland, with seven wetlands in existence in 1998, prior to restoration (Brodman et
al. 2006). In 2003, amphibians used 44 wetlandghensite, and average amphibian
species richness per wetland had increased fronro2Z®. Each of the seven species that
had already been endnotedetected in 1998 was eadpatirmore sites with each passing
year. Two species, including the eastern tigernsataler Ambystoma tigrinujn were

not detected until 2003, and were considered sl@atemizers from a nearby slough.

Seven restored wetlands in Minnesota were survé&yedmphibians for just one

year, with the age of restored bays ranging fromo520 months (Lehtinen and



Galatowitsch 2001). Species richness was inversdfyed to distance to nearest source
wetlands, and 8 of the 12 species found at fiveregice wetlands were also found at the
restored wetlands. Most of these species were aalkidered strong dispersers, and

therefore likely early colonizers.

Bowers et al. (2000) sampled the herpetofauna mvil@n Branch, a stream on the
SRS in which all of the vegetation had been desttognd several braided channels
created by over 30 years of high-temperature, i@tme inputs from a nuclear reactor.
Restoration did not include hydrological manipwati only planting of bottomland
vegetation, with some portions receiving site prapan and some getting applications of
herbicide to reduce weedy vegetation. Seven ydtas leot water flows had ceased and
three years after re-vegetation, several specidsshacessfully colonized the interior
floodplain of the stream. Most were species knowrtdlonize disturbed wetlands, but
species composition was similar at likely sourchitiad, the adjacent undamaged riparian
zones (Bowers et al. 2000). The stream restoratiodly at Pen Branch netted 72 species

in just 21 months (Bowers et al. 2000).

Amphibian populations were monitored at a restdi@odplain wetland complex
in the Southern Appalachians for thirteen yeardr@pka et al. 2003a, Petranka et al.
2007). Four of the created wetlands previously @oed small pools and breeding
populations, and the other six were within 100 nkiodwn source populations. Created
ponds were colonized by seven species during teeyear, and no new species arrived
after the second year. Yet after monitoring for esewears post-restoration, the

researchers could not be certain that wetland ioreatould ultimately result in an



increase in the number of breeding populationsréifkd et al. 2003b). With the
exception of the relatively stable populations @btsed salamandersAnbystoma
maculatun), extrapolation from a four-year subset of theitadcould lead to drastically

different predictions, depending on which four yeaere chosen.

A wetland restoration in Maine demonstrated thataases in hydroperiod that
cause ponds to become permanent may allow predatbes than fish to become
established and affect the successful reproduatiofocal species (Vasconcelos and
Calhoun 2006). Of four restored wetlands, one becasrmanent, and overwintering
green frog Rana clamitanstadpoles preyed upon wood froggna sylvaticaeggs and

embryos.

10



METHODS

Study Area and Project Description

The Savannah River Site (SRS), a 750 square-kmonh&tiEnvironmental
Research Park (Figure 1), is bordered on its sagtern edge by the Savannah River,
which also forms the border of South Carolina. disvacquired by the US Atomic Energy
Commission in 1951, and is now under jurisdictidnttte US Department of Energy
(DOE). Intensive sampling of herpetofauna, inclgdiseveral long-term monitoring
programs, has documented 99 species of reptiles ammohibians on the property

(Gibbons et al. 1997).

Prior to 2001, twenty Carolina bays on the SRSewsslected by the DOE and
the US Forest Service (USFS) for restoration oflamet hydrology and interior
vegetation. Four of these were randomly assigheddontrol group, which would not be
restored until 2006. The sixteen bays to be redtdwe been assigned to one of two
blocks: eight bays with recent forestry operationshe 100-meter upland margin, and
eight minimally disturbed bays. Because there waae minimally disturbed than
recently disturbed bays, two of the minimally dréied bays received additional buffer
harvesting in order to create equal blocks of erpental units. Within each disturbance
block, bays to be restored were randomly assigoedne of the two upland buffer
treatments which are described in more detail bel®divthe sixteen restored bays, |

selected three bays from each of the buffer treatsrier herpetofaunal monitoring; each



set of three included two with minimally disturbédiffers and one with a recently

disturbed buffer (Table 1).

Interior and exterior vegetation descriptions frd@51 are based on aerial
photographs taken during that year, prior to thguaition of the SRS by the DOE.
Those photographs also show that all drainage gsteere in place at that time.
Estimates of original wetland area impacted by tinainage systems are based on
topographic surveys comparing the elevations ofritineof the bay and the lowest point

in the ditch with the elevation profile of the bayerior.

12



Figure 1. Map of the Savannah River Site (SRS)tetgtindicate the locations of study bays, with
letters indicating treatments. C = control; R =d®efice; T = Restored bays with thinned buffers; U =
Restored bays with un-thinned buffers.

Restored Carolina Bays
Restoration activity began in November of 2000, wirees were harvested from
the interiors of all bays that were to be restoddng with interior logging operations,
overstory trees were thinned and all hardwoods wengved in the 100-meter upland
buffers of the bays in the fire-maintained, openeggy pine savanna treatment group

(pine bays). The buffers of the other restored bagse not manipulated beyond

13



necessary disturbance related to the interior lgggskid trails and logging decks).
Logging operations were completed at all bays dyrdary of 2001. Clay plugs were not
installed in drainage ditches until January of 200@e to delays in obtaining permits.
Nevertheless, ditches were effectively plugged mtur2001 when harvest operations
filled them with compacted local soil. In Septembé&R001, a foliar herbicide (Garlon 4)

was directly applied to stumps in the bay interiorprevent re-sprouting.

Un-thinned Buffer Bays (Mixed Bays)

Three of the restored bays received interior harbes no harvest in the 100-
meter upland buffer. The ultimate goal is a mix@teghardwood buffer, though only one
of the bays (5204) currently has a substantial imaodl overstory component in the
buffer. The buffers of the other two bays in thieatment are dominated by pines, and

may eventually be thinned to encourage hardwoodldpment.

Bay 5071 is a 0.85 hectare bay in the center ofSR&. Its drainage system
affected nearly 100% of the historic wetland ateal951, aerial photographs show that
both the interior and exterior were cultivated &riculture. At the time of restoration,

both the interior and exterior were dominated lplddy pine (Pinus taeda

Bay 5128 covers 0.77 hectares near the easternddipe SRS. The drainage
ditch drained roughly 92% of the historic wetlaneéa In 1951, the interior of this bay
was forested, while the surrounding land was catiéd for agriculture. At the time of
restoration, the interior and roughly half of theéfbr had been planted with longleaf pine

(Pinus palustri¥. The other half of the buffer is dominated bysklpine Pinus elliottii).

14



Bay 5204 is a 0.66 hectare bay near the southwestige of the SRS. Its two
drainage ditches drained about 75% of the histwatland area. In 1951, the interior of
Bay 5204 was forested, and surrounding land wasvatdd for agriculture. Prior to
restoration, the bay's interior was primarily uplahardwoods, while the buffer

vegetation was a mixture of open-canopy pines gfahd hardwoods.

Thinned Buffer Bays (Pine Bays)

Prescribed burns of the thinned buffers were sdeddior the winter and spring
of 2001 and 2002, but were delayed until Febru&2003 by several factors, including a
severe drought, a moratorium on burning followihg September 11, 2001 terrorist
attacks, and unsafe conditions for prescribed bufiigs delay probably allowed
hardwood sprouts, especially sweetgumgidambar styraciflug to become established

in many of the thinned buffers.

Bay 126 is a 1.53 hectare bay near the centerefSIRS. Its drainage ditches
affected roughly 59% of the historic wetland areal1951, the interior and parts of the
buffer had a mixture of shrubs and trees, whileeptreas of the buffer were cultivated
for agriculture. Prior to restoration, the interiavas predominantly bottomland

hardwoods, and the buffer was open-canopy pinecesfy slash pineRinus elliotti).

Bay 5092 is near the southern edge of the SRScawers 1.36 hectares. The
drainage ditch affected approximately 54% of th&tdric wetland area. The interior in

1951 was composed of both forested and herbaceeas,and the buffer was cultivated

15



for agriculture. Prior to restoration, the interiowas dominated by sweetgum

(Liguidambar styraciflug and the buffer was a mixture of pines and hatigo

Bay 5135 is a 0.28 hectare bay along the eastaya efithe SRS. The drainage
ditch drained nearly 100% of the historic wetlaneaa The aerial photographs show that
the area may have been used as a pasture in 198é,ownltivation for agriculture was
evident nearby. Prior to restoration, the intendBay 5135 was open-canopy longleaf
pine Pinus palustriy and the buffer was also open-canopy longleaé @nd upland
hardwoods. In addition to thinning, an area roughl¢o of the size of the buffer of 5135
was clearcut at the time of interior harvest, idasrto cause a disturbance comparable to

those at the other bays in the "recently disturtsolck.
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Table 1. Treatment assignments and pre-restorsiiztns of the 100-meter upland margins of monitore
Carolina bays.

Bay Buffer Treatment Pre-restoration Buffer Note

Block One (Minimal Disturbance)

5071 pine/hardwood 70% pine;20% p/h; 10% ro *
5204 pine/hardwood 70% p/h; 30% pine
126 Pine 85% pine; 15% p/h
5092 Pine 85% pine; 15% p/h

Block Two (Recently Disturbed))

5128 pine/hardwood 50% pine; 50% cc *
5135 Pine 100% pine T
Not Restored
108 Control 70% p/h; 30% pine
118 Control 100% cc
5055 Control 65% p/h; 30% cc; 5% ping
79 Reference not assessed
153 Reference not assessed
5048 Reference not assessed

* Mature hardwoods were absent in the buffers es¢hbays assigned to the pine/hardwood buffer
treatment.

T The buffer of Bay 5135 underwent additional hata restoration to create openings similar teehat
other recently disturbed bays.

p/h = mixed pine-hardwood; cc = clearcut.
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Control Bays

Of the four bays that would not be restored urtiéra2005, | selected three at
random for monitoring. Bay 108 covers 1.05 hectaresr the center of the SRS. The
drainage ditch drained approximately 90% of thédhnis wetland area. Arial photographs
show that Bay 108 was primarily pasture with somaedWwoods in 1951, before the
creation of the SRS. During the study, the intenegetation was dominated by a
combination of pines and hardwoods, while the buffedlominated by slash pinBifius

elliottii) with a relatively dense canopy.

Bay 118 covers 1.04 hectares slightly south antiaddbe center of the SRS. The
drainage system drained approximately 91% of teohc wetland area. The interior of
Bay 118 was covered in herbaceous vegetation id,1®5ile the surrounding area was
cultivated for agriculture. The interior is now dmated by hardwoods, mostly sweetgum
(Liquidambar styraciflup and pines. An area encompassing the entire rbwvis

clearcut in 1998 and planted with longleaf piRen(s palustri}.

Bay 5055, covering 0.30 hectares, is located nearsbuthwestern edge of the
SRS. The drainage system affected nearly 100%eoliidtoric wetland area. In 1951, the
interior was dominated by herbaceous vegetatiod,th@ buffer was predominantly old
fields. During this study, upland hardwoods anddty pine (Pinus taeda dominated

both the interior and the buffer of Bay 5055.
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Reference Bays

| chose three reference bays based on placemehe ilandscape from a list of
candidate reference bays compiled by the USFS. Ndnthese bays had drainage

systems at the time of restoration, nor did theyeHarested interiors.

Bay 79 lies along the eastern edge of the sitg; mear Craig's pond, the largest
Carolina bay on the SRS, at 50.18 hectares. Bayo¥8rs 0.49 hectares, and its interior
is unforested, dominated primarily by herbaceowecs. The buffer is dominated by
loblolly pine (Pinus taeda In 2001, a portion of the 100-meter buffer, iihg the area
around one of the two drift fence arrays, was ththdue to a misunderstanding about the

site use permit. This same section of the buffes alao prescribed burned in 2004.

Bay 153 covers 1.01 hectares near the southwestigg® of the SRS, within 200
meters of bay 5055. The interior is dominated bypaeeous species, and the buffer is a

mixture of loblolly pine Pinus taedgand upland hardwoods.

Bay 5048 is also located along the southwestere @ddhe SRS. Its interior is
also predominantly herbaceous, and the buffer minlated by upland hardwoods and

loblolly pine (Pinus taeda
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Herpetofaunal Sampling

In the fall of 2001 | installed two herpetofaunedgping arrays in the 100-meter
buffer of each bay, 50 meters from the edge oflide In an effort to account for the
directionality of amphibian migrations into and it breeding sites (Dodd and Cade
1998, Rothermel 2004), | placed one array in theeation of the next-nearest
neighboring wetland, and the other on the oppasite of the bay. Each drift fence was
15 meters long, constructed of aluminum flashingeter in height with the lower edge
buried to a depth of at least 10 centimeters. Fengere installed in a y-shaped
configuration: two fences nearly parallel with tey edge and the other perpendicular to
it. An open space 5 meters in diameter occupiedccémeer of each array. The traps at
each array totaled: six funnel traps, twelve pittedps, three PVC tubes, and twelve

coverboards - six of plywood and six of tin (Fig@e

| created pitfall traps by burying 19-liter plasbockets up to their rims on either
side of both ends of each fence (Gibbons and Berd#t4, Gibbons and Semlitsch
1981), four buckets per fence. The bottoms and mickes of buckets were punctured to
facilitate drainage, but the effectiveness of #pproach depended on the porosity of the
underlying soil. A sponge was placed in each butketrovide a floating platform if the
trap filled with rain. On dry days | poured wateta the buckets in an attempt to prevent

desiccation of amphibians, and the sponges hektathrmoisture.

| made funnel traps from 0.6-centimeter mesh hardwé#th and placed one on
the ground on either side of each fence, roughishénmiddle, the openings flush with

both the fence and the ground. To attract treefiogyected a 1.5-meter length of PVC
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tubing vertically (Phelps and Lancia 1995, Boughtoal. 2000), with the base at ground
level within 5 meters of the outer end of each &nkhese were originally inserted into
holes in the ground, but | adjusted them in eafl§2to rest at ground level supported by
rebar spikes after | discovered that some treefesgsped census by dropping into the
hole as the tube was uprooted. Finally, four regitar coverboards (0.61 X 1.22
meters), two of plywood and two of galvanized tivere laid down beyond each PVC
pipe within 10 meters of the end of each drift fen@Grant et al. 1992). Snakes,
salamanders, and lizards sought cover under thesldy reptiles are attracted to cover
objects made of tin which allow them to raise thedy temperatures while remaining

concealed.

| visited the bays to retrieve captures every seaay from January through July,
beginning in 2002 and ending in 2005. To preversiadation and red imported fire ant
(Solenopsis invichapredation, | began as early as available ligidwadd sufficient
visibility. | divided the bays into two groups basen their locations, visiting each group
on alternate days, and | devised three differeate®for each group to avoid bias due to
the timing of visits. Sampling effort was equal@s the bays, since each had the same

number of traps and | visited them an equal nurob&mes in a given year.

| gave snhakes individual marks by clipping a trialag section from a single
ventral scale (Brown and Parker 1976). In additemakes larger than 1 centimeter in
diameter were injected with 14-mm Passive Integrdansponder (PIT) tags (Camper
and Dixon 1988). Turtles were marked with PIT tagd shell notching (Cagle 1939) by

staff at the Savannah River Ecology Laboratory (SREurtles were held at SREL for
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Figure 2. Overhead diagram of a herpetofaunal Bagharray. Features are not drawn to scale. W=dwoo
coverboard; T= tin coverboard; P= PVC tubing; Btfgliitrap; F= funnel trap; D= drift fence.
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two nights (until the morning of the next visit the bay of capture). | did not give
lizards, frogs, and salamanders individual marks,l lmmarked them to year of capture by
removing a single digit from a single limb (Ferd&79) and released them immediately.

| released animals back into the cover object whesy were captured under a
coverboard or inside PVC pipes. | released pitfalb, funnel trap, and hand captures on
the opposite side of the drift fence from the pahtapture, at least 5 meters from the
fence. | measured snout-vent-length (SVL) with heatd rulers, identified animals to
species, classified them in adult, juvenile, oreréganetamorph age classes, and recorded

the sex of adults when possible.

Capture and handling of animals was conducted coraance with Animal Use

Protocol #50029, as approved by the Clemson Untyetsiimal Research Committee.

Environmental Sampling

| retrieved daily rainfall totals, maximum and nmmm air temperature, and
maximum and minimum humidity (%) from a National gaaic and Atmospheric
Administration (NOAA) weather station on the SR$ &l years of the study. In 2004
and 2005, rainfall since previous visit was collecby Tru-Check Direct Reading Rain
Gauges (Forestry Suppliers Inc., Jackson, MS) acndrded during each visit to each
bay. | also recorded the current and two-day marinamd minimum air temperatures at
every visit during 2004 and 2005, along with estesaof wind speed (based on the

standard Beaufort scale) and cloud cover to theesééive percent.
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Depth of ponding was recorded at six-hour intern\aiswL 40 loggers (Global
Water Instrumentation, Inc., Gold River, CA) at le@ontrol and restored bay, beginning
in 2000. Recordings were supplemented with maresdings of staff gauges when the
instruments failed. Loggers were installed in eaeference bay during the spring of
2005, and fluctuations during that period allowefitiences to be made about the depths
during the previous four years. Monthly pH readimgse acquired at each of the control

and restored bays, but the pH was never testedesience bays.

Vegetation Sampling

| surveyed vegetation of the buffer sites durinty &if 2004 and again in 2005,
using a whole-plot survey method. | delineatedvwbgetative survey plots as 0.2-hectare
circles, centered at the center of the array. Withis circle, | randomly placed eight 1-
m? subplots and estimated the percentage of the quoupied by groundcover types
(woody species name, herbaceous, or bare groundgabured leaf litter depth at the
center and the lower-left and upper-right corndérsach of these subplots. | identified all
overstory and midstory trees (greater than 5 cestéms dbh) to species and recorded
their diameters into size classes. | measuredetigtth and diameter of all coarse woody
debris (CWD), and assigned each piece to one efdecay classes. | used a spherical
crown densiometer (Forestry Suppliers, Inc., Jatk®S) to estimate canopy coverage
at the center of each plot and also on the pering2éemeters from the center) at each of
the four cardinal directions. Ocular estimations tbé percent cover of understory
vegetation in each quadrant of the plot were maai@ ach of these same five vantage

points, for a total of three estimates to be aveugmer quadrant. To maintain consistency
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across sites and years, all estimates (canopy ,cowverall understory cover, and all

subplot estimates) were made by the same reseancbeth 2004 and 2005.

Statistical Analysis

Because captures of dispersing juveniles are sulpegreater annual variation
than those of breeding adults, | separated capint@shese two age classes. | calculated
the diversity of breeding adults separately fottitep and for amphibians. | used the total
number of species observed at each Sig)(as an estimate of the actual species richness
(9. | visually inspected species accumulation curwehich plotted the cumulative
number of species against date of sampling, taméte whether they appeared to reach
an asymptote, indicating a relatively complete osnef true species richness. As an
indicator of diversity, species richness is heawijuenced by rare species, because each
species carries equal weight. | therefore chosep&ims index D) (Simpson 1949),
which emphasizes the more common species, as aleameytary diversity statistic.
Simpson's index is a measure of the probability thva individuals selected at random
from a sample will belong to the same speciess ktalculated, with corrections for a

finite population, as:

D E n; (ni — 1)
N(N-—-1)
wheren; = the number of individuals in the sample thabhglto the™ speciesN = the

total number of individuals in the sample, a@d the total number of species in the

sample. SimpsonB is also known as species dominance, since a wdlare represents
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the lowest possible diversity (when a single spe@ecompletely dominant) and a zero
represents the highest. The complement of dominélheeD) was used as the diversity
index, which maintains the range from zero to orlevallowing the higher values to

indicate more diverse assemblages.

As an indication of diversity, evenness dependsy onlthe relative proportions of
species, and therefore represents one end of agont, with species richness at the
other extreme. Simpson’s evenness measure wadatattdrom Simpson’'s dominance

(D) and the observed species richn&dy:

_ (/D)
5

Eip

Examining richness and evenness along with thenmdiate diversity index can
allow assessment of whether differences in diveraie attributable to differences in

evenness or species richness or both.

| used PROC MIXED (SAS Institute 2003) to perforepeated-measures mixed-
model ANOVAs to test for differences in specieshness, total number of captures,
Simpson’s Diversity (ID) and evennes£j. The evenness values were inverted to meet
the assumption of normally distributed residualROE MIXED allows for different
covariance structures to account for the lack dependence from repeated testing. |
tested four different covariance structures: aw@mssive, compound symmetry,
heterogeneous compound symmetry, and unstructaredchose the best one based on
Akaike’s Information Criterion corrected for smathmple sizes (AICc) (Burnham and

Anderson 2002).
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If an ANOVA indicated a significant F-statistic fothe treatment effect,
appropriate linear contrasts were estimated. Thebeun of possible orthogonal contrasts
is one less than the total number of treatmentsegamined the following thre priori

contrasts:
1. Control bays versus all restored bays
2. Reference bays versus all restored bays
3. Restored bays with thinned buffers versus thosk witthinned buffers

When an ANOVA indicated a significant year by treant interaction, contrasts tested
for significant treatment effects within each yesparately, and contrasts were then

made within the years that showed a significantal/egeatment effect.

| sorted species into ecological guilds based omrtamic group and habitat
association (Guyer and Bailey 1993, Conant andirt301998, Means 2006). Although |
recaptured several thousand individuals during dbarse of the study, | rarely had
enough recaptures of a given species to model wspture-recapture techniques, and
those species with numerous recaptures violatedemadsumptions of constant
catchability. | therefore used the total numberuamarked individuals captured as an
estimate of abundance. When | captured adultsgifen species consistently enough to
model, | removed those captures from the guildl extd analyzed the species separately.
| tested these adult species and guild captureeffects of treatment and year, again
using PROC MIXED for repeated-measures ANOVA tesddthough | captured

dispersing juveniles of several species, only theefile recruitment of a few anuran
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species was substantial enough for the repeatedumesaanalysis. When a test produced
a significant treatment F-statistic, the same aqytimal linear contrasts were examined as

for the diversity measures above.

| used Pearson rank correlations to test for matiips between daily reptile and

amphibian activity (total captures) and environraéaariables.

| used the NMDS procedure of the PC-ORD softwarekage (McCune and
Mefford 2006) to produce Non-Metric Multidimensidn&caling plots using adult
capture totals. NMDS is a graphical technique treduces the dimensionality of
multivariate data after ranking the dissimilaritgtlveen observations. | removed species
which contributed negligible information by onlygaring in a single sample, then log-
transformed capture totals to reduce the influesfche most abundant species. | used
the Bray-Curtis dissimilarity measure, being thegoraf the number of unshared species

over the number of shared species, computed faritad) as:

Aif — Adjk

—

—~
.

(@i +a)

>
|

—

where n = the total number of species in basysd]. | repeated the analysis using only

presence/absence of species at each bay durifguihgear course of the study.
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RESULTS

Capture Success

From 1 January 2002 to 31 July 2005, | capturedliBérent species of reptiles
and amphibians, roughly two-thirds of the herpatotd species known to occur on the
Savannah River Site (Gibbons et al. 1997), a tuftdl7,414 individuals including 30,005
young-of-the-year amphibians. | also recaptured kewar animals 4,944 times.
Amphibians comprised 97.0% of total captures. Thegee 19 species of frogs and toads
(n=42,655; 90.0% of individuals) and 8 species afamanders (n=3,304; 6.98% of
individuals). The eastern spadefo@gcaphiopus holbrookiiwas the most commonly
encountered anuran (n=20,677; 43.7% of individyal)d the mole salamander,
Ambystoma talpoideymwas the salamander captured most often (n=2,842% of
individuals). Forty-one species of reptiles comgdionly 3.0% of the total number of
captures (n=1,455). Seven species of lizards (137),@ccounted for 70.7% of reptile
captures (2.1% of individuals). The green and@plis carolinensis was the most
common reptile (n=265), followed by the easterncéetizard, Sceloporus undulatus
(n=228). Capture totals by treatment of marked tadarle summarized in Tables 2 & 3,

and totals of young-of-the-year are presented Ierd.

In addition to the above commonly-encountered gsedi documented thirteen
South Carolina Species of Conservation Concern I@&alh et al. 2005), and each of the
twelve bays supported at least one of these radteiraperiled species. | captured four

species of concern at control bays, six at mixegsbéive at pine bays and eight at



reference bays. An ANOVA test on the average oleserichness of species of concern

indicates no significant differences between tregis (F=2.00; p=0.1927).

Amphibian Activity by Month

Adult amphibian activity was highest during the tioaf March, due in no small
part to the sizable eastern spadefoot toad breexiagt during March of 2003. Except
for that peak, adult amphibian captures showedgatsihcrease from February through
June, but then dropped off sharply in July (Fig8yeThe mole salamander was captured
frequently in late winter and activity graduallyatired into the summer, while eastern
narrowmouth toad Gastrophryne carolinensisadult activity increased beginning in
April and remained relatively high through July. Mghreptile activity was less variable,
captures were relatively low during the warmest eoldest months and highest in April

and May.

Juvenile dispersal was generally minimal beforeilAphe month during which
large eastern spadefoot dispersal events occunr2@d3. Juvenile activity tended to be

even higher in May, then diminished in June bettwereasing greatly in July (Figure 4).
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Table 2. Captures of individual adult amphibiangibild and species at twelve Carolina bays on R8 S
from January 2002 through July 2005. Each treatrgemtp included three bays. The second number,
when present, represents the number of recaptures.

Guild Species Control Med Pine Reference Total Note
Upland Frogs
Bufo terrestris  411/33 1832/177 1905/237 1420/140 5568/587 ab
Scaphiopus holbrookii 931/122  997/196  604/108 681/89 3213/515 ab
Gastrophryne carolinensis 527/14 381/6 1120/24 994/18 3022/62 ab
Pseudacris ornata  19/9 21/1 57/16 180/7 277/33 a
Bufo quercicus 2 2 18/2 22/2 a
Pseudacris nigrita 4/2 17 21/2
Rana capito 1 2 3 6 a ***
Pseudacris ocularis 1 1 2
Pseudacris feriarum 1 1 2 **
Aquatic Frogs
Rana sphenocephala 41/2 98/2 18 190/9 347/13 ab
Acris gryllus 11/2 25/1 6 45 87/3
Rana clamitans  17/1 16/1 6 17/1 56/3 a
Rana catesbeiana 1 2 2 5 a
Acris crepitans 1 1 *
Treefrogs
Hyla squirella  15/234  184/1299 29/102 18/145 246/1780 ab
Hyla femoralis  8/52 12/26 11/32 23/137 54/247
Hyla cinerea 2/4 13/54 8/8 10 33/66 a
Pseudacris crucifer 6 3 3 8/2 20/2 a
Hyla chrysoscelis 3 5/1 1 8/22 17/23
Aquatic-breeding Salamanders
Ambystoma talpoideum 444/115 487/32 299/38 1089/138 2319/323 ab
Ambystoma opacum 51/9 54/2 60/15 68/13 233/39 a
Ambystoma maculatum 21 43/5 37/5 28 129/10 a
Notophthalmus viridescens 2 1 2/1 3 8/1 a
Ambystoma tigrinum 1 4 a ***
Pseudotriton ruber 1 1 2
Eurycea quadridigitata 1 1
Plethodon
Plethodon glutinosusomplex  50/17 88/14 29/3 54/21 221/55 ab

Amphibian Totals 2561/611 4269/1813 4205/590 4882/739 15917/3753
a Reproduction was documented by captures of noetdma or juveniles.
b Species was captured consistently enough tgznakparately from the rest of its guild.
Asterisks denote South Carolina DNR Species of i@p€oncern (Kohlsaat et al. 2005):
* = Moderate priority ** = High Priority *** = Hichest Priority
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Table 3. Captures of individual reptiles by gualtl species at twelve Carolina bays on the SRS from
January 2002 through July 2005. Each treatmentpgraziuded three bays. The second number, when
present, represents the number of recaptures.

Guild Species  Control Med Pine Reference Total Note
Mesic Lizards
Anolis carolinensis  60/2 7717 32/7 93/14 262/30 ab
Eumeces laticeps 21/9 20/3 15/1 38/7 94/20 a
Eumeces fasciatus 15/1 20/1 10/1 36/1 81/5 a
Open-canopy Lizards
Sceloporous undulatus  43/2 20 86/39 70/10 219/51 a
Eumeces inexpectatus 17/4 10/1 25/18 22/29 74/52 a
Cnemidoporous sexlineatus 15 2 17/2 14/4 48/6
Scincella
Scincella lateralis ~ 58/5 49/5 71/8 39/2 217/20 ab
Semi-fossorial Snakes
Tantilla coronata 20 19/1 20 32/2 91/3 a
Diadophis punctatus 11 17/12 8/9 9 45/21
Storeria occipitomaculata 2 9 5 14/1 30/1
Cemophora coccinea 4 4/1 2 10/1 20/2 a
Thamnophis sirtalis 2 4 8 5/2 19/2
Virginia valeriae 6 7 1 2 16
Heterodon platyrhinos 3 3 4 3 13
Lampropeltis triangulum 1 7114 2 2 12/14
Storeria dekayi 1 1 1 3
Carphophis amoenus 3/1 3/1
Heterodon simus 1 1 Frx
Thamnophis sauritus 1 1
Virginia striatula 1 1

a Reproduction was documented by captures of jlagen

b Species was captured consistently enough tgznakparately from the rest of its guild.
Asterisks denote South Carolina DNR Species of @p€oncern (Kohlsaat et al. 2005):
** = High Priority

* = Moderate priority
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Table 3 (continued).

Guild Species Control Mixe Pine  Reference Total Note
Terrestrial Snakes T
Coluber constrictor  14/3 14/2 14 12 54/5 a
Elaphe guttata  3/1 5 1 1 10/1
Agkistrodon contortrix 1 4 1 6
Lampropeltis getula 1 3 1 5
Elaphe alleghaniensis 2 2/1 4/1
Masticophis flagellum 1 1
Pituophis melanoleucus 1 1 *x
Aguatic Snakes t
Nerodia fasciata 1 1 4 4 10 a
Farancia abacura 1 3 4
Seminatrix pygaea 3 1 4 *x
Nerodia erythrogaster 1 1 1 3
Agkistrodon piscivorus 1 1 2
Farancia erytrogramma 1 1
Turtles T
Kinosternon subrubrum 1 9 4 15 29 a
Chelydra serpentina 1 3 4 *
Deirochelys reticularia 2 1 3 *x
Kinosternon baurii 2 1 3 **
Pseudemys floridana 3 3 a**
Trachemys scripta 1 1 2 *x
Terrapene carolina 1 1
Crocodilians T
Alligator mississippiensis 1 1 *
Reptile Totals 307/27 310/47  341/85 440/76 1398/235

a Reproduction was documented by captures of jlagen
b Species was captured consistently enough tgznakparately from the rest of its guild.
Asterisks denote South Carolina DNR Species of i@p€oncern (Kohlsaat et al. 2005):
* = Moderate priority ** = High Priority *** = Hichest Priority
T There were too few captures in this guild to tesstreatment effects with repeated-measures ANOVA
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Table 4. Captures of individual young-of-the-yaephibians in the buffers of twelve Carolina baydtte SRS from January through July, 2002 to
2005. The number of bays at which juveniles weruchented is also presented. There were thredagch treatment.

Treatment Control Mixed Pine Refernce Total Total
Species Captures Bays Captures Bays Captures Bays ajfiures Bays Captures Bays

143

Frogs
17464 12

7852 12

6872
2275

3665
2420

5599
2820

Scaphiopus holbrookii 1328 3 3 3 3
Bufo terrestris 337 3 3 3 3
Rana sphenocephala 1519 3 679 3 254 3 1079 3 3531 12
Pseudacris ornata 16 2 13 2 13 1 414 3 456 8
Rana clamitans 68 3 71 3 32 3 40 3 211 12
Gastrophryne carolinensis 6 3 11 3 23 3 17 3 57 12
Pseudacris crucifer 0 0 42 2 3 2 8 2 53 6
*Rana capito 0 0 0 2 1 3
Rana catesbeiana 5 1 0 1 2 4
Salamanders

0 12 29 41

0 8

2

Ambystoma opacum 1 1 4 1 7 1 223 2 235 5
tAmbystoma talpoideum 19 2 20 2 37 3 47 3 123 10
Ambystoma maculatum 14 1 7 1 0 0 3 1 24 3
Plethodon glutinosusomplex 3 2 4 3 0 0 7 2 14 7
*Ambystoma tigrinum 3 1 0 0 1 1 0 0 4 2
Number of Species 12 11 12 13 14

* Species designated as highest conservation griayiSouth Carolina Department of Natural Resai{2€05).
Tt Many bays did not dry during 2003, and | captdaede numbers of dispersing paedormorphic A. tdgam adults in 2004. Recruitment of this
species was therefore underestimated, sinee #dults would have been included in the preweas's cohort had they not remained in the bays.
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Figure 3. Total captures of adult amphibians by tha twelve Carolina bays on the SRS, 2002 — 2005.
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Figure 4. Total captures of recently metamorphaseghibians by month at twelve Carolina bays on the
SRS, 2002 - 2005.
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Weather
Daily amphibian captures were positively correlatedh rainfall (1=0.431;
p<0.0001), cloud cover £0.217; p<0.0001), minimum daily temperature=Qct275;
p,0.0001), and minimum relative humidity=0.351; p<0.0001). Reptile captures were
negatively correlated with rainfall £ -0.102; p<0.0001), minimum relative humidity
(r= -0.197; p<0.0001), and maximum relative humidity= -0.179; p<0.0001), and
positively correlated with maximum daily tempera&(g=0.116; p<0.0001) (Table 5).

Table 5. Pearson correlations between weatherblasiand reptile and amphibian captures, with
corresponding p-values, at twelve Carolina baytherSRS, 2004 — 2005.

Weather Variable Amphibians Reptiles
e p £ p
Cloudcover (%) 0.217 <.0001 -0.042 0.057
Air temperature During Visit (°C 0.100 <.0001 09 <.0001
Hour of visit (600 - 1900 0.064 0.004 0.040 0.067
Maximum air temperature (°C) 0.115 <.0001 0.120 0810
Minimum air temperature (°Q) 0.208 <.0001 0.000 88.9
Rainfall (mm) 0.431 <.0001 -0.102 <.0001
Wind speed (Beaufort scalg) -0.082 0.0002 0.023 04€.3
Diversity

The average of Simpson’s diversity by treatmerdadflt amphibians did not vary
by year (F=1.32, p=0.293), being one of only twspanse variables for which | did not
find differences between years. Average estimatesmnphibian diversity at control and
restored bays were very similar, at 0.62, 0.62,@68 for control, mixed, and pine bays,
respectively. The average at reference bays waghtlgli higher at 0.73, but not

significantly so (F=1.1, p=0.401) (Figure 5). Or thther hand, Simpson’s diversity of
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adult reptiles was different both across years aoabss treatments (Year: F=21.16,
p<0.0001; Treatment: F=11.02, p=0.0003). The lineantrasts indicated that reptile

captures exhibited higher diversity at restoredsb@y 0.82 and 0.76 at mixed and pine
bays, respectively) compared to control bays (0.7 55.51, p=0.0465), higher at

reference bays (0.83) than at restored bays (F=p820187), and higher at mixed bays
compared to pine bays (F=14.40, p=0.0058). Testadatment effects within each year
only revealed significant differences between trestits in 2003, the extremely wet year

that yielded less than 10% of the reptile capt{ifegure 6).

Reptiles tended to be captured less frequently &maphibians, due to differences
in either abundance, catchability, or both, so thater reptile species were captured in
multiple years at a given bay. Therefore, averagaial observed richnesSy tended
to be higher for amphibians, even though cumulatighness of reptiles was higher.
Both reptile and amphibian richness varied acresss/(Amphibians: F=27.9, p<0.0001,
Reptiles: F= 37.9, p<0.0001), but did not vary asrreatments (Amphibians: F=2.24,
p=0.161. Reptiles: F= 1.72, p=0.240). Average ah&ja ranged from 9.75 at control
bays to 12.75 at reference bays for amphibians, &hd at control bays to 11.08 at

reference bays for reptiles (Figures 7 & 8).

The three most common amphibian species accoumted@4% of the total
number of individual amphibians captured, while tteee most common reptiles
represented just 49% of reptiles. This differentelominance is a major reason for the
difference in evenness between the two groups. Alrrh evenness estimates ranged

from 0.23 at mixed bays to 0.32 at control baysilewteptile estimates ranged from 0.51
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at pine bays to 0.66 at control bays. Both varigdiBcantly across years (Amphibians:
F=4.19, p=0.0172; Reptiles: F=8.65, p=0.0005), loid not vary by treatment

(Amphibians: F=2.35, p=0.1307; Reptiles: F=1.610/2814) (Figures 9 & 10).
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Figure 5. Average amphibian Simpson diversity lpatment and year at twelve Carolina bays on the SRS
Error bars are standard errors.
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Figure 6. Average reptile Simpson diversity byatreent and year at twelve Carolina bays on the SRS.
Error bars are standard errors.
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Figure 7. Average observed amphibian specieseghby treatment and year at twelve Carolina bays o
the SRS. Error bars are standard errors.
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Figure 8. Average observed reptile species richbgdreatment and year at twelve Carolina bayshen
SRS. Error bars are standard errors.
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Figure 9. Average amphibian Simpson evennessglayrtrent and year at twelve Carolina bays on the SRS
Error bars are standard errors.
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Figure 10. Average reptile Simpson evenness lagrirent and year at twelve Carolina bays on the SRS.
Error bars are standard errors.
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Abundance Estimates

| compared capture totals using repeated measux€3VAs for 21 species and
groups of species (Table 6), and only one spetiesgreen anole, Anolis carolinensis,
showed a significant treatment effectoat0.10 (F=3.33, p=0.0729). Anoles were more
common at reference than restored bays, and manenoa at mixed bays than at pine
bays (Figure 11). Likewise, a single species egtnbia significant year-by-treatment
interaction, the southern toaBufo terrestris(F=2.27, p=0.0684), and the treatment p-
value was very close to significant (F=2.92, p=03)0 Southern toad captures were
significantly higher at restored bays than at adritays (F=8.67, p=0.0186); in 2002 and
2005, more were captured in the un-thinned bufiémaixed bays, and in 2003 and 2004,
the thinned buffers of pine bays produced moretsouattoad captures (Figure 12). The
significant interaction effect likely stems frometlalternation between pine and mixed
bays as the treatment exhibiting the highest nusali&onversely, only one group did not
vary significantly by year a#=0.10, the slimy salamanders of tAkethodon glutinosus
complex (F=1.09, p=0.388). Across reptile groupgtares were lowest in 2003, the year
with the highest amount of spring rainfall. Most@rbians were least common in 2002,

the driest year.
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Figure 11. Captures of unique adult green andlasl{s carolinensipat twelve Carolina bays on the SRS.
Error bars show standard errors.
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Figure 12. Captures of unique adult southern t@@do terrestri} at twelve Carolina bays on the SRS.
Error bars show standard errors.
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Table 6. Repeated-measures ANOVA estimates andat@ errors of captures per bay per year of eam@bguilds and selected species of reptiles and
amphibians at twelve Carolina bays on the SRS.i&passignments to guild are in Table 2 and Table 3

Sy

Control Mixed Pine Reference Treatment
Species or Guild Mean + SE Mean + SE Mean * SE Mean * SE F p
Adult Amphibians
All Amphibians 154.88 + 40.75 292.18 + 76.87 247.69 + 65.17 31791 + 83.64 1.48 0.2925
Upland Frogs 0.70 + 0.40 146 + 0.84 269 * 1.56 489 + 2.83 0.86 0.5022
tBufo terrestris  28.30 * 11.25 131.54 + 5229 112.81 + 44.84 7160 + 2846 292 0.1005
Scaphiopus holbrookii 25.52 + 7.56 31.06 + 9.20 26.23 + 7.77 32.86 + 9.73 0.16 0.9171
Gastrophryne carolinensis 30.16 + 8.18 2490 = 6.75 47.75 £ 12.95 68.85 + 18.67 2.72 0.1085
Highly-Aquatic Frogs 124 + 0.38 1.87 + 0.56 0.58 * 0.17 3.18 + 0.96 1.84 0.2174
Rana sphenocephala 1.77 = 0.75 421 + 1.77 1.11 = 0.47 8.16 + 3.44 0.12 0.739
Treefrogs 153 + 0.57 855 + 3.19 209 + 0.78 416 + 1.55 2.53 0.1191
Aquatic Salamanders 448 + 2.89 3.78 + 244 3.61 + 233 5.17 + 3.33 0.04 0.9873
Ambystoma talpoideum 9.36 * 5.33 13.69 + 7.80 11.29 + 6.43 38.38 + 21.85 11 0.4023
FPlethodon glutinosusomplex  4.08 = 2.68 733 + 2.68 242 + 2.68 45 + 2.68 0.58 0.6443
Young-of-the-year
Bufo terrestris  17.95 + 12.73 87.43 + 61.99 3244 + 23.00 35.08 + 2487 081 0.5247
Rana sphenoceph: 6.23 * 5.27 1496 + 12.65 5.04 + 4.26 16.10 + 13.62 0.4 0.7569
Adult Reptiles
All Reptiles  25.33 + 4.75 2525 + 475 28.42 + 4.75 36 + 4.75 1.13 0.386
Mesic Lizards 149 + 044 2.18 + 0.65 1.02 + 0.31 495 + 1.48 2.45 0.1318
*Anolis carolinensis 5 £ 1.19 6.33 + 1.19 267 = 1.19 775 £ 1.19 3.33 0.0729
Open-canopy Lizards 1.67 + 0.40 0.70 + 0.17 237 + 0.56 215 £+ 051 1.69 0.2256
Sceloporus undulatus  3.58 + 2.42 1.67 + 242 7.17 £ 242 5.83 + 242 1.01 0.4386
Scincella lateralis 2.32 + 0.64 296 + 0.82 461 + 1.28 212 + 0.59 0.9 0.4832
Fossorial Snakes 204 + 0.59 461 = 134 258 + 0.75 3.32 £ 0.96 0.83 0.5151
Terrestrial & Aquatic Snakes 1.15 = 0.24 1.75 %360 1.87 = 0.39 164 + 0.34 0.39 0.7646

* Significant treatment effect at= 0.10
T Significant year-by-treatment interactioroat 0.10
¥ ThePlethodon glutinosusomplex was the only species or group that did/aof significantly by year.



Non-metric Multidimensional Scaling

Although no patterns based on treatment are obvioughe Non-metric
Multidimensional Scaling plots based on abundarata éfom all years (the upper plots
in Figure 13), trends can be observed in the loplets, in which the treatment
classifications have been converted to classibcaby year. While there is some overlap
in the amphibian plot by year, those points represg 2002 data, the year with
generally the fewest captures, are somewhat cectienward the lower right, while the
2004 and 2005 points, the years with the highestrdity and abundance, are clustered
toward the upper left. The reptile plot by year ibkB more overlap between years than

the amphibian plot by year, but also exhibits ngiracture than the plot by treatment.

The species presence and absence matrix for arapkidbes not exhibit enough
structure for a useful NMDS ordination. The plotFigure 14 shows the first and third
axes of the reptile presence/absence NMDS. NMDS axe dimensionless, and are not
necessarily ranked in descending order of explapgtower. In this case the second axis
had little explanatory power, determined Byalue. Some clustering can be observed in
this plot, with the mixed bays clustered near the, &although most treatments are not

clearly separated.
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DISCUSSION

Reverted Wetlands

The Carolina bays chosen as restoration candidatedis study had been
abandoned from use as pasture or cropland for anumm of 50 years prior to their
restoration. Kirkman et al. (1996) noted that tifeativeness of many drainage systems
on the Savannah River Site had been reduced biperostween 1951 and 1992. Several
former bays on the Savannah River Site were indudéigh-intensity pine plantations,
but most of the study bays had developed mixed-pardwood interiors through natural
succession. Though forestry operations represemteew disturbance to bay interiors,
heavy harvest equipment would also have disruptathage ditches more substantially

than natural processes.

The bays randomly assigned to the control group lbager hydroperiods than
the other candidate bays before restoration (Fid@)e Even after the other bays were
restored, these three bays were ponded longer st years, and are therefore of
guestionable value as reduced hydroperiod contBalse of the restored bays also held
water prior to restoration, even in the relativelyy years of 2000 and 2001. It was
estimated that less than 60% of the historic wdtlarea was affected by the drainage
systems of some of these bays. Even a bay with @06 area drained could serve as
breeding habitat for those species with very Heefal stages like the southern toad (30—
55 days), eastern spadefoot (14-60 days), andreaséerowmouth toad (20-70 days).

The topographic survey of the drainage system gt Ba& led to the conclusion that it



drained 100% of the historic wetland area, yet baig was ponded for longer than any

others in all years except 2001 and 2002.
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Figure 15. Portion of the year that control andaresl bays contained water during one year prior to
restoration (2000), one year after interior harbestbefore hydrological restoration (2001), andt fgears
post-restoration. Squares = Control Bays; Triangl®ne Bays; Circles = Mixed Bays.

Some amphibian species prefer unforested breed#sy(slocking and Semlitsch
2007), some may become locally extinct as pondsemetto a full canopy (Skelly et al.
1999), and some studies have shown reduced langaéss and growth rates in forested
compared to unforested sites (Werner and Glenneri®@9, Skelly et al. 2002). The
forested interiors of the control bays and preemsdion bays had minimal emergent
herbaceous vegetation, which some amphibians eedoir breeding sites or larval
habitat. Forested wetlands also have high amouhtdeoiduous leaf litter, which
determines the structure of the substrate and esuitrin lower pH, and may have less

dissolved oxygen (Werner and Glennemeier 1999).réeThe evidence that upland
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clearcutting reduces amphibian populations by msirey desiccation risk due to higher
temperatures, reduced litter, and reduced burroaviadility after soil compaction by

heavy machinery (Petranka et al. 1994, Chazal aed/irowski 1998, Rothermel and
Luhring 2005). However, the restoration activitiesluding timber harvest in the bay

interiors did not appear to have a negative etbfecamphibians.

The twelve Carolina bays studied represent a comtmof isolation from other
wetlands that could provide source populationscimonizing reptiles and amphibians.
Some of the bays are located within 50 metersehtarest neighboring wetland. Others
are isolated, with no possible amphibian sourceufans for hundreds of meters.
Censuses of neighboring wetlands to identify pdssburce populations or attempts to
control for the degree of isolation are beyond skepe of this study, but it may be
several years before some of the more isolatedrexbtbays are colonized by the more
philopatric species and those species that willtnb@nefit from unforested breeding

sites.

Diversity
Because southern toads, eastern spadefoots, aedneaarrowmouth toads were
consistently numerically dominant at study baysphiman Simpson’s diversity and
evenness did not vary by treatment or year. Reptilersity tended to be higher than
amphibian diversity because the most common rapiiiere not nearly as dominant; that
is, the reptile assemblages were more even. Raptimpson’s diversity was lowest at

control bays and highest at reference bays. Thiglasion is not obvious from an
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examination of the numbers, however (Figure 6), @hén examined within each year,
the differences were only significant in 2003, trear with by far the fewest reptile
captures in all treatments. The overall averageuandiversity was actually slightly
higher at control bays than pine bays. The aveeagwial values ranged from 0.753 to
0.828, and the difference between the most and d#aerse treatment was less than 0.06
in every year other than 2003. These meager diftm® and the lack of statistically
significant differences in either richness or evesmlead me to conclude that there was

no biologically significant difference in reptileversity between treatments.

Species of Conservation Concern

| captured at least one South Carolina Speciesoas€rvation Concern at each of
the twelve study bays. While there were no obvipatterns of occurrence or species
richness, | did capture more of these speciesfatemce bays. By capturing recently
metamorphosed juveniles, | also documented suadessfroduction of four of these
species, including the Carolina gopher frdgana capito and the Eastern tiger
salamander Ambystoma tigrinumboth classified as “highest conservation pridgrity

(South Carolina Department of Natural Resource$200

The Carolina gopher frog is a longleaf pine savaspexialist (Means, 2006), and
is listed as an endangered species in South Cardtilreeds in open canopy, fish-free
wetlands and has been captured very infrequentlythen SRS, despite extensive
monitoring of several of the wetlands (Semlitschakt1995). Juvenile recruitment has

been documented at only three wetlands on the ®8&) in only a single year. |

52



captured adults in the buffers of two pine baysriua short, rainfall-dependent breeding
season in early 2003. In June of the same yeaptuced emigrating juveniles at the third
pine bay and also at a single reference bay. I®20€aptured adults and juveniles at the
same reference bay plus a single adult at a smgled bay. Four of the five bays with

gopher frogs were restored bays, of which threeepere bays.

| captured Eastern tiger salamanders at only twgs,ba reference bay and a
control bay, and | captured emigrating juveniles/at the control bay. The control bay
in this case was Bay 118, the buffer of which hadrbclearcut in 1998, while the interior
of the bay was the most densely forested of thdyshays. This bay had the lowest
observed richness and the lowest number of adyltuces of both reptiles and
amphibians. Such apparently marginal amphibiantagaloould still be important for

conserving biodiversity in the landscape.

Southern Toads

The southern toad(ifo terrestri3 is a habitat generalist. | captured more aBult
terrestris study-wide than any other species, with more gagtat restored bays than at
either control or reference bays in all four ye&idid capture both adults and juveniles at
all bays in all years, but the increased numberbreéding adults at restored bays is
likely evidence thaB. terrestrisresponds more rapidly than other species to canopy

removal in its breeding habitat.
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Amphibian Juvenile Recruitment

| captured young-of-the-year individuals of fiveespes of anurans at every bay,
including the three amphibians most commonly cautuas adults: the southern toad,
eastern spadefoot, and eastern narrowmouth toddivanranids: the southern leopard
frog (R. sphenocephaland the bronze frodR( clamitany Despite catching on average
less than five adults per bay and a maximum ofrs& single year at any bay, | captured
juvenile bronze frogs at every bay studied, alnadisof them during 2004. This species
does not usually migrate, preferring permanent dodif water for both breeding and
non-breeding habitat (Minton 1972). Since juvendes known to disperse up to 4.8 km
during their first year (Schroeder 1976), it iselk that most of the juveniles | captured
were not dispersing from the study bays, but entmyad the drift fences while dispersing

from other locations.

Eastern narrowmouth toad juveniles, though deteatexvery bay, were captured
at very low frequencies relative to adult captusdults began breeding migrations in
April (Figure 3), and the larval period of 20 — days from egg deposition to
metamorphosis (Wright 1932) would have been coraegla@t time for emergence before
bays dried or sampling was discontinued. Pechmaah €1989) found that juveniles of
this species only emerged from bays that had daied refilled before its breeding
season. They hypothesized that eastern narrowmmatth larvae are susceptible to
predation by insect larvae and the larvae of oHmaphibian species. An increase in
hydroperiod that prevented a bay from drying aridling in late spring or early summer

could create a population sink for this species.
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Population Fluctuations

It is tempting to look for trends and to try to @it future population sizes when
looking at results from four years of monitoring @nbian breeding migrations and
recruitment. Of the 19 species and guilds that an@ired, only slimy salamander
(Plethodon glutinosuscomplex) captures did not vary significantly byage Many
aquatic-breeding amphibian species may forego brgex a given year, especially when
rainfall is absent during breeding seasons (Sechliet al. 1996). Juvenile recruitment is
even more variable than adult breeding populatiand,it may be nonexistent or low in a
given year at a given wetland due to early dryihghe wetland before larvae are large
enough to metamorphose, or because pre-breedinditioms allowed predators to
become particularly well-established before eggsewdeposited or larvae hatched, or
because of a lack of breeding. However, Semlitschl.e(1996) found no correlations
between breeding population size and number of ety juveniles of several
amphibian species for 16 years at a single SRSTay/frequency of complete or nearly
complete reproductive failure at that same bay @Zyears led Taylor et al. (2006) to
conclude that marbled salamandesmpystoma opacumrequire high terrestrial

survivorship for the species to persist, based conaputer-simulated population model.

After monitoring for seven years post-restoratidatranka et al (2003b) could not
be certain that wetland creation would ultimatedgult in an increase in the number of
breeding populations. With the exception of thatieély stable populations of spotted
salamandersAmbystoma maculatymextrapolation from a four-year subset of their

entire 13-year dataset could lead to drasticalifedint predictions, depending on which
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four years were chosen (Petranka et al. 2007).

Responses to Forest Thinning

The green anoleAnolis carolinensiswas the only species to show a significant
overall treatment effect. Anoles were more abundattie buffers of reference bays than
restored bays and more abundant at mixed baysah@me bays. Anole captures by
treatment and year can be seen in Figure 11. Gaptuere lowest at pine bays in 2003
and 2004, but increased in 2005 to levels compartblthe other treatments. Anole
populations were reduced by forestry operationsil&\the increase in the fourth year of
sampling seems to indicate that recovery is beg@nfurther sampling would be

required to justify this conclusion.

Amphibian responses to upland clearcuts have bedatively well-studied
(Phelps and Lancia 1995, Chazal and NiewiarowsRB1®arper and Guynn Jr. 1999),
but researchers have only recently begun to asessffects of thinning or other forms
of partial canopy removal. Plethodontid salamandees absent or nearly absent from
recently clearcut stands due to increased desitaisk, but they increase rapidly after
stands have regenerated for a few years (Petrardda¥994, Ash 1997). Brooks (1999)
found no effects of thinning on populations of aethbdontid salamander in
Massachusetts. Rothermel and Luhring (2005) didfinot differences in mortality or
water loss in juveniléAmbystoma talpoideurexposed to thinned stands versus control
stands for 72 hours on the Savannah River Siteygtindoth mortality and water loss

were higher in clearcuts. Artificial burrows wersed extensively in all habitat types
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when they were made available, and salamandershwittows retained more moisture
and were more likely to survive. Soil compactionhH®avy logging machinery can both
destroy existing burrows and prevent salamanders ftigging new ones. Leaf litter and
coarse woody debris can provide alternative moistrahabitats to reduce desiccation
risk (Moseley et al. 2004). Patrick et al. (Patretkal. 2006) found fewer adults and
juveniles of most of the amphibian species theywag in clearcuts versus uncut stands,
but few differences in the use of uncut versusiglrtcut stands. Knapp et al (2003)
found that all plethodontid salamanders in the lseut Appalachians were as reduced
under four different levels of canopy removal asyttvere in clearcuts after one year, and
all were reduced compared to controls after foaryeUniquely among the four species
with enough juvenile captures to make comparistivessproportion of slimy salamanders

that were juveniles was lower in all of the cuatreents.

| captured fewer slimy salamanderBlgthodon glutinosusomplex) in pine
buffers than at the other treatments, though diffees were not statistically significant. |
also failed to catch any young-of-the-year slimiasanders in those thinned buffers in
any year of the study, though | did find them ateseof the other nine bays (Table 4).
This species is uniqgue among the amphibians | ceg@tun undergoing direct
development on land from eggs to terrestrial julesniThe semi-permeable eggs and
then hatchlings are guarded in the nest by the leemader coarse woody debris or in an
underground burrow. Plethodontid salamanders anme siender than the ambystomatid
species, and the higher surface area to volume mady be one reason for higher rates of

evaporative water loss (Spight 1967). Increasedccison risk and the dependence of
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all life cycles on terrestrial habitat may meantttias species is more sensitive than
others to forestry operations and changes in canopgrage. Though more abundant in
mature pine stands than recent clearcuts (Graat. €t994), slimy salamanders prefer
moist forest with a dense canopy to even mature gtands (Bennett et al. 1980).
Abundance can therefore be expected to remain lowre thinned stands even as they

continue to develop into pine savannas.

Canopy removal can also increase the abundandeedRéd Imported Fire Ant
(Solenopsis invicta), which favors disturbed ar@ad reduced canopies and outcompetes
and sustains greater densities than native fire @rdchinkel 1988). Predation by these
ants has been documented for several species offiliaams and reptiles, especially
hatchling turtles (Allen et al. 2004). Though dirpopulation-level effects are difficult to
measure, their range expansion has coincided geloigedly with the decline of the
southern hognose snakklgterodon simys(Tuberville et al. 2000). They may also
reduce the availability of arthropods as prey,hes thave been shown to severely reduce
both richness and abundance of native arthropaaiseiPand Savignano 1990). | did not
attempt to quantify fire ant abundance or activityhe thinned buffers compared to un-
thinned buffers, but during 2004 and 2005 | recdrd®re within-trap fire ant predation
at pine bay arrays and three other arrays in reitembings or clearcuts (average 14.6
events per array) than at arrays under intact aas@nd with undisturbed soils (average
1.1 events per array). Habitat improvements fornopanopy species may be more
difficult to achieve and the effects more diffictdt quantify in the presence of invasive

fire ants. Fire ants could be a factor in the réidacof both green anoles and slimy
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salamander juveniles in the thinned forests, eitberdirect predation or through

competition for invertebrate prey.

While the thinned sites were also burned in eafl93 several factors make it
difficult to assess the effects of this prescribeaning effectively. First, thinning could
be said to have a greater impact on the vegetatimcture in the bay margins, and that
impact was very recent. Second, because burningdeksed by security and safety
concerns, the woody sprouts that burns are supposedevent became established at
several sites. Further, the effectiveness of the bu prevent hardwood re-sprouting was
patchy, and varied greatly by bay, and even betwkerarrays at a single bay. Finally,
the response to a single burn is not the sameeasetponse to a fire regime. Though
some direct effects of prescribed burns on reptdesl amphibians have been
documented, these are rare, and the broad halmtdifications achieved by a fire regime

are considered more important (Russell et al. 1999)
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MANAGEMENT IMPLICATIONS

The species richness of both reptiles and amplhstb@mmeters from the edges of
these bays adds to existing evidence that isolaétidnds are sites of high herpetofaunal
diversity in the landscape. The presence of at t@as species of conservation concern at
every bay, including the nine bays that had beamdd for agriculture prior to 1951,
demonstrates that even historically disturbed bals#in be important for conserving
regional biodiversity. Some wetland restorationjgets have seen immediate and
dramatic colonization by reptiles and amphibiangvwBrs et al. 2000, Petranka et al.
2003a, Brodman et al. 2006). Almost all of thesesshad been uninhabitable
immediately before restoration, and potential cstswere known to be nearby. The
restoration of wetlands that have had time to aliytrevert since disturbance may be
more likely to succeed, and initial changes in vagen structure can be obvious and
extensive, but functional successes will take logelevelop and may be more difficult
to observe. Evaluating the success of restorechngslthat are relatively isolated from
source populations is also problematic, as it ralig tyears for some species to colonize
them. Though many of these species show limitegoledsal rates, dispersal across longer
distances does occur regularly (Kinkead et al. 2@@mlitsch 2008), and more isolated

sites may serve as “stepping stones” to bridge gapseen distant populations.

The timing of sampling was not ideal for evaluatmggtoration success. When
restoration candidate sites are known to be unitddalb, pre-treatment sampling may be

unnecessary because all captures post-restora@iobeassumed to be colonizers. In this



case, restoration candidates had partially revexdedetlands during the preceding 50
years, and the absence of pre-restoration samlelivgs me unable to determine whether
diversity and species abundances have changed s&steration. Pre-restoration
sampling would also have made it easier to evaliregeutility of the controls that tended
to remain ponded longer than most of the restoredl reference bays, which could
partially account for the lack of differences betweeven reference and control bays.
Because of disease outbreaks and predatory figsions, Petranka et al. (2003b) were
not confident after seven years of monitoring the¢ated ponds would continue to
support focal species. Semlitsch (2002) proposatrdstoration can only be considered
a success when adults continue to breed 5-10 Jag@rs Censuses in this timeframe are

therefore required to truly evaluate restoratiorcess.

On the other hand, this early post-restoration $agphas provided some
evidence that management activities aimed at rasbor have minimal negative impact
on herpetofauna in the short-term. Restored sigslérger southern toad populations,
but not large enough to reduce evenness or diyems#asures compared to reference
wetlands. This seems to indicate that the souttoead, perhaps the most generalist local
amphibian species, has been the first to capitalizehabitat improvements, though it
remains to be seen whether other species willioBaoit. Thinning in the bay margins
seemed to affect only two species: the green aaotk the slimy salamander. Slimy
salamanders prefer closed canopy forests, so ¢éxénpation upon conversion to pine
savannas can be expected. The green anole is tenérard, readily adaptable to

different habitats including anthropogenic onesl amay have already been recovering in
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the thinned buffers by 2005. As with wetland colation, it is too early to determine
whether species adapted to the open canopies amdiaft herbaceous groundcover of

pine savannas will be more abundant at these sites.
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