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Abstract

Riparian zones are transitional, semi-terrestrial areas regularly influenced by freshwater. These
areas serve as dispersal corridors for many animal and plant species and ultimately function as
important reservoirs of biodiversity in altered landscapes. While much of the riparian habitat in
the United States has been affected by anthropogenic activities, management actions may
mitigate potentially negative influences of these activities. For example, Streamside Management
Zones (i.e., riparian buffers; SMZs) are commonly implemented within managed forests to
protect water quality, but may also provide habitat for riparian-associated wildlife. Yet, little
research has rigorously addressed the value of SMZs for wildlife, particularly cryptic species
such as amphibians and reptiles. Previous studies of herpetofauna within SMZs have focused on
one or a few stream-associated species, and questions remain regarding variation among species
or guilds and what role SMZs serve toward conservation of herpetofaunal diversity in managed
forests. However, recent statistical advances have improved our ability to analyze large multi-
species presence-absence datasets, accounting for low detection rates typical for some
herpetofaunal species. This study represents an extensive landscape-scale examination of
herpetofaunal communities within SMZs using a multi-species occupancy approach within the
Ouachita Mountains, Arkansas, and along the Broad River in South Carolina, USA. We used a
hierarchical Bayesian community occupancy model to estimate species richness and species-
specific occupancy responses to SMZ and overstory characteristics. In addition to this landscape-
scape investigation, we also examined the effect of harvesting on individual growth of the
Ouachita dusky salamander (Desmognathus brimleyorum). We used intensive capture-mark-
recapture at three headwater streams embedded in intensely managed pine forests of west-central

Arkansas, employing a Before-After-Control-Impact (BACI) design. Collectively, our results



indicate that SMZs surrounding small first-order streams in intensively managed forests not only

protect water quality, but also can support diverse amphibian and reptile communities.
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Chapter 1:

Herpetofaunal responses to riparian buffer characteristics in managed forests: synthesis and
future directions

Streamside Management Zones (SMZs)

Forestry best management practices (BMPs) are widely implemented within managed forests
(Cristan et al. 2018) to minimize adverse impacts from forest operations to aquatic environments
(Aust and Blinn 2004). A cornerstone of most BMP programs is the inclusion of forested riparian
buffers along streams known as Streamside Management Zones (SMZs). Research indicates that
SMZs moderate air and water temperatures and protect water quality and stream microhabitat by
reducing sediment delivery (Aust and Blinn 2004, Clinton 2011, Cristan et al. 2016).
Considerable variation in buffer width guidelines exists among jurisdictions (Blinn and Kilgore
2001, Lee et al. 2004), with recommendations for buffer widths along intermittent streams in the
northwestern United States being twice as wide as those for the Southeast (~50 m vs. 24 m on
each side of the stream; (Lee et al. 2004).

Although SMZs primarily were implemented to protect water quality, they may provide
additional benefits to non-aquatic species by acting as movement corridors and habitat for semi-
aquatic and terrestrial wildlife during and following forestry operations on upland areas
(Rudolph and Dickson 1990, Spackman and Hughes 1995, Machtans et al. 1996, Perkins and
Hunter 2006, Perry et al. 2011, Peterman et al. 2011, Pearson et al. 2015). Streamside
Management Zones may be particularly beneficial to wildlife because they provide diversity of
habitat types (e.g., waterbodies, coarse woody debris, snags, tree cavities, rocks, leaf litter;
(Homyack and Kroll 2014, Warrington et al. 2017) that may be reduced in intensively managed
forest. However, BMP recommended widths for SMZs were not designed to conserve terrestrial

wildlife species associated with riparian ecosystems. Further, SMZ characteristics important to a



taxa may vary depending on the hydrology, geology, and vegetative structure of a particular
location (Foley 1994, deMaynadier and Hunter 1995). Notably, most studies of SMZs focus on a
few species or one group, yet substantial variation has been reported in response to riparian
buffer characteristics among taxonomic groups (i.e., birds, amphibians, reptiles, small mammals,
and invertebrates; (Marczak et al. 2010, Greene et al. 2016) and among species within groups
(Guzy 2019).

Riparian buffers may be particularly important for amphibians and reptiles. Many
herpetofaunal species depend on both terrestrial and aquatic habitat types to meet life history
needs (e.g., reproduction, larval development, estivation, foraging; Gibbons 2003). Thus, both
aquatic waterbodies, terrestrial habitats, and the corridors that link them are important for
population persistence (Marsh and Trenham 2001). Additionally, relative to other vertebrates,
herpetofauna are generally characterized by limited mobility and high philopatry (e.qg.,
amphibians), relatively narrow habitat tolerances, and specific breeding requirements
(deMaynadier and Hunter 1995, Gibbons and Buhlmann 2001, Cushman 2006). Further, habitat
modification (e.g., canopy cover reduction) can substantially alter the amount and distribution of
thermally suitable habitat, with high local temperatures rendering some land-cover types
uninhabitable for some herpetofauna (Rittenhouse et al. 2008, Frishkoff et al. 2015, Nowakowski
et al. 2015, Nowakowski et al. 2017). Narrow thermal optima of lizards and amphibians and high
evaporative water loss rates of amphibians have been associated with increased sensitivity to
habitat modification (Nowakowski et al. 2018). Because of this, many herpetofaunal species are
sensitive to habitat alteration (Gibbons et al. 2000, Cushman 2006) and consequently, negative
effects of timber harvest have been documented for many groups and species (Russell et al.
2004). Thus, SMZs have great potential to conserve herpetofaunal biodiversity. Our objectives

were to 1) review herpetofaunal research in SMZs, 2) discuss typical study designs, 3) examine



ecological mechanisms potential responsible for observed patterns, and 4) propose future
research directions.

Herpetofaunal research in SMZs

One common approach to assessing SMZ widths required by herpetofauna has been to
measure extent of terrestrial habitats used (i.e., ‘core upland habitat’) by semiaquatic species,
particularly amphibians, in unharvested forest areas. Semlitsch and Bodie (2003) summarized
migration distances (i.e., use of terrestrial habitats) of 65 species of amphibians and reptiles from
wetlands and streams, and found core terrestrial habitat ranged from 159-200 m from wetlands.
Similarly, in studies of stream plethodontids (i.e., D. monticola, D. ocoee, D. quadramaculatus,
E. wilderae), researchers investigating riparian habitat use by salamanders in undisturbed forests
of the Appalachian Mountains have suggested that riparian buffers of 42 — 79 m on either side of
a stream are needed to protect core habitat, with an additional 50 m buffer needed to protect
against alterations in temperature, humidity, and soil moisture (i.e., edge effects) extending from
disturbed areas into the forest (Crawford and Semlitsch 2007, Connette et al. 2016). In a review
of riparian forest management approaches in the U.S. Pacific Northwest Pacific Northwest,
Olson et al. (2007) suggest that for amphibian persistence, wide riparian buffers (40-150 m)
along headwater streams in key areas are necessary to accommaodate terrestrial life history
functions of stream/riparian associated amphibians. Measuring migration distance via methods
such as drift fences is an effective way to determine terrestrial habitat use for many species when
costly methods such as radio-tracking are impractical. However, this method only determines
how far herpetofauna travel before settling, and does not measure responses to alterations in
habitat, or determine precisely how much terrestrial habitat is necessary for population

persistence.



Most studies evaluating responses of herpetofauna to riparian buffer characteristics are
limited in their inferential scope by focusing on a limited number of stream-associated species,
and few address whether SMZs provide habitat for terrestrial amphibians or reptiles (Table 1).
Additionally, most research has focused on the U.S. Pacific Northwest and Appalachian
Mountain regions (Table 1), leaving a large knowledge gap for the southern United States, a
region that contains extensive managed forest and high herpetofaunal diversity (Greenberg 2001,
Russell et al. 2002, Owens et al. 2008, Homyack et al. 2016). These studies typically are
structured as retrospective, observational studies where data is collected at sites that have been
harvested but retain riparian buffers (e.g., natural experiment; Table 1). Alternatively, other
studies directly manipulate SMZ width and collect data on herpetofaunal responses before and
after harvesting occurs, with comparisons to unharvested controls (e.g., BACI designs; Table 1).
Due to logistical challenges of landscape-scale studies and intensive sampling needed to
overcome the low detectability of many species, the scope of most herpetofaunal studies within
SMZs has been restricted to comparisons across a few buffer widths at a small number of
streams (typically 5-15 streams; Table 1). Such categorical study designs have limited ability to
reveal thresholds where responses occur and small sample sizes have limited ability to estimate
responses of rarer species. Further, even when strong responses to riparian buffer width have
been identified, considerable unexplained variation frequently exists because of the complex
nature of geography, topography, and hierarchical stream network structure acting at multiple
spatial scales. Substantial replication at the site level is needed to examine mechanisms for

variation among sites.



Buffer Width

Some studies have examined salamander responses to experimental manipulation of a few
different SMZ widths (i.e., a categorical approach). For example, Maigret et al. (2014) suggested
that a 7.6 m buffer protected the abundance of terrestrial P. glutinosus along with aquatic
Desmognathus spp., whereas Peterman and Semlitsch (2009) found 30 m buffers protected E.
bislineata abundance (n=413), and 9 m buffers did not (n=~72). Similarly, Johnston and Frid
(2002) found that Dicamptodon tenebrosus exhibited reduced terrestrial movement at streams
without buffers compared to those with buffers, consistent with desiccation avoidance. Other
experimental studies with categorical SMZ buffer treatments indicate a short-term (i.e., 2 years)
negative effect of harvesting on D. tenebrosus abundance at streams with narrow buffers (~10 m)
(Jackson et al. 2007) or equivocal support for positive effects of 11-34 m buffers for E. bislineata
(Perkins and Hunter 2006), compared to clearcut areas.

While most experimental studies manipulating SMZ width generally conclude that buffers
are important conservation measures for streamside salamanders, categorical study designs have
limited ability to detect threshold responses (e.g., abrupt change in occupancy along a continuous
scale) or evaluate differential responses among species. Guzy et al. (2019) have begun to extend
the scope of herpetofaunal studies toward a landscape-scale approach spanning >100 first order
streams that encompass a continuous gradient of SMZ buffer widths. Using a hierarchical
Bayesian community occupancy model the authors estimate herpetofaunal species richness and
species-specific occupancy responses to SMZ and overstory characteristics, documenting high
herpetofaunal richness (37 species) within SMZs (Guzy 2019). Results indicated that across the
herpetofaunal community, occupancy and species richness were consistently positively
associated with SMZ width, with maximum predicted richness of 30 species occurring at sites

with the largest buffers present in the sample (51 m on either side of the stream; Guzy 2019).



However, substantial variation in species’ associations with SMZ width occurred within
taxonomic groups. Among the 10 salamander species detected, three groups were evident: 1)
tolerant species with high occupancy, even at sites with narrow SMZs (E. multiplicata), 2)
species with low occupancy within narrow SMZs, high occupancy within wide SMZs (D.
brimleyorum, P. serratus, and P. glutinosus), and 3) species found within wide SMZs, but with
low occupancy probability (A. annulatum, A. maculatum, A. opacum, H. scutatum, P.
caddoensis, and S. intermedia). The latter pattern was attributed to these species having specific
habitat requirements, such as preference for rocky talus (P. caddoensis) or use of lentic habitats
for breeding and larval development (Ambystoma spp. and S. intermedia; Guzy 2019).
Additionally, considerable variation among taxonomic groups was documented, with reptile
predicted richness increasing more rapidly up to SMZs of ~35 m, whereas maximum amphibian
predicted richness was not seen until a SMZs width of 50-55 m (Guzy 2019). Compared to
salamanders, estimated anuran occupancy reached maximum values at harrower SMZs, and a
greater proportion of species were tolerant of more narrow SMZs. Some of the variation among
taxonomic groups was partially attributed to guild specific responses to landscape and habitat
characteristics such as latitude and elevation (Guzy 2019). While occupancy of only one
salamander species (E. multiplicata) was not strongly influenced by wider SMZs, several
anurans (H. chrysoscelis, P. fouquettei, L. sphenocephalus, L. clamitans) exhibited high
probability of occupancy (~0.5-0.75) at sites with very narrow SMZs. Unlike salamanders, some
anuran species may be considered early successional or edge species during reproduction (e.g.,
treefrogs, chorus, and leopard frogs; Lannoo 2005), because eggs and larva can benefit from
increased temperature and primary productivity in open canopy aquatic conditions (Hocking and
Semlitsch 2007, Semlitsch et al. 2009). Conversely, variation among mean reptile association to

SMZ width was minimal (Guzy 2019). The authors conclude that greater habitat diversity likely



positively influences species richness, and to our knowledge this study is the only one to address
reptile or anuran community responses to SMZ characteristics (Guzy 2019).

Mechanisms

Although studies of herpetofauna within SMZs are limited, most research indicates that
SMZs are beneficial to herpetofauna, with wider buffers tending to provide greater benefits
relative to narrower buffers. However, the strength of these findings varies among species and
there is debate about how wide buffers need to be (Rudolph and Dickson 1990, Johnston and
Frid 2002, Vesely and McComb 2002, Perkins and Hunter 2006, Jackson et al. 2007, Peterman
and Semlitsch 2009, Marczak et al. 2010, Pollett et al. 2010, Hawkes and Gregory 2012, Maigret
et al. 2014, Olson et al. 2014, Guzy et al. 2019). Importantly, most studies measure changes in
herpetofaunal occupancy or abundance. Thus, researchers should seek to understand mechanisms
driving changes in population parameters such as abundance, along with underlying variation
among species’ responses to riparian buffer characteristics. Importantly, both demographic and
ecological studies can inform these mechanisms. Demographic studies target species and use
capture-mark-recapture approaches to compare vital rates among sites or treatments. However,
even when a population response to disturbance such as harvesting is identified, ecological
studies are needed to further determine ecological factors responsible for the population
response, such as changes in resource availability or habitat quality. Below we propose several
non-mutually-exclusive mechanisms underlying herpetofaunal response to riparian buffer
characteristics, describe the current knowledge, and suggest avenues to elucidate mechanisms.

Towards Demographic Endpoints

To understand mechanisms driving population and community responses to forest
management practices, researchers must identify vital rates (e.g., survival, growth, reproduction,

immigration, emigration) that drive changes in abundance, occupancy, and ultimately species



richness and diversity. Currently, limited information on vital rates of herpetafauna in response
to SMZ characteristics or manipulation of upland habitat types is available. Johnston and Frid
(2002) found that Pacific giant salamander (D. tenebrosus) movements in riparian buffer zones
(40-60 m) were similar to unharvested forested, but salamanders in clearcut sites without SMZs
stayed closer to streams, spent more time in refuges, and had smaller home ranges. The authors
monitored movement in conjunction with surface and soil temperatures of riparian buffers and
found microclimates of SMZs to be less extreme and variable than clearcuts, suggesting that
SMZs mitigate some of the negative effects of clearcuts on salamander movement (Johnston and
Frid 2002). Halloran (2017) estimated movement and survival of Ouachita dusky salamanders
(Desmognathus brimleyorum) within SMZs (14 and 21 m on each side) before and after harvest
in Arkansas. Relative to in-stream movements at an unharvested control, salamander movement
increased at two headwater streams after harvest, but there was no detectable reduction in
survival or individual capture probability two years post-harvest, suggesting that buffers were
sufficient to avoid mortality (Halloran 2017). Increased movement by individual salamanders
may indicate increased dispersal, or be associated with higher energetic costs, indirectly affecting
long-term survival and/or reproduction (Keen and Reed 1985, Schmidt et al. 2007). Working in
the same BACI experimental framework adult salamander abundances (D. brimleyorum, E.
multiplicata) increased within SMZs surrounded by recently harvested stands, compared to older
stands without a timber harvest during the study period. This pattern was consistent with the
evacuation hypothesis (see Peterman et al. 2011), an alternative mechanism explaining changes
in abundance, that postulates adult salamanders leave recently harvested areas seeking more
suitable habitat and microclimate within SMZs (Guzy et al. 2019). Conversely, larval
abundances across stand age categories (i.e., 0-5, 6-13, 13-22, and 22-35 years old) were similar,

suggesting that reproduction was not strongly influenced by the stand age surrounding SMZs, or



by mid-rotation silvicultural treatments including commercial thinning (Guzy et al. 2019).
Another study measured D. ocoee body condition before and after harvest within two narrow
SMZs sites (<9m), and documented significantly reduced body conditions relative to an
unharvested control, presumably linked to a reduction in leaf litter and subsequent decrease in
available invertebrate prey (Peterman et al. 2011). However, at two streams with larger SMZs
(14 and 21 m), juvenile D. brimleyorum growth rate increased following harvest of the
surrounding watershed, possibly because of post-harvest resource pulses resulting from a shift in
the quality, quantity, or composition of invertebrate prey available. Thus, a logical but difficult
direction for future studies is to experimentally study demographic parameters of several species
with varying life histories, within SMZs before and after harvest, with extended monitoring post-
harvest.

Towards Ecological Mechanisms

Studies have begun to address the ecological aspects of SMZs that are responsible for
observed benefits to herpetofauna. Of particular interest is determining why wider SMZs are
more beneficial, but it is also important to determine why variation in herpetofaunal responses
exist among sites with similarly wide SMZs. Several studies of amphibians suggest that retaining
canopy trees around headwater streams mediate changes to microclimate (i.e., temperature,
humidity, and soil moisture) known to be important to this group (Peterman et al. 2009, Olson et
al. 2014, Johnston and Frid 2002, Vesley and McComb 2002, Guzy et al. 2019) and reduce
sediment delivery (Peterman et al. 2009, Maigret et al. 2014, Dupuis and Steventon 1999) and
buffer stream water temperatures (Pollett et al. 2010). In Arkansas, wide SMZs (50-55m)
supported greater species richness of salamanders and anurans, while most reptile species were
present within mid-sized SMZs (>35 m). More specifically, high salamander species richness at

sites with wide SMZs was driven by species that had low overall occupancy and generally only



occurred at sites with wide SMZs (i.e., P. caddoensis, A. annulatum, H. scutatum, A. maculatum,
A. opacum, S. intermedia; Guzy 2019). Salamanders in this group are generally uncommon and
have specific habitat requirements, such as preference for rocky talus (P. caddoensis) or use of
lentic habitats for breeding and larval development (Ambystoma spp. and S. intermedia).
Conversely, most reptiles are less sensitive to environmental disturbances that modify
temperature and humidity, and may act as habitat generalists that use edges and early
successional vegetation for foraging and thermoregulation (Ross et al. 2000, Greenberg 2001,
Crosswhite et al. 2004). Thus for amphibians, wider buffer requirements may be driven by
greater sensitivity to edge effects (e.g., Brosofske et al 1997; Tilghman et al. 2012) relative to
reptiles, along with more specialized microhabitat requirements (Guzy 2019).

In addition to consistently positive responses to wider buffers, Guzy et al (2019) found that
estimated salamander richness was highest within SMZs comprised of a deciduous or mixed
overstory compared to pine, but anuran and reptile richness did not vary by overstory
composition. Deciduous SMZs may better support production of macroinvertebrate prey and
more suitable soil pH conditions that benefit salamanders (Taylor et al. 1989, Klemmedson 1992,
Whiles and Wallace 1997). Conversely, some anuran and reptile species are habitat generalists,
associated with either mixed or pine forest, and some are considered upland pine specialists.
Guzy (2019) suggest silvicultural practices that maintain a diverse overstory within SMZs, or
prioritize deciduous species, may positively influence herpetofaunal richness across the
landscape. Notably, in managed forest landscapes, it can be difficult to disentangle effects of
SMZ width from overstory composition because SMZs are typically different from surrounding
stands. For example, at streams with narrow deciduous buffers, determining if benefits to
herpetofauna derive from presence of a riparian buffer, or from an overstory that is deciduous

compared to the surrounding coniferous timber stands can be challenging.
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Future Directions

More work is needed to explicitly determine how SMZs act to conserve biodiversity in
managed forests. Are wider buffers beneficial to amphibians and reptiles because they provide
undisturbed habitat that buffers against edge effects, or because they protect a greater variety of
uncommon habitat elements important to particular species or life stages? Alternatively, wide
SMZs may be more likely to occur where forest harvesting is more difficult, such as low lying
floodplain or steep mountainous locations, and these areas may have diverse habitat; this
problem is difficult to address with natural experiment study designs used in most studies to date.
Important avenues for future research should include closer examination of how abiotic
conditions and resource availability change with inclusion of wide riparian buffers, and how
amphibians and reptiles respond to these changes. For example, similar to Guzy et al. (2019), a
retrospective, observational study could include a random selection of a large number (>50) of
wide (relative to BMPs) riparian buffers (e.g., ~ 30-50 m) in recently (<10 years) harvested
stands where the overstory composition (e.g., deciduous or mixed-coniferous), microhabitat, and
microclimate is quantified throughout each buffer, with variation among these parameters related
to herpetofaunal species richness. Studies such as these are needed in different regions of the
United States and Canada, as well as other timber-producing regions world-wide. A higher
degree of microhabitat elements (e.g., aquatic waterbodies, rocky talus) and/or greater variation
in microclimate throughout buffers may support higher herpetofaunal richness. Importantly,
wider buffers may occur for logistical reasons, such as floodplains or steep mountainous slopes
which limit harvest opportunities, and these locations may tend to have diverse habitat types. In
cases such as this, where there are confounding aspects of buffer width, alternative study designs
are necessary to tease out mechanisms. These could include an experimental approach where

buffer widths are randomly applied, irrespective of topography, or a natural experiment where
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sites explicitly include buffers spanning a gradient of SMZ width and topography. Other
difficult, but invaluable study designs, should include experimental manipulations of SMZ width,
replicated across a wide geographic area, similar to that of Semlitsch et al. (2009), which has
been invaluable in identifying mechanisms responsible for responses by pond-breeding
amphibians to different timber harvest treatments.

Notably, habitat use along the aquatic-terrestrial gradient is species specific, with some
species exclusively using the stream itself (fully aquatic species), others restricted to the riparian
area (e.g., stream-associated salamanders), and other species making extensive use of the
adjacent upland forested habitat outside of riparian buffers (e.g., woodland salamanders, some
snakes, box turtles) or edges and early successional vegetation (e.g., lizards). Thus, future studies
may seek to determine whether stream-associated herpetofauna are necessarily less sensitive to
buffer width compared to more terrestrial species, to better tailor conservation when
prioritization of areas for management must be focused on the needs of a set of target species.
Other challenges with regard to future studies aimed at conservation of herpetofaunal
biodiversity within SMZs include more explicit consideration of species that are uncommon
where they occur (low detection probability) compared to those that are rare across the landscape
(low occupancy probability). In these cases, different study designs are necessary to effectively
sample these species. For example, the Caddo Mountain salamander (Plethodon caddoensis) is a
terrestrial species inhabiting a geologically distinct area of western Arkansas that is uncommon
across the landscape; however, where they occur in the Caddo and Cossatot Mountains, they are
fairly easy to detect (Trauth and Wilhide 1999), and provided repeat surveys are conducted
carefully, researchers can be relatively confident these salamanders are not occupying sites
where they are undetected. Conversely, several mole salamander species (Ambystoma spp.) are

much more common across the landscape, but due to a fossorial behavior, have lower detection
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probabilities conditional on seasonal activity, and thus researchers are necessarily less confident
these species are absent when they are undetected during surveys. Thus, study designs measuring
occupancy probability are most useful for uncommon species (e.g., Mackenzie and Royle 2005),
and implementing hierarchical community occupancy models improve our ability to assess
uncommon species (Pacifici et al. 2014, Guzy et al. 2019). Other useful approaches include
studies implementing abundance estimation with binomial mixture models, popular because they
incorporate factors influencing detection probability without individually marking animals
(Royle 2004). Although the usefulness of binomial mixture models as indicators of true density
is controversial (Barker et al. 2018), they allow researchers to examine variation in abundance
across a large number of sites, thus providing a valuable relative index of abundance.

Other aspects of riparian buffers should be more closely examined, including mechanistic
studies to determine how riparian buffers influence stream salamander growth. For example,
Guzy (2019) determined that juvenile D. brimleyorum growth rate was higher post-harvest at two
streams with moderate riparian buffers (14 and 21 m). Future research should determine
mechanisms responsible for increased post-harvest growth rates. For example, juvenile
salamanders may have different behavioral responses to harvesting or be able to better capitalize
on post-harvest resource pulses resulting from a shift in the quality, quantity, or composition of
invertebrate prey available. Additionally, changes to metabolism as a result of potentially
increased air and water temperatures post-harvest may favor increased juvenile growth or result
in a slightly extended activity season during cooler months. Thus, studies that quantify the
macroinvertebrate prey community, nutrient levels, and water temperatures, along with
salamander growth, should be high priority. A first step may include determining whether
increased light, nutrients, or both, are responsible for increased salamander growth post-harvest;

experimental studies that manipulate canopy cover without harvesting the watershed (and thus
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potentially altering nutrient inputs to streams) could accomplish this. Further, we have no
information on how salamander growth responds to harvesting without inclusion of riparian
buffers, and given that studies suggest body condition is reduced within narrow buffers
(Peterman et al. 2011), we may expect growth to likewise be reduced.

In conjunction with considerations of buffer width, the landscape context of SMZs
undoubtedly deserves further evaluation. When attempting to conserve stream-affiliated
herpetofauna, future research should not only consider how wide riparian buffers are, but also
how SMZs can act to increase habitat connectivity along stream networks, and ultimately act to
preserve biological diversity within habitat reserves. Both longitudinal and lateral connectivity of
habitats is likely important for long-term persistence of aquatic—riparian species and
assemblages. As such, future studies should examine whether riparian buffers can act as
corridors between habitat patches that reduce fragmentation and facilitate dispersal among
herpetofaunal populations. For example, research indicates that stream salamanders exhibit a
surprisingly high rate of overland dispersal to adjacent headwater streams, suggesting that
connectivity among neighboring drainages may be important to their population dynamics (Grant
et al. 2010). Similarly, Lowe and Bolger (2002) found the abundance of spring salamanders
(Gyrinophilus porphyriticus) was greater in paired streams linked by a downstream tributary
compared to isolated streams, suggesting that landscape connectivity confers resilience to habitat
disturbance. Olson et al. (2007) outlined a combination of seven riparian and upslope forest
management approaches that would retain all habitat used by amphibians for breeding, foraging,
overwintering, and dispersal. These approaches range from inclusion of narrow buffer zones to
be used where headwater amphibian occurrences or habitat quality are low, up to the most
conservative approaches where forest patch reserves, partial harvest, and leave islands are

included to provide connectivity between watersheds and across ridgelines to adjacent drainages.
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This ‘‘spaghetti and meatball’’ approach (Olson et al. 2007) of linear stream buffers (spaghetti
reserves) and patch reserves (meatballs), either along streams or upslope has yet to be
experimentally tested, but shows promise for the potential of SMZs to conserve herpetofauna.
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Tables and Figures

Table 1. Studies examining herpetofaunal responses to inclusion of Streamside Management Zones (SMZs)

Study Design

# Sites in Experimental Units

# Species in SMZ Analyses

# of Clear Sala-
Citation Year State Location Design Approach # of Categ- Control  CutNo  Other . SM_Z . Random SMZ Measured man- Anu- R.ep— Total
Sites . [# of Sites (width-in m)] Treatments Parameters rans tiles
ories SMZ ders
Olsonetal. 2014 OR  Pacific N\W Beg:tglter 45 4 12 - - 10(6), 14(15), 9(70-145) Partial* Counts 9 3 ; 12
Perki
e & 2006 ME  NortheastUs 15 5 3 3 3 3(11), 3(23) Yes Abundance 2 2 - 4
Jacksonetal. 2007 WA Pacific NW 15 3 4 6 - 4(8-10) No Density 2 1 - 3
Hawks & 2012 WA Pacific NW 18 3 6 6(77.5), 6(77.5 + reserve No Abundance 2 1 ; 3
Gregory Before After trees)
Maigretetal. 2014 KY Appalachians 11 3 4 3 - 4(7.6) Yes Abundance 5 - - 5
Control Impact
Abundance,
Halloran 2017 AR QOuachita Mts 3 2 1 - - 1(14), 1(21) No Survival, 1 - - 1
Movement
. Growth rate,
Guzy et al. 2019 AR Ouachita Mts 3 2 1 - - 1(14), 1(21) No body size 1 - - 1
Rudoloh & Categorical y
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Steventon Canada
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Frid Canada movement
Peterman & .
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Observational
Abundance,
Peterman et Study Density
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stream
Veslev & Richness,
v 2002 OR Pacific NW 29 - 12 - - 17(0-64) No Abundance, 6 - - 6
McComb
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Continuous Occupanc
Guzy et al. 2019 AR Ouachita Mts 102 - ; ; - 102(0-55) No pancy, 10 ; ; 10
Abundance
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Abstract

Streamside management zones (SMZs), buffers of forest retained along streams when adjacent
areas are harvested, are a primary tool for maintaining ecological functions in managed forests.
However, few studies have examined the influence of SMZs on salamanders, and none have
examined variation in salamander occupancy, species richness, and abundance across a gradient
of SMZ widths at a large spatial scale. Further, because previous studies had limited ability to
detect responses of uncommon species, little is known about interspecific variation in
salamander responses or whether SMZs serve as refuges for terrestrial species during harvesting.
To evaluate the role of SMZs in maintaining salamander species, we conducted four replicate
surveys at 102 headwater stream sites, spanning a gradient of SMZ widths and adjacent forest
stand ages, within the Ouachita Mountains, Arkansas, USA. We used a hierarchical Bayesian
community occupancy model to estimate salamander species richness and species-specific
occupancy responses to SMZ and overstory characteristics, while accounting for variation in
occupancy and detection attributable to site and sampling covariates. Additionally, we used
Bayesian binomial mixture models to examine the influence of SMZ width and surrounding
stand age on abundance of two stream-associated salamanders [Ouachita dusky salamander
(Desmognathus brimleyorum) and many-ribbed salamander (Eurycea multiplicata)] and three
terrestrial salamanders [red back-ed salamander (Plethodon serratus), slimy salamander (P.
glutinosus complex), and Caddo Mountain salamander (P. caddoensis)]. Occupancy, species
richness, and abundance increased with increasing SMZ width, but the strength of responses
varied among species. Occupancy of uncommon species was highest at sites with wide SMZs,
likely because of the need for specific habitat elements (e.g., wetlands, rocky talus). Richness
was lowest in SMZs dominated by pine overstory, and lowest in mid-aged stands, consistent with

a lagged decrease in richness within SMZs following harvest. Finally, we documented patterns
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of abundance consistent with the evacuation hypothesis, indicating that salamanders may leave
recently harvested areas seeking more suitable habitat and microclimate within SMZs.
Collectively, results indicate that SMZs in intensively managed forests can support robust
salamander communities, provided managers continue to retain wide SMZs at some key sites
across the landscape (i.e., > 55m on each side of the stream), a value larger than current Forestry

BMP guidelines.

Introduction

Headwater streams account for approximately three-fourths of total stream channel length
in the United States (Leopold et al. 1964, Meyer and Wallace 2001) and are an important habitat
type for many species. Because detrital inputs provide streams with dissolved nutrients and
particulate matter that influence stream productivity, biotic diversity, and physical and chemical
conditions (Likens and Bormann 1974, Wallace et al. 1997), forests surrounding headwater
streams are critical to stream ecosystem function (Wallace et al. 1997). Consequently,
headwaters are sensitive to natural and anthropogenic disturbance of surrounding uplands (Lowe
and Likens 2005). A major land use influencing riparian areas is timber harvest, which can alter
stream metabolism and influence wildlife habitat and communities (Broadmeadow and Nisbet

2004, Moore et al. 2005).

Forested buffers (i.e., streamside management zones; SMZs) often are maintained along
streams and are implemented widely within managed forests under either regulatory or non-
regulatory best management practices (BMPs) or regulatory programs (Lee et al. 2004, Cristan et
al. 2018). Streamside management zones moderate air and water temperatures, maintain soil
moisture (Brosofske et al. 1997, Swank et al. 2001, Wilkerson et al. 2006), and protect water

quality and stream microhabitat by reducing sediment delivery (Aust and Blinn 2004, Cristan et
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al. 2016). Riparian buffers also support natural stream processes by providing shade, inputs of
detritus and exchange of nutrients between terrestrial and aquatic systems (Boothroyd and
Langer 1999, Parkyn 2004). Retention of SMZs has been recommended for conserving
invertebrate, fish, bird, mammal, and vegetative communities (Lee et al. 2004). However, SMZs
also may provide habitat for other semi-aquatic species such as salamanders, and may provide

movement corridors or refugia for terrestrial species during intensive forestry operations.

In many forest ecosystems, salamanders are the most abundant vertebrates (Peterman et
al. 2008, Semlitsch et al. 2014). Salamanders play critical roles as predators and prey (Davic and
Welsh 2004) and are particularly abundant within headwater streams, where densities can exceed
18,400 ha* (Petranka and Murray 2001). Both stream and forest sala