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 Abstract: Fire alters the abundance and diversity of many species, but its effects on amphibians are poorly
 known. We tested whether prescribed burning affected amphibian abundance and diversity within the Fran-
 cis Marion National Forest, South Carolina, by monitoring assemblages at 15 temporary ponds with five dif-
 ferent burn histories: 0, 1, 3, 5, and 12 years after burns. We also monitored terrestrial and aquatic environ-
 mental variables likely to influence amphibian diversity, such as leaf-litter depth, pond water chemistry, and
 distance to neighboring ponds. Fire had significant negative effects. Immediate effects (burning during the
 study) explained 12.8% and 10.8% of the variation in anuran and amphibian abundance, respectively,
 whereas short-term effects explained 31.8% and 24.6% of variation in amphibian species richness and even-
 ness, respectively. Species richness increased and evenness decreased with time since burn, primarily because
 salamanders were rarely encountered at sites burned within 2 years. These sites had the shallowest leaf litter
 and highest soil temperature variances. Environmental factors unrelated to burning also significantly influ-
 enced amphibian diversity. Water chemistry explained 31.1% of variation in species richness, 32.2% of even-
 ness, and >25% of anuran, salamander, and total amphibian abundances. Salamanders were most sensitive
 to water chemistry factors, particularly pH. Our results suggest that decreasing the frequency of prescribed
 burns from the current 2-3 years to 3-7 years will better maintain diverse amphibian and plant assem-
 blages. Substituting growing-season burns for the current practice of winter and spring burns would avoid re-
 peatedly interrupting amphibian breeding and would maintain the desired longleaf pine community.

 Efectos de Quemas Prescritas sobre la Diversidad de Anfibios en un Parque Nacional en el Sureste de E.U.A.

 Resumen: Elfuego altera la abundancia y diversidad de muchas especies, pero se conocen poco sus efectos
 sobre los anfibios. Analizamos el efecto de quemas prescritas sobre la abundancia y diversidad de anfibios
 en el Parque Nacional Francis Marion, Carolina del Sur, mediante el monitoreo de sus asociaciones en 15
 charcas temporales con cinco historias de quema distintas: 0, 1, 2, 3 y 12 aftos despuds de las quemas. Tam-
 bi"n monitoreamos variables ambientales terrestres y acudticas que pudieran influir en la diversidad de an-
 fibios, tales como profundidad de la hojarasca, quimica del agua de la charca y distancia a charcas vecinas.
 Elfuego tuvo efectos negativos significativos. Los efectos inmediatos (quema durante el estudio) explicaron
 12.8% y 10.8% de la variaci6n en la abundancia de anuros y anfibios, respectivamente, mientras que los
 efectos de corto plazo explicaron 31.8% y 24.6% de la variaci6n en la riqueza de especies de anfibios y su
 equitabilidad, respectivamente. La riqueza de especies increment6 y la equitabilidad decreci6 con el tiempo

 desde la quema, principalmente porque raramente se encontraron salamandras en sitios quemados dos atios
 antes. En estos sitios la hojarasca tenia la menorprofundidady las mayores variaciones en la temperatura
 del suelo. La diversidad de anfibios tambidn fue influenciada significativamente porfactores ambientales no
 relacionados con la quema. La quimica del agua explic6 31.1% de la variaci6n de la riqueza de especies,
 32.2% de la equitabilidad y >25% de la abundancia de anuros, salamandras y total. Las salamandras fu-
 eron mds sensibles a factores quimicos del agua, particularmente el pH. Nuestros resultados sugieren que

 una reducci6n en la frecuencia actual de quemas prescritas cada 2-3 athos a quemas cada 3-7 arios manten-
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 drd mejor las diversas asociaciones de anfibios y plantas. La sustituci6n de la prdctica actual de quemas en
 invierno yprimavera por quemas en 6pocas de crecimiento evitaria la interrupci6n reiterada de la reproduc-
 ci6n de anfibios y mantendria la comunidad deseada de pinos.

 Introduction

 Prescribed burning is widely used to maintain native as-
 semblages of fire-dependent plants and avoid destruc-
 tive wildfires (Malanson 1987). Prescribed burning also
 affects the life cycles, abundance, and diversity of inver-
 tebrates, reptiles, birds, and mammals, but its effects on
 amphibians are poorly known (for reviews, see Russell
 et al. 1999; Bury et al. 2000). Amphibians are important
 components of many fire-maintained communities, par-
 ticularly in the southeastern United States (e.g., Sem-
 litsch et al. 1996), and declines of fire-adapted species
 have been linked to fire suppression and resulting vege-
 tation changes (Means & Moler 1979; Palis 1997). Thus,
 inappropriate prescribed burning practices could cause
 amphibian declines in a region otherwise little affected
 by the anthropogenic stresses causing global declines
 (Wake & Morowitz 1990; Houlahan et al. 2000).
 We examined the effects of current prescribed burn-

 ing practices on amphibian assemblages within the Fran-
 cis Marion National Forest (FMNF), South Carolina,
 U.S.A. Twenty anuran and 11 salamander species occur
 in the FMNF, including several species restricted to fire-
 maintained pine flatwoods (Eason & Fauth 2001). Our
 analysis explored the immediate and short-term effects
 of fire on amphibian abundance, species richness, and
 evenness. We also compared the relative importance of
 burning versus other environmental factors, including
 pond water chemistry and terrestrial habitat variables.

 Anecdotal evidence suggests that few amphibians are
 killed directly by fire (Russell et al. 1999). Subterranean
 lifestyles protect many species from fires, which often
 leave vegetation intact in wet areas, providing additional
 refugia (Means & Campbell 1981; Mushinsky 1985;
 Friend 1993). Treefrogs also escape fire in unburned ar-
 eas such as tree crowns and beneath bark. The consensus

 is that behavioral and physiological adaptations of am-
 phibians limit mortality during fires (Russell et al. 1999).

 Indirect effects of fire on amphibians are poorly
 known but are likely important. Fire alters soil moisture
 and temperature, vegetation structure, leaf-litter depth,
 nutrient availability, erosion, and wetland hydroperiod
 (Langdon 1981; Christensen 1987, 1993; Kirkman 1995;
 Lugo 1995; Cain et al. 1998); all can affect amphibian as-
 semblages. However, the literature offers no consistent
 conclusions about fire's indirect or cumulative effects

 on amphibians (Russell et al. 1999). In seven studies,
 the effects of fire were positive in three (Means & Moler
 1979; Means & Campbell 1981; Kirkland et al. 1996),

 were negative in two (McLeod & Gates 1998; Papp &
 Papp 2000), and had no effect on amphibians in two
 (Bamford 1992; Ford et al. 1999). In another (Mushinsky
 1985), effects varied with burn regime, and in two
 others changes in trophic relationships and community
 composition were not categorized as positive or nega-
 tive (Barbault 1976; Kerby & Kats 1998). Thus, the ef-
 fectiveness of prescribed burning in maintaining am-
 phibian assemblages remains unclear (Russell et al.
 1999; Bury et al. 2000).

 Burning reduces leaf litter and vegetation structure,
 which provide terrestrial habitat for many amphibians.
 Historically, fires that occurred every 2-4 years allowed
 leaf litter to accumulate but maintained an open under-
 story (Frost 1995). Deviation from historical fire fre-
 quencies (including fire suppression in the FMNF after
 Hurricane Hugo) may be detrimental to amphibians, es-
 pecially species endemic to southeastern pine forests.
 Burn season also could be problematic if fires occur at
 vulnerable stages in the life cycle (Mushinsky 1985).
 Historically, fires occurred in the dry season (summer)
 and were intense (Frost 1995), but most prescribed burns
 are now done in winter and are less intense. Current burn

 practices and silvicultural methods in the southeastern
 United States often change the dominant tree from
 longleaf (Pinus palustris) to loblolly pine (P. taeda)
 and alter understory composition (Frost 1995), nega-
 tively affecting amphibians specialized to southeastern
 pine flatwoods (Means et al. 1996; Palis 1997).

 Fire may affect aquatic stages of amphibians by releas-
 ing large quantities of nutrients in a usable, mineralized
 form. Burning removes organic matter and reduces soil
 porosity, leading to increased runoff and erosion. En-
 hanced overland water flow (DeBano et al. 1998) can
 deliver nutrients to ponds, stimulating plankton and al-
 gae, which are grazed by larval anurans. Cations released
 by fire also reduce water and soil acidity (DeBano et al.
 1998), a positive outcome for acid-sensitive species.
 Many amphibians use both aquatic and terrestrial habi-
 tats during their life cycle, so the cumulative effects of
 burning across life-history stages could be compensa-
 tory, additive, or synergistic. Our objective was to deter-
 mine the relative importance of both immediate (within-
 year) and short-term (1- to 12-year) effects of fire on the
 abundance and diversity of amphibians. We quantified
 both the direct effects of prescribed burns and indirect
 effects mediated through altered aquatic and terrestrial
 conditions, and compared their magnitude using regres-
 sion techniques.
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 Methods

 Study Sites and Sampling Design

 We studied the effects of prescribed burning on amphib-
 ians in temporary ponds within the 101,000-ha FMNF, in
 Charleston and Berkeley Counties, South Carolina. All
 ponds were small (diameter: 28.3-53.9 m), shallow (max-
 imum depth: 0.29-1.32 m), acidic (mean annual pH:
 3.43-5.41), and at low elevations (<15 m above sea
 level). Additional details about the study sites are pro-
 vided by Schurbon (2000).

 We monitored amphibian assemblages at 15 ponds en-
 compassing five different burn histories: 0, 1, 3, 5, and
 12 years after fire. We selected three ponds within each
 target burn history at random from all available ponds
 through the use of aerial photographs and U.S. Forest
 Service burn records. Selecting ponds at random en-
 sured that our conclusions were applicable to the entire
 universe of temporary ponds within the FMNF and, by
 extension, to ponds in similar habitats elsewhere. Select-
 ing ponds at random also minimized possible confound-
 ing effects, such as pre-Hurricane Hugo (October 1989)
 fire regimes, for which reliable records were unavail-
 able. Ponds burned more recently were on a more fre-
 quent burn cycle, so recent burns were not more in-
 tense than earlier burns.

 Monitoring Amphibians

 We used five standard techniques to sample amphibians:
 drift fences, treefrog shelters, calling censuses, minnow
 trapping, and visual surveys (Heyer et al. 1994). We
 used partial drift fences of aluminum sheeting (7 m long X
 50 cm high, buried 10 cm into soil) with 11-L plastic
 buckets (30 X 24 X 33 cm) as pitfall traps to capture
 terrestrial amphibians. We placed three fences 10 m
 from and parallel to each pond's margin. Fences were
 equidistant from one another and overlapped traps,
 which we covered with lids except during and 48 hours
 after rainfalls that stimulated amphibian activity. We
 opened pitfalls 16 times (288 trap nights/pond) during
 our 1-year study, which commenced 1 July 1999. We
 identified, measured, weighed, sexed, and released all
 animals captured.

 We used two different shelters to monitor treefrogs,
 which can climb out of pitfall traps (Moulton et al.
 1996). At each pond, we drove 10 75-cm-long polyvinyl
 chloride (PVC) pipes into the soil and attached 10 25-
 cm-long pipes (with lower end capped) to shrubbery at
 breast height. All shelters were 1.9 cm (3/4") diameter.
 We alternated ground- and shrub-based shelters around
 each pond and checked them the same days as the pit-
 fall traps (Schurbon 2000).

 We conducted anuran calling censuses after major
 rainfall events, visiting each pond for 5 minutes and re-

 cording the species and approximate number of anurans
 calling. Calling censuses detected species not captured
 in treefrog shelters or that bypassed drift fences. We de-
 ployed 16 unbaited minnow traps (Fauth 1999a, 1999b)
 in each pond twice to census aquatic species (i.e., sirens
 and amphiumas) undetected by other methods. After 24
 hours, we removed traps and inventoried their contents.
 Incidental sightings of amphibians in or near study
 ponds provided a few additional records.

 We did not expect to recapture individuals repeatedly
 and therefore did not give them unique identifying marks.
 To avoid counting recaptured individuals more than once,
 we estimated minimum abundances with mass, length,
 and sex data from individual captures. Resulting estimates
 were used to calculate evenness (E), which is indepen-
 dent of species richness and abundance (Bulla 1994).

 Environmental Parameters

 We monitored three terrestrial environmental parame-
 ters (Fig. 1): soil moisture, leaf-litter mass, and soil tem-
 perature variance (Schurbon 2000). We measured soil
 moisture and leaf-litter mass 15, 30, and 45 m from pond
 margins along a randomly selected compass heading.
 We pushed a probe 1.9 cm (3/4") in diameter into the
 soil for 20 cm and extracted a sample, which we
 weighed initially and weighed again after drying it for 24
 hours at 60' C to determine percent moisture. Similarly,
 we collected leaf litter within three randomly located
 0.5-m2 quadrats, dried it, and weighed it to estimate
 mass. We placed a "Hobo" H8 data logger (Onset Com-
 puter Corporation, Bourne, Massachusetts) at a random
 location 20 m from each pond margin to record temper-
 ature at the margin between leaf litter and soil. We also
 measured four parameters that could affect metapopula-
 tion dynamics: distances to the nearest road, ditch, and
 intermittent and permanent wetlands.

 We monitored three aquatic environmental parame-
 ters during each visit: turbidity, pH, and dissolved oxy-
 gen (Fig. 1). We measured pond depth 2-3 times/month
 to assess hydroperiod. In addition, water samples drawn
 on 5 March 2000 were analyzed for K+, Ca2+, Mg+, Fe,
 Na+, Cl-, and total dissolved solids (Schurbon 2000).

 Statistical Analyses

 We tested the null hypotheses of no effects of time since
 burn or of terrestrial and aquatic environmental vari-
 ables on amphibian diversity with backward stepwise re-
 gression. Amphibian species richness (S), evenness (E),
 and minimum amphibian, anuran, and caudate abun-
 dance were response variables. Ponds (n = 15) were the
 independent units of statistical analysis. Independent
 variables included number of months since last burn and

 a "burned during study" dummy variable to account for
 prescribed burns conducted at four sites. Distances to
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 Figure 1. Mean (?1 SE) terrestrial and aquatic
 environmental parameters as a function of years
 since last burn for 15 temporary ponds within the
 Francis Marion National Forest, U.S.A.: (a) terrestrial
 environmental variables; (b) aquatic variables. Pond
 diameter and distances to the nearest permanent and
 ephemeral wetlands and to ditches are given in
 meters; leaf-litter mass in grams per square meter; soil
 moisture as a percentage; and soil temperature vari-
 ance in degrees Celsius squared. Turbidity is in nepho-
 lometric turbidity units (NTU); dissolved oxygen (DO)
 as a percentage, and total dissolved solids (TDS) and
 concentrations of all ions in ppm.

 the nearest intermittent wetland and road were log-
 transformed to meet assumptions of multiple regression
 (Draper & Smith 1981).

 We used principal components (PCs) analysis to con-
 dense our 10 aquatic environmental factors into four
 components, which retained approximately 95% of the
 original variation (Table 1). Using PCs instead of raw
 variates allowed us to include environmental factors and

 effects of burning in fully parameterized, initial regres-
 sion models.

 Soil temperature variance failed regression assump-
 tions even after transformation and was excluded from

 models. Instead, we used a Kruskal-Wallis Test (Sokal &

 Table 1. Results of principal components analysis of aquatic
 environmental parameters monitored at 15 ponds in the Francis
 Marion National Forest, South Carolina, U.S.A.

 Principal component
 Eigenvalues and
 eigenvectors 1 2 3 4

 Eigenvalue 6.70 1.11 0.97 0.69
 % variation 67.03 11.10 9.70 6.93
 cumulative % variation 67.03 78.14 87.84 94.77

 Eigenvectors*
 mean turbidity 0.328 -0.212 0.215 -0.385
 mean pH 0.371 -0.005 -0.070 -0.224
 mean dissolved oxygen -0.128 0.514 0.740 0.279
 potassium 0.298 0.292 0.284 -0.423
 calcium 0.372 -0.063 0.105 -0.044
 magnesium 0.356 0.269 -0.172 0.120
 iron 0.204 0.642 -0.487 0.144
 sodium 0.359 -0.075 -0.022 0.321
 chloride 0.286 -0.318 0.118 0.634
 total dissolved solids 0.363 -0.099 0.169 0.050

 * Eigenvector magnitudes are weightings of original variates on a
 principal component. Eigenvector signs indicate the direction of re-
 lationships between original variates and principal components.

 Rohlf 1995) to examine differences in soil temperature
 variance among burn categories. We used one-way anal-
 ysis of variance (ANOVA) to test for differences in leaf-
 litter mass, soil moisture, and water-chemistry principal
 components among ponds based on time since last
 burn. We performed statistical analyses using JMP ver-
 sion 3.2.2 (SAS Institute 1998), with ea = 0.05 for all hy-
 pothesis tests.

 Results

 Abundance and Diversity of Amphibians

 We recorded 1495 amphibians comprising 25 species
 (Fig. 2). Pseudacris ocularis (little grass frog), Rana
 sphenocephela (southern leopard frog), and Bufo ter-
 restris (southern toad) were the most common species,
 comprising 21%, 19%, and 12% of records, respectively.
 These and three other species-Gastrophryne carolin-
 ensis (eastern narrowmouth toad), Hyla femoralis (pine
 woods treefrog), and R. clamitans (green frog)-were
 encountered in every burn category. With the exception
 of Ambystoma talpoideum (mole salamander) and a
 single Plethodon variolatus (South Carolina slimy
 salamander), salamanders were not encountered at sites
 burned within 2 years (Schurbon 2000).

 Amphibians used as management indicator species
 were recorded from ponds in all burn categories. Pine-
 woods treefrogs (H. femoralis) were found at all but
 one site, which was burned 3 years before. Southern
 chorus frogs (P. nigrita) were detected at five ponds:
 two burned during the study's first year (including one
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 Figure 2. Mean (2 1 SE) amphibian responses as a
 function of years since last burn forl5 temporary
 ponds within the Francis Marion National Forest: (a)
 total number of individuals recorded for each species;
 (b) total number of amphibians observed, minimum
 amphibian abundance (no. individuals), species
 richness (S), and evenness (E). Abbreviations: SHOL,

 Scaphiopus holbrooki; BTER, Bufo terrestris; BQUE, B.
 quercicus; AGRY, Acris gryllus; HCIN, Hyla cinerea,"
 HFEM, H. femoralis; HSQU, H. squirella; HCHR,
 H. chrysoscelis; PCRU, Pseudacris crucifer; PNIG,
 Pseudacris nigrita, PORN, Pseudacris ornata; POCU,
 Pseudacris ocularis; GCAR, Gastrophryne carolinensis;
 RCAT, Rana catesbeiana; RVIR, R. virgatipes; RCLA, R.
 clamitans; RSPH, R. sphenocephala; AMEA, Amphiuma
 means; SINT, Siren intermedia; ATAL, Ambystoma talpoi-
 deum; AOPA, Ambystoma opacum; AMAB, Ambystoma
 mabeei; AMAC, Ambystoma maculatum; NVIR, Noto-
 phthalmus viridescens; PVAR, Plethodon variolatus.

 individual captured immediately after a burn) and the oth-
 ers 1, 5, and 12 years after a burn. Mabee's salamander (A.
 mabeei) was encountered at only two sites, in the 5- and
 12- year post-burn categories. We encountered no pro-
 posed, endangered, threatened, or sensitive amphibian
 species (Carolina gopher frog [Rana capito], flatwoods
 salamander [Ambystoma cingulatum], or eastern tiger

 salamander [A. tigrinum]) during our study. Carolina go-
 pher frogs and flatwoods salamanders are known from
 <10 sites in the FMNF, and eastern tiger salamanders
 have not been recorded for > 12 years (J. F., personal ob-
 servation; J. R. Harrison III, personal communication).

 Principal Components Analysis

 All water-chemistry parameters except dissolved oxygen
 loaded positively and approximately equally onto PC1
 (Table 1). Thus, ponds with high scores on PC1 were
 turbid and oxygen-poor; had high concentrations of all
 ions and high total dissolved solids; and were the least
 acidic. These attributes were typical of ponds in hard-
 wood stands. Iron and dissolved oxygen loaded strongly
 and positively onto PC2, but chloride and turbidity
 loaded negatively. Thus, ponds with high scores on PC2
 were nonturbid, acidic, and rich in oxygen and iron but
 low in chloride. These attributes were typical of ponds
 in pine stands and of ponds that held water most of the
 year. In contrast, dissolved oxygen loaded strongly and
 positively on PC3, but iron loaded negatively. Thus,
 ponds with high scores on PC3 were oxygen-rich but
 low in iron. In general, these ponds also were located in
 pine stands but had shorter hydroperiods, holding water
 approximately half the year. Dissolved oxygen, sodium,
 and especially chloride loaded strongly and positively on
 PC4, whereas turbidity, pH, and potassium loaded nega-
 tively. Thus, ponds with high scores on PC4 (Table 1)
 were relatively clear, acidic, oxygen-rich, and slightly sa-
 line. These ponds had the shortest hydroperiods and
 were near the Wambaw Swamp Wilderness, a river-bot-
 tom hardwood swamp bordered by small pine stands.

 Effects of Fire on Environmental Factors

 Prescribed burning affected terrestrial but not aquatic
 environmental factors. Leaf-litter mass was significantly

 higher at sites burned 12 years before (mean + 1 SE:
 704.5 ? 189.01 g/quadrat) than those burned during
 the study and 1 year before (157.6 + 33.1 g/quadrat;
 F4,14 = 5.81, p = 0.011). Soil temperature variance was
 higher at sites burned during the study (60.0 + 68.40 C2)
 than those unburned (15.3 + 14.90 C2; Kruskal-Wallis
 X2 = 4.93, df = 1,p = 0.027), but mean soil moisture
 did not vary significantly with time since burn (F4,14 =
 0.67, p = 0.63). Mean PC1 score was four times higher
 in the 12-year burn category than in all others, but this

 difference was not significant (F4,14 = 8.09, p = 0.067).
 Remaining PCs did not vary significantly among burn

 categories (all F4,14 < 1.12, p > 0.39).

 Determinants of Amphibian Species Richness and Evenness

 The final regression model accounted for 93.7% of the
 total variation in S, with months since burning responsi-
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 Table 2. Results of backward stepwise regression on amphibian species richness and evennessa

 Amphibian species richnessb Amphibian evennessb

 standardized variation standardized variation

 Source Fc 13 (%) Fc P3 (%)
 P1 - months since bum 87.5**** 1.51 31.8 38.2*** -1.62 24.6
 P2 - soil moisture 18.7** 0.53 12.0
 P3 - distance to permanent wetland 16.2** -0.57 5.6
 P4 - logo10 (distance to intermittent wetland) 36.8*** -1.10 13.4 26.2*** 0.81 16.8
 P5 - logl0 (distance to nearest road) 9.9* -0.43 3.6
 P6 - distance to nearest ditch 22.4** 0.64 8.2
 P7 - water chemistry PC1 20.2** 0.93 13.0
 P8 - water chemistry PC2 32.3*** -0.99 11.8 29.8*** 1.19 19.2
 P9 - water chemistry PC3 53.2*** 1.18 19.3
 Residual (totals sum to 100%) 6.3 14.3

 a Table entries are parameters remaining in model, F ratios, standardized betas (which indicate strength and direction of effect), and percent-
 age of total variation explained.
 bRegression equations: number of amphibian species = 24.822 + 0.084 * P1 - 0.006 * P3 - 7.803 * P4 - 3.108 * P5 + 0.092 * P6 -2.725 *
 P8 + 3.517 * P9; evenness = -0.180 - 0.005 * P1 + 0.016 * P2 + 0.336 * P4 + 0.064 * P7 + 0.193 * P8.
 c Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001.

 ble for the greatest variation (Table 2). Species richness
 increased significantly with time since burning (Fig. 3)
 and when permanent and intermittent wetlands were
 nearby but decreased with nearby ditches. Species rich-
 ness also varied significantly with PCs 2 and 3, which
 were heavily influenced by dissolved oxygen and iron
 (Table 1). Low iron (i.e., low PC2 scores and high PC3
 scores) was associated with increased S (Fig. 3). Nonsig-
 nificant factors removed by stepwise regression in-
 cluded the "burned during study" dummy variable, indi-
 cating no immediate effect of spring bums.
 The final regression model accounted for 85.7% of the
 variation in E, with months since burning responsible
 for the greatest variation (Table 2). Evenness decreased
 significantly with time since last burn (Fig. 3); burning
 during the study did not alter this result. Evenness also in-
 creased significantly with distance to the nearest intermit-
 tent wetland, soil moisture, and PCs 1 and 2 (Table 2).

 Determinants of Amphibian Abundance

 The final backward-regression model accounted for
 98.4% of the variation in minimum anuran abundance

 (Table 3), which increased significantly with time since
 last burn and decreased significantly at sites burned dur-
 ing the study (Fig. 4). Collectively, these two factors ac-
 counted for 16.4% of the variation in minimum anuran
 abundance. However, distance to the nearest ditch
 accounted for most variation in minimum abundance

 (26.7%), which was significantly higher with ditches
 nearby. Minimum anuran abundance also increased sig-
 nificantly with increasing soil moisture and decreased
 with increasing scores on PCs 1-3 (Table 3). Anurans
 comprised 93.7% of all amphibians recorded, so minimum
 amphibian abundance had the same pattern (Table 3).

 In contrast, time since burning and burning during the
 study had no significant effects on minimum salamander
 abundance (Table 3). Instead, PCs 1-3 accounted for
 82.2% of the total variation, with PC1 explaining the
 most (67.3%; Table 3). Minimum salamander abundance
 increased with increasing PC1 scores. Principle compo-
 nents 2 and 3 explained considerable variation, with
 minimum salamander abundance decreasing with PC2
 and increasing with PC3 (Fig. 4). Distances to the near-
 est ditch and intermittent wetland explained smaller but
 significant amounts of variation (Table 3). Salamander
 abundance was highest at sites with nearby ditches but
 isolated from other wetlands.

 Discussion

 Immediate and Short-Term Effects of Prescribed Burns

 We found negative immediate and short-term effects of
 prescribed burning on amphibian abundance and diver-
 sity in the Francis Marion National Forest. Both anuran
 and total amphibian abundance were lower at sites
 burned during the study than at unburned sites. Previ-
 ously, direct effects of fire were considered negligible
 because most amphibians reside in wet, unburned areas,
 underground, or in the forest canopy (Means & Campbell
 1981; Mushinsky 1985; Friend 1993; Ford et al. 1999; Rus-
 sell et al. 1999). Immediately after fire, however, leaf-litter
 cover was lowest, resulting in higher soil-temperature
 variance than at unburned sites. Risks of desiccation and

 predation presumably were high, and amphibians may
 have been killed, migrated to unburned areas, or en-
 tered refugia until favorable conditions returned.

 Our results contradict the hypothesis that intermedi-
 ate burning frequencies maximize species richness (in-
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 Figure 3. Leverage plot of amphibian species richness and evenness for ponds in the Francis Marion National
 Forest: (a) amphibian species richness versus months since burn; (b) amphibian species richness versus water-
 chemistry principal component 2; (c) amphibian species richness versus water-chemistry principal component 3;
 (d) evenness versus months since burn; (e) evenness versus water-chemistry principal component 2; and (f)
 evenness versus water-chemistry principal component 1. A leverage plot shows one effect in the model after
 variation explained by all other effects has been removed. The solid line is the regression line, the heavy, dashed
 horizontal line is the mean number of species per study site, and the finely dashed lines enclose 95% confidence
 intervals. Abbreviations: TDS, total dissolved solids; DO, dissolved oxygen.

 termediate disturbance hypothesis; Connell 1978), at
 least on the time scale we considered. Instead, amphib-
 ian species richness increased linearly with time since
 last burn, largely because additional species were found
 at sites not recently burned. In addition, low salamander
 abundance reduced evenness at recently burned sites.
 Fire likely had linear short-term effects on species rich-
 ness and evenness because deep leaf-litter accumulations
 and other cool, moist microenvironments that amphibi-
 ans require take years to recover from prescribed burns.
 Minimum salamander abundance did not vary signifi-
 cantly between burned and unburned sites, but this re-
 sult should be interpreted with caution. We captured
 most (76%) salamanders during winter breeding migra-

 tions that preceded prescribed bums. Adult salamanders
 could suffer acute effects from burning if fire were to
 precede or coincide with the breeding season, which
 often occurs in the FMNF. Salamanders migrating across
 recently burned areas would be exposed to greater risks
 of desiccation and predation than those migrating on or
 through moist leaf litter. Determining whether amphib-
 ian breeding migrations are directly affected by pre-
 scribed burns should be a research priority.

 Influence of Terrestrial Variables

 Amphibian species richness decreased significantly with
 increasing distance to the nearest intermittent and per-
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 manent wetlands, suggesting that movement between
 aquatic habitats is important for maintaining local popu-
 lations. Independent evidence suggests that several am-
 phibian species have difficulty dispersing more than a
 few hundred meters from their natal ponds (Semlitsch
 1998, 2000; Fauth 1999b). Differential colonization
 ability also may explain why evenness was low when a
 temporary wetland was nearby: weak dispersers are gen-
 erally good competitors and often dominate the commu-
 nities they colonize (Hubbell 2001).

 Amphibian species richness decreased significantly
 when ponds had ditches nearby, which provide routes
 by which predatory fish can colonize ephemeral ponds
 (Snodgrass et al. 1996; Semlitsch 2000; Eason & Fauth
 2001). Fish are important predators of amphibians and
 can severely reduce the abundance and distribution of
 palatable species (Kats et al. 1988; Semlitsch 2000; Ea-
 son & Fauth 2001). Unpalatable species benefit indi-
 rectly from fish predation (Werner & McPeek 1994).
 Anuran, salamander, and total amphibian abundance all
 increased when ditches were nearby, but this was not
 attributable only to increases in unpalatable species (i.e.,
 bullfrogs and toads).

 Influence of Aquatic Variables

 Water-chemistry parameters significantly affected every
 response variable we examined, but PC scores were un-
 correlated with time since burning. We found high PC
 scores and high salamander abundance at ponds with
 hardwood vegetation. All were located in stands burned
 5-12 years previously. Current FMNF management plans
 prioritize the burning of pine stands over hardwoods
 (U.S. Forest Service 1996a, 1996b). When we removed
 hardwood ponds from stepwise regression models, wa-
 ter chemistry PCs and distances to intermittent wetland
 and ditch no longer affected minimum salamander abun-
 dances, but all other results remained unchanged. Am-
 phibians often are more abundant in hardwood than in
 pine stands (Bennett et al. 1980; Hanlin et al. 2000), and
 many amphibian species select sites based on soil pH (
 Wyman & Hawksley-Lescault 1987; Wyman 1988). Hard-
 wood litter generally has a higher pH than needle-domi-
 nated leaf litter and therefore is favored by species
 adapted to hardwood forests (Wyman & Jancola 1992;
 deMaynadier & Hunter 1995).

 In our study, mean species richness and minimum
 salamander abundance both increased with increasing
 pond pH. Other studies conducted in the FMNF (Fauth
 1999a; Eason & Fauth 2001) and elsewhere (Freda & Dun-
 son 1986; Sadinski & Dunson 1992; Jung & Jagoe 1995;
 Hecnar & M'Closkey 1996) document amphibian sensi-
 tivity to low pH. In addition to providing tolerable acid-
 ity conditions, hardwood leaf litter also may enrich
 ponds, creating conditions favorable for larval stages of
 acid-sensitive amphibians. Although hardwood stands
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 Figure 4. Leverage plots of minimum
 amphibian and salamander
 abundance in ponds in the Francis
 Marion National Forest: (a) minimum

 amphibian abundance versus months
 since burn; (b) minimum amphibian
 abundance versus sites burned during
 the study; (c) minimum salamander
 abundance versus aquatic principal
 component 2; (d) minimum
 salamander abundance versus aquatic
 principal component 3. Lines are as in
 Fig. 3. Abbreviation: DO, dissolved
 oxygen.

 may be important for maintaining diverse amphibian as-
 semblages, they do not support species adapted to pine
 flatwoods (Means & Campbell 1981), including most
 management indicator species and proposed, endangered,
 threatened, and sensitive amphibian species in the FMNF.

 Management Implications

 Our findings suggest that extensive and frequent pre-
 scribed burns are not beneficial to all members of fire-

 adapted southeastern pine communities. Amphibian
 species richness increased linearly with time since the last
 fire, and anuran abundance was lowest at sites burned

 during our study. We suggest that decreasing burn cy-
 cles to 3-5 years would maintain amphibian assem-
 blages without sacrificing native vegetation. At this fre-
 quency, fires burn incompletely because they are not
 extremely intense, leaving refugia for amphibians and
 other taxa (Friend 1993). Our data suggest that even
 longer intervals will benefit amphibians. Mushinsky
 (1986) also recommended a 5- to 7-year prescribed-bum
 cycle to maintain herpetofaunal assemblages in similar
 Florida sandhill communities. In general, bum cycles of
 <5 years adversely affect longleaf pine ecosystems (Cain

 et al. 1998), whereas fire frequencies of >3-5 years can
 generate more-intense fires, which can damage the en-
 tire community (McCullough et al. 1998). A prescribed-
 bum cycle approaching 5 years should balance the con-
 flicting needs of amphibians and longleaf pines without
 placing the entire community in danger of catastrophic
 fire.

 Maintaining spatial heterogeneity by burning small
 patches and varying fire intensity across the landscape
 should minimize the negative effects of frequent fires on
 amphibians. Recolonization of burned sites may be de-
 layed if the nearest unburned wetland is >200 m away
 (Semlitsch 1998; Fauth 1999a; this study). Some areas
 should be protected from frequent fires, which in the
 FMNF is consistent with U.S. Forest Service goals to pro-
 mote hardwood growth (U.S. Forest Service 1996a,
 1996c). This protection may prove especially beneficial
 for salamanders, which do not disperse as readily as
 frogs. Burning small areas rather than large tracts also
 meets the management goals of using fire to create a mo-
 saic of habitats that complement wildlife objectives (U.S.
 Forest Service 1996a).

 Varying burn season will benefit amphibian popula-
 tions by introducing temporal heterogeneity. We found
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 lower amphibian and anuran abundances immediately
 after bums, which occurred after salamander breeding
 migrations at our sites. Fires may hinder breeding migra-
 tions, and repeated interruption could cause localized
 extinctions (Semlitsch 2000). Palis (1997) attributed de-
 clines of flatwoods salamanders (A. cingulatum) in part
 to infrequent growing-season bums and resulting vegeta-
 tion changes. Traditionally, prescribed burning is done
 in winter to minimize damage to pine flatwoods. Recent
 evidence shows that growing-season bums are more ef-
 fective than winter bums in controlling hardwoods and
 sprouts (Langdon 1981; Streng et al. 1993; Sparks et al.
 1999) and are less likely to damage pines (reviewed by
 Streng et al. 1993). Growing-season bums also reduce fa-
 tal infections of longleaf pine seedlings by brown spot
 fungus (Streng et al. 1993). Although U.S. Forest Service
 management goals reflect this new knowledge, more
 than 80% of prescribed burning in the FMNF still occurs
 in the dormant season (U.S. Forest Service 1996a,
 1996b).

 The prescribed burning regime most effective for
 maintaining amphibian assemblages is likely to vary
 among regions and habitats. Prescribed burns in the
 southern Appalachians, U.S.A., apparently have little ef-
 fect on amphibians, which are largely sheltered by moist
 coves (Ford et al. 1999). Preliminary results from Ore-
 gon, U.S.A., also indicate that fire has little effect on ter-
 restrial amphibians (Bury et al. 2000). In comparison,
 fires are vital for maintaining the longleaf pine savannas
 that harbor diverse amphibian assemblages along the
 southeastern U.S. coastal plain and sandhills (Means &
 Campbell 1981; Mushinsky 1985; Means et al. 1996; Pa-
 lis 1997). Determining how fire affects amphibian spe-
 cies with different life-history traits should enhance un-
 derstanding of the trade-offs associated with different
 prescribed-burning regimes.
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