Marshall Digital Scholar
Theses, Dissertations and Capstones

2014

EXAMINING THE EFFECTS OF LIMING ON
GYRINOPHILUS PORPHYRITICUS WITH A
COMPARISON OF MULTIPLE SAMPLING
METHODS
Elise Marie Edwards
eedwards333@gmail.com

Follow this and additional works at: http://mds.marshall.edu/etd
Part of the Animal Sciences Commons, Oceanography and Atmospheric Sciences and
Meteorology Commons, and the Water Resource Management Commons
Recommended Citation
Edwards, Elise Marie, "EXAMINING THE EFFECTS OF LIMING ON GYRINOPHILUS PORPHYRITICUS WITH A
COMPARISON OF MULTIPLE SAMPLING METHODS" (2014). Theses, Dissertations and Capstones. Paper 865.

This Thesis is brought to you for free and open access by Marshall Digital Scholar. It has been accepted for inclusion in Theses, Dissertations and
Capstones by an authorized administrator of Marshall Digital Scholar. For more information, please contact zhangj@marshall.edu.

EXAMINING THE EFFECTS OF LIMING ON
GYRINOPHILUS PORPHYRITICUS WITH A COMPARISON
OF MULTIPLE SAMPLING METHODS
Thesis submitted to The Graduate College of
Marshall University

In partial fulfillment of the Requirements for the degree of
Master of Science Program
Biological Sciences: Organismal, Evolutionary and Ecological Biology

By: Elise Marie Edwards
Department of Biological Sciences Marshall University
Huntington, West Virginia May, 2014

Approved by:
Jayme Waldron, Ph.D., Committee Chairperson
Thomas K. Pauley, Ph.D.
Anne Axel, Ph.D.
Shane Welch, Ph.D.

Marshall University
May 2014

©2014
Elise Marie Edwards
ALL RIGHTS RESERVED

	
  

ii	
  

ACKNOWLEDGMENTS
First I would like to acknowledge Dr. Jayme Waldron for being a supportive and helpful advisor
for my entire graduate career at Marshall University. I have learned a lot about many different
things with Dr. Waldron as both a professor and an advisor. Secondly I want to thank the rest of
my committee, Dr. Anne Axel, Dr. Thomas Pauley and Dr. Shane Welch for all of their guidance
with my thesis as well as for their help in classes and insight into different problems that I have
faced along the way. The herpetology lab members have been a huge part of my time at Marshall
and I want to take the time to thank everyone that has influenced me in some way including,
Derek Breakfield, Kelli Herrick, Aaron Semasko, Brian Williamson, Abby Sinclair, Jessica
Curtis, Marcie Cruz, Tim Brust, Amy Fiedler, Chris Bowers, Shelby Timm, Cory Goff, Jonathan
Cooley and Brad O’Hanlon. Thank you all for the fun times in and out of the lab. I want to also
thank Kelli Herrick, Derek Breakfield and Derek Krall for their help in the field; I couldn’t have
completed my thesis without you guys! Lastly I would like to thank my family and friends for all
of their support, specifically my mom, stepdad and grandparents, Rhonda, Hank, Karen and
Ronald. They have helped me through so much and this was just another step that they have
helped me get through. I would like to acknowledge a few friends that have helped me through
my time at Marshall, Brittany Smith, Hannah Munger, Alexandria Brannick, Lyndsay Rankin,
Ariel Royer, Elise Heick Patrick Richards, and Giana Porpiglia. You all have helped me so much
when I have needed some reassurance and encouragement. Thank you again to everyone I have
mentioned here, everyone has been so supportive and helpful.
	
  

	
  

iii	
  

TABLE OF CONTENTS
ACKNOWLEDGMENTS...................................................................................................iii
TABLE OF CONTENTS.....................................................................................................iv
ABSTRACT.........................................................................................................................v
CHAPTER I: The Effect of Liming on Gyrinophilus porphyriticus Abundance ............... 1
INTRODUCTION.................................................................................................... 1
METHODS............................................................................................................... 3
STUDY SITES............................................................................................. 3
DATA COLLECTION................................................................................. 3
DATA ANALYSIS................................................................................................... 5
RESULTS................................................................................................................. 9
DISCUSSION........................................................................................................... 14
CHAPTER II: Estimating Gyrinophilus porphyriticus Detection Probability Using Multiple
Methods ............................................................................................................................... 17
INTRODUCTION.................................................................................................... 17
METHODS............................................................................................................... 18
STUDY SITES.............................................................................................. 18
DATA COLLECTION.................................................................................. 18
DATA ANALYSIS....................................................................................................21
RESULTS.................................................................................................................. 22
DISCUSSION............................................................................................................ 23
LITERATURE CITED...........................................................................................................26
APPENDIX A.........................................................................................................................33
IRB APPROVAL LETTER....................................................................................................36
	
  

iv	
  

VITA......................................................................................................................................37
ABSTRACT
Environmental acidification is affecting stream-associated species around the globe. As a result,
different management strategies have been implemented to deal with acidification resulting from
acid rain and acid mine drainage. Adding limestone to streams attempts to reverse the effects of
acidification. While liming increases the pH of many acidic environments, studies involving the
effects of liming on different animal species have shown mixed results. In this study, I examined
the effects of liming on Gyrinophilus porphyriticus (the Spring Salamander) abundance and I
also determined the best method of detection for G. porphyriticus. From June 10th to September
1st 2013, I used multiple methods (i.e., leaf litterbags (LLB), visual encounter surveys (VES),
and area constrained flip and search methods (FS)) to sample G. porphyriticus within 11 streams
in the Monongahela National Forest, West Virginia. Using N-mixture models, which allow for
estimations of abundance from count data and account for imperfect detection probabilities, I
examined the effects of direct application liming (DAL) on G. porphyriticus abundance. I found
that distance from the DAL site and lime frequency were important predictors of G.
porphyriticus abundance. These results should be considered, and can inform managers to
possible negative effects on salamander communities and other stream organisms. As a separate
research project I also estimated occasion-specific estimates of detection and used ANOVA to
determine if detection probability differed among the three sampling methods. I found that the
FS method yielded higher detection estimates than those from LLB and VES. In addition, using
basic occupancy models, occupancy estimates derived from FS sampling changed drastically
when compared among other single method models, suggesting that LLB and VES gave biased
estimates of occupancy related to a low probability of detecting G. porphyriticus at occupied
sites. In conclusion, efforts to monitor G. porphyriticus should rely on FS for sampling
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populations to maximize detection probability to reduce costs and increase effectiveness for
large, widespread research projects.
CHAPTER I
THE EFFECT OF LIMING ON GYRINOPHILUS PORPHYRITICUS ABUNDANCE

INTRODUCTION
Industrial SO2 emissions and acid mine drainage are major contributors to freshwater
ecosystem acidification (Oden, 1968;Rice & Herman, 2012). Several methods have been used since
the 1960’s to mitigate the effects of anthropogenic acidification by raising the pH of acidified
aquatic habitats (Clair and Hindar, 2005; Weatherly, 1988). Methods used to increase stream pH
(e.g., dozer liming, full catchment liming, and direct application liming) raise the H+ ion
concentration in streams by adding lime in the form of calcium carbonate (Weatherly, 1988). At an
ecosystem level, stream liming applications effectively reduce acidity and dampen seasonal shifts in
pH (Schofield & Keleher, 1995); however, the physical and chemical effects of liming can act as
major perturbations to stream habitats (Weatherly, 1988; Schreiber, 1996; McKie et al., 2009) and
thus researchers continue to document both positive and negative effects of liming on stream biota
(Bradley & Ormerod, 2002; Clair & Hindar, 2005; McKie et al., 2006).
Studies have reported mixed effects of liming on aquatic species (Clair & Hindar, 2005).
Liming has been shown to increase fish species richness, fish abundance and increase spawning
habitat for brook trout (Shoefield & Keleher, 1996; Clair & Hindar, 2005; Mant et al., 2011).
However, the effects are not consistent across rivers, and fish abundance has also been documented
to decrease after liming applications (Mant et al., 2011). In addition, mixed invertebrate responses
to liming include reduced benthic invertebrate numbers (Clayton & Menendez , 1996), increased
abundance of two leaf shredding species (McKie, et al., 2006), a reduction in detritivorous insects
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along with reduced decomposition rates (McKie, et al., 2006), and decreased diversity and
abundance of larval odonates (Amico et al., 2004). Inconsistent responses among species,
specifically benthic invertebrate taxa that are typically used in biotic indices of stream health (Feld
& Hering, 2007), warrant further examination of liming’s broader ecological effects.
Amphibians are considered bellwethers of the environment and have successfully been used
as indicator species to assess ecological integrity (Welsch & Droege, 2001;Micacchion, 2002; Corn
& Bury, 1989;Welsh & Ollivier, 1998; Rocco & Brooks 2000, Willson & Dorcas, 2003). Stream
salamanders can be excellent indicators of habitat integrity (Rocco & Brooks, 2000, Southerland et
al., 2004), particularly when streams are affected by fine sediments (Welsh & Ollivier, 1998).
Stream salamanders are suitable indicators because of their permeable skin that enhances their
susceptibility to environmental stress, their larval stage, which is confined to the stream, and their
use small home ranges that provide a biological signal with a fine spatial resolution (Southerland et
al. 2004).
Direct application liming (DAL) involves dumping limestone fines directly into the stream,
creating a turbid slurry that is dissolved and eroded away over time. This liming method results in
limited transport of limestone fines downstream and variable deposition of fines within stream
channels (Ivahnenko et al., 1988). Site-specific effects of DAL include lime sedimentation of the
hyporheic zone (i.e. the interstitial spaces within the stream substrate that contain water White,
1993). Gyrinophilus porphyriticus is a long-lived stream salamander with a 2 – 6 year larval period
(Bruce, 1972, 1980; Resetarits 1995) that inhabits the hyporheic zone of streams (Resetarits, 1991;
Lowe & Bolger, 2002; Bruce, 2003). These life history traits make the species susceptible to
sedimentation, and thus an excellent study organism for examining DAL effects in streams.
I used active DAL locations and G. porphyriticus abundances to examine potential negative
effects of this mitigation practice. I hypothesized that lime deposition within the stream channel
would have effects similar to other forms of sedimentation and thus negatively impact the species.
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Specifically, I expected G. porphyriticus abundances to be negatively impacted by DAL activities
(e.g., liming frequency, distance from DAL site). Additional studies on DAL will better inform
stakeholders about the efficacy of this form of mitigation.

METHODS
Study Sites:
I sampled 11 first- and second-order streams within the Monongahela National Forest
(687965.59 ha, elevation range from 274-1482 meters), WV (Figure 2). To ensure independence
among study sites, I sampled streams that were located at least 2,000 meters apart. Study sites were
located in high-gradient streams primarily affected by acid precipitation and therefore DAL was not
used at any site to mitigate for acid mine drainage. Streams received DAL treatments several times
(1-3) yearly. During each treatment, the West Virginia Division of Natural Resources deposited up
to 50 tons of sand-sized limestone fines directly into the stream.
Data Collection:
I sampled salamanders at three sites per stream relative to an active DAL location. For each
active DAL location, I sampled salamanders from a control site located 100 m above the lime
application site, and two treatment locations below the application site. The first treatment site was
randomly located 20-50 m below application site, and the second treatment site was systematically
located 100 m below the first treatment site (Figure 2). I sampled each stream five times, allowing
at least two weeks between each sampling period, from June 10th to September 1st 2013.
I used three methods to detect salamanders: leaf litterbags (LLB) (Pauley, & Little, 1998;
Jung et al, 2000; Waldron et al., 2003; Marsh, 2009; Ahl & Hampton, 2010; Nichols et al., 2008),
visual encounter surveys (VES) (Barr and Babbitt, 2001; Grover, 2006; Green et al., 2008), and an
area-constrained flip and search method (FS) (Heyer et al., 1994; Lowe and Bolger, 2002; Nichols
et al., 2008; Figure2b). I placed LLBs, also known as refugia bags, every four meters throughout a
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12-m transect in the stream. Litterbags consisted of a plastic netting (mesh size=1.9 cm2) that was
cut into sections (70 x140 cm) and then folded into a square (70 x 70 cm) to make a second layer of
netting. I filled all bags with leaf litter collected at the study sites. I closed bags using zip ties and
secured them using fishing line tied to trees on the stream bank. I deployed litterbags two weeks
prior to sampling to allow salamanders to enter the bags before the first sampling event. During
sampling, I removed litterbags from the stream and placed them in a plastic bin (46 x 42 x 38 cm),
shaking bags 60 times to remove all salamanders.
Directly downstream of the LLBs (Figure 1), I used nocturnal VESs to sample surfaceactive salamanders along a 10-m transect that encompassed the width of the stream. I walked
upstream using a flashlight (Waypoint Lithium Ion), recording the presence and counts of each
salamander species. All surveys were conducted between 21:00 and 02:00.
I used the FS method to sample subsurface salamanders in a 25 m2 plot located in the stream
channel. I flipped all cover objects within the plot. Each sampling occasion, I conducted FS in a
different 25 m2 plot to ensure sampling procedures did not affect subsequent salamander detection
via habitat modification. I recorded the number of G. porphyriticus present at each site and
combined the count data from each method to estimate abundance. I measured snout-vent length
(SVL) to the nearest millimeter, of all G. porphyriticus caught during LLB surveys.

UPS
Lime
100m
Upstream	
  	
  

	
  

20-‐50m
	
  

	
  

DS2

DS1

	
  

	
  

100m
	
  

Downstream	
  

Figure 1.
A) Salamander sampling sites relative to a stream DAL location. UPS = upstream sites; DS1 =first
downstream site of DAL site; DS2 = second downstream site from DAL site. Upstream samples
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(UPS) were located 100 m above application site and served as controls. Downstream 1 (DS1) and
downstream 2 (DS2) were treatment sites located below DAL location.

I measured all sampling covariates (i.e., 3 methods [transects] per site, see Table 1 & Figure
1) at the beginning of each sampling occasion. I measured stream width (m), stream depth (cm) and
maximum depth (cm) after searching each transect for salamander larvae, as to avoid any stream
disturbance prior to sampling. Static site covariates included the number of days past the liming
event, distance from the lime application, lime frequency and canopy cover. Stream embeddedness,
channel flow status, channel alteration and bank stability, were additional site covariates that were
measured at each sampling occasion. Embeddedness, channel flow status, channel alteration and
bank stability were averaged across sampling occasions for each site (Table 2).

DATA ANALYSIS
I used correlation analysis in SAS [9.3] (Copyright 2002-2010) to examine colinearity
among covariates and retained the most biologically appropriate variable when r ≥ 0.7. I used
package unmarked in program R (Fiske & Chandler, 2011) and Royle’s (2004) N-Mixture models
to examine 32 candidate models estimating covariates effects on G. porphyriticus abundance and
detection probability (Table 3). I specified a negative binomial distribution and averaged beta
estimates from supported models to examine covariate effects. I used 95% confidence intervals to
assess significance (i.e., confidence intervals that included 0 were not considered significant). I
examined model fit using a chi-squared goodness-of-fit test, with 1000 parametric bootstraps on our
most parameterized model (λ (Distance) p (Stream W+ Stream D). I used Akaike information
criterion (AIC) model selection and retained models with AIC ≤ 2.00 for inference (Burnham and
Anderson 2001). I used ANOVA in program R to examine whether G. porphyriticus body size
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differed among our downstream and upstream sites based on snout vent length (SVL) and total
length (TL) measures from LLB surveys (Figure 1).

Table 1: Sampling covariates measured at each sampling location.
Sampling Covariates
pH
Measured using a pHTest ® Series, pH Testr30, measured to the nearest
tenth
Air Temperature (AT)
Measured to the nearest degree using Taylor 9878E pocket
Thermometer
Water Temperature (WT)
Measured to the nearest degree using Taylor 9878E pocket
Thermometer
Stream Water Depth (Stream D) Measured to the nearest cm at three locations in the stream , the left
bank, middle and right bank (facing upstream) then averaged
Stream Width (Stream W)
Measured to the nearest 0.1 m at the beginning, middle, and end of each
transect, then averaged.
Percent Sand (% Sand)
The amount of sand covering each transect, observed and recorded to
the nearest 5% of sand coverage
Relative Humidity (RH)
Percent measured using a hydro-thermometer from Control Company at
each transect
Dissolved Oxygen
Determined by using YSI Environmental 556nps Multiprobe system
Conductivity
Determined by using YSI Environmental 556nps Multiprobe system
Table 2. Site covariates included in candidate models
Site Covariates
Embeddedness (EMB)
Measured using EPA habitat rapid assessment forma for high gradient
Channel flow status (CH)
streams. I ranked each transect according to the rapid assessment
Channel Alteration (CA)
protocol during every sampling occasion and then averaged each rank to
Bank Stability (BS)
obtain an average for each site.
Canopy Cover (CC)
Measured in early August using a Geographic Resource Solutions
Densitometer by walking the middle of each transect and recording
measurements every three meters (10 measurements per site)
Distance from Lime (Distance) The first treatment site 20-50 m downstream from lime using random
number assignment; the second treatment site was located 100 m
downstream from the first. The control site was located 100 upstream of
DAL.
Site
Each site was placed into one of three categories, above lime, directly
downstream from lime and 100 m downstream from the lime.
Lime Frequency
Continuous variable representing number of times treatment sites
received liming application during study period.
a
EPA, 2001
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Figure 2: Study site locations in the Monongahela National Forest, WV. Sites were located in
Pocahontas, Greenbrier and Randolph counties.
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Table 3: Thirty-two candidate models used to examine G. porphyriticus abundance.

Model
λ (.) p (.)
λ (Distance) p (.)
λ (Lime Frequency) p (.)
λ (Site) p (.)
λ (CC) p (.)
λ (EMB) p (.)
λ (.) p (Stream D)
λ (.) p (EMB)
λ (.) p (%Sand)
λ (.) p (Days past)
λ (.) p (CC)
λ (Distance) p (%Sand)
λ (Distance) p (Stream D)
λ (Distance) p (Days past)
λ (Distance) p (CC)
λ (Distance) p (EMB)
λ (Distance) p (Lime
Frequency)
λ (Distance) p (Stream
D+%Sand)
λ (Distance) p (Stream W+
Stream D)
λ (Lime Frequency) p
(Stream D)
λ (Lime Frequency) p
(Days past)
λ (Lime Frequency) p
(%Sand)
λ (Lime Frequency) p (CC)
λ (CC) p (%Sand)
λ (CC) p (Stream D)
λ (CC) p (Stream W+
Stream	
   D)

Model Explanation
Abundance and detection probabilities are constant
Abundance as a function of the distance from lime application; detection
probability is constant
Abundance as a function of lime frequency; constant detection
probability
Abundance as a function of site; constant detection probability
Abundance as a function of canopy cover; constant detection probability
Abundance as a function of embeddedness; constant detection
probability
Constant abundance; detection probability as a function of stream depth
Constant abundance; detection probability as a function of embeddedness
Constant abundance is; detection probability as a function of sand
coverage
Constant abundance; detection probability as a function of the number of
days since last liming event
Constant abundance; detection probability as a function of canopy cover
Abundance as a function of distance from lime application; detection
probability as a function of sand cover
Abundance as a function of distance from lime application; detection
probability as a function of stream depth
Abundance as a function of distance from lime application; detection
probability as a function of the number of days since last liming event
Abundance as a function of distance from lime application; detection
probability as a function of canopy cover
Abundance as a function of distance from lime application; detection
probability as a function of embeddedness
Abundance as a function of distance from lime application; detection
probability as a function of lime frequency
Abundance as a function of distance from lime application; detection
probability as a function of stream depth and sand cover
Abundance as a function of distance from lime application; detection
probability as a function of stream width and depth
Abundance as a function of lime frequency; detection probability as a
function of stream depth
Abundance as a function of lime frequency; detection probability as a
function of number of days since liming event
Abundance as a function of lime frequency; detection probability as a
function of sand cover
Abundance as a function of the lime frequency of a site detection
probability as a function of canopy cover
Abundance as a function of canopy cover; detection probability as a
function of sand cover
Abundance as a function of the canopy cover over each site; detection
probability as a function of stream depth
Abundance as a function of canopy cover; detection probability as a
8	
   depth
function of stream width and

λ (Site) p (Stream D)
λ (Site) p (%Sand)
λ (Site) p (Days past)
λ (Site) p (CC)
λ (Site) p (EMB)
λ (Site) p (Stream D +
Stream W)

Abundance as a function of site; detection probability as a function of
stream depth
Abundance as a function of site; detection probability as a function of
sand cover
Abundance as a function of site; detection probability as a function of the
number of days since the last liming event
Abundance as a function of site; detection probability as function of
canopy cover
Abundance as a function of site; detection probability as a function of
embeddedness
Abundance as a function of site; detection probability as a function of
stream width and depth

RESULTS
I captured 163 G. porphyriticus larvae. I detected G. porphyriticus at 31 sites, and thus naïve
occupancy was 91.2%. Each sampling event yielded, on average, 33 larvae (range: 1-5 individuals
found per site). Covariates were not correlated (i.e., r ≥ 0.7). Seven candidate models were used for
inference (i.e., Δ AIC ≤ 2.00; χ = 5.65 Table 5). Our top model held abundance constant and
estimated detection probability as a function of stream depth (Figure 3). Six additional models
received support (see Table 4). Distance from DAL was the most important covariate of G.
porphyriticus abundance, accounting for 32% of model weights; however, I failed to detect a
significant effect of distance from DAL on G. porphyriticus abundance (model-averaged beta =
0.0001 ± 0.0010; 95% CI=-0.0029 – 0.0021). Liming frequency and canopy cover accounted for
21% and 20% of model weights, respectively; however, neither covariate was significantly
associated with G. porphyriticus abundance (model-averaged betas for liming frequency = -0.1700
± 0.1280; 95% CI=-0.4201 – 0.0801, and canopy cover = -0.2200 ± 0.6550; 95% CI= -1.5038 –
1.0638). Embeddedness and site were poor covariates of abundance, accounting for 1% and 3% of
model weights, respectively.
Stream depth was the most important covariate of G. porphyriticus larvae detection,
accounting 75% of model weights. Detection probability was negatively associated with stream
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depth (model-averaged beta = -0.2729 ± 0.1186; 95% CI=-0.5053 – -0.0405). Stream width and
percent sand cover accounted for 25% and 17% of model weights respectively (model-averaged
betas for stream width -0.2145 ± 0.1170; 95% CI=-0.4438 – 0.0148 and % sand cover -0.2050±
0.0119; 95% CI= - 0.4382 – 0.0282). The number of days past the liming event, canopy cover, and
embeddedness were poor predictors of detection, resulting in 4%, 2% and 1% of model weights
respectively. Average G. porphyriticus snout vent length (SVL) (F2, 13 = 4.37; P = 0.04) differed
among upstream and downstream sites (Figure 1). Mean SVL was 40 ± 5 mm for the upstream site
(UPS), 25 ± 3 mm for the first downstream site (DS1) and 30 ± 6 mm for the second downstream
site (DS2).
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Table 4. Coefficients from supported models (i.e. ΔAIC ≤ 2.00). Abundance was considered a
function of the distance from DAL (Distance), the number of liming events (Lime Frequency) and
canopy cover (CC). Detection was considered a function of stream depth (Stream D), stream width
(Stream W) and sand cover at a site (%Sand). Confidence intervals (95%) are represented by LCI
(lower) and UCI (upper).
Abundance Models
λ(.), p(Stream D)

λ(Lime Frequency), p(Stream D)

λ(CC), p(Stream W+ Stream D)

λ(Distance), p(Stream W+ Stream
D)

λ(Distance), p(Stream D+%Sand)

λ(CC), p(Stream D)

λ(Distance), p(Stream D)

	
  

Parameter
λ(.)
p(.)
p(Stream D)
λ(.)
λ(Lime Frequency)
p(.)
p(Stream D)
λ(.)
λ(CC)
λ(.)
p(Stream W)
p(Stream D
λ(.)
λ(Distance)
λ(.)
p(Stream W)
p(Stream D)
λ(.)
λ(Distance)
λ(.)
p(Stream D)
p(%Sand
λ(.)
λ(CC)
λ(.)
p(Stream D)
λ(.)
λ(Distance)
λ(.)
p(Stream D)
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β
1.9300
-1.8510
-0.2820
2.1500
-0.1700
-1.848
-0.282
2.0330
-0.2540
-1.7900
-0.2130
-0.2640
1.8731
0.0003
-1.7880
-0.2160
-0.2560
1.9557
0.0002
1.9040
-0.2720
-0.2050
2.0390
-0.1910
-1.8510
-0.2860
1.9330
-0.0002
-1.8510
-0.2830

SE
0.1950
0.1830
0.1170
0.2510
0.1280
0.1820
0.1170
0.4420
0.6690
0.2040
0.1160
0.1220
0.2126
0.0014
0.2040
0.1180
0.1210
0.1965
0.001
0.1840
0.1170
0.1190
0.4230
0.6410
0.1840
0.1180
0.2980
0.0014
0.1830
0.1180

LCI
1.5453
-2.2099
-0.5119
1.6535
-0.4209
-2.2047
-0.5103
1.1666
-1.5658
-2.1893
-0.4399
-0.5027
1.4563
-0.0025
-2.1871
-0.4473
-0.4940
1.5606
-0.0023
-2.2649
-0.5017
-0.4379
1.2110
-1.4471
-2.2108
-0.5172
1.5450
-0.0029
-2.2095
-0.5130

UCI
2.3095
-1.4922
-0.0516
2.6367
0.0806
-1.4903
-0.0531
2.8986
1.0571
-1.3904
0.0140
-0.0255
2.2899
0.0031
-1.3881
0.0151
0.0182
2.3308
0.0030
-1.5436
-0.0424
0.02798
2.8674
1.0656
-1.4912
-0.0542
2.3211
0.0025
-1.4917
-0.0523

Table 5. Akaike information criterion (AIC) model selection results from 32 candidate models
examining covariate effects of abundance (λ) and detection probability (p). All models with ΔAIC <
2.00 were considered to have support.

Models
λ(.), p(Stream D)
λ(Lime Frequency), p(Stream D)
λ(CC), p(Stream W+ Stream D)
λ(Distance), p(Stream W+ Stream D)
λ(Distance), p(Stream D+%Sand)
λ(CC), p(Stream D)
λ(Distance), p(Stream D)
λ(.), p(%Sand)
λ(.), p(Days past)
λ(Lime Frequency), p(Days past)
λ(Lime Frequency), p(%Sand)
λ(.), p(.)
λ(Site), p(Stream D + Stream W)
λ(Distance), p(%Sand)
λ(CC), p(%Sand)
λ(Lime Frequency), p(CC)
λ(.), p(CC)
λ(Distance), p(Days past)
λ(Distance), p(Lime Frequency)
λ(EMB), p(.)
λ(Site), p(Stream D)
λ(.), p(EMB)
λ(CC), p(.)
λ(Distance), p(.)
λ(Lime Frequency), p(.)
λ(Distance), p(CC)
λ(Distance), p(EMB)
λ(Site), p(%Sand)
λ(Site), p(Days past)
λ(Site), p(.)
λ(Site), p(CC)
λ(Site), p(EMB)

	
  

k
4
5
6
6
6
5
5
4
4
5
5
3
8
5
5
5
4
5
5
4
7
4
4
4
4
5
5
7
7
6
7
7
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AIC
451.55
451.81
451.98
452.07
452.50
453.46
453.52
454.22
454.84
455.38
455.41
455.55
455.99
456.08
456.13
456.24
456.30
456.83
457.21
457.32
457.36
457.51
457.55
457.55
457.55
458.21
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Figure 3: The relationship between Gyrinophilus porphyriticus detection probability and stream
water depth (β= -0.28 ± 0.12 derived from model (λ (Lime Frequency), p (Stream Depth)).

	
  

13	
  

50	
  

Snout	
  Vent	
  Length(	
  SVL;mm)	
  

45	
  

a	
  

40	
  

ab	
  

35	
  

b	
  

30	
  
25	
  
20	
  
15	
  
10	
  
5	
  
0	
  
UPS	
  

DS1	
  

DS2	
  

Site	
  

Figure 4: Average body size (snout vent length; SVL) of G. porphyriticus larvae collected from
leaf litter bags at controls and treatment sites. UPS = upstream (n = 8), control; DS1 = downstream
1 (n = 6), treatment; DS2 = downstream 2 (n = 6), treatment. Sites sharing letters did not
significantly differ.

DISCUSSION
Although I failed to detect significant relationships, distance from DAL and liming
frequency were the most important covariates of G. porphyriticus abundances. The importance of
these covariates suggests that there were potentially sedimentation-like effects, especially directly
below the lime application. However, farther from the DAL site there could be an increase in G.
porphyriticus abundance due to dissolution of lime sediments which allows for increased habitat
availability due to less sediment filling in the hyporheic zone. Lime frequency also appears to be an
important predictor of abundance, however, I failed to detect a significant effect. I expected that
higher liming frequencies would cause continuous perturbations to the stream, negatively affecting
G. porphyriticus abundance. Interstitial spaces between gravel are reduced with the addition of fine
sediments (Crisp, 1989; Wood & Armitage, 1997), potentially reducing the availability of refugia
for G. porphyriticus larvae (See Appendix A, Figures 2 & 3). Refugia loss could increase predation
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when fish are present (Sih et al., 1988; Sih & Kats, 1991), therefore decreasing G. porphyriticus
larval survival (Resetarits, 1991) and abundance. However, lime deposition dissolves over time and
G. porphyriticus abundance could potentially rebound after each perturbation, similar to populations
exposed to effects from timber harvests sedimentation that is eventually flushed downstream (Lowe
& Bolger, 2002). It is possible that the exposure to DAL and increased lime frequency is not
persistent enough to cause any long-term effects on G. porphyriticus abundance.
Although DAL and lime frequency were the most important predictors of G. porphyriticus
abundance, I also observed other physiological factors, such as effects of liming on the gills and
early metamorphosis that could affect G. porphyriticus larval populations. I noticed dark spots on
the gills of several larvae, 20-50 meters downstream of the liming application site (See Appendix A,
Figure 1); these gill spots may be necrotic tissue and the result of physical injury or low dissolved
oxygen during and preceding DAL events. Suspended sediments have strong negative effects on
gills of other species (e.g., fish, crayfish (Martens & Servizi, 1993; Rosewarne et al., 2014), and
while no studies have examined the effects of liming on larval salamander respiration, Keitzer and
Goforth (2012) suggested that reduced respiratory capacity was an effect of larval salamander
exposure to sedimentation. The potential effects on gill tissue exposed to direct liming applications
could increase mortality rates, and therefore affect abundance in limed streams.
Salamander metamorphosis hinges on resource availability, and the conditions of their
environment (Semlitsch & Wilber, 1988; Newman, 1992). I detected a difference in body size
between salamander larvae occupying our control sites and those experiencing direct impacts from
DAL (Figure 4). Because G. porphyriticus has a variable larval period (i.e., 2 – 6 years), I believe
that this could be the result of individuals metamorphosing earlier in their larval stage. A plastic
larval period may allow local populations to respond to sudden shifts in selection pressure through
life history tradeoffs (Wilbur & Collins 1973; Newman, 1992). For example, G. porphyriticus may
‘trade’ a longer larval period and larger metamorph size for early maturation. This tradeoff could
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result in smaller sized individuals but allow for G. porphyriticus to leave areas with repeated
perturbations of liming events. This study demonstrates that DAL and lime frequency play
important roles on the effect on G. porphyriticus abundance. However, I stress the importance of
further investigation into these possible predictors of abundance (i.e. lime frequency and distance
from DAL) and additional insight into other physiological effects on G. porphyriticus from liming
need to be considered.
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CHAPTER II
ESTIMATING GYRINOPHILUS PORPHYRITIUCS DETECTION PROBABILITY USING
MULTIPLE METHODS

INTRODUCTION
Imperfect detection probability (i.e., the probability of detecting a species is less than one) is
a major problem in many ecological studies. Therefore, we must account for imperfect detection
probability when trying to estimate key state variables, such as occupancy (MacKenzie et al., 2002;
Pollock et al. 2002; MacKenzie, 2005) and abundance (Royle & Nichols, 2003). Detection
probability, or the probability of detecting a species when it is present at a site (Boulinier et al.,
1998; Mackenzie et al., 2002), is often treated as a nuisance variable in ecological modeling
(Christy et al., 2010). However by accounting for detection probability we can better estimate both
occupancy and abundance. Researchers maximize detection through increased spatial and temporal
replication (MacKenzie & Royle, 2005) and by employing multiple methods (Grover, 2006;
Mattfelt and Grant, 2007).
By examining detection probability as the primary variable of interest, researchers can
evaluate the performance of sampling covariates, which typically include abiotic factors, sampling
method (Bailey, 2004; Mattfelt & Grant, 2007), and survey type (Conway, 2004). Sampling
methods that maximize detection probability allow for reduced spatial and temporal replication,
which lessens both logistical and financial costs of monitoring. By including method as a covariate
of detection probability in occupancy models, researchers can examine the utility of multiple
methods and determine if specific methods yield different detection probability estimates and result
in biased occupancy estimates (Bailey, 2004; O’Connell, 2006; Mattfelt & Grant, 2007).
In this study, I examined the utility of three commonly-used, stream-associated salamander
sampling methods: leaf litter bags surveys (LLB), visual encounter surveys (VES), and areaconstrained flip and search surveys (FS), to sample the Spring Salamander (G. porphyriticus)
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larvae. Information about the best detection methods for the Gyrinophilus porphyriticus is lacking,
although several methods have been used to sample the species. Our goal was to evaluate G.
porphyriticus sampling methods to determine which method, or combination of methods, yielded
the highest detection probabilities for G. porphyriticus larvae. Based on G. porphyriticus habitat use
of the hyporheic zone (Resetarits, 1991; Lowe & Bolger, 2001; Bruce, 2003), nocturnal surface
activity (Green, et al., 2008; Grover, 2006), and use of leaf litter for foraging, I expected the
combination of all three methods (i.e. FS, LLB and VES) would maximize detection probability and
thus increase occupancy estimates of G. porphyriticus. The results of this study are important
because they will aid salamander sampling protocols, helping defer costs and logistical constraints
of monitoring programs.

METHODS
Study Sites
I sampled 11 first-order and second-order streams within the Monongahela National Forest
(687965.59 ha, elevation range 274-1482 meters), WV (Figure 1). To ensure independence among
sampled streams, I sampled streams that were located at least 2,000 meters apart. The study area
was primarily second growth forest, with various tree species including oak (Quercus sp.), eastern
hemlock (Tsuga canadensis), red spruce (Picea rubens), and maple species (Acer sp.).
Data Collection
I sampled three sites, along each stream (N=34 sites), that were approximately 100-150
meters apart (Figure 2a). Each site was used in a previous study that required 34 sites (See Chapter
1). I used three methods to detect salamanders: LLB surveys (Pauley, & Little, 1998; Jung et al.,
2000; Waldron et al., 2003; Marsh, 2009; Ahl & Hampton, 2010; Nichols et al., 2008), VESs (Barr
and Babbitt, 2001; Grover, 2006; Green, Lowe & Likens 2008), and FS methods (Heyer et al.,
1994; Nichols et al., 2008; Lowe and Bolger, 2002, Figure2b). I placed LLBs, also known as
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refugia bags, every four meters throughout a 12-m transect in the stream. Litterbags consisted of a
plastic netting (mesh size=1.9 cm2) that was cut into sections (70x140 cm) and then folded into a
square (70 x70 cm) to make a second layer of netting. I filled all bags with leaf litter collected at the
study sites. I closed the bags using zip ties and secured them using fishing line tied to trees on the
stream bank. I deployed litterbags two weeks prior to sampling to allow salamanders to enter the
bags before the first sampling event. During sampling, I removed litterbags from the stream and
placed them in a plastic bin (46x42x38 cm), shaking bags 60 times to remove all salamanders.
Directly downstream of the LLBs (Figure 2b), I used nocturnal VESs to sample surfaceactive salamanders along a 10-m transect that encompassed the width of the stream. I then walked
downstream to upstream using a flashlight (Waypoint Lithium Ion), recording the presence and
counts of each salamander species in each transect. All surveys were conducted between 21:00 and
02:00.
Because G. porphyriticus often reside in spaces between rocks (Resetarits, 1991; Lowe &
Bolger, 2001; Bruce, 2003), I used the FS method to sample subsurface salamanders in a 25 m2 plot
located in the stream channel. I flipped all cover objects within the plot. During each sampling
occasion, I conducted FS in a different 25 m2 plot to ensure sampling procedures did not affect
subsequent salamander detection via habitat modification.
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Figure 1: Study site locations in the Monongahela National Forest, WV. Sites were located in
Pocahontas, Greenbrier and Randolph counties.
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Figure 2:
A) Sampling scheme: Three sites (rectangles) were located in each stream, with two sites 100
meters apart and the upstream sites were separated by a random distance of 120-150 meters.
B) At each site (rectangle), three leaf litterbags were placed upstream (four meters apart) of all other
methods. Below the LLBs, I conducted VES surveys in a 10-meter stretch of the stream. Directly
below the VES transect, I chose five 25m2 areas where I conducted our FS method (I sampled each
25-m2 area once). Each method was considered a transect (thus three transects per site).
DATA ANALYSIS
Using presence/absence data, I derived sampling-occasion-specific (N=5) detection
probability estimates for VES, LLB, and FS in three separate analyses, using data collected
exclusively from each method. Additionally, I estimated occasion-specific estimates of detection
probability using all possible method combinations. I derived all occasion-specific detection
probability estimates from models that held occupancy and detection constant. Method
combinations were denoted as FSLLB, for example, which included detections for both FS and
LLB methods. Other combinations include FSVES, VESLLB, and ALL methods, which included
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FS, VES and LLB detections combined. I used analysis of variance (ANOVA) to compare detection
probabilities derived from single methods and method combinations. I conducted a post hoc
Tukey’s HSD (honest significant difference) as a multiple comparison procedure. Lastly, I used
constant occupancy and detection models (ψ(.), p(.)) to quantify occupancy probabilities from
presence-absence data collected from each sampling method.

RESULTS
I captured 163 G. porphyriticus larvae. I captured 23, 112, and 28 individuals in VES, FS, and LLB,
respectively. In my first analysis, detection probability differed among methods (Fdf1=6,
df2=28=0.1231,

p < 0.0001, Figure 2). Detection probabilities averaged 0.71 ± 0.04, 0.60 ± 0.05, 0.64

± 0.05, and 0.67 ± 0.04 for ALL, FS, FSLLB, AND FSVES, respectively. Detection probabilities
were the lowest in VES (p=0.33 ± 0.07) and LLB (p=0.56 ± 0.05) surveys (Figure 2). Occupancy

Detection Probability

probabilities were highest in ALL and FS methods (Figure 3).
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Figure 2. Results of ANOVA comparing detection probabilities derived from
constant models (ψ(.), p(.)) containing presence/absence data for each method
(N=5).
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Figure 3. Occupancy probability estimates and 95% confidence intervals of
each method used, leaf litter bags (LLB), flip and search methods (FS) and
visual encounter surveys (VES) and for the combinations of these methods.

DISCUSSION
Consistent with our expectations, the combination of all sampling methods (i.e., FS, LLB
and VES) resulted in the highest detection probability and most robust occupancy estimates for G.
porphyriticus larvae (Figure 1). However, the use of all methods may be unnecessary when
attempting to obtain accurate occupancy estimates because FS appears to be the driver of high
detection probability. Therefore, FS methods could be used as a stand-alone method to minimize
time and costs of surveys. Flip and search surveys likely yielded higher detection probability
estimates than VES and LLB due to G. porphyriticus use of subterranean habitat (Bruce, 2003). The
combination of their preference for the hyporheic zone and limited surface activity likely increased
our ability to detect G. porphyriticus using FS. Other salamanders that use the hyporheic could also
be detected using FS methods alone, and therefore FS methods should be considered when dealing
with species that primarily use rock cover as a source of refuge.
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MacKenzie et al. (2002) demonstrated that studies using ≥ 5 sampling occasions and a
species with high detection probability (≥ 0.3) yielded reasonably unbiased occupancy estimates.
Therefore, I caution against using VES as a primary sampling method for G. porphyriticus, given
that VES resulted in low detection probability estimates. Our goal in using this method was to
detect G. porphyriticus adults as well as larvae; however, I did not find enough adult individuals for
analysis. Sampling terrestrial areas could have increased detection probability using VESs, which
has been an effective method for detecting Gyrinophilus adults in many studies (Grover, 2006;
Green et al., 2008). Low detection of larvae during VES surveys could have also been the result of
high rainfall events —leading to low visibility—or to swift water resulting in in reduced surface
activity of G. porphyriticus larvae. For detecting larval individuals, VESs may not be ideal for
maximizing detection.
While I chose LLB methods because G. porphyriticus larvae are often found in leaf litter
(Gustafson 1994) and their prey sources also rely on leaf litter (Cummins & Klug, 1979), I did not
detect many individuals in LLBs. Low capture success in LLB likely reflected high rainfall amounts
(average for the summer was, 134 mm). It is possible that G. porphyriticus larvae did not rely on the
LLBs as a source of refuge and used primarily subterranean areas to avoid getting washed down
stream due to high rainfall events.
Stream salamander detection probability is variable, reflecting changes in climate, season,
and landscape variables (Hyde & Simons 2001); as a result, the best method of detection is needed
to observe responses to environmental factors. Therefore, insight into the utility of sampling
methods for stream salamanders provides additional knowledge for large-scale monitoring
programs. The results of this study indicated that stream salamander monitoring programs would
benefit from the inclusion of FS sampling. With greater detection of a subterranean species, the use
of FS methods could also be useful for other species that inhabit the same microhabitat (e.g. other
salamander species, crayfish, and benthic macroinvertebrates) (See Appendix A Table 1 for a list of
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other salamander species found). Because FS methods resulted in high estimates of detection and,
therefore more accurate estimates of occupancy, the FS methods for G. porphyriticus sampling may
result in efficient and cost effective monitoring programs. While amphibian detection probability
tends to be higher in aquatic habitats compared to terrestrial habitats (Heyer et al. 1994), there is
still a need to develop streamlined methods for larger surveys to increase efficiency and
effectiveness of monitoring programs. The effectiveness of using multiple methods for detection has
been studied (e.g., Bailey et al. 2004; O’Connell et al. 2006; Mattfeldt & Grant, 2007), however
efforts to estimate G. porphyriticus abundance and occupancy have not previously included a
comparison of the most common methods to sample G. porphyriticus larvae. Overall, researchers
completing long-term studies can use FS methods to better examine trends in G. porphyriticus
population dynamics by accurately monitoring this species.
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Figure 1: Gill differences in limed and unlimed streams of G. porphyriticus. Images A and C show
an individual’s gills right below the lime, C is a close up image of the gills. B and D represent an
individuals gills above the lime, D is a close up of the gills above the lime.
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Figure 2: One site below the liming applications at one of our sites, Otter Creek in Randolph
county WV approximately 200 meters below the lime application

Figure 3: One site above the liming applications at one of our sites, Otter Creek in Randolph
county WV
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Table 1. The number of each other species found in each method, LLB, VES and FS at only
upstream sites not effected by direct application liming. Species found other than G. porphyriticus
included: Eurycea bislineata, Desmognathus fuscus, Desmognathus monticola, Desmognathus
ochrophaeus and Pseudotrition ruber.

	
  

Species

VES

FS

LLB

Eurycea bislineata

2

17

49

Desmognathus fuscus/Desmognathus monitola

0

1

13

Desmognathus ochrophaeus

1

2

2

Pseudotrition ruber

0

1

1
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