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We sampled stream salamanders on 10 golf courses in western North Carolina, USA.
Stream transects running through fairways contained lower abundance and diversity of salamanders.
Salamander abundance was related to leaf litter depth, coarse woody debris, and buffer width.
Chemicals down-stream of fairways were rarely detected.
The ecological value of golf course streams may be enhanced by protection or restoration of riparian habitat.
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a b s t r a c t
Recent studies indicate golf courses may have a potential role in biodiversity conservation and management in human dominated landscapes. To serve this ecological role, effects of current golf course
management practices must ﬁrst be better understood. We sampled larval, juvenile, and adult stream
salamanders in transects located upstream, through, and downstream of managed fairways of 10 golf
courses in western North Carolina, USA. We measured in-stream and riparian habitat characteristics and
tested for nitrate and pesticide chemicals to explain trends in salamander abundances and diversity.
Stream transects located directly on fairways contained lower abundance of larval, metamorph, juvenile,
and adult salamanders than either upstream or downstream transects. The species diversity of aquatic
larval and metamorph salamanders on fairways was also reduced but only compared to the upstream
transects, and terrestrial juvenile and adult diversity did not differ among the three transect locations.
Our analysis found that leaf litter depth, CWD, soil moisture, and buffer width parameters found within
several models were positive predictors of salamander abundance and diversity. Nitrate was not detected
at any of the stream reaches and two of the 16 pesticide chemicals screened were only detected in negligible proportions. Our ﬁndings suggest golf courses in western North Carolina can currently provide
viable habitat for stream salamanders in reaches upstream and downstream of managed areas of courses
and streams running through fairways may be enhanced through simple management practices such as
retaining woody debris, leaf litter, and restoring a riparian buffer.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The ecological value of streams and rivers globally is inﬂuenced
by increasing human land use (Allan, 2004). Currently, there are
estimated to be more than 31,500 golf courses worldwide (Tanner &
Gange, 2005). With over 18,300 golf courses in the U.S. alone (Baris,
Cohen, Barnes, Lam, & Ma, 2010) encompassing over 2.7 million
acres (Colding, Lundberg, Lundberg, & Andersson, 2009), golf has
become an appreciable portion of land use in the United States. The
ecological impacts of golf courses are not always straightforward,
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and popular opinion of the impacts of golf courses on the environment can be in direct opposition of scientiﬁc studies (Wheeler &
Nauright, 2006). Further, results from the scientiﬁc literature can
be seemingly as contradictory in their reporting (see below). To
better understand the ecological impacts of golf courses, it is necessary to move beyond the deceptive dichotomy of “good” or “bad”
(Sheil & Meijaard, 2010), and to measure impacts using ecologically
meaningful responses for target organisms.
A major focus of discussion regarding known or suspected ecological impacts of golf courses has been water quality, typically
focusing on chemical toxicology (Wheeler & Nauright, 2006). Golf
courses depend on agrochemicals for pest control, turf management, and esthetic purposes. Although there have been many
studies on agricultural chemicals in groundwater and surface
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water, it is usually not appropriate to extrapolate results from
agricultural monitoring studies to golf course studies due to the
signiﬁcantly different management practices, plant canopy, surface mat, and root system of turf (Cohen, Svrjcek, Durborow, &
Barnes, 1999; Kenna, 1995). A study in southeastern North Carolina reported generally greater nitrate levels in streams leaving
golf courses compared to streams entering golf courses (Mallin &
Wheeler, 2000), though concentrations varied considerably among
courses. A study conducted on two golf courses under construction and ﬁve in operation in Canada found course construction and
operation had a signiﬁcant impact on alkalinity, nitrogen, and base
cation concentrations of streams downstream of courses compared
to forested reference streams (Winter & Dillon, 2005). A similar
study found signiﬁcant differences in certain benthic algal taxa in
headwater streams downstream of golf courses compared to reference streams (Winter, Dillon, Paterson, Reid, & Somers, 2003).
Differences were attributed to greater nutrient enrichment, higher
pH, and higher disturbance from the golf courses.
Not all studies on the effects of golf courses ﬁnd signiﬁcant
impacts on water chemistry. A study conducted on three golf
courses in North Carolina examined the presence of chemicals in
surface waters and found no chemical impact (Ryals, Genter, &
Leidy, 1998). Another study in the Paciﬁc Northwest monitored
surface waters monthly following the application of fertilizers and
pesticides and found no signiﬁcant detection of chemicals (Hindahl,
Miltner, Cook, & Stahnke, 2009). In fact, the most extensive metaanalysis to date of golf course water quality monitoring analyzed
data from across 40 studies involving 80 courses over a 20-year
period and found relatively few pesticide detections or exceeded
limits in surface water (Baris et al., 2010). The authors attribute
this ﬁnding to the combination of two factors: (1) the fact that turf
systems act as a living ﬁlter, and (2) the practice of applying minimal pesticides to the roughs, which typically surround the more
intensively managed tees, greens, and fairways. As turf science has
developed due to public scrutiny and pesticide registration evaluations by the U.S. Environmental Protection Agency under the
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA; Baris
et al., 2010), it is possible that water chemistry and chemical runoff
is no longer the foremost ecological concern at many golf courses.
The other primary impact of golf course development and
maintenance is the physical alteration of the landscape. Habitat
alteration and destruction is known to be one of the biggest threats
to biodiversity (Wilcove, Rothstein, Dubow, Phillips, & Losos, 1998),
and is therefore an obvious focus of ecological research. The clearing
of natural vegetation, deforestation, the destruction of natural landscapes and habitat, and changes in local topography and hydrology
are all possible land use effects that result from golf (Wheeler &
Nauright, 2006; Winter et al., 2003). A study in southeast Queensland, Australia found many golf courses to have negligible value as
terrestrial habitat refuges which supported mostly urban-adapted
species compared to reference eucalypt forests (Hodgkison, Hero,
& Warnken, 2007). In stream ecosystems, reach-level channel morphology is inﬂuenced by valley slopes, bed and bank material,
riparian vegetation, and the supply of upslope water, sediments,
and wood (Montgomery & MacDonald, 2002). Human actions at
the landscape scale can disrupt these factors that maintain stream
processes and their associated biota and often result in habitat that is both degraded and less heterogeneous (Allan, 2004).
Landscape level experiments have documented how such physical alterations to the terrestrial landscape can have downstream
impacts on habitat and water quality of streams through alterations
of hydrology (Likens & Bormann, 1974). Headwater streams in particular represent the maximal interface between aquatic-terrestrial
systems (Lowe & Likens, 2005), and their sensitivity to land disturbance makes them both important and useful for studying land-use
impacts.

Despite the potential negative impacts golf course development and maintenance can have on landscapes, a number of
studies have found golf courses to have a general positive conservation value on the species studied, including amphibians
(Boone, Semlitsch, & Mosby, 2008; Colding, Lundberg, Lindberg,
& Andersson, 2009), butterﬂies (Porter, Pennington, Bulluck, &
Blair, 2004) pond breeding macroinvertebrates (Colding, Lundberg,
Lindberg, & Andersson, 2009), reptiles (Harden, Price, & Dorcas,
2009; Mifsud & Mifsud, 2008), birds (Merola-Zwartjed & DeLong,
2005; Rodewald, Rodewald, & Santiago, 2004), and mammals
(Eisenberg, Noss, Waterman, & Main, 2011). A review of the
scientiﬁc literature studying land-use effects of golf courses on
biota found that the ecological value of golf courses increased
as the anthropogenic impact on the surrounding land increased
(Colding & Folke, 2009). Therefore, the ecological impact and
conversely the conservation value of a golf course will depend
upon the landscape in which the golf course exists. Additionally, studies of golf course impacts have often focused on single
species or closely related taxa most likely as a result of logistical constraints of ﬁeld work. Many of the species studied have
dramatically different life histories and therefore respond differently to landscape alterations. Having a clear understanding of
species life history in conservation efforts offers good opportunities to gain insight into the mechanisms behind species response
to land-use change (Verheyen, Honnay, Motzkin, Hermy, & Foster,
2003).
Salamanders are especially proliﬁc in headwater streams
of eastern North America where they are the most abundant
vertebrate organism (Peterman, Crawford, & Semlitsch, 2008;
Nowakowski & Maerz, 2009). Because they are highly philopatric,
long-lived, and occur in relatively stable populations, stream
salamanders may be more appropriate and reliable indicators
of biodiversity and habitat quality in stream ecosystems than
many ﬁsh or macroinvertebrates (Welsh & Ollivier, 1998). Stream
salamanders may also be useful indicators of ecosystem health
because they are adversely affected by deforestation and physical disturbance (Orser & Shure, 1972; Petranka & Smith, 2005;
Willson & Dorcas, 2002), siltation (Lowe, Nislow, & Bolger, 2004;
Welsh & Ollivier, 1998), and stream acidiﬁcation (Kucken, Davis,
Petranka, & Smith, 1994). Stream salamanders also have complex life cycles; reproduction and larval growth occurs in aquatic
habitat followed by metamorphosis and sexual maturation in
terrestrial riparian habitat (Petranka, 1998). Thus, unlike some
organisms, their persistence in headwater streams is explicitly
dependent upon the quality of both aquatic and terrestrial systems.
The purpose of our study was to examine the inﬂuence of golf
course management on the abundance and diversity of stream
salamanders in the southern Appalachian Mountains. We focused
on habitat changes that may have affected the abundance of
both aquatic larvae and terrestrial juveniles and adults. Our primary hypothesis was that land-use effects would be greatest in
stream samples that occurred directly on the golf course fairways
because they would be directly impacted by habitat alteration during construction and routine maintenance of fairways compared
to upstream or downstream areas that had no direct alteration or
maintenance. We hypothesized that habitat alteration would either
directly or indirectly affect aquatic larvae and terrestrial juveniles
through loss of canopy cover, siltation, and a reduction in leaf litter,
woody debris, and soil moisture based on similar studies in reference streams in the surrounding Nantahala National Forest (e.g.,
Crawford & Semlitsch, 2007, 2008; Peterman & Semlitsch, 2009).
Secondarily, we tested whether chemical runoff in downstream
samples was detectable at levels that might inﬂuence the abundance and diversity of salamanders on golf courses. Our objectives
were to sample larvae, juvenile, and adult salamanders across a
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replicate set of 10 golf courses and test our hypotheses by comparing abundance and diversity between samples from streams
located upstream, downstream, and through the fairway of each
golf course. Further, we use an information theoretic approach to
identify speciﬁc habitat features that are associated with either the
abundance or diversity of stream salamanders.
2. Materials and methods
2.1. Study sites
Our study was conducted on 10 golf courses in the southern
Appalachian region of western North Carolina, USA. All courses
were typical for the region (Appendix A) and located within a 30km radius of the Highlands Biological Station, North Carolina for
logistic reasons. We repeatedly sampled stream salamanders at 60
replicate transects each of which covered a 25-m long segment
of stream. All transects were selected to fall within one of three
habitat treatments which represented their location relative to golf
course fairways (downstream, through, upstream). Two replicate
transects, at least 100 m apart, of each habitat treatment were sampled on each golf course, totaling six transects per course, 60 total
transects. By necessity, three of our 60 transects were located on
the same stream but were separated by >50 m which is greater than
the average home range of these salamanders (Barbour, Hardin,
Schafer, & Harvey, 1969; Ashton, 1975).
We focused sampling on both larvae and adult salamanders
to fully elucidate the response of populations to changes in
quality of aquatic and terrestrial environments (Price, Cecala,
Browne, & Dorcas, 2010). We used a modiﬁed version of the leaf
litter bag design to sample in-stream larval and newly metamorphosed salamanders (Pauley & Little, 1998). Leaf bags were
constructed by ﬁlling a 70 cm × 70 cm square of 1.9-cm mesh
with deciduous leaf litter. Five bags were evenly distributed
along each transect for a total of 30 leaf bags deployed at each
course and 300 bags across all 10 golf courses. We checked leaf
bags during daylight hours three times (once each month for
May, June, July 2009) during the summer. Bags were checked by
shaking them over a 40 cm × 30 cm × 8 cm white tray. All captured
salamanders were identiﬁed to species, measured to the nearest
mm for snout-vent length (SVL), and released at their site of
capture.
To sample adult salamanders, the stream bank adjacent and parallel to each 25-m aquatic transect was searched at night once each
month (June, July, August 2009) during the summer. We used a
visual encounter survey (VES) during the three sample dates to
capture surface-active salamanders. During each survey, two people simultaneously searched the area 0–2.5 m from the stream, one
person on each bank or side, for a total of 20 min. As salamanders
were captured, they were placed in sealable plastic bags until the
20 min had expired. At the end of each survey all salamanders were
identiﬁed to species, measured to the nearest mm for snout-vent
length (SVL), and released at the site of capture.
2.2. Habitat measurements
We measured habitat variables once each month (May, June, July
2009) at each of the 60 stream transects in our study. In the transect adjacent to each stream approximately 1.5 m from the bank, we
took varying number of replicate measurements of soil moisture,
soil temperature, leaf litter depth, ground surface temperature, percent canopy cover, and width of un-mown buffer (stream edge to
buffer edge on each bank). In the wetted portion of the stream
in the center of each transect, we took replicate measurements
of water temperature, dissolved oxygen, percent sedimentation,
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surface water velocity, substrate composition proportions, qualitative estimates of cover rocks, and qualitative estimates of course
woody debris levels. Replicate values of each habitat variable were
averaged within each sampling date, but kept separate by date to
account for seasonal effects.
We measured percent canopy coverage from the center of the
stream transect using a spherical crown densiometer measured in
the four cardinal directions. We estimated stream width by measuring the wetted width of the stream at four locations approximately
6 m apart to the nearest 0.01 m. Percent sedimentation was determined as the surface sediment covering the streambed, and was
measured using a 50 cm × 50 cm quadrant that was divided into 25
equal-sized square sections. We also used this method to quantify
percentages of rocks and sand in the stream bed. Stream depth was
measured to the nearest cm midstream at four locations approximately 6 m apart. We measured leaf litter depths to the nearest
cm from two locations approximately 8 m apart on each side of
the stream using a hand ruler. Stream temperatures, dissolved
oxygen, and conductivity were measured from the center of each
stream transect using a handheld YSI 85 meter. We measured pH
using an Extech ExStik® meter from the center of the stream transect. Stream surface velocity was obtained using the ﬂoat method
(Gordon, McMahon, & Finlayson, 1992) at four locations in the
stream transect approximately 6 m apart. A small ﬁshing bobber
was dropped into the stream and the time (s) taken to ﬂoat 1 m
was measured using a meter stick and a stop watch. Coarse woody
debris was visually estimated on a ﬁve point scale with 0 deﬁned
as no coarse woody debris and 4 deﬁned as extensive woody debris
spanning the width of the stream at each transect. We measured
ground surface temperature using an infrared thermometer from
two locations approximately 8 m apart on both sides of the stream.
We measured soil temperature to the nearest 0.1 ◦ C from two locations approximately 8 m apart on both sides of the stream using a
soil temperature probe. Buffer width was measured as the straightline distance from the center of the stream transect to the nearest
managed area of the golf course to the nearest m. Soil moisture was
obtained by collecting soil samples from two locations approximately 8 m apart along the transect on both sides of the stream
using a hand shovel. Samples were placed and sealed into zip-loc
bags, returned to the laboratory and weighed to the nearest 0.01 g,
dried at 35 ◦ C for 24 h, and again weighed to calculate percent soil
moisture.
2.3. Chemical testing
Because of the ubiquitous presence of nitrate in water quality
studies and its potential for adversely affect amphibian survival
(Rouse, Bishop, & Struger, 1999) we tested water samples from each
stream transect for the presence of nitrate. A 25-ml water sample was collected from the center of each stream transect between
15 and 26 June and returned to the laboratory the same day for
testing using a LaMotte TesTab reagent test kit for nitrate/nitrogen
(range 0–15 ppm; minimum detection range 1 ppm). We also tested
for the presence of pesticides in leaf litter. We chose to test leaf
litter rather than water because salamanders of all age classes
spend considerable time in contact with leaf litter and because leaf
litter is likely to remain stationary longer than water in lotic systems and accumulate any long-lived pesticides (Mississippi State
Chemical Laboratory, personal communication). We collected a one
quart leaf litter sample from the center of each of the 20 downstream transects that represented worst-case scenarios and from
six randomly chosen upstream transects that represented control/reference areas from pre-deployed leaf bags from 27 July to
7 August. We assumed that differences between chemical levels in upstream and downstream transects would represent the
effects of runoff due to maintenance on fairways and indicate
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Table 1
A priori models used in the prediction of abundance and diversity of larvae/metamorph captures and juvenile/adult captures.
Model name
Larvae and metamorphs
Null
Buffer
Substrate
Leaf retention
Habitat complexity
Management
Hydrology
Water quality
Global
Juveniles and adults
Null
Microclimate
Cover objects
Leaf retention
Habitat complexity
Buffer
Management
Hydrology
Crawford
Global

Model parameters
NA
Buffer, leaf depth
Sand, sediment, leaf depth, cover rocks,
CWD
CWD, leaf depth
CWD, cover rocks, buffer, sand,
sediment, stream depth, leaf depth
CWD, leaf depth, buffer, age
Stream depth, stream width, ﬂow
D.O., pH
All variables
NA
Soil temperature, soil moisture
CWD, cover rocks
CWD, leaf depth
CWD, cover rocks, buffer, sand,
sediment, stream depth, leaf depth
Buffer, leaf depth
CWD, leaf depth, buffer, age
Stream depth, stream width, ﬂow
Leaf depth, soil moisture, soil
temperature
All variables

whether it might be an additional factor inﬂuencing salamander
abundance. Samples were collected and sealed into freezer-durable
plastic bags and frozen immediately upon returning from the ﬁeld.
Prior to sample collection, we obtained a list of the top used pesticides (fungicides, herbicides, and insecticides) from the 10 golf
course superintendents to compile a target list of regionally applied
pesticides to screen during analyses. Samples were sent to Mississippi State Chemical Laboratory (Mississippi State, MS, USA)
and “QuEChERS” was used for determination of pesticides residues
in the leaf litter samples (Anastassiades, Lehotay, Stajnbaher, &
Schenck, 2003).
2.4. Data analyses
We used our spatially and temporally replicated counts of salamanders from both leaf bag captures and VES to identify differences
in salamander communities in relation to golf course management.
We ﬁt binomial mixture models (Royle, 2004) to determine important predictors of stream salamander abundance while accounting
for temporal variation (sampling time- May, June, July) in detection probability. For this analysis, we independently analyzed count
data from leaf bag captures in aquatic habitat (larvae/metamorphs)
and VES captures in terrestrial habitat (juveniles/adults). Due to
overdispersion in our count data, all models for salamander abundance were ﬁt with a negative binomial error structure. To identify
the overall effects of golf course management on stream salamander abundance, we initially compared models in which a single
factor representing golf course treatment (down, through, and up)
was considered as a predictor of abundance. We then sought to
identify the speciﬁc differences in habitat characteristics among
transects which best explained overall variation in salamander
abundance. This model comparison included a limited set of a priori
models in which a number of speciﬁc habitat features were considered as covariates for abundance (Table 1). This model set included
both null (intercept-only) and global models (all parameters), as
well as a number of models representing biologically-meaningful
combinations of predictor variables. Individual habitat variables
were selected based on previous studies and pilot data suggesting their potential inﬂuence on salamander abundance (Appendix

B). We calculated correlation coefﬁcients for all pairwise combinations of predictor variables and combined only those which were
uncorrelated with other variables (Pearson’s r ≤ 0.7). Survey period
was included as a covariate for detection probability in all models
to account for variation in activity across the summer.
To calculate the effective number of species at each transect
(hereafter “diversity”), we used the cumulative counts of each
species from across capture periods to calculate the exponential of the Shannon–Weiner index [H = −(pi ln pi )], where pi is
the proportional abundance of species i (Jost, 2006). These diversity index values were calculated for both larvae/metamorphs and
juveniles/adults and were analyzed separately. We used one-way
analysis of variance (ANOVA) to test the hypothesis that salamander diversity differed among the three stream treatment locations
(down, through, and up) and used Tukey’s honestly-signiﬁcantdifference test to make pairwise comparisons of these stream
treatments. We then used generalized linear models to identify
the speciﬁc habitat features which best explained variation in
diversity among treatments. We compared a number of a priori
models for diversity, including biologically-relevant combinations
of non-correlated habitat variables (Pearson’s r ≤ 0.7), a global
model containing all predictor variables, and a null (intercept-only)
model (Table 1). We based a priori model selection on published
literature as well as observations and pilot data (Appendix B).
To rank models for both salamander abundance and diversity
in relation to habitat characteristics, we used Akaike’s Information Criterion adjusted for sample size (AICC ). We then derived the
AICC for each model, which is the difference in AICC between
each model and the best model in the set. A AICC less than 2 suggests that there is substantial support for the model (Burnham &
Anderson, 2002). We also calculated Akaike weights (ωi ) which represent the probability that the given model is the best among the
entire set of candidate models (Burnham & Anderson, 2002). For
all datasets, we determined the 95% conﬁdence model set and used
model averaging and unconditional variance estimation to assess
the contribution of individual habitat variables to the model’s predicting power. This can be particularly informative when ωi values
are low and when there is no clear top model among the set of candidate models. All statistical analyses were performed in program
R (R Development Core Team, 2012). Abundance models were ﬁt
using the unmarked package (Fiske & Chandler, 2011); model selection procedures were performed using the package AICcmodavg
(Mazerolle, 2013).

3. Results
3.1. Total captures and species detections
A total of 2215 salamanders were detected across all transects
throughout the summer of 2009. Of this total, 1015 salamanders were caught during leaf litter bag sampling and 1200 were
caught during nighttime VES. Throughout the ﬁeld season we
detected nine salamander species: seal salamander (Desmognathus monticola), Ocoee salamander (Desmognathus ocoee),
black-bellied salamander (Desmognathus quadramaculatus), Blue
Ridge two-lined salamander (Eurycea wilderae), three-lined salamander (Eurycea guttolineata), red salamander (Pseudotriton ruber),
spring salamander (Gyrinophilus porphyriticus), southern graycheeked salamander (Plethodon metcalﬁ), and red-spotted newt
(Notophthalmus viridescens). Notophthalmus viridescens occurred
infrequently and was only captured during VES and was therefore
omitted from analyses. P. metcalﬁ, although caught frequently during VES of riparian habitat, was also omitted from analyses because
it is strictly a terrestrial species without aquatic larvae and was not
captured by leaf litter bags.
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Fig. 1. Predicted abundance and species diversity of both larvae/metamorph and juvenile/adult salamanders on stream transects that are downstream, running through, or
upstream of golf course fairways. Intervals represent ﬁtted values (±95% CI) from overall habitat treatment models.

3.2. Comparison of stream treatments
Stream transects positioned through the fairway were predicted
to have signiﬁcantly lower abundance of both larvae/metamorphs
and juveniles/adults than transects either upstream or downstream of the fairway (Fig. 1). Speciﬁcally, transects on the fairway
were predicted to have 38% fewer larvae and metamorphs than
upstream transects and 31% fewer than downstream transects.
Transects through the fairway were also predicted to have 52%
and 53% fewer adults and juveniles than both upstream and
downstream transects, respectively. Stream transects above and
below managed golf course fairways (up and downstream) did not
signiﬁcantly differ in their predicted abundance of stream salamanders.
There was also a signiﬁcant difference among stream treatments in the diversity of larvae and metamorphs captured from
leaf bags (F = 6.11, df = 2, 57, p = 0.004; Fig. 1). The transects positioned through the fairway had signiﬁcantly lower diversity than
the upstream (−37.0%; Tukey’s HSD test, p = 0.004), but did not
differ signiﬁcantly from the downstream (−26.1%; Tukey’s HSD

test, p = 0.100) transects. Larval and metamorph diversity of the
upstream and the downstream transects also did not differ signiﬁcantly (Tukey’s HSD test, p = 0.358). There was no signiﬁcant
difference in diversity of adults and juveniles detected during VES
among the three stream treatments (F = 0.45, df = 2, 57, p = 0.448;
Fig. 1).
3.3. Habitat variables
In our study, golf course management appeared to be related
to differences in a number of stream and riparian habitat characteristics (Fig. 2) which may function as the proximate causes
for changes in the abundance and diversity of stream salamanders among habitat treatments. As a result, we sought to identify
the speciﬁc differences in habitat characteristics which best predicted the abundance and diversity of stream salamanders among
transects. Of the nine a priori models predicting larval and metamorph abundance (Table 1), the Buffer model which included the
leaf depth and buffer width variables was the most supported
(ωi = 0.44; Table 2). This can be interpreted as the Buffer model
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Fig. 2. Boxplots illustrating the variation in habitat characteristics among golf course stream transects. The data for each habitat variable have been rescaled from 0 to 5 to
enable plotting on a common Y-axis.

having a 44% probability of being the best predictive model among
the set of candidate models. Leaf litter depth had a positive effect
on larval and metamorph abundance and was the only signiﬁcant
parameter estimate identiﬁed by model averaging (Table 3). The
Habitat Complexity model received the most support among the
models for adult and juvenile abundance (ωi = 0.38). This model
represented the hypothesis that salamander abundance would be
positively associated with the structural complexity of the habitat.
Model averaging indicated that the abundance of adults and juveniles was positively associated with leaf litter depth and negatively
associated with the amount of sand and the number of cover rocks
present (Table 3).
The a priori model best explaining larval and metamorph diversity was the Retention model, which consisted of the leaf depth and
CWD parameters (ωi = 0.62; Table 2). Following model averaging,
only CWD was found to signiﬁcantly and positively affect larval
diversity (Table 3). Of the ten a priori models predicting juvenile
and adult diversity, all of the top models had relatively low model
weights, with the Null model garnering the most support followed
closely by the Micoclimate model (Table 2). In the Microclimate
model, moister soil was positively associated with higher levels of
diversity, although this parameter, and all others assessed, were
not signiﬁcant following model averaging (Table 3).
3.4. Pesticides and nitrate
Nitrate was not detected at or above the minimum detection range (1 ppm) in any of the water samples taken from
the 60 stream transects in this study. Of the 16 chemicals we tested, only Propiconazole and 4OH-Chlorothalonil

were detected at low concentrations. Propiconazole, an active
ingredient of a fungicide, was detected in eight of the 20
downstream transects and had an average detection proportion of 0.0135 ppm. 4OH-Chlorothalonil, a breakdown product
of the fungicide active ingredient Chlorothalonil, was detected
in nine of the 20 downstream transects with an average detection proportion of 0.0162 ppm and was also detected in one of
the upstream transects (see Appendix C for complete pesticide
results).
4. Discussion
Stream transects located directly on fairways contained lower
abundance of larval, metamorph, juvenile, and adult salamanders
than either upstream or downstream transects. The diversity of
aquatic larval and metamorph salamanders on fairways was also
reduced but only compared to the upstream transects, and terrestrial juvenile and adult diversity did not differ among the three
transect locations. We found that by comparing stream location
relative to the center of golf course activity that the majority of
golf course effects are likely the direct results of habitat alteration
and maintenance on fairways. We also found little or no detectable
chemical runoff in areas downstream from maintained fairways.
Although all stream transects that we sampled were located on
golf course property, upstream and downstream areas appeared to
represent high-quality forested habitat and did not appear to be
compromised by proximity to fairways. Thus, the primary effects
are limited to the portion of stream actually running through
the fairways. Although we did not include any off-site control
streams in our study or analysis, data from previous studies using
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Table 2
A priori models predicting the abundance and diversity of stream salamanders on golf courses in western North Carolina, USA.
Model
Abundance models
Larvae and metamorphs
*Buffer
*Retention
*Null
*Management
Substrate
WaterQuality
Hydrology
HabComplexity
Global
Adults and juveniles
*HabComplexity
*Buffer
*CoverObjects
*Retention
*Crawford
*MicroClim
*Null
Management
Hydrology
Global
Diversity models
Larvae and metamorphs
*Retention
*Management
*Buffer
*Substrate
Null
WaterQuality
Hydrology
HabComplexity
Global
Adults and juveniles
*Null
*MicroClim
*CoverObjects
*Buffer
*Retention
*Crawford
*Management
Hydrology
HabComplexity
Global

Ka

AICc b

AICcc

ωi d

LL

7
7
6
9
10
7
8
12
16

1066.91
1067.40
1069.25
1071.81
1073.59
1073.97
1076.79
1078.44
1090.72

0
0.49
2.34
4.90
6.68
7.05
9.88
11.53
23.81

0.44
0.35
0.14
0.04
0.02
0.01
0
0
0

−525.38
−525.62
−529.07
−525.11
−524.55
−528.91
−528.98
−523.90
−523.03

12
7
7
7
8
7
5
9
8
17

1014.39
1015.43
1017.03
1017.13
1017.98
1018.07
1018.26
1019.79
1024.36
1027.03

0
1.05
2.64
2.74
3.59
3.68
3.87
5.40
9.97
12.64

0.38
0.22
0.10
0.10
0.06
0.06
0.05
0.03
0
0

−491.87
−499.64
−500.44
−500.49
−499.58
−500.96
−503.57
−499.09
−502.77
−489.23

4
6
4
7
2
4
5
9
13

200.93
203.31
204.78
206.26
207.90
208.65
208.95
210.21
222.02

0
2.38
3.85
5.32
6.96
7.71
8.01
9.27
21.09

0.62
0.19
0.09
0.04
0.02
0.01
0.01
0.01
0

−96.10
−94.86
−98.03
−95.05
−101.84
−99.96
−98.92
−94.30
−94.05

2
4
4
4
4
5
6
5
9
14

138.53
139.30
140.96
141.13
141.43
141.44
142.29
143.02
146.68
154.12

0
0.76
2.43
2.60
2.89
2.91
3.76
4.49
8.15
15.59

0.33
0.23
0.1
0.09
0.08
0.08
0.05
0.04
0.01
0

−67.16
−65.28
−66.12
−66.20
−66.35
−65.16
−64.35
−65.95
−62.54
−58.39

An asterisk preceding model names indicate that the model was included in the 95% conﬁdence set for model averaging.
a
Number of parameters estimated in each model.
b
Akaike’s Information Criterion adjusted for small sample size.
c
The difference between the AIC value for a given model and the AIC value of the best supported model for each data set.

similar sampling techniques in relatively pristine streams were
available for comparison (Crawford & Semlitsch, 2007; Peterman
& Semlitsch, 2009; Peterman, 2008). For example, for one of the
most abundant species in the region, the average E. wilderae larvae captures per sampling period in our upstream (1.04 larvae/bag)
and downstream (0.83 larvae/bag) transects fall within the range
reported from control stream transects in a previous study conducted in nearby (∼50 km) Nantahala National Forest (Control 1,
2006: 0.67 larvae/bag; Control 1, 2007: 0.71 larvae/bag; Control
2, 2007: 2.22 larvae/bag; (Peterman & Semlitsch, 2009). Further,
ﬁve stream-associated species were detected at these control sites
between 2004 and 2007 (Peterman, 2008), whereas seven streamassociated species were detected at each of our three stream
locations (upstream, through, and downstream) on golf courses
in the summer of 2009. The two species detected on golf course
properties and not detected at the national forest sites were P.
ruber and the E. guttolineata, species that utilize slower moving or higher order streams found in the region (unpublished
data).
Our analysis of in-stream and riparian habitat characteristic
as predictors for stream salamander abundance and diversity can

inform stream management efforts to mitigate undesirable anthropogenic impacts and improve stream habitat on golf courses.
Our information theoretic (AIC) approach to model selection
revealed that leaf litter depth, CWD, soil moisture, and buffer
width parameters were positively related to salamander abundance and diversity. It has long been documented that leaf litter
input is the most important basal energy source in shaded headwater streams (Vannote, Minshall, Cummins, Sedell, & Cushing,
1980). This coarse particulate organic matter is colonized by
microbes which then become a food source for aquatic macroinvertebrates that are prey for salamanders (Johnson & Wallace,
2005; Johnson, Wallace, Rosemond, & Cross, 2006). Leaf litter
also provides necessary refugia for both aquatic and terrestrial life stages of salamanders (Crawford & Semlitsch, 2008;
Petranka, 1998). Reduced standing stock of organic matter is often
a consequence of human land use and can result in a reduction of a stream’s capacity to intercept nutrients (Meyer, Paul,
& Taulbee, 2005). Golf courses speciﬁcally have reduced detritus sources due to removal of non-turf vegetation for tee boxes,
fairways, and greens. Leaves and dead plant matter remaining on
courses are removed for esthetic purposes through routine course
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Table 3
Model-averaged parameter estimates (ˇ), unconditional standard errors, and 95%
conﬁdence intervals for the analysis of stream salamander abundance and diversity.
Parameter

ˇ

Abundance models
Larvae and metamorphs
LeafDepth
0.249
0.066
Buffer
−0.062
Age
−0.003
CWD
Adults and juveniles
−0.316
CoverRocks
−0.313
Sand
0.286
LeafDepth
Buffer
−0.205
0.192
CWD
0.184
SoilMoist
StreamDepth
−0.120
−0.018
SoilTemp
0.016
Sediment
Diversity models
Larvae and metamorphs
0.402
CWD
0.250
LeafDepth
−0.187
Sand
0.133
Sediment
CoverRocks
−0.085
Buffer
−0.083
Adults and juveniles
−0.190
Age
0.177
SoilMoist
−0.127
CoverRocks
0.118
LeafDepth
Buffer
−0.082
CWD
0.027
SoilTemp
0.000

SE

Lower CI

Upper CI

0.116
0.099
0.094
0.111

0.021
−0.128
−0.247
−0.221

0.477
0.260
0.122
0.215

0.129
0.113
0.119
0.111
0.128
0.116
0.100
0.105
0.091

−0.568
−0.535
0.053
−0.422
−0.058
−0.042
−0.316
−0.224
−0.162

−0.064
−0.091
0.519
0.013
0.442
0.411
0.076
0.188
0.194

0.202
0.204
0.186
0.189
0.207
0.222

0.006
−0.150
−0.552
−0.237
−0.491
−0.519

0.797
0.651
0.177
0.503
0.320
0.352

0.102
0.106
0.098
0.122
0.116
0.120
0.109

−0.390
−0.030
−0.319
−0.122
−0.309
−0.208
−0.214

0.009
0.384
0.065
0.357
0.145
0.263
0.214

Parameters in bold face type are signiﬁcant (CI did not overlap zero).

maintenance. Average leaf litter depth at the aquatic-terrestrial
interface along streams was 97% shallower in our fairway transects than in our downstream and upstream transects (upstream –
3.38 cm; through – 0.09 cm; downstream – 3.10 cm). Building small
woody debris dams to collect leaf litter along streams into golf
course management could improve food availability and provide
habitat for aquatic organisms as well as improve nutrient retention
and water quality for stream communities on fairways (Cummins,
1974; Aldridge, Brooks, & Ganf, 2009). We encourage researchers
to test the utility of coarse woody debris and leaf retention to
better understand its restoration effects on stream communities and the breadth of its application (see Hall & Fleishman,
2010).
We also found buffer width to be important for abundance
and diversity of stream salamanders. Riparian buffer strips adjacent to streams have been used in managed forests for more than
two decades (Vesely & McComb, 2002; Crawford & Semlitsch,
2007), and they can mitigate effects of human land use such
as chemical runoff, siltation, and increased water temperatures
(Jones, Helfman, Harper, & Bolstad, 1999; Lowrance, Todd, Fail,
Hendrickson, Leonard, & Asmussen, 1984; Vesely & McComb,
2002). Riparian vegetation, especially trees, along streams located
in actively managed areas of golf courses is often greatly reduced
or completely replaced by turf grass. This reduces or eliminates
a primary source for leaf litter input to streams and riparian
habitat occupied by salamanders. Because of the life history and
physiology of salamanders (Southerland, Jung, Baxter, Chellman,
Mercurio, & Volstad, 2004) and their sensitivity to microhabitat alterations such as the loss of leaf litter and forest canopy
(Welsh & Ollivier, 1998), we did not expect to capture as many
individuals in streams on fairways as were captured (270 juveniles/adults, 238 larvae). Further, results for the terrestrial juvenile

and adult diversity did not differ among the upstream, through,
and downstream transects. Our results indicate that stream salamanders are currently present in streams located on golf courses,
albeit in lower abundances and diversity for the aquatic stages.
We speculate that populations upstream and downstream of the
fairways may provide a source to compensate losses within the
stream directly on fairways, especially if reproduction through
fairways does not equal mortality. In the absence of active reintroductions, colonization of restored habitat is entirely reliant
upon the dispersal of organisms from extant populations (Bond
& Lake, 2003). For populations dependent on immigration from
adjacent habitat, the degradation of either upstream or downstream areas by additional or future land use would likely disrupt
effective source-sink dynamics and lead to greater declines in abundance. Thus, land use in the surrounding landscape should be
considered critical in assessing the overall effects of golf courses.
Nearly all of the golf courses we studied near Highlands, NC were
surrounded by forested habitat with little or low-impact land
use.
Although golf has often received negative attention in the past
due to chemical pesticide and fertilizer use (Baris et al., 2010),
the results of pesticide and fertilizer tests from our study indicate that this is unlikely a major concern at our study streams
primarily because abundance of aquatic larvae in downstream
and upstream transects were similar. For example, Propiconazole was detected at an average concentration of more than 30
times below the U.S. Environmental Protection Agency (EPA) maximum allowable concentration (0.425 ppm; Baris et al., 2010).
4OH-Chlorothalonil, a breakdown product of the fungicide active
ingredient Chlorothalonil, was detected at levels more than 900
times lower than toxic concentrations. Lotic systems such as our
montane streams are characterized by ﬂowing water and chemical
analyses of lentic or stagnant waters may yield different results.
Our chemical analyses were, however, taken from leaf litter samples that are more likely to remain in place for long periods and may
absorb chemicals unlike water samples (Mississippi State Chemical Laboratory, personal communication). Although our chemical
tests were relatively extensive, it should be noted that the presence or absence of a chemical reported from our analysis refers
only to the time the sample was collected, not the entire duration of the study. Likewise, the timeframe of our entire study was
short and may not accurately depict trends in nitrate and pesticide levels over longer timeframes that include spring snow melt
that ﬂushes chemicals from the system or in drought years that
might concentrate chemicals. A study examining the nutrient discharge of ﬁve coastal North Carolina golf courses reported courses
to have generally greater nitrate levels leaving the courses compared to entering the courses, but the concentrations varied greatly
among courses (Mallin & Wheeler, 2000). Though the contamination of water bodies from golf course maintenance should still be
considered a potential concern, our ﬁndings are consistent with
a large-scale review in the United States which found no signiﬁcant toxicological impacts from golf courses to groundwater and
surface water (Cohen, Svrjcek, Durborow, & Barnes, 1999). A recent
study updated and expanded this database to include all golf course
water quality data meeting review criteria over a 20-year period
(Baris et al., 2010). The study reports that pesticide levels exceeding surface and ground water quality criteria were rarely observed.
Total phosphorous, that was added to the database, appeared to be
the analyte of greatest concern in surface waters. This result was
published after the onset of our study. Thus, we believe intense
public scrutiny has led to great improvements in turf science and
pesticide regulations since the early 1990s (Baris et al., 2010),
however continued care must be taken to ensure pesticide and
fertilizer use does not compromise non-target organisms such as
salamanders.
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5. Conclusions
Considering ecological processes are now more widely
accounted for in golf course design and management (Jackson,
Kelly, & Brown, 2011), courses could increasingly become an asset
in ecosystem management and biodiversity conservation (Colding
& Folke, 2009) and serve as models for ecological awareness and
sustainability. With an estimated 27.1 million golfers in 2009 in the
United States alone (NGF, 2010), integration of ecological principles
to golf courses has the capability of reaching a large audience that
otherwise may not be exposed to conservation concepts and practices. Golf courses can serve as opportunities for demonstration,
the translation of scientiﬁc understanding into metrics of performance and cost under real world conditions, that is key in the
progression of fundamental research to applied science (Hall &
Fleishman, 2010). From the application of our results, and building on previous studies, we suggest several procedures to improve
golf course management: (1) maintain or restore riparian vegetation that includes a buffer at least 15 m from the stream edge,
(2) maintain or restore a tree stocking density of ∼50% within the
riparian buffer to shade and provide a source of leaf litter, and (3)
maintain or add small woody debris dams that retain leaf litter in
streams to provide increased refuge, maintain soil moisture, and
provide food sources for salamanders. Further, these management
techniques suggested for golf courses can potentially be used in
other systems with headwater streams such as parks, cemeteries,
historical sites, and a number of other human land uses that affect
the quality of stream habitat. As the golf industry becomes more
open to land stewardship, sustainability, and ecological awareness,
a valuable opportunity is provided for researchers to collaborate
with this group of managers and provide constructive ecologicallybased guidelines for improvement of water quality and wildlife
habitat.

Private; 11 years old; elevation 1149 m; 18 holes – 6505 yards, par 71
Sapphire National Golf Club, Sapphire
Private; 27 years old; elevation 1006 m; 18 holes – 6640 yards, par 72
Wade Hampton Golf Club, Cashiers
Private; 22 years old; elevation 1066 m; 18 holes – 7154 yards, par 72
Wildcat Cliffs Country Club, Highlands
Private; 48 years old; elevation 1262 m; 18 holes – 6493 yards, par 72

Appendix B.
Description and justiﬁcation of single parameters used in a priori
regression models predicting stream salamander abundance and
diversity.
Parameter

Description

Justiﬁcation

Sediment

Percent
sedimentation of
stream bottom

Sand

Percent sand of
stream bottom

Stream depth

Depth of stream

Buffer

Width of unmown
or forested buffer
between stream
and managed area

Soil temperature

Temperature of soil

Leaf depth

Depth of leaf litter
located within 1 m
of stream

Soil moist

Percent moisture of
soil located within
1 m of stream

Cover rocks

Qualitative
estimate of rocks
providing suitable
salamander refuge

Coarse woody debris

Qualitative
estimate of
in-stream wood

Dissolved oxygen

Percent dissolved
oxygen in stream

Can negatively impact
larval stream salamanders
(Peterman & Semlitsch,
2009)
Fewer species are detected
in reaches with
homogenous substrate
(Mackey, Connette, &
Semlitsch, 2010)
May affect water ﬂow rate
and microhabitat
characteristics (Peterman
& Semlitsch, 2009)
Affects sediment inﬂuxes
into streams, water
temperatures,
allochthonous inputs, and
riparian microclimate
(Crawford & Semlitsch,
2007; Peterman &
Semlitsch, 2009)
Can inﬂuence stream
salamander abundance and
microhabitat use (Crawford
& Semlitsch, 2008)
Primary nutrient source in
allochthonous-based
headwater streams and
important for salamander
refugia (Crawford &
Semlitsch, 2008)
Can inﬂuence stream
salamander abundance and
microhabitat use (Crawford
& Semlitsch, 2008)
Are used as protective
cover and nesting sites and
therefore are strongly
correlated with
salamander density (Davic
& Orr, 1987)
May provide refugia as
well as nutrient source for
salamander prey
(Peterman & Semlitsch,
2009)
Has been suggested to be a
factor limiting stream
salamander abundances
(Willson & Dorcas, 2002)
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Appendix A.
Location and information for the 10 golf courses in the
Highlands-Cashiers area of North Carolina used in this study. All
golf courses were located within the Southern Crystalline Ridges
and Mountains, Level III Blue Ridge Ecoregion of North Carolina.
Country Club of Sapphire Valley, Sapphire
Private; 53 years old; elevation 966 m; 18 holes – 6859 yards, par 72
Cullasaja Club, Highlands
Private; 20 years old; elevation 1208 m; 18 holes – 6651 yards, par 72
Highlands Country Club, Highlands
Private; 81 years old; elevation 1114 m; 18 holes–6255 yards, par 70
Highlands Cove Golf Course, Cashiers
Public; 9 years old; elevation 1190 m; 18 holes – 6587 yards, par 72
Highlands Falls Country Club, Highlands
Private; 47 years old; elevation 1152 m; 18 holes – 6130 yards, par 70
Mountaintop Golf and Lake Club, Cashiers
Private; 3 years old; elevation 1168 m; 18 holes – 7100 yards, par 70
Trillium Links, Cashiers
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Appendix C.
Analysis of 16 chemicals by Mississippi State Chemical Laboratory that are used in the treatment and management of golf courses
in the Highlands-Cashiers region of North Carolina. An “X” indicates
the chemical was not detected. Detection proportions are reported
as averages in parts per million.
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Chemical

Lower level of
detection

Upstream
(control) (N = 6)

Detection
frequency

Maximum
detection

Down stream
(N = 20)

Detection
frequency

Maximum
detection

Teﬂuthrin
cis-Permethrin
trans-Permethrin
Cyﬂuthrin
Cyhalothrin
Cypermethrin
Fenvalerate
Deltramethrin
Chlorothalonil
Fipronil
Bifenthrin
4OH-Chlorothalonil
Azoxystrobin
Propiconazole
Pyraclostrobin
Triﬂoxystrobin

0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.020
0.010
0.020
0.020

X
X
X
X
X
X
X
X
X
X
X
0.0027
X
X
X
X

–
–
–
–
–
–
–
–
–
–
–
1
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
0.054
–
–
–
–

X
X
X
X
X
X
X
X
X
X
X
0.0162
X
0.0135
X
X

–
–
–
–
–
–
–
–
–
–
–
9
–
8
–
–

–
–
–
–
–
–
–
–
–
–
–
0.12
–
0.135
–
–
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