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Abstract

Old-growth coastal redwood stands and the habitat they provide are the conservation target of
Redwood National and State Parks (RNSP) in northern California. In recent years thmrerhas

greater access to location information about resixdd trees, and visitors have created networks of
social trails in redwood groves, including one grove that has no formal access. Coupled with
increasing visitor numbers, this has caused an alarimingase in recreational impacts in redwood
groves. By providing visitors access to groves, managers accept that there will be ecosystem impacts,
but data is needed to evaluate the degree of impact on trees, soil and understory vegetation. | assessed
impacts of social trails around olgrowth redwood trees in three alluvial flat groves with different

use intensities in RNSP. In 2015 | mappedgidwth redwood trees and social trail networks around
these trees. | randomly sampled 20 to 30 trees per sitecdlacted baseline data on the spatial

extent of disturbance and selected vegetation and soil indicators. Tree size (measured as diameter)
proved to be significantly positively related with trampling disturbance around trees in two of the

sites, while irnthe highesuse site, distance from the formal trail was most strongly related with
disturbed area. The findings of this study will serve as initial baseline conditions for recreational
impacts in these stands. RNSP can use the study design develaesitfa@sis to monitor changes

in trail-related visitor impacts in olgrowth redwood stands of management concern.
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Introduction

In every national and state park, trails exist to provide access, offer recreapipodlaities, and

protect park resources by concentrating visitor impacts to designated trails with durable tread
surfaces (Leung & Marion 1999, Pettebone et al. 2009). As a core component of the recreation
infrastructure for protected areas, many traflweeks must accommodate a growing number and
diversity of recreational visitors, and with them, increasing impacts that threaten the integrity of park
resources and the quality of the visitor experience (Marion & Leung 2001). Marion et al. (1993)
surveyed®3 National Park Service managers regarding visélated backcountry management
problems, and found that degrading trail conditions and resulting soil erosion were reported as a
problem by almost half of the managers.

Formally designed and designateails rarely provide access to all locations that visitors want to
see, so visitors sometimes create informal or social trails: visually discernible pathways, which
become unplanned and unmaintained trail networks (Marion et al. 2006). Although someotlegree
impact by visitors is inevitable, limiting its negative effects on park ecosystems is essential to
ensuring ecological integrity, enhancing visitor satisfaction, and maintaining continued support for
protected areas (Lynn & Brown 2003). Resource managerequires objective and timely
information about formal and social trail conditions, resource impacts, and appropriate mitigation
measures. Monitoring programs are explicitly mandated in section 4.1 of the NPS Management
Policies (NPS 2006):

fi N a t gystemnd in the national park system, and the human influences upon them, will be
monitored to detect change. €é The Service wild/|l
understand the detected change and to devel op

In the past 50 years numerous studies have been published on recreational impacts that affect
ecological conditions and processes. Vegetation and soil responses to trampling on trails and
recreation sites have been most systematically evaluated, as ttleg arest visible form of

disturbance from outdoor recreation activities (Monz et al. 2010). Most trail studies have focused on
mountainous areas, as steep trail grades are most susceptible to degradation (e.g., Leung et al. 2011b)
and on open landscapespma susceptible to social trail proliferation due to low vegetation density

and high visibility (WaldefSchreiner & Leung 2013).

In past decades, most research has focused on formal trails, resulting in the development of well
tested impact indicators (Lag & Marion 2000, Cole 2004). One finding is that unsurfaced

recreational trails are more subject to degradation induced by natural processes and recreational use
than are surfaced trails (Marion & Leung 2001). In recent years, more research effodrhas be

devoted to informal trails (Marion et al. 2006, Leung et al. 2011b, Wimpey & Marion 2011). The
impact of informal trails to protected area resources is substantially greater than that of formal trails
due to their lack of professional design, constargtand maintenance (Monz et al. 2010). Informal

trail networks may penetrate into protected habitats, threatening ecological integrity, aesthetics, and
visitor experiences (Leung et al. 2011b).



Fragmentation effects include altered soil moisture regimeeased barriers of movement for soll
invertebrates, and reduced habitat quality in smaller patches (Forman 1995, Knight 2000). The
disturbed area is further extended by visitors creating duplicative routes in close proximity to one
another (Wimpey & Mdon 2011).

Figure 1 summarizes direct and indirect trail impacts and their interrelation: exposed soil, caused by
loss of vegetation and organic litter, can lead to soil compaction, muddiness, erosion and trail
widening (Hammit et al. 2015, Manning & Anden 2012). Soil compaction decreases soil pore
space and water infiltration, which in turn increases muddiness, water runoff, soil erosion and
inhibits plant growth (Coder 2000). Compaction also causes less stable moisture conditions in the
surface layersvhere fine roots grow (Settergren & Cole 1970). Recovery of organic litter levels may
take even longer than compaction levels take to get back to heferevels. In Sequoia Kings

Canyon NP, organic litter depth on campsites closed for 15 years hadumnoed to the depth of

control sites (Parsons & DeBenedetti 1979). The erosion along trails exposes rocks and plant roots,
creating a rutted, uneven tread surface and sediments may smother vegetation. Visitors seeking to
circumvent muddy or badly erodedctions contribute to tread widening and creation of multiple
treads (Leung & Marion 1999).

Trampling can alter the appearance and composition of trailside vegetation by reducing vegetation
height and favoring trampling resistant species (Cole 11988|ey 1999). Visitors can also introduce

and transport exotic plant species along trail corridors, some of which may replace native vegetation,
use trails as further conduits, and migrate away from trails (Cole 1987, Forman 1995).

Socialtrails are often created with motivations such as avoidance, exploration, access to places of
interest and shortcuts (Turner and LaPage 2002; Bradford and Mclintyre Qd@é)createdsocial

trails are difficult to disguisand slow taecover because ttie associated vegetation loss.

Frequently usettails become morattractive due to the ease of usaigeady cleared paths (Helbing
etal.1997) Theyacas a Or el easor cued that draws even moi
1992) who througlrampling, make the trails more prominent and inviting to future visitors and the
trails come to be more and more permanérampling studies suggest that this process cauite

rapidly: In different ecosystemthe relationship between frequency ot wnd the intensity of

impact to vegetation and soil has been found to be pt®yim andcurvilinear (Figure 2a)Noticeable
degradation of organic litter and vegetation resulimgsually evident patheccur rapidly after

trails are first used (Cole 2@). This model of the relationship between use and impact indicates that
on previously undisturbed sites, even small increases in the amount of initial use result in substantial
increases in impacts (Cole 1982urston& Reader 2001Hill & Pickering 20®). Consequently,

where use is light, sites that receive even small differences in amount of use can have substantial
differences in impact levels. Where trail use is heavy, sites that receive substantially different
amounts of use may have similar implkestels and additional use causes proportionally less impact
(Monz etal. 2010).As an alternative, a sigoidal response tose (Figure 2b) has besnggested for

areas with dispersed low levels of use, particularly on trampéisgtant vegetation (Co& Monz

2004; Growcock 2005).
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Informal trail indicators

Agencies have increasingly turned to indicdiased management frameworks to address wisitor
related resource impacts (Manning 2007). Limits of Acceptable Chande)(@Ad U.S. National

Park Serviceobs

Visitor

Experience

and

Resour ce

and desired conditions, designed to monitor established indicators and implement management
actions if monitoring indicates a deviation fratandards of quality (Manning 2012).

Due to their ecological and social significance, social trails are increasingly recognized as an
indicator of resource degradation in the VERP management framework and in the Vital Signs natural
resource monitoring progm (Monz & Leung 2006; Marion et al. 2006). As part of a VERP

planning effort, indicators related to social trail impacts were first used in Arches NP (Belnap 1998),
and have now been successfully integrated into the annual VERP monitoring in the &erced
Tuolumne River Corridors in Yosemite NP for 10 years (NPS 2009; Leung et al. 2011b) and in Mt.
Rainier NP (Rochefort & Swinney 2000, Moskal & Halabisky 2010), whereyead monitoring of

social trails had already been started in 1986.

A variety of nethods for evaluating trail impacts have been described in the literature, as reviewed
by Cole (1983), Leung and Marion (2000) and Marion and Leung (2011). There are two categories of

4



indicators in assessing informal trails: spatial and resource conditidyutes. Analogous to

indicators developed for formal trails, spatial impact indicators based on GIS trail mapping include
the location, arrangement, number, width and lineal extent of social trails, and the area of disturbance
(Cole et al. 1997, Mario& Leung 2011, Rochefort & Swinney 2000, Wimpey & Marion 2011).

Line feature assessments provide more comprehensive information on the spatial distribution and
lineal extent of informal trail networks than poelmsed assessment methods.

Other advantagedsf these census surveys include the ability to produce maps showing the location
and spatial arrangements of informal trail networks, perform GIS analyses to investigate proximity to
rare flora or fauna or sensitive environments, evaluate habitat fragroerntalices, and perform

other relational analyses. Repeated measures of trail width provide data on trail widening. Commonly
used resource condition indicators include degradation of vegetation, organic litter, and soils and
change in ground cover alomformal trails (Leung et al. 2011b; Marion et al. 2006; Newsome et al.
2001). For measuring vegetation indicators, transects can be spaced in accordance with various strata
such as level of use or vegetation type (Hall & Kuss 1989). Additionally, soaiestiave used
evaluations of condition class ratings to describe varying levels of resource impact (Cole et al 1997,
Leung et al. 2002, Leung et al. 2011b, Marion & Leung 2011, Table 1). These qualitative ratings
provide a useful summary of resource ctinds but their application can be subjective.

Trail impacts to forest vegetation

To date, there have been few studies on trail impacts to forest vegetation. Different vegetation layers
and different species within a forest show different levels of resistance (ability to withstand impact)

and resilience (ability to recover) to impactstmils. For herbaceous vegetation, plant vigor and
reproductive capacity are reduced by breakage and bruising and as a result of soil changes (Hammitt
et al. 2015). Severe trampling kills such groun
(1995 experimental study in five subalpine and montane forest regions of the US showed that

grasses and sedges exhibited the greatest tolerance to trampling, and deciduous ferns and-erect broad
leaved forbs exhibited the least. Relative cover of the fernong83% after just 25 passes and

only 2% cover survived after 500 passes. Forest herbs and tree seedlings growing in the shade are
particularly intolerant of trampling because of their shadapted large, thin leaves and tall stems.

Low shrubs and othgrlants that have low growth rates are relatively resistant to trampling, but once
damaged they recover much more slowly than grassland species (Cole 1995). In addition to different
unassisted recovery rates among species and life forms,



research has shown that the spatial zones along a trail recover at different rates (Stohlgren & Parsons
1986) . La Pageb6s study (1967) in Pennsylvania ¢c¢
species composition. After heavy loss of vegetation cowengl the first year of campsite use, in

subsequent years there was an influlPoedandJuncusspecies more resistant to trampling.

Shrubs and saplings in trail corridors are removed as part of a park maintenance effort to clear
trailsides. In combinatiowith trampling and outcompeting of tree seedlings by more trampling
resistant vegetation those maintenance efforts can greatly hinder tree regeneration. The loss of tree
and shrub cover over trails can increase light exposure, which promotes furthggsciman

composition by favoring shaeetolerant plant species (Hammitt et al. 2015).

In general, visible impacts to mature trees on more developed sites result from mechanical damage.
Bark erosion occurs below breast height, where the probability of depayticularly high. Once

weakening occurs, trees along formal trails are often rated as hazard trees and must be removed by
management (Hammitt et al. 2015). Exposure of tree roots is a common occurrence on and around
trails and can make trees more grao wind throw. A study by Cole (1982) conducted in subalpine
campgrounds in Oregon indicated though that more than six decades of recreational use did not cause
recreatiorrelated mortality or even loss of vigor in mature subalpine coniferous treeni &edf

Santilli (2006) studied the effects of root exposure on conifers along two trails in the Italian Alps and
found no significant variations in growth increments. Hartesveldt (1962) conducted a study of visitor
impacts on the coast redwoods closekstties, the Giant sequoia, in Yosemite NP. He found no

significant correlation between annual growth increments and soil compaction or loss of vegetation
cover. He suggested, however, that the slight decline in growth could just be an early stagelin a tren
and might lead to significant decline if compaction is not relieved. He concluded that the greatest
concern is that trampling weakens the Giant seq
cause of olegrowth sequoia death in past decadebeOstudies suggest that recreattanised loss

of vigor and increased tree mortality occur where soils are thin and droughty or where trees are thin
barked and particularly susceptible to decay. Merriam and Peterson (1983) found that, on average
40% of apen and birch had died 14 years after campsite use began. Tree damage of all types is
cumulative. Damage to new (understory or regeneration) trees is not offset by recovery of other trees
(Cole & Hall 1992).

Recreational impacts on coast redwood

Coast redwods(Sequoia sempervirenare a unique and impressive tree species, found only in a
narrow strip of land along the coast from southern Monterey County in California to the
southwestern tip of Oregon. Today, only five percent of the originagadith relwood forest

remains (Emily Burns, Save the Redwoods League 2015, unpublished datajivegorcent of all
old-growth redwood forest remaining in California is protected in RNSP, managed cooperatively by
the National Park Service and the California &&ment of Parks and Recreation (California State
Parks 2014). Whi |l e -grotwth redwoad arevsituateceintiee ISwité Padcks, which d
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were set aside in the 1920s, the National Park Service acquired adjacent land with remaining old
growth redvood and founded Redwood National Park in 1968.

Therehave been onlgevenstudies on recreational impacts on coast redwood foresty. found

either no enpirical evidence of trampling effects on the lelegm growth and vigor of mature
redwoodsor resuts were inconclusivePotential visitor impacts on elgrowth redwood trees in
California parks were a concern since the first redwzarts were established. In 1928 the

request of the DeputState Forester, Meinecke (1928vestigated the effects odcreational

trampling on oldgrowth redwoods iten areas i€aliforniaRedwood Statedks(SP) Coast
redwoods are shallow rooted, with a majority of their feeder roots lying in the top 15 cm of soil.
Meineckes (1928 samples, taken from soil trencteisg in compacted areas and in neighboring
undisturbed areas, showed that fine feeder roots in the upper 15 cm of soil were essentially absent in
the areas compacted by camping, but were dense and healthy in undisturbed soil. For remaining
feeder roots ofrees growing in compacted soil he found a reduction in their size and health.

The other studies investigating trampling impacts on redwoods confirmed that soil compaction
results in increased soil density, reduced macro porosity, reduced feeder rag; ceheced water
infiltration, and ultimately reduced ability of redwoods to absorb moisture and nutrients from soil
(Zinke 1962, Sturgeon 1964, Standish 1972, Krenzeddld land McBride & Jacobs 1978he

three studies from the 1970s were conductédeasouthern end of the redwood range in more
densely populated areas. Standish (1972) studied a heavily used picnic area irBPantthe
southern Bay Area. Krenzelok (1974) and McBride & Jacobs (1978) studied trampling in alluvial
flats of Muir Wood National Monument (just north of San Frawco) where heavy visitor use had
occurred for 70 years. All three studies found significantly higher soil bulk density on heavily
trampled plots. Krenzelok (1974) also demonstrated a significant correlatioedvesoil

compaction and the loss in vigor, distribution and abundance of herbaceous species in Muir Woods.

Sturgeon (1964) suggested that in redwood parks intensive foot traffic in the summer season
drastically wears down the ground vegetation and de@edseb growth to some extebtt the

long rainy seson from October to May providénine for plants to revegetate. However, in heavily

used shaded areas no understory or ground cover developed. In parks with rotation of use areas it
took annual plants anshrubs 5 to 10 years to regrow in setaside atesu r geono6s study
on interviews with park staff, managers and foresters and on personal observations throughout
Humboldt and Del Norte Counties.

Standish (1972) and McBride & Jacobs (1978)rafind a significant difference between growth

rings ofredwood trees with and without recreatiopacs. A more recent study conducted in Big

Basin RedwoodSP(Martin et al. 2004plso found no significant difference in crown sparseness
between matureedwoods in a campground used for more than 70 years and those in an untrampled



control site. Thepaucityof knowledge of direct impacts on lottiged mature trees is based, in part,
on the relatively short span of time in which studies have been codducte

My studyprovides basline data for a soci#fail inventory and monitoring protocol tegularly
reassessisitor impacts in olegrowth redwood stands in Redwood National and State Parks (RNSP).
Given that these trees were the very reason for thelisbtabnt of the parks, understanding visitor
impacts of and around them is of great importaR&¢SP managers are challenged with providing
visitor access to some of the a@jdowth redwood standwhile at the same time assuring that the
remaining parcelsf old-growth forest are not impaired by overuse and that they maintain their
ecosystem processes and functjamsluding their habitat value for wildlife.

Limitations in staff and funding frequently constrain parks from obtaining information sisitor
impacts (Marion & Leung 2001Pue to a combination of limited funds and the assumption that
visitor use has been below the carrying capacity of the paNSP management have sofiat
assessed thextent, distribution, or intensity gbcial tail impacts on trees, soil or surrounding
understory vegetation.

In recent years there has been greater access to location informatiothabargestreesin the
world, and visitors have created networks of social trails also in redwood grovpeethatslyhad
nat beenaccesed Modern technology viglobal positioning system(&P9 and social media likely
contribute to these new impac@®oupled with multiplying visitor numbers, this has caused an
increase in recreational impacts in redwood groves.

Thestudy objectives wer:

1) Developand test a method to map and quantify the extent and distribution of social trails
around old-growth redwood trees at two spatial scales: in sample plots and study sites.
Comparethe extent and distribution of trampd disturbance among sites with different
use levels.

1 How does the extent of social trails in Grove of Titans compare to an establishedéigh
and lowuse site?

9 Doestramplingdi st ur bance around a tree increase
distance froma formal trail?

1 Is disturbance in a subplot facing the trail significantly higher than in a subplot facing away
from the trail? Are subplots close to the tree significamttyre trampledhansubplots
further away from the tree?

2) Developresource condition indicators that characterize potentigtaiffhiking impacts on
understory vegetation and soil in edjdowth redwood stands; and test the indicators on
sample plots around trees with varying degrees of impact.

Wi



Determine the relationgh between trampled area and selected soil and vegetation
indicators in sample plots with varying degrees of disturbance.

1 Is percent vegetation cover lower in subplots facing the trail?

1 Are exposed soil and exposed roots significant pnpercentrampled area in oldrowth
redwood forestsAre species richness, number of sprouts, seedlingsapiohgs, and
mean litter depth significantly lower for highly trampled plots than for plais little to
no disturtance

1 Are soil compaction measuremsratbove growttimiting thresholds on social trails?

3) Use the results to refine or verify trail condition classes f&oaal trail monitoring
protocol in RNSP

4)  Provide an overview of lessons learned from studies on education campaigns for park
visitors and best practices in restoration projects and relate them to the specific impact
results fronmy study sites iIrRNSP.

Study Sites

All three study sites were sitigml in Redwood National and State Parks in northern California
(Figure3). They were chosen in concert with park staff based on visitor use leveds@atitrail
concerns: the Grove of Titans is a site of particular management concern, and | have chosen Stout
Grove and Tall Trees Grove to compare to the Grove of Titans because of their different use
intensities and different visitor management strigegsed there. At the time of data collection, there
were no interpretive signs to inform visitors of the relationship between trampling and vegetation
damage or to stress staying on formal surfaces in any of the three sites. All sites are part of the
northern redwood forest ecosystems as described by Noss (2000) and located in alluvial flats. Most
redwood parks are centered around an alluvial flat that originally inspired the creation of the park
because the largest trees are often found in the flatnh®b creek valleys, where the soil moisture

is the highest. The two sites in Jedediah Smith Redwoods SP receive much higher annual
precipitation and their moderately weltained soils retain soil moisture for longer, resulting in

denser understory vegéta cover than in the wetlrained Tall Trees Grove. The sandy loam soils

in these alluvial flats
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are part of the Bigriver and Battery series and the Bigttgstery complex as described in the Soil
Survey of Redwood National anda® Parks (Natural Resources Conservation Service 2008). Fire
scars on many trees in all study sites bear testimony to frequent fire events, however there is no fire
history for the study areas. Before fires were largely exclérdea old-growth redwoodsthe fire

return interval in the northern part of the range is thought to have been less than 25 years (Lorimer et
al. 2009). During the 1964 floods between 15 and 90 cm of sediment were deposited on part of the
Tall Trees Grove and Stout Grove fluvial tares (Joe Seney, Redwood NP, personal

communication). The sediment loads resulted in a new, higher elevation soil surface, which reset
existing impacts by allowing renewed understory vegetation and soil development there. In the
floodedportions, the Ghorizon is thinner and less developed than in the other parts of the study sites,
where Q and A-horizon may have developed over hundreds of years.

The alluvial flats are sharply separated by slopes from the adjacent upland areas. In Stout Grove and

Tall Trees Grove, briginally included all trees that were situated onahevial flat for defining

study siteboundariesand later extendestudy area boundaries to include social trails in the

peripheries of these treda Grove of Titans | defined the styidrea to include all social trails that

were created in search and exploration of the i

Stout Grove

Stout Grove is considered to be the heart of Jedediah Smith Redwoods SP, which was established
around this grove in@29 (NPS 2014). This is a traditional high use site where park management

tries to concentrate use to limit impact to a certain area (Manning 2012). Located on a small
floodplain at the confluence of Mill Creek and the Smith River, the 5.6 ha Stout Grageessible

by a 700 m loop trail (Figure 4). Trail surfaces have been armored with gravel to increase the
resistance of park resources to recreational impacts and facilitate access. The trail from the main
parking lot runs down a slope and is paved uintéaches the alluvial flat. There are three main

access points: the parking lot is reached via the South Fork of the Smith or via the other end of
Howland Hill Road (8 km dirt road) and for six weeks in summer a foot bridge connects Stout Grove
tothemr k6s campground. Former signs with tree nam
assumed that they encouraged people to govaffand damage the trees. Fences that used to

surround parts of the trail were also removed. The most famous and heyalsted tree in the

grove is the Stout Tree. Since this is a younger grove than the other two, the stand is still denser,
especially at the west end of the grove. Floodwater inhibits the growth of understory trees and plants
seen in other groves (Baselt).
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Figure 4. Stout Grove overview map.

Tall Trees Grove

Tall Trees Grove is a popular destination for visitors to Redwood National Park and is highly
recommended by guidebooks, but because of its distance from the roadigirgetsecreational use
compared to other destinations in the park, such as the heavily trafficked Lady Bird Johnson Grove.
Redwood NP allows only 50 daily permits for the main access point to Tall Trees Grove, placing an
overall limit on all recreationalse there. To reach this trailhead, visitors have to drive down an 11
km unpaved road off Bald Hills Road. The Tall Trees Trail is a 6.5 km round trip hike with 200 m of
elevation change, and the Tall Trees Grove Loop, the centerpiece of this hike 2oagifiom the
parking area. The grove itself is located on a thin strip of alluvial flat alongside Redwood Creek. This
is the largest of the three study sites, with about 10.8 ha it is almost double the size of Stout Grove.
Visitors can explore along a400 m loop trail plus 217 m of other formal trail within the study area.
Only half of the loop leads visitors through -@dwth redwood (Figure 5).

Human impacts on the Tall Trees Grove trail long predate the creation of Redwood National Park.
Native Amercans had created a trail heading up the coast, turning inland and crossing Redwood
Creek at Tall Trees Grove. It became part of the Trinidad Trail in 1850, a supply route between the
town of Trinidad and the mines on the Klamath River (Bearrs 1982).€tties of trail including

Tall Trees Grove was abandoned after construction of the Bald Hills Road at the end of the 19th
century. The trail was repened by Arcata Redwood Company in the-a860s following the 1963

discovery of what at the time wasthew | d6s tall est tree (NPS 2011).
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Tree or Libby Tree in part spurred the creation of the National Park in 1968. With the 1978

legislation expanding Redwood National Park, the foot trail access to Tall Trees Grove on the east

sidled Redwood Creek was developed (NPS 2011). The
visitors until 1994 when the top died back.

100 150 200 Meters

Tall Trees Grove

[ study site
Formal Trail

I Reference Tree (not sampled)

. B Reference Sample Tree
I Tree with social trails (not sampled)
Il Sample Tree with social trails

Figure 5. Tall Trees Grove overview map.

Grove of Titans

Grove of Titans (unofficially named) was fdisco
Taylor in Jedediah Smith Redwoods SP. Though not actually a grove, it is a number of unusually

large redwoods dispersed over an area almost the same size agdslGiove (9.8 ha). According

to a number of publications, some of the curren
largest known coastal redwood by volume and the largest known single stem coastal redwood (Noss
2000, Preston 2007, Vade@I%), which has attracted visitors who look for these specific trees.

According to park staff and scientists, before 1998 the Grove of Titans was untrampled by park

visitors even though some of its trees are located close to the formal trail. The traadd#atedly

been looked at occasionally by visitors hiking-wéil, earlier by timber cruisers and before that by

Native Americans hunting for elk and nearby homesteaders, but nobody had reported their enormous
size. A number of trails were surveyed aamhstructed inside Jedediah Smith SP during the 1930s by

State Parks, but none of the trails entered the Grove of Titans. Park management has not disclosed

the location of the grove to the general public, but visitors find it on Google maps, Wikipetlia, an
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numerous other websites provide information on the individual trees in the groves and show pictures
of the trees.

On the eastern side of the study site, separated from the other side by Mill Creek, there is only one
tree that has btee nbuwtonbbsd deuvsa @f fAigtisansi gni fi canc
was included in the study site (Figure 6).
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| 2

Grove of Titans Redwood Trees >2m DBH

[ study Site
Mill Creek Trail
I Howland Hill Road
Mill Creek

B Reference Tree (not sampled)

Author: Claudia Voigt ; B Tree with social trails (not sampled)
Created with ESRI ArcMap 10.2.2 4 y et
Coordinate System: NAD1983 UTM Zone 10N f Il sample Tree with social trails

% 3
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Figure 6. Grove of Titans overview map.

Methods

Visitor numbers

Since 2013, visitor numbers for Redwood National 8tade Parks have been increasing. Redwood

NP had a 23% increase in visitors from 2014 to 2015 (NPS 2015a). With a total number of recreation
visitors of 527,143, 2015 is the first year since 1995 where over half a million visitors came to
Redwood NP. Sirethe park opened in 1968, there have been eight years with such high visitations.
For the Redwood State Parks the most recent published numbers are freg02018 Jedediah

Smith Redwoods SP, visitor numbers increased 12 % from 2013 to 2014 (tot&rmashl 37,044,
California State Parks (2015)). For State Parks, nespieific park records exist, so there are no

visitor estimates for Stout Grove and Grove of Titans, which are necessary to characterize use
patterns associated with trampling impacts.

For all three study sites | estimated visitor numbers for the main visitor season of Memorial Day
(May 25th) to Labor Day (September 7th). For Tall Trees Grove, the number of users was estimated
from daily National Park Service records for permits givenab the four visitor centers. | also
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counted visitors in Tall Trees Grove on nine days between June 10th and June 26th during the field
season and compared my tallies to the permit numbers to see how the two measures related to one
another. On each dagll visitors visible from the study plots (close to the formal trail) were tallied

for about 7 hours and an hourly visitor number calculated. Visitor days in Tall Trees Grove are
shorter than for easy access locations, since there is an hour hike iruahikbaut. To calculate

daily visitor estimates, | assumed a visitor day in early summer to be nine hours long.

In Stout Grove, visitors were counted on 10 days between May 25th and June 4th and an hourly
visitor number was calculated. Because of thetslkalk from the parking lot, | assumed a visitor

day in early summer to be ten hours long. In Grove of Titans, | installed seven-axifiated trail
cameras at the entrances to social trails and in the grove itself from April 4th to August 22nd 2015
(see Appendix A for the location of cameras). Once triggered, the cameras took three pictures in a
row with a 1 second recovery time before the next three pictures would be taken. Trigger speed and
recovery time of the trail camera are essential for a dovrgitor estimate. For quite a few pictures

the motion trigger was activated but people passed through too quickly to be captured. On others the
group size is not correct, because the recovery time of the camera was too slow to capture the people
following the person who initially triggered the camera. When positioning the cameras | had hoped
the photos would reveal if people who entered the social trails actually reached the Grove of Titans
or turned back to the formal trail, but because of the techlimu#tions this could not be analyzed.

| analyzed the 22,000 collected pictures to get an estimate of how many people use the social trails
per day and where visitor use was concentrated. People that appeared on more than one camera
where included only are in the daily numbers.

Mapping and sampling study trees

Between February and May 2015, | mappedgslowth redwood trees with a diameter at breast
height (DBH) of over 2 m in all three sites. I
everytree in little disturbed or undisturbed areas on the western side of Stout Grove and the eastern
side of Grove of Titans. Tree coordinates were digitized from LIiDAR derived canopy height models
(CHM) provided by the parks to create field maps and to coenpth GPS collected tree positions

(Figure 7).

Trees were grouped into two categories: Trees with social trails leading up to them and currently
undisturbed reference trees. Around reference trees, the understory vegetation and organic litter
showed naign of recent trampling disturbance and there were no social trails present in an area of at
least 10 m around the tree. For trees with social trails, the tree coordinates were recorded standing as
close as possible to the tree with a Trimble Geoexp&f80 XH. Distance and azimuth to each tree

were measured at the intersection of the formal trail and the most prominent social trail.

Even though | used this high accuracy GPS unit, much of the data could not be used: GPS signals
have a low signal to noisatio - they are low strength and the dense canopy with a high water
content causes the signal to be attenuated. Also, the GPS signal is reflected when it hits a physical
barrier like a tree trunk and the enormous redwood trees caused more multipathehdorest
environments. The GPS antenna has to determine which is the real GPS signal, and which the
Afechoo. The nevdnworsevehenhreedrfinkseandtbranclees are wet
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Figure 7. LIDAR derived canopy height model for Stout Grove, with trees between 30 and 95 meters of
height. The lowest heights are in green colour and the highest points are in orange.

Furthermore, under the dense redwood canopy the view to the sky changes frequently, resulting in
constantly changig satellite constellations. This means different satellites are used in computing
positions, causing a different bias in the data points, resulting in inconsistent data with poor relative
accuracy (McLachlan 2002, Lucas 2007, Bastos & Hasegawa 2018)dédeo create a reference

layer and recorded the formal trails in all three sites with a Trimble Geo 7x with external antenna.
Then | calculated the position of the trees by measuring their distance and azimuth to a reference
point. | postprocessedaltP S data using Trimblebs Pathfinder
five nearest available Continuously Operating Reference Stations (CORS).

Prominent features (e.g. burls, multiple stems, reiterations, goose pens) of all mapped trees were
recordedand their DBH was measured. Trees that were accessible were measured with a DBH tape,
according to forestry standards at a height of
(Appendix B) For trees with multiple stems that were not rourekdrwith a lot of sprouts around

them and reference trees, the DBH was too large to be estimated with a relascope. | used an adapted
version of the Biltmore stick to estimate the DBH of these trees.

In Stout Grove, | mapped 151 edplowth redwood trees i a DBH over 2 m. Of these, 131 had
social trails leading up to them (see stem map in Figure 8). In Tall Trees Grove, 116 of the 121
mapped olehrowth redwood trees had social trails leading up to them and only 5 trees had no
trampling disturbance (Figu®.
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Stout Grove Redwood Trees >2m DBH
["] study Site
I Formal Trail

MillCreek

0 25 50 100 Meters I Reference Tree (not sampled)
I Y N TN TN N SN SN SR SN | I Reference Sample Tree
I Tree with social trails (not sampled)
Author: Claudia Voigt 2 . .
Created with Esri ArcMap 10.2.2 Il Sample Tree with social trails

Background Source: Esri
Coordinate System: NAD1983 UTM Zone 10N

Snag with social trails

Figure 8. Stem map for Stout Grove including 151 redwood trees with >2m DBH. This is not a complete inventory since | did not map every tree in
very little disturbed or undisturbed areas on the western side of Stout Grove. Some snags with a DBH >2m are included as structures in the stem
map but were not in the sampling. 131 trees had social trails leading up to them. Of the 20 reference trees (currently no social trails) most are on
the Western side of the grove, outside of the Stout Grove Loop Trail.
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[1study Site
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* Trail Signs
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Il Tree with social trails (not sampled)
Il Sample Tree with social trails

Author: Claudia Voigt
Created with ESRI ArcMap 10.2.2
Coordinate System: NAD1983 UTM Zone

Figure 9. Stem map of Tall Trees Grove with 121 old-growth redwood trees with a DBH > 2m. 116 trees had social trails leading up to them, only
5 trees (reference trees) had currently no trampling disturbance. The DBH buffer was doubled to adjust for the scale of the map.

18



At the time ofmapping, six of 42 trees in Grove of Titans showed no evidence of trampling, but four
month later, in the field season, only one of 42 mapped trees remained with no trampling around it
(Figure 10).

150 Meters
J

Grove of Titans Redwood Trees >2m DBH

[ study Site

e Mill Creek Trail
Howland Hill Road
Mill Creek
Small Creek

I Reference Tree (not sampled)
I Tree with social trails (not sampled)
Il Sample Tree with social trails

® Trail Camera

Author: Claudia Voigt
Created with ESRI ArcMap 10.2.2
Coordinate System: NAD1983 UTM Zone 10N

Figure 10. Stem map of Grove of Titans with 42 old-growth redwood trees with a DBH > 2m. This is not a
complete inventory, on the Western side of Mill Creek all trees on flat ground were mapped, in little
trampled or untrampled areas on the Eastern side only a few trees were mapped as reference. 41 trees
had social trails leading up to them, only one tree had currently no trampling disturbance. The DBH buffer
was doubled to adjust for the scale of the map.

The stem maps were used to represent populations of trees from which | sabrplest@ly trees

per site. Using the ArcGIS Fishnet tool | divided each study site into eepizdlgt rectangular cells

to stratify the sampling. With the r.sample tool in the Geospatial Modelling Environment (Beyer
2014), I randomly sampled one tree pelt.Distance from formal trail was calculated using the

ArcGIS Near Tool. As a result of the random sampling, for Tall Trees Grove 13 of 30, for Stout
Grove 12 of 27, and for Grove of Titans 2 of 20 trees were closer than 10m to the formal trail (plots
overlapped the trail). | also assessed trees that were not visible from the formal trails and only
accessety social trails. In Stout Grove, tree 142 was closest to the paved access leading down into
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Stout Grove. However, a steep drop separated the tregliis path so | used the distance from the

Loop-Trail instead.

Plot design

Around each sample tree, a circular plot was created by establishing eight transects in the cardinal

and subcardinal directions (Figure 11). Transects were 10 m long, measuted lager range
edge of
point that was established as the end of the tree skirt to the 10m mark. Tdadinbl transects
divided the plots into four quadrar{esach cardinal quadrant is bounded by its closestatdinal

finder from the

direction transects).

the plot to

NwW

B

SubplotB (Censusonground)
% cover (vegetation by species,
organiclitter, woody debris,
exposed mineral soil, roots, trail)
% social trail
Litterdepth,

Soil compactionat 5 points

Whole Plot:
- map disturbed areas
- Social trail width

- # ofalltreesand sprouts by species
- % coveron downed logs
(moss/vegetation/ litter/exposed wood)
- Length of section of exposed wood
- soil color

N %

NE

Subplots C:
same measurementsasB

Subplot A (Census on tree skirt
and bole)
Litter length,
% cover (undamaged/damaged
bark, bark, exposed
wood/burls/roots, litter,

vegetation by species)

Figure 11. Plot design for 10m radius tree plot with 12 subplots.

Photographs taken at 28 photo points in and around each plot help totdltistralot layout for

t he

treeods

each sample tree and to track changes in disturbed areas for later monitoring. An overview picture of
each study tree facilitates identifying the trees (examples of phattsccan be found in

Appendix G.
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Mapping informal trails

In a first trial, social trail segments were recorded with the GPS device as line features. For the
abovementioned reasons, the GPS signal was not accurate enough to determine to which or around
which tree an individual trail would lead. As an alternativ@apped social trails at two different

scales: within the plots, social trails were inventoried in detail by drawing trampled areas into plot
maps to quantify the extent and distribution of trail segments and disturbed areas. On the last field
days in @ch study site, trails were roughly inventoried for the whole site by drawing them into the
stem maps. Many visitors walk on downed logs, so that some of these logs have become part of the
social trail network and logs that have been walked on are ofteiddef organic litter and

vegetation. For these reasons, | have included trails on downed logs into the mapping. For the plot
drawings, | created diagrams in ArcGIS that included a DBH buffer of the sample tree, the eight
transects, the 2 m and 10 m buféed the formal trail buffer (Append®). Trail width was

measured at points of obvious change. Trails and disturbed areas were classified among five
condition classes with increasing values being associated with greater impacts. Condition classes
were @lapted from three other studies assessing social trail impacts (Table 1).

Vegetation and soil measurements

In the plot quadrants, tree regeneration was counted in two categories: less than 1.86 m tall and
between 1.86 m and 5 m tall (USDA Forest Service42Besides the metrics for which | provide
results and discuss implications in this report | took additional measures (Appendix E)

In each plot, 12 nested subplots were established along the transects (Figure 11). In two pilot studies
conducted in Novendy 2014 and March 2015, | tested two different designs for the subplots and
compared the time it took to collect data, the feasibility of data collection, and the differences
between the collected data. It turned out to be more informative and less datoagiderstory

vegetation to use a census method rather than a fixed frame quadrat for eight of these subplots.

A-Subplotsvere used for measurements on the tree skirt and bole. These subplots started where |
defined the lowest points of the tree skirtlanarked them on the transects with eight pin flags

(Appendix F) From there, they went up to a height of 2 m. All measurements for the four subplots

add up to a census around the whole tree. | divided these subplots into a percentage of skirt area and
a percentage of bark area. Then | recorded the percentage of disturbed area and of the cover elements
(e.g. bark, soll, litter; see Table 2) using ocular estimates.

B-Subplotsvere used for measurements on the ground. These subplots were established by
measuring 2 m outwards along the transects starting at the first pin flag on the tree skirt. In these
subplots, the percentage of ground cover elements was also determineciNgitlestimates (Table

2). Vegetation cover estimates were recorded by species. Cover was defined as the portion of ground
covered by the verticgirojection of the vegetation onto a horizontal pl&8@il compactiorwas

measure@s penetration resistanatthe mineral soil surface at fia/enly spacegoints within each
subplot (at 5 and 10 cdepths) with a ring penetrometéor eachmeasurement poittnoted if it

was taken on a social trail or in an untrampled area. Littedafidlepth(surface toA horizon) was
measured at 1 m andn2 along the transextvith a trowel and measuring tape
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Table 1. Comparison of trail condition class descriptions for Marion&Leung (2011), Leung et al. (2002)
and this study in old-growth redwood forest

Condition
class

Marion & Leung (2011)
Assessment of Informal
Trails in Great Falls Park
(Virginia)

Leung et al. (2002) Social Trails
in Boston Harbor Islands and
Cole et al. (1997) in high-use

wilderness areas in the

Cascade Mountains of western

Oregon and Washington)

Description for this study

Trail distinguishable;
slight loss of vegetation
cover and /or minimal
disturbance of organic
litter.

Trail obvious; vegetation
cover lost and/or organic
litter pulverized in
primary use areas.

Vegetation cover lost
and/or organic litter
pulverized within the
center of the tread, some
bare soil exposed.

Nearly complete or total
loss of vegetation cover
and organic litter within
the tread, bare soil
widespread.

Soil erosion obvious, as
indicated by exposed
roots and rocks and/or

gullying.

Trails are disturbed but not well
established. They retain at least
20% of vegetation cover on the
treads. The boundaries between
trail treads and off-trail areas
are often unclear.

Trails are well established. They
retain less than 20% of
vegetation cover on the treads.
These trails are less than
0.3 mwide. The boundaries
between trail treads and off-trail
areas are often discernible.

Trails are well established. They
retain less than 20% of
vegetation cover on the treads
and are between 0.3 and 0.6 m
wide. The boundaries between
trail treads and off-trail areas
are usually discernible.

Trails are well established. They
retain less than 20% of
vegetation cover on the treads
and are more than 0.6 m wide.
The boundaries between trail
treads and off-trail areas are
usually discernible.

Social trail(s) (just) distinguishable,
the boundaries between trail treads
and off-trail areas are often unclear;
slight loss of vegetation cover and
minimal disturbance of organic litter.

Social trail obvious, but maybe not
used recently,
on trail vegetation cover lost and/or
litter diminished in primary use
areas. Trails are less than 0.4 m
wide.

Social trail well used, vegetation
cover lost and/or organic litter
pulverized within the center of the
tread, some bare soil exposed. Trail
treads are between 0.4 and 0.8 m
wide.

Social trail(s) are hard to distinguish
from formal trail (have similar
appearance and width). Nearly
complete or total loss of vegetation
cover and organic litter pulverized
within the tread, bare soil
widespread.

Disturbance spread over big area,
no boundaries to identify trail tread,
nearly complete or total loss of
vegetation cover and organic litter
pulverized in the whole area, bare
soil widespread
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Table 2. Description of elements for cover estimates in subplots

Mutually exclusive set of
categories, which add up to
100%

Description

Cover Elements
used in A-Subplots

Undamaged bark

Burnt bark

Damaged bark?

Exposed wood?

Bark that has neither been burnt nor damanged

Bark that has been burnt in forest fires

Bark likely damaged by people walking on the

tree skirt and holding onto the tree (often of a

redder color than weathered undamaged bark,
sometimes polished)

Wood showing where bark has been completely
removed from tree or a burl

Cover Elements
used in A-, B-and
C-Subplots

Exposed roots, burl or woody
debris?

Exposed soil®

Organic litter

Woody debris

Vegetation

Roots or burl with damaged or removed bark.
Woody debris damaged by trampling

Litter layer is completely removed. Depending on
the depth of O-horizon either black, well
decomposed soil or mineral soil of gray color is
visible
Dead plant material, e.g. twigs, bark, needles,
and leaves, that have fallen to the ground and
have not yet been incorporated into the
decomposed top humus layer. Litter that has
been pulverized by trampling is not included and
is classified as bare soil.

Woody material, slash and debris, fallen dead
trees and the remains of branches on the ground
(>50mm width)

Including trees, shrubs, ferns, forbs, graminoids

Additional set of categories,
also adds up to 100%?2

Disturbed area (social trails
present

Undisturbed area (social trails
absent)

Area affected by trampling and covered in social
trails

Area without visible disturbance and without
discernible social trails

aonly relevant on impacted trees

C-Subplotsvereestablished othe ground, starting at 5 m from the first pin flag along the cardinal
transects. A fixed 2 m x 2 m frame defined th&bplots because at 5m away from the tree their
area would be too big to get reliable ocular estimates using a ceasiuzd. In the &ubplots the
same measurements were taken as iBthabplots.

To establish if there was a difference between subplots facing the trail and subplots facing away from

the trail, | assigned each quadrant a code 0, 1, 2 or 3. Asubplobowhead as 00 when it
partially) overl|l apped the formal trail. 't was
degree angle of the cardinal transect was less than 25 m away from a formal trail or a class 4 social

trail. twascodeadas 206 i f it was neighboring a subplot t
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coded as A3060 if it was neither close to a
was. Figure 12 shows an example coding for the Stout Tree.

\‘

® o
Stout Grove
@ 06 Redwood >2m DBH "

s Facing Trail 25m out

Dist Class 1

Dist Class 2 -
B Oist Class 3 ‘
- Dist Class 4
I Oist Class 5
B Formai Trail

Author: Claudia Voigh ‘

Disturbance data colecied between May21-Jul24 2015
WSS Created wih Evi ArcMap 10.2.2

Coordinate System: NAD1983 UTM Zone 10N ‘? 25 S 10 15 2 2|5 Meters

\

Figure1l2.Codi ng of the variable AFacing Trailo for subpl
t he

were facing the formal trail (coded as fAlo), i n
fl10), and i nhbtohrei nSgo ugtuha dnreaingt s t hat are facing the
area that determined the coding.

Analysis

For spatial analysid,usedthe stem maps and haddawn plot and traimaps to creatamaps of
socialtrail networks. All 78handdrawnplot mapsand six site map&wo for each sitejvere scanned
andgeoreferencedl hedisturbed aream sample plots werdigitized from the plot mapss

polygons From the site maps, trails outside the plots were digitized as polWeasurementef

trail width and mean trail width were used to buffer social trail polyline dd@.GIS data were used
to calculateaggregate area of disturbarar®d lineal extent of trailsSThe density of informal trails
wasdetermined sithe aggregate length in m/4ad total number of informal trails plka In all

three sites, cover analysis was done with ArcGIS for each tree plot to calculate the size of the
disturbed areal otal trampled area within a study site veadculatedas tle sum of trampled area
within all sample plotplusthe buffer area of social trails and formal trails outside the plots minus
the DBH buffer area of all mapped trees, with results in square meters.
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To assess theslationship of DBH, prominent featuresdagiistance from formal trail to percent plot
disturbance, | performed a linear regression analysis using R (R Core TeamAld&tp were

tested for normality and heteroscedasticity of residuals. In the past, percent data and proportions were
often squee root orarcsine square rottansformed. | explored these transformations for percent plot
disturbance but neither of them significantly improved the homoscedasticity or linearity of the data.
For the relation with distance from formal trail, the prdjwor of disturbed areawas log transformed

(1/6 was added to all values to allow the transformation of 0 values (Mosteller & Tukey TB&7)
number of prominent featurggs not independent die DBH of the treesn Stout Grove and Grove

of Titans. In dinear regression, prominent features were used to predict DBH, and trees with more
prominent features had on average a higher DBH (Stout G¥eNE34, P=0.04; Grove of Titans

R?=053, P=0.02), so | used only DBH in the regression since it is a more tigemeasure. In Tall
Trees Grove, prominent features were not significantly associated with RBB.E9, P=0.67).

Here, prominent features were not significanpriedicing disturbanceindependent of whether DBH
had been accounted f¥#,,,=1.30, P=0.30)or if prominent features were used as the only predictor
(F4.25=0.56 P=0.70).

By definition, percent disturbed area within the subplots is confounded with percent of the five cover
elements] did na describe a correlation between these varidnkplotted the raw data to visualize
differences and similarities between the silestest for differences in mean trampled area and cover
between Bplots (close to tree) and-Elots (further away from tre¢Jused pairwise-tests and
adjustedthé-val ues for mul ti pl e ¢ o mpoatesingneandifferansesng Hol n
between subplots facing the trail, adjacent to subplots facing the trail and subplots facing away from

the traill usedGamesHowell multiple comparisondor nonuniform samge size and heterogeneous
variancg. To avoid confounding disturbance on the formal trail with disturbance caused by visitors
walking off-trail, subplots that overlapped the formal trail were excluded from analyses (10 of 312 B
Plots and 22 of 312-@lotswere removed). Since | was only interested in differences in group

means | used all four subplots of a tree in the multiple comparisons to differentiate between plots

facing the trail and facing awayo account for havigmultiple measurements per tréencluded

the tree as a random effect in linear mixed effects models and tested whether facing trail and other
fixed effects (distance from trail, DBH) significantly improved the fit of the model in the different

study sitesModels were compared using&k ke 6s | nformation Criterion
size(AICc)For assessment of the model sdé gdéfordheaess of
fixed effects and the conditionalfor fixed effects and random effects combirfdkagawa’

Schielzetr2013).

| used the Spearman rank correlation to test if the number of sprouts and saplings per plot or the
species richness decrease with increasing trampling disturbance. To evaluate and compare soil
compaction measurements within and between sites, | first thée@stablish which root growth

limiting threshold values to use. Several researchers ddjul&dlensityand soil strength threshold
valuesfor differentsoil types andtextures in agricultural, construction and timber harvest settings.
They found thatight soil compaction increases the water holding capacity and plant available water
in fine loamy sands, so threshold values are higher than on finerd sails. T o k (2008 paeivs

of values for soil strength for different crops on fine sandy loaenséime and slightly higher

25



thresholds were found thaime ones reporteit a USDA Forest Service study (200&sting different
penetrometers. | compared the number of measurement points that were above the threshold at which
root growth of most plants ishibited (15 kg/crf) and above the threshold at whitle roots of

many plants quit growin25 kg/cnt, USDA Forest Servic2009 in undisturbed and trampled areas

in B- and Gplots. lused linear regression to determine how much of the variance dorttpaction

and litterdepth data could be explained by trampling disturbamdecompared mean differences in

plant species richness betweeraBd Cplots and differences between trampled and untrampled

litter depth witht-tests, adjusting-valueswhen neessary.

Results
Visitor Numbers

Stout Grove

The 10 days when | counted visitors in Stout Grove were at the very beginning of the tourist season
(between May 28and June ) andall were weekdays, so thaye not representative for the whole
range olvisitor use In May, visitor numbers fluctuated by 100%, from 18 to 36 visitors per hour, and
an estimated 183 to 362 visitors per day with a mean of 244 visitors pértdagarking lot was

often at capacity but not overflowingtarting on June*Howland Hill Road was graded for a week
and access to Stout Grove was very limited. Visitor numbers dropped to 8 to 19 visitors per day
during thattime (Figure13). Accordingto rangers and maintenance staff, visitor numbers in Jedediah
Smith Redwoods SP were at a record level in the summer of 2015. In respoalie, @unterwas
installedat Breen Bridge®n Howland Hill Road imid-July. It recorded anonthly vehicle number
between 8,000 and 10,000. It is not possible to use the traffic counter to calculate a site specific
visitor estimate for Stout GrovAn anecdotal indicatasf the exceptionally high visitor numbers

later in the season was the numbgcars that sometimes parked all the way out to Howland Hill
Road wheri drove by the Stout Grove access roasmyway to the Grove of Titans in July 2015.

Tall Trees Grove

For nine observation days in June | calculated a mean of 47 visitor, affiftht in Stout Grove.

Even though all days were weekdays, the fluctuation here was even higher. | counted between 1 and
13 visitors per hour and calculated between 11 and 118 visitors per day. There was a discrepancy
between counted visitors and visitarmbers obtained fromark permits Figure14, a detail of

Figurel3). There are several possible explanations for this discrepancy: Visitors who want to use
other trails along Redwood Creek (e.g. Emerald Ridge Trail) also need a permit for the Tall Trees
Grove access road, but will use a differeatl irom the parking lotNot all visitors who obtain a

(free) permit actually come to Tall Trees Grove.
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Figure 13. Estimated visitor numbers for all three study sites: Highest use in Stout Grove, where numbers were counted on 10 days in the
beginning of the season. For Tall Trees Grove numbers counted on 9 days are compared to numbers obtained from park permits (see 10b). For
Grove of Titans (GOT) numbers were tallied from trail camera pictures set up in the grove from Apr 4th to Aug 1st 2015.
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Figure 14. Estimated visitor numbers for Tall Trees Grove. Visitors were counted on nine days in June
2015 and compared to numbers obtained from park permits.

Based on the permits given out between Jdrendl Sept 30, visitor numbers were highest tme

July 4"weekend (13%isitorson a single day and 335 for the whole weekendheérlate July heat
wave on July 28 (137 visitorson a single day, 350 in three days)d Labor Day weekend (125
visitorson a single day and 304 for the whole weekend). Afftermiddle of Septembersitor

numbers dropeddrastically No visitors cameo Tall Trees Grove on weekdays, while on weekends
visitor numbers were only slightly below averdigl Trees Grove had 32%increase in visitor
numbers PS 2015hfrom 2014 to 2015.

Grove of Titans

| analyzed pictures for 76 of the 141 days betwgernil 4th to August 22th 2015 from seven trail
cameras and counted a total of 768 visitore iitean number of daily visitors w6, with only six

days where no visitors were recorded. In this site, the high visisgemed unrelated twliday
weekendsOnJuly 14" 201537 people and on July 544 people walked into Grove of Titans. In

the 234 groups,rgup size ranged frorh to 14 people, with an average of 3 people. A group of
scientists who did daily fish surveys between4iiidrch and middune andised a trail on the eastern
side of Mill Creek (camera 6, see Appendix A for a map with the position of the cameras) were not
counted as visitors.

Many visitors did not just take pictures and pass through the Grove of Titans but stayed for extended
amouns of time, some of them returning multiple times to the same spot within the course of hours.
Visitor use was most concentrated in the area around trail camera 2 (293 \Rigtors15). Camera

7 was installed later (on May 9§ so it was only included on 30 of the days | analyzed. Half of the

234 groups only appeared on one camera, a quarter of them (59 of 234) appeared on two cameras,
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andtheremani ng quarter appeared on O three camer as.
appearing on camera 6 and at least one camera on the western side of the creek. The trail entrance
upslope from Tree 13 seemed to be effectively closed with woody debrispsigc people

appeared on trail camera 5 d@ndhere it was possible to telkll of them seemed to be coming from
Tree 13.

140 +
120 +

100 +

Number of visitors

20 +

TC1 TC2 TC3 TC4 TCS TC7 TC6

M April 4-30 ®m May 1-7 May 25-Jun3  ®July 6-13  ®Jjuly 14-Aug 1

Figure 15. Distribution of visitors to the Grove of Titans over seven trail cameras (TC1-TC7) for five time
periods between April 4 and Aug 1 2015.

Spatial Distribution of Trampling Disturbance

Overall degree of disturbance within the study sites

Stout Grove

In Stout Grove, trampling disturbance was concentrated around trees, snags and logre ttlase/

to the formal trails and easily accessible but trampling was also quite evenly spread on the inside of
the loop Figurel16). Most of the 2Geference trees (which had no social trails at the time of

mapping) were on the western side of the grove, outside of the Stout Grove Loop Trail. The trampled
area adds up to 10.4% of the total area within the study site, making it the most disturtbed and t

most severely disturbed (class 5) of the three sltaklé3). Almost all class 5 trampled areas,
completely barren or only covered with pulvedditer and small woody debris, were adjacent to

the formal trail. Relative to the size of the study sites, Stout Grove had nine times more class 5
trampled area than Tall Trees Grove or Grove of Titans.

29



Stout Grove

[ ] studysite

@ oG Redwood >2m DBH

() sample Plots
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Dist Class 1: 240 sqm

Author: Claudia Voigt | Di n

Disturbance data collected between May21-Jul24 2015 ? | 215 ) 510 " q ' 1?0 Metera | Dist Class 2: 409 sqm
Created with Esri ArcMap 10.2.2 g .
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Figure 16. Stout Grove social trail network and areas disturbed by trampling, including trampling on downed logs (visible as straight lines).
Disturbance is concentrated around trees that are close to the formal trails and easily accessible but also quite evenly spread on the inside of the
loop. The trampled area adds up to 10.4% (5,632m2) of the total area within the study site, making it the most disturbed of the 3 study sites. The
highest trampling disturbance does not occur in the plot around the Stout tree but in a plot on the intersection with the Hiouchi Trail.
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Table 3. Spatial measures of social trails for three study sites with 2015 data. Overall amount of trampling
disturbance in Tall Trees Grove is similar to Stout Grove, but much less severe (less class 5, more class
2 disturbance, pink shading). Overall trampled area in Grove of Titans is a third of that in Stout Grove, but
trail density is half as high as in Stout Grove (59%, yellow shading).

Stout Grove Tall Trees Grove Of Titans
Grove
Size giieswdy 55,116 m2 107,510 m? 94,026m?
Total 10.4% 7.6% ( 3.7%
(5,632 m?) 8,027 m?) (3,317 m?)
Condition 0.4% 0.5% 0.3%
2 2 2
class 1 (240 m?) (540 m?) (305 m?)
0.8% 1.3% 0.6%
Disturbed class 2 (406m?) (1,398 m?) 570 m?)
area
2.2% 2.0% 0.9%
as % of class 3 (1,191 m?) (2,149 m?) (817 m2)
study site
0.5% 0.9% 0.8%
class 4 (248 m?) (969m?) (677 m?)
2.7% 0.3% 0.3%
class 5 (1,462 m?) (347m?) (244m2)
Formal Trail 3.8% 2.4% 0.8%
(2,07 8m?) (2,612 m?) (705 m?)
Formal Trails Total 844 m 1,617 m 705 m
Trail length  gocjal Trails Total 4362 m 6.420m 4597 m
(incl. trails on ' ' )
downed logs) (5,409 m) (7,080 m) (4,831 m)
Taildensity  (no.waleon  [SAMMA S97mha  4ggmiha
downed logs)
207 trails 280 trails 227 trails
# of trails Social Trails Total . .

s Ll oSS0 s 29l on
| downed logs
0gs logs

Trail Extent
. Social Trails/ ha 37 26 23
(notincl.

trails on logs)
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Tall Trees Grove

In Tall Trees Grove, trampling disturbance was more difficult to classify for two reasons. There is
naturally less vegetation cover (see cover and vegetation métdosin the other two, moister,

sites, which meant that social trail boundaries and also formal trail boundaries were less defined.
Additionally, elk and deer had created many game trails, which were hard to distinguish from the
lightly used social trailOnly 5 of 121 mapped oldgrowth redwood trees had no trampling

disturbance. In my pilot study, conducted in November 2014, there was a dense fern forest in the
southern quadrant of tree plot /idurel7). When | collected the field data in June 2015, browsing
damage was evident on many sword ferns (young shoots and frond tips were eaten) and the trampling
disturbance | recorded there did not connedhé formal trail.

Figure 17. Southern quadrant of tree 79 in Tall Trees Grove; left: dense fern forest with no browsing
damage in Nov 2014, rightt br owsi ng damage on many sword ferns and tr
formal trail in June 2015.

The overall amount of trampling disturbance in Tall Trees Grove (7.6% of the total area) was similar
to Stout Grove, but the disturbance was less severe. There was much less area in condition class 5
(0.3%), and as a result ofethight use and the many game trails, there was more class 1 and 2
disturbance here than in the other two groveble 3, Figure18). Of the 30 sample plots, the four

plots with the most trampled areas (~ 50% disturbance) were relatively close to the entrance of the
loop trail. Mean trail width forrail condition classes-4 (which were used to buffer the digitized

line features) differed between the study sifesb(e4). In Tall Trees Grove thiess defined trail
boundaries resulted in wider trails.
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Table 4. Comparison of mean social trail width for trail condition classes 1-4 and formal trail width
in all 3 study sites (Stout Grove n = 49 measurements (class 1), 50 (class 2), 52 (class 3), 12 (class 4);
Grove of Titans n = 10, 41, 78, 42; Tall Trees Grove n= 12, 19, 41, 15).

Condition Stout Grove Grove of Tall Trees
class Titans Grove
1 0.40m 0.35m 0.45m
2 0.45m 0.40m 0.50m
3 0.65m 0.55m 0.70m
4 1.00m 0.75m 0.90m
Formal Trail 2.40m 1.00 m 1.60 m

Grove of Titans

In Grove of Titans, disturbance was quite evenly spread throughout the study site and not as
concentrated around individual trees as in the othesti@s Figure19). The trees with the smallest

DBH and low trampling disturbance were on the overall less trampled eastern side of Mill Creek.
Total disturbed area in Grove of Titans was one third of that in Stout Grove (3.7% of the total area
within the study site), buwith 489 m of social trail per ha, trail density was almost two thirds of that
calculated for Stout Grove (791m/ha) and the number of social trails per ha was almost as high as in
Tall Trees Grove (23 vs. 26 trails/ Riable3).
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Dist Class 1: 551 sqm
~ DistClass 2: 1,398 sqm
I Dist Class 3: 2,149 sqm
I Dist Class 4: 969 sqm

I Dist Class 5: 347 sqm
I Formal Trail: 2,592 sqm

Author: Claudia Voigt @  Trail Signs

Disturbance data collected from Jun8 - 27 2015
Created with ESRI ArcMap 10.2.2
Coordinate System: NAD1983 UTM Zone 10N

Figure 18. Tall Trees Grove social trail network and areas disturbed by trampling, including trampling on downed logs. The 4 plots with the biggest
trampled areas (around 50 % disturbance) were relatively close to the entrance of the loop trail. The trampled area adds up to 7.6% (8,027 m?) of
the total area within the study site.
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Author: Claudia Voigt
Created with ESRI ArcMap 10.2.2
Coordinate System: NAD1983 UTM Zone 10N

Figure 19. Grove of Titans social trail network and areas disturbed by trampling, including trampling on downed logs. Disturbance is quite evenly
spread throughout the study site and not as concentrated around individual trees as in the other two sites. The trees with the smallest DBH and
low trampling disturbance within the plot were on the overall less trampled eastern side of Mill Creek.
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Trampling disturbance on the plot level

The role that tree size and distance from the formal trail play iniekplavariation in trampling
disturbance was different in the different sites. Linear regression analysis revealed shatfle

plots in Stout Grove, percent trampled area wat significantly relatetb the size of the treeg?(=

0.01, df=26,P = 0.55). The three undisturbed treesneall bigger tharthetree with highesamount

of disturbancéFigure20). The distance of the sample trees fromftheal trail, however, explained

61% of the variation in trampling disturbancé= 0.61, df=26P <0.001, for log transformed data).

The three most disturbed plots were closest to the Figilile21). According to the regression

model, for every meter further away from the trail, the estimated mean disturbance decreased by six
percent (95% CI: 4.2% to 7.8% decrease).

In both Tall Trees Grove and @re of Titans, however, percent plot disturbance was positively
related to DBH Figure22 andFigure24). In Tall Trees Grove the percentage of variance explained
was relatively low 1> = 0.22, df=28P = 0.009). Accordindo the model for each 50cm increase in
DBH, the estimated meatisturbance ineased by 3.2 percentage poif@§% CI: 10t05.4

increase)For Grove of Titans an outlier was removed to meet the assumption of residual normality
Tree size explained 46% of the variation in tramplirfg=(0.46, df=17P = 0.001). Br each 50cm
increase irDBH, the estimated meatisturbance increased by 1.7 percentage pd3%(Cl: 0.9%t0
2.6increasg
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Figure 20. Stout Grove: Relation between at r e e s and ti@diea (m?) in sample tree plots (n=28) taken up by social trail condition classes 1-
5, formal trail and untrampled area. Percentage at the top of each column represents the amount of undisturbed area per plot. For this sample,
percent disturbed plot area is not significantly related to the size of the trees (e.g. for 3 tree plots without trampling trees are bigger than tree with
highest trampling disturbance, (r> = 0.01, df=26, P = 0.55).
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Figure 21. Stout Grove: Relation between a tree® distance from the formal trail and the area (m?) in sample tree plots (n=28) taken up by social
trail condition classes 1-5, formal trail and untrampled area. Percentage at the top of each column represents the amount of untrampled area per
plot. Trees to left of blue line were less than 10m away from formal trail so their plots overlapped the trail. Percent trampled plot area is negatively
related to distance from trail (r? = 0.61, df=26, P < 0.001, for log transformed trampling data). The three most disturbed plots (blue circle) are

closest to the trail.
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Figure 22. Tall Trees Grove: Relation between a tree® DBH and the area (m?) in sample tree plots (n=30) taken up by social trail condition
classes 1-5, formal trail and untrampled area. Percentage at the top of each column represents the amount of undisturbed area per plot. For this

sample, percent disturbed plot area is positively related to DBH of the trees (r? = 0.22, df=28, P = 0.009).
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Figure 23. Tall Trees Grove: Relation between a treed distance from the formal trail and the area (m?) in sample tree plots (n=30) taken up by
social trail condition classes 1-5, formal trail and untrampled area. Percentage at the top of each column represents the amount of untrampled
area per plot. Trees to left of blue line were less than 10m away from formal trail so their plots overlapped the trail. In this grove, plot disturbance
was not significantly related to distance from trail (r> = 0.06, df=28, P = 0.18, for log transformed trampling data).
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Figure 24. Grove of Titans: Relation between a tree& DBH and the area (m?) in sample tree plots (n=20)
taken up by social trail condition classes 1-5, formal trail and untrampled area. Percentage at the top of
each column represents the amount of untrampled area per plot. For this sample, percent disturbed plot
area is positively related to DBH of the trees (r> = 0.46, df=17, P = 0.001).

For the sample plots in Tall Trees Grove, percent trampled aseaavaignificantlyrelated to
distance from formal trailrf = 0.06, df=28,P = 0.18 for log transformedramplingdata Figure23).

The highestramplingdisturbancen Stout Grovg80% of 445m?) did not occu in the plot around
the Stout Tee but in a ploatthe intersectionof the Loop Trail and theliouchi Trail in the
northwest corner of the studjte Figure25).
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Figure 25. Plot diagram for tree 54, the tree plot with the largest trampled area (80% of 445 m?) in Stout
Grove. The plot is located on the intersection with the Hiouchi trail around a tree with many prominent
features: three twisted stems with braided bark and a reiteration.
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That tree has many prominent features; its three twisted stems are covered in braided bark and an
interesting reiteration is visibledm the trail (AppendiXG). Figure26 shows the plot diagram of one

of the three tree plots in Stout Grove with 0% trampling disturbance. This tree is far away from the
formal trail, has a single stem without prominent featuaed,there are many large downed logs in

the plot (AppendiG).

The tree plot with the largest trampled area in Tall Trees Grove (53% of%2@asaround the tree
with the largest DBH in the grove, one of the record holder trees that has been namésremcked:

on different websites (Fusion Giant or MelkBigure27). The tree is easily visible from the trail,

burls grow around half of its circumferee, and it splits into two stems high up (Apper@jplot
diagrams with little trampling disturbance for Tall Trees Grove and Grove of Titans can be found in
AppendixH).
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Figure 26. Plot diagram for tree 142, one of the three tree plots in Stout Grove with 0% trampling
disturbance. The tree is far away from the formal trail, has a single stem without prominent features, is
surrounded by two other old-growth redwoods and there are many big downed logs in the plot.

44



Tall Trees Grove Tree 87

@ 0G Redwood >2m DBH
0 25 5 10 Meters s
T - Additional_Trees
Dist Class 1: 18.6 sqm
| DistClass 2:90.2 sqm
- Dist Class 3: 97.3 sqm
Bl Dist Class 4: 24.9 sqm
Author: Claudia Voigt

Created with ESRI ArcMap 10.2.2 Il Dist Class 1:42.3 sqm
Coordinate System: NAD1983 UTM Zone 10N - )
Formal Trail: 0 sqm

Figure 27. Plot diagram for tree 87, the plot with the biggest trampled area (53% of 520 m?) in Tall Trees
Grove. The plot is around the tree with the largest DBH in the grove, one of the record holder trees that
has been named and referenced to on different websites (Fusion Giant, Melkor).
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In Grove of Titans,te plot ofTree 1 has thiargesttrampkd area (32% of 4803nof the 20 sample
trees Figure28 andFigure29). Thisthreestemtree standacross frontree 2, one of the most
Afamouso titans Tred Bhasreeea morgangplingdirdctly atsheé tyee basand
the proximity partly causethe trampled area on the eastern sidaeé T

Figure 28. Trampling disturbance in tree plot 1 of Grove of Titans.
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Figure 29. Plot diagram for tree 1, the plot with the largest trampled area (32% of 480 m?) in the Grove of

Titans. This 3-stem tree stands across from tree 2, one of the most ifamousot i t an s

(AScreaming

Tree 2 has even more trampling directly at the tree base and partly causes the trampled area on the
eastern side of the plot for tree 1. The armored banks of a manmade ditch on plot 1 6 sstem side have

remained a sparsely vegetated area that is especially heavily trampled.
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In Stout Grovethe number of quadrants, where botplBts (close to the treegnd GPlots(5-7 m
away from the treejvere completely undisturbed was much higher than in the other two groves
(Table 5). A quarter of all quadrantsere undisturbed, and 14 of these 26 undisturbed quadrants
were facing away from the trail. Because of the high number of undisturpéat€3 mean and
median trampled area was lower in Stout Groyalds than in Tall Trees and Grove of Titans
(Figure 30). | had expected disturbance to be higher-pl@s than in Glots, especially in plots
facing the trail and in those adjacent to them. In Stout &tloig was not the case for plots facing the
trail; in 13 of 34 plotpercent disturbed aréathe Gplots wasmuch higher than in Blots. | found
these 13 plots around trees which were relatively close totmaltrail, which might explain why
the Gplots were more trampled than thep®ts. In B-plots adjacent to those facing the trail, mean
disturbance was significantly higher than in th®I6ts Holm adjusted?=0.004 Table 5).

1 H 1004
. Plot facing trail s - Plotfacing trail
l__'—‘].ﬂ\dja:enttofa:\ngtrawl 90 EI.A\dJacemtofacmgtrai\
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Figure 30. Difference in mean disturbed area between B-plots (30a, n=302) and C-plots (30b, n=290) for
plots facing the formal trail or a class 4 social trail (1), plots adjacent to those (2) and plots facing away (3)
in all three study sites (GOT= Grove of Titans, ST= Stout Grove, TT=Tall Trees Grove).

In Tall Trees Grove, mean disturbameas significanty lower in all Gplotsthan inB-plots,
independenbf whetherthe plots wee facing the trail or notn Grove of Titans | observed the same
trend; the difference was significant for plots facing the trail and for adjacent pédite 6).

Even though overall disturbance in Grove of Titans was less severe than in the other two groves, it
was so widespread that fewer than ten percent of alaBd Gplots were completely undisturbed.

48



Table 5. Pairwise comparison of percent disturbed area between B-plots (n=283) and C-plots (n=279)
split up for plots facing the formal trail or a class 4 social trail (1), plots adjacent to those (2), and plots
facing away (3) in all three study sites (pairwise t-test with Holm adjustment of p-values).

# of plots
: %trampled # of plots # of plots .
Site F.?f;ri]lg Tgtallé#t;)f area  Difference Difference Mgag d;:;reé\:r:ce Adjusted P*
P inBand B-C>0 B-C<O0 “Cos%
C=0
1 4 4 17 1 -3[-1417 .
Stout 3 3 3[-14/7] 0.506
2 29 8 17 2 221[9/33] 0.004
Grove
3 34 14 13 7 -0.5[-5/4] 0.599
1 43 7 29 7 22 [4130] <0.001
Tall Trees |, 51 11 34 4 13[4/22] 0.020
Grove
3 14 3 10 1 11 [3/19] 0.018
1 39 4 26 9 14 [5/23] 0.014
Grove of
Titans 2 24 3 16 4 8[1/14] 0.036
3 15 1 12 1 5.3[-2/13] 0.250

* Significant differences at > 95% level in bold.

In Stout Grove, twwariables- 6 dcingtraild(F=12.9,P < 0.001)andé idtance frontraild(t=-6.9, P
< 0.001)- had significant effects on logransformed percent dighbed arean the Bplots, and similar
to results for the whole plots, DBH did not have a significant eftect.g,P=0.11). However,
odcingtrailddid not improvethe AICc score of a linear mixed effectedel onced idtancefrom

t r ai lbeén atcaudted for

(Al Cc of O&6Faci ngl|Treedl6=1426+ Di st ance +

Al Cc of 6éDistance + 1. | TreeNrd = 422, Appendi x
The random effect added for multiple observations per tree had a meaningful effect in the model
(Intra Class Correlation (ICG) 0.39) Comparingind vi du a l |l evel s of o6facing

difference in disturbance: In-Blots and Gplots facing trails disturbance was, on average, 25
percentage points higher than in plots facing away from tieals|€6).

In Tall Trees Grove, there was no significant difference between plots facing the trail and facing
away. In a linear mixed effects model, the only significant predictarrfsansformd disturbance

was DBH P < 0.001) but iexplainedas littlevarianceas in the linear model for the whole plots
(marginalr? = 0.23). The random effect added for tree explained an additional 27% of the variance in
the data (ICC= 0.27).

The plots in Grove of Titans showed the same trend as the ones in Stout Grove: there was
significantly less trampling in plots facing away from the trails than in plots facing trails. But
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alarmingly, mean disturbance in the fewpBts facing away from thieail was much higher in
Grove of Titans (14%) than in Stout Grove (5%).

Table 6 Multiple comparisons of mean percent disturbed area between plots facing a formal trail or a
class 4 social trail (1), plots adjacent to those (2) and plots facing away (3) for B- and C-plots in all three
study sites (Games-Howell Test).

Stout Grove Tall Trees Grove Grove of Titans
Facing
Trail ) .
IAdjusted Mean % Adjusted Mean % Adjusted Mean %
p-values* disturbance | p-values* disturbance |p-values* disturbance
1-2 0.99 28-28 0.19 30-21 0.23 26-18
B-plots | 13 <0.001 28-5 0.20 30-18 0.02 26-14
2-3 0.002 28-5 0.85 21-18 0.68 18-14
1-2 <0.001 31-5 0.38 12-7 0.98 14-13
C-plots | 1 3 <0.001 31-5 0.22 12-5 0.005 14-2
2-3 1.0 5-5 0.90 7-5 0.07 13-2

* Significant differences at > 95% level in bold.

Resource conditions: Cover, vegetation and soil metrics

After giving a comprehensive picture of the differences in disturbance between sites and plots and
examining which factors might explain these differences in trampling disturbance, in this section |
evaluate the relationships amonng trampling disturbance and certain vegetation and soil metrics.

Ground cover

In all study sites, most social trails were ashcompletely devoid of vegetation; disturbed area
overlapped with vegetation cover in only six of 30pIBts and three of 298-@lots. B and GPlots
with less trampling disturbance had a higher overall vegetation cover Pifty¢31 and 32).
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Figure 31. Comparison of percent vegetation cover, exposed soil and exposed roots relative to percent
disturbed area within B-plots among study sites (n= 105 Stout Grove, 118 Tall Trees Grove, 79 Grove of
Titans). For better visualization of overlapping data points, an offset was added to disturbance data.
Boxes in exposed roots graphs give the number of plots in which exposed roots > 0%.
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Figure 32 Comparison of percent vegetation cover, exposed soil and exposed roots relative to percent
disturbed area within C-plots among study sites sites (n= 101 Stout Grove, 110 Tall Trees Grove, 79

Grove of Titans) . For better visualization of overlapping data points, an offset was added to disturbance
data. Boxes in exposed roots graphs give the number of plots in which exposed roots > 0%.

In all groves, the mean VC was lower irplots than in Glots Figure33). In Tall Trees Grove and
Grove of Titans, the more than 10 percentage point decrease was highly sign#ied®q and4.1

respectively, Holm adjustdel< 0.001).
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Figure 33. Difference in vegetation cover between plots facing the formal trail or a class 4 social trail,
plots adjacent to those and plots facing away for B- and C-plots in all three study sites (n= 101 Stout
Grove, 110 Tall Trees Grove, 79 Grove of Titans).

As mentioned before, there was less natural VC in Tall Trees Grove (mean VC in undisturbed B
plots= 58%, Gplots 70%) than in the other two moister sites (Stout Grove = 76%, Grove of Titans=
85% in B and Gplots). This also explains why there is soamwariation in Tall Trees Grove VC in
plots facing away from the trail.

Among all three sites there was only one plot facing away from the trail with a VC less than 10
percent. In Grove of Titans, there were nooBC-plots with <10% VC. Mean VC in Blots facing
away from the trail was lower in Grove of Titans than in Stout Grove, and mean exposed soil in B
plots was as high in Grove of Titans as in Stout Grove, and twice as high as in Tall Trees Grove
(AppendixJ). Even more alarming was the numbeseverely disturbed plots; in Grove of Titans
there were 33 of 39-Plots (and 10 of 38 Pplots) facing the trail where soil was exposed, compared
to 20 out of 34 Bplots (and 5 out of 32-@lots) in Stout GroveHigure31and 33). There was no
significant difference in mean exposed soil betweearl G plots in any of the three sites.

Visible exposed roots were not as pronounced as exposed soikeypucturred more frequently and
severely in Grove of Titans than in the other two sifegure31 and 33). Tree 16 had the twe B

plots (11 and 12 %;igure34) and the Gplot (9 percent) with the overall highest percentage of root
exposure. In all three sites, there were no exposed rootplioig¥acing away from the trail, and in

only three Cplots adjacent to those facing the trail did root exposure occurplotB, trampling
disturbance of five trees extended far enough around the tree for exposed roots to occur in the plot
facing away from té trail.
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Figure 34. Exposed roots around Tree 16 in Grove of Titans.

Vegetation metrics

In Stout Grove and Tall Trees Grove, there was neither a significant correlation between the number
of sprouts andeedlings under 1.86 m ttaind percent plot disturbance, nor between number of
saplings under 5 m and trampling disturbance (Appelijlixn Jedediah Smith SP, plots that contain
vine maple (a prolific sprouter) had an especially high number of sprouts and saplings, even when
othe parts of the plot were trampled. This species was most prevalent in Grove of Titans where the
overstory is patchy and open, so that the mean amount of regeneration per plot was higher there than
in the other two sitesifzo)regeneration <1.86 m = 3@ regeneration >1.86 m <5 m = 19). The
amount of regeneration decreased with increasing disturbance (for regen 3860 = -0.38,
AppendixK). However, the only plot where | found no regeneration at all was also in Grove of
Titans- Tree 25, wih a relatively small area of disturbance, was on the bank of Mill Creek; part of

the plot was cut off by the creek. In all sjtdsere were plots with clusters of redwood, tanoak or bay
sprouts unrelated to their degree of trampling disturbance. Inledmjwts the vigor of individual
seedlings and sprouts in proximity to trampled areas had been reduced.

Invasive species around trails are a problem in other parts of the Redwood Parks, but were rarely
found in any of my study sites. There was only om¢ where | found an invasive species listed on
the Alist for Humboldt and Del Norte counti@son the northern edge of Stout Grove a plot
contained a small amount of English iWedera heli. In the riparian habitat in Tall Trees Grove |
found individualspecimens of four other invasive speciéggiumsp, Digitalis purpurea, Lapsana
communis, Leucanthemum vulggreut only foxglove is considered a species of concern (on-the B
list for Humboldt county)Lapsana communis speciegharacteristic of distbed placeswas the

only weedl found on the edge of a social trail, the other three species grew in untrampled areas.
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Figure 35. Examples of plant species found in my plots; upper left: Asyneuma prenanthoides in Grove of
Titans, upper right: Cardamine californica in Stout Grove; bottom: Goodyera oblongifolia, Asarum
caudatum and Oxalis oregana in Stout Grove.

Species richness was highest in Tall Trees Grove, with 58 different plant species in the study site
(Table7). The two plots with the highest species richness were located at the edge of the redwood
grove, at the interface with the riparian habitahgl®edwood Creék around Tree 19, | counted 24
plant species in the-@lots and 10 species in thefBots; and around Tree 47 there were 20 species
in the Gplots and 15 species in thedots (Appendix). In comparison, in Grove of Titans the tree
plots with the highest number of species contained 17 species infhet€and 15 species in the B
plots. Species richness was not significantly correlated with trampling disturbangedts®r G

plots in either of the two sites. However, in Tall Trees Gtbegee was more variance in species
richness in Band Gplots with low trampling disturbance than in plots with high trampling
disturbance.

In Stout Grove the average distance between trees and the stream is much larger than in Tall Trees
Grove and Grovef Titans; there is much less interface with riparian habitat. Here, | found 11
species in the Blots and plots of Tree 136 in the southeastern corner of the study site, far away
from the formal trail. In Bplots, species richness significantly decrelaséh increasing trampling
disturbance®=0.03,} =-0.37), while in Cplots the correlation was not significaR=0.28,} = -

0.12).
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Table 7. Comparison of plant species richness for different life forms in tree plots in all three study sites
(Stout Grove n = 28, Grove of Titans n = 20, Tall Trees Grove n = 30).

derom S ot TS | o
All 43 36 58 77
Trees 9 8 9 12
Shrubs 8 5 8 15
Forbs 17 14 28 38
Ferns & Allies 6 6 8 8

Paired ttests for differences in mean species richness betwgrot8and Gplots revealed that the
mean number of species in@ots in Grove of Titans was significantly higher (adjusfe@.029,
n=20) but there was no significant difference in Stouv¥er (adjustedP=0.68, n=28) and Tall Trees
Grove (adjusted=0.68,n=30), when species in all four plots around a tree where included.

Soil compaction and litter depth

Soil compaction base values and threshold values were compared for Stout Grove arad Grove
Titans. I didndét run statistical tests for comp
texture and soil moisture. In Stout Grove, a third of the 508 measurements | took ipltts Bere

located on social trails; in the-@ots only 5% of the 492 measurements were on social trails. Fewer

of the measurement points in thep®ts had uncompacted sail§ kg/cnf) at both 5 and 10 cm

depth than did the Blots (Table8). In almost all points in untrampled areas waldd Gplots the

soil was uncompacted. Ingots, in over half the measurements points on social trails there was no
compaction at a depth of 5cm.

There were five treeground which penetration resistance at a depth of 5 cm went above the

threshold at which the root growth of most plants is inhibited (15 Ky/fenB- and Gplots. Around

three of these trees penetration resistance was even above the threshold at wiité dienany

plants quit growing (25 kg/cfh Over half of the measurements taken in thgl@s at the most
disturbed tree (Tree 54) and five meadurements
Penetration resi st an?oayinrthe eompasmivelywesd distarbed @rth?B5 k g/ ¢
plot and the south-@lot around the Stout Tree. Percent trampling disturbance in-ghlet8was

significantly positively related with soil compaction measurements on social trails at a depth of 5 cm
(n=161, =0.52,P<0.001, Appendi).
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Table 8. Comparison of soil compaction values in undisturbed areas and on social and formal trails for
B-plots and C-plots in Stout Grove.

B-plots C-plots
On armoreg On Soga] Undisturbed On armorepl On Sogal Undisturbed
formal trail Trail formal trail Trail
it of 16 161 331 28 78 386
measurements
Mean (kg/cm?) 55 8 3 40 8 3
Min /Max
(kglcm?) 55/55 2127 2/10 5/55 2/25 2/15
soil # of
compaction | measurements 0 84 324 1 31 377
at5cm R )
depth 05 kg/cm
# of
measurements 16 24 0 25 11 1
015 Kk3g/
# of
measurements 16 3 0 18 1 0
625 k%qg/
Mean (kg/cm?) 9 3 40 11 3
Min /Max 2130 2/13 5/55 2140 2120
(kg/cm?)
# of No
At10cm measurements measure- 64 329 1 20 352
depth ) @ ment
© #sof alf possible
measurements 31 0 26 21 2
015 Kk2g/
# of
measurements S 0 19 3 1
625 k%qg/

In Grove of Titans, soils on social trails were more severely compacted than in Stout42vef

the 395 measurementsook in the Bplots were located on social trails; in theplots it was 206 of

the 377 measuremen(fBable 9). Here, mean compaction on social trails was limiting to root growth,
and less than 10 percent of theasuremergoints on social trails were uncompacted. Around 17 of
the 20 sample treesdte were points in the-Blots where compaction exceededkicn?, and

around seven dhese it &ceeded 25 kg/cfOver half of all measurement points around Tree 1

were severely compacted. Soil was especially compacted around a historic irrigatibrotrene

eastern side of the tree. Of all 226 untrampled measurement poinfgdatsBonly five showed any
compaction, and all were taken around Tree 1. The plot around Tree 1 was also on the edge of the
slope, where the solil starts to contain more alag is more easily compacted by trampling.
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Table 9. Comparison of soil compaction values in undisturbed areas and on social and formal trails for
B-plots and C-plots in Grove of Titans. Mean values above the root growth limiting threshold of 15 kg/cm?
are highlighted.

B-plots C-plots
On Formal On Social . On formal On Social .
trail Trail Undisturbed trail Trail Undisturbed
# of 3 166 226 3 76 298
measurements
Mean (kg/cm?) 33 16 3 25 14 3
Min /Max 30/35 4138 2/ (20) 21/28 2129 21(33)
(kg/cm?)
soll
compaction # of
at measurements 0 14 221 0 10 286
5 cm depth O 5 Kgl/
# of
measurements 3 93 2 3 41 4
015 Kk3g/
# of
measurements 3 21 0 2 4 1
025 k&gl
Mean (kg/cm?) 40 18 3 28 17 3
Min /Max 38/42 4/38 21/(22) 26 /30 2/31 2/(33)
(kg/cm?)
# of
At measurements 0 11 218 0 7 282
10 em Ia) #cof 12 ~ 1
measurements 3 113 3 3 45 7
015 Kk3g/
# of
measurements 3 30 0 3 15 1
025 k2g/

In general, soils in Grove of Titans contamore clay and silt than in the other two sites, which
makes the soils more susceptible to trampling compaction. Additionally, there are moréemairo
features in Grove of Titans, and also not as pronounced an alluvial flat as in the other two groves,
which makes soils more erodible and more susceptible to trampling impacts. On the eastern side of
Grove of Titans, the surface soil is more gravelly than on the other side of Mill Creek, which might
facilitate erosion on social trails and partially expdaimigher penetration resistance values. On this
eastern side, there are also three historic Native American elk traps around which soil might be more
compacted. The high values | measured occurred only on social trails, especially on the most
pronounced @lss 4 social trail in this part of the grove. Even though percent plot disturbance is low
in adjacent plots, since this is the only trail leading through them, compaction was positively related
to recent trampling.
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Compaction on social trails was highetlie B-plots than the lots, where | measured growth

limiting compaction around 12 trees. In both Stout Grove and Grove of Titans mean compaction and
number of highly compacted points on social trails was higher at a depth of 10cm than dablem (

9).

Litter depth in Bplots in Stout Grove was significantly greater in undisturbed acgag € 11.3 cm,
SEid= 0.8) than on social trails§1)= 3.2 cm, Skj= 0.4,t=8.98,P < 0.001,Figure36). In a linear
regression, log transformed litter depth decreased by 20% for every 10 percentagemaseé in
disturbance (n=2232=0.28,P < 0.001).
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Figure 36. Decrease in litter depth along a gradient of trampling disturbance for B- plots in Stout Grove
(n=223, r’=0.28, P < 0.001). For comparison, measurement points in untrampled areas are plotted in
green (n=162) and measurements on social trails in red (n=61).
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Discussion

My study showed that trampling disturbance has become a wide spread problem in the area around
the trees known as the Grove of Tgafoncurrent with the findings of other trail impact studies
(e.g, Cole 2004), the relatively small increase of dispersed use there over only a few years has
caused substantial impact$e specific type ofisitor activities(exploring, finding differet
viewpoints of the trees) leads to multiple passes in the same area and irtbiee@apacts that each
visitor has on vegetation and soldetrics indicatingsevere trampling disturbancesrmeequaly high
or higher in Grove of Titans than the otherwo groveswith higher use intensity. Compared to
Stout Grove and Tall Trees Growacialtrail condition classes 4 and 5 deup a higher percentage
of the trailed area in Grove of Titans (25 than the formal trail (2%). In a fewplaces, severely
trampled areas have become hardenedralhie harder to restort their natural state (Johnson &
Vande Kamp 1996). Trampling has spread so much thaetioentagef undisturbed subplots was
very low.

However, mpactsin Grove of Titaas have not yet reached the inflection point showirror!

eference source not founa, they are proliferating and spreading fast when new soaiisl appear

much more rapidly than old trails can recover in thesetison or when replaced by a different route.

If this trend is to be arrested, management actions urgently need to be implemented. Social trails are
more concentrated in the area onwhestern side of Mill Creek, which is only half the size of what |
defined as my study area (5.3 ha). In a next step, trail density and trail extent should be calculated for
this part of the study area to get more f&valed trail distribution metrics.

While old-growth redwood trees are a protected resource in RNSP and specific measures should be
taken to monitor certain aspects of this resource, monitoring should also assess if visitors impact

certain habitat standards. The process of defining habitatestds has just started in RNSP. As part

of this study, | collected data on an extensive number of vegetation and soil metrics that are

connected to trampling disturbance, some of which was not included in this thesis but could help to
define baseline vaés for future habitat standards. Management standards fgraMdh redwood

could, for example, include a threshold level of the percentage of disturbed understory habitat below
which human trampling is acceptable. Elzinga et al. (1998) suggested thisffbabitat monitoring

in their guide to fiMeasuring and Monitoring Pl a

It is not feasible to compare results for individual vegetation and soil metrics of this study directly
with specific results of other social trail impact studies,esihose studies have been conducted in
meadows and other open areas, or in subalpine and alpine forests where vegetation, soils and use
intensity vary greatly from study sites in redwood grov&svever, indicators adapted from other
studies (Marion & Leug 2011, Leung et al. 2002) for definition of trail condition classes (Table 1)
alsoproved usefuin redwood groves. Similar foeung et ab 0113 study in Yosemite NP
meadows, plots with fewer social trails had a higher total vegetation than plotgreater presence
of trampling in my threes study sit&3ole et al. (1997) added threshold values for vegetation cover
to their condition class descriptions. For assessment of social trail impacts in redwood groves, |
would not recommend adding threskefdr certain metrics to thoskefinitionssince condition
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classes should be the same for different study areas; and | found for example natural vegetation cover
to be site specifidn my study sites| neither found a change in species composition n@sine

speciesn proximity to trails;two indicators thahave been associated with trampling in other studies
(Krenzelok 1974Hall & Kuss 1989, Leung et al. 2011&specially in Tall Trees Grove and Grove

of Titans, pecies composition changed and species richness incedkatbcreasing distance from
riparian habitatsA possible relation between abundance of indicator species and trampling
disturbance could be tested with repeated monitoring. Analogous tordsult€oo | e ds ( 1995)
my study sitesedwood sorrehppears to recover more quickly from trampling than western sword

fern and regrows in areas with disturbed soils where | found no sword fern. My study only examined
current disturbance, but large pats ofredwood sorrel thare devoid of sword fern might be an

indicator of past trampling disturbance that | found recovered in late spring before the main visitor
season started.

My studyalso sharesometrendswith previousinvestigations intwisitor impacts around coast

redwvoods, even though questionsethodsand climatevaried.Si mi | ar t o St andi shds
Kr enzel ok 6 s hefelw8s7ad gveradl trenddoyincredsing soil compaction in areas of higher
trampling disturbancddowever, gnetation resistance measurements are difficult to replicate, which
limits their use for monitoring trampling disturbance. This metric greatly varies with soil texture and
moisture levels, wet soils will result in substantially lower values. A particularlgpretg had
influenced the r esul t-termtadmpliGgostudy so8no dverdll tremdstow@artl 9 9 2 )
deterioration or improvement of closed sites could be observed. In my stagiuted values at
relativelystable soil moisture per site afaindlittle variability in compaction in undisturbed areas.

| repeated all measurements for thewd Tree two months latdp asses# tramplingdisturbance

and compaction wergigher agshe summerseasomprogressed ands there wapotentiallyless sdi

moisture.In theend of July maximunsompactiorvalues hadncreasedor measurements on social

trails as trampling had become more severeamktration resistance reached values

025 kg/cnt in all four B-plots around the Stout Tree. Howeweajues h undisturbed points

remained the same

Whencomparing litter and duff measurements along a trampling disturbance gradient, natural
disturbances have to be taken into account. As mentigoete sections of the alluvial flats are

affected by big flood evés which might cause the base values for untram@ldubrizors to be

lower, while in sections where big trees and other debris have fallen recently, litter and duff base
values will be higher than in surrounding arélas verify if differences between unflooded and

flooded areas still persist, soil samples would have to be taken at each plot and results used to divide
the study site into a flooded and unflooded part. Then litter and duff values could be analyzed for
thes parts separately. Standish (1972) related differences in accumulated litter in areas with similar
trampling disturbance to differences in shrub

Future monitoring
Overall, spatial and resource condition indicators chosethifstudy proved applicable to actual
conditions found on site&.or future monitoring, | recommend the use of tablets for mapping social
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trail networks. Using ESRI ArcPad and other software, an interactive basemap can be loaded that
includes study sitboundaries, formal trails and informal trails with attribute tables, redwood trees,
logs, and other easily identifiable reference features like trail signs and fences.

In my study, the number of prominent features of a tree was not used as a prediataplfig

disturbance since it was not independent of DBH in two sites and not a significant predictor in the
third (where trees with little trampling around them also had prominent features). It may be noted
though, that in Grove of Titans, trees withmaprominent features were estimated to have on

average a higher trampling disturbance for all four levels when DBH was not included in the model. |
took notes about the specific prominent features of a tree (not just their count) and | recommend
doing sain the future, since it also helps identify trees.

I would simplify the plot design and not includepfots on the tree trunk. A plot setup that includes

the A-Plot is harder to reproduce since the skirt boundary cannot be objectively measured. Damaged

bak and damaged wood didnét seem to be good indi
confounded with natural damage caused by burn seaygré37), falling trees or flood events

(Figure38). On only very few tree trunks there were places where the bark was worn down all the

way to the cambim. These instances should be noted as comments when rating impact severity and

a picture should be taken.

Figure 37. A-plots with buttress of Tree 25 in Stout Grove, where wood is exposed in a goose pen and
damage has been exacerbated by visitor use.
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