UC Merced

UC Merced Electronic Theses and Dissertations

Title
Ecological influences on soil resistance in Sierra Nevada subalpine meadows

Permalink
https://escholarship.org/uc/item/6gn8d60m|

Author
Baccei, Joy Sarah

Publication Date
2014

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6qn8d60m
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, MERCED

Ecological influences on soil resistance in Sierra Nevada subalpine meadows
A Thesis submitted in partial satisfaction of the requirements for the degree
Master of Science
in
Environmental Systems
by

Joy Sarah Baccei

Committee in charge:

Professor Stephen C. Hart, Chair
Professor Asmeret Asefaw Berhe
Professor Mitchel P. McClaran

2014



Copyright
Joy Sarah Baccei, 2014

All rights reserved



The Thesis of Joy Sarah Baccei is approved, and it is acceptable in quality and
form for publication on microfilm and electronically:

University of California, Merced

2014

Asmeret Asefaw Berhe, Ph.D.

Mitchel P. McClaran, Ph.D.

Stephen C. Hart, Ph. D.
Committee Chair



Table of Contents

INTRODUGCTION. ...ttt ettt e et e e e e e e e e et e e e e e e e e e s s neaeeeeeeeeeeaaannnneneeeaaeeaas 1
STUDY AREA & METHODS ...ttt e e e e e e e e e e e e e e e e nnnnees 3
R 000 1Y N = Y- 3
Study Design & Field Measurements ... 6
=Yoo ) =) (o YA N g = 1T T PSS 8
StatiStiCal ANAIYSES......cooii e 9
RESULTS oeeiiiiii ettt ettt e e e e e e ettt e e e e e e e s etaeeeeeeeeeeaannssaaeeeeeeeeeaannnnnnneeeeeens 10
Question 1: Does SR, and potential ecological influences on SR, significantly differ
among meadow plant community types and meadow gradient classes?.................... 10
Question 2: Can a few key ecological factors be used to best explain SR among
dominant plant community types in Sierra Nevada meadows?..........cccccceeinnnnnnnnnnes 14
D IS G 1] [ N SRRSO 18
Question 1: Significant differences in SR, and ecological influences on SR, among
meadow plant community types and meadow gradient classes..........ccccevveeveeeeeeennee. 18
Question 2: Best explanatory factors of SR among plant community types................ 20
Management IMPlICAtIONS.........cooiii e 22
Climate Change IMpPliCAtIONS ...........eeiiiiiiiiiiiiiiieiiiiiiiei e 24
CONCLUSION ...ttt et e e e e e e e e ettt e e e e e e e e e sssssaeeaaaaeeeeeassssneeeeeaeeeaannns 25
REFERENCES. ... ..ottt e e e e e e et e e e e e e e e e eeeeeens 27
APPENDICES ... ...ttt ettt e e e e e e e ettt e e e e e e e e e e nraeteeeaeeeaaannnraaaaaaaens 33
Appendix I: Meadow biotic and biotic variable mean values and standard errors,
significantly different by plant community type and meadow gradient class................ 33

Appendix II: Meadow biotic and biotic variable mean values and standard errors. ...34
Appendix lll: Soil Particle Size Distribution & Texture Class...............ccccoeoeeee. 36



List of Figures

Figure 1. Study area map, location and appearance of subalpine meadows used to

evaluate ecological influences on soil resistance..............c.ccccc 4
Figure 2. Hydrologic regimes (hydric, mesic, xeric) of study meadows based on aerial

imagery ClasSIfiCatioN.. ..........ooi e 7
Figure 3. Diagram of stratified random sampling design in a meadow............................. 7
Figure 4. Stratified random sampling with 1 m? study plots (quadrats). .............c.ccco....... 8
Figure 7. Relationships between soil resistance and gravimetric water content ........... 16

List of Tables

Table 1. Meadow and location attributes (size, elevation, coordinates, hydrogeomorphic
type, soil subgroup and texture, plant community types, meadow gradients, and average

annual stoCK USE rEPOIEA)..........oooiiiiiiiiiiiiiieeeeeeeeeeeeeee ettt e e aeeseessaeasbsesrssseareaaees 5
Table 2. Wetland code delineation for target plant community types. .......cccccvvvvvivvviinnnn, 6
Table 3. Two-way ANOVA models displaying significant spatial and limited temporal
heterogeneity among multiple biotic and abiotic variables by two grouping factors........ 13
Table 4. Tukey honest significant difference post-hoc test results for variables that
significantly differed by plant community type............oooiiiiiiii s 14
Table 5. Pearson’s product moment correlation matrix displaying positive and negative
linear correlations among biotic and abiotic variables............c..ccviiiiiiiii 15
Table 6. Significant correlations between SR and multiple explanatory variables using
Pearson’s product moment correlation analysis.. ..........cccoviiieiiiiiiiiii e 16
Table 7. Top five best explanatory models of SR based on AIC and BIC information
criterions used in linear mixed effects regression (LMER)...........ccooovviviiiiiiiiiiiiiiieeneennee, 17
Table 8. . Mean values and standard errors for select biotic and abiotic variables that
signifcantly differed by plant community type............ooooiiiiii 33
Table 9. Mean values and standard errors for select biotic and abiotic variables that
signifcantly differed by meadow gradient Class...........ccccooiiiiiiiiiiiiiii 33

Table 10. Emeric Lake meadow gradient, soil texture classification, landscape positions,
plant community types, abiotic and biotic variable mean values and standard errors. ...34
Table 11. Middle Lyell Canyon meadow gradient, soil texture classification, landscape
positions, plant community types, and abiotic and biotic variable mean values and

S £ L Lo P=T 0 =T 4 o 34
Table 12. Snow Flat meadow gradient, soil texture classification, landscape positions,
plant community types, and abiotic and biotic variable mean values and standard errors.
........................................................................................................................................ 35
Table 13. Tuolumne Meadows meadow gradient, soil texture classification, landscape
positions, plant community types, and abiotic and biotic variable mean values and
STANAAIA EITOIS. ... e e e et e e e e e e e e et b e eaaeeeens 35
Table 14. Upper Lyell Canyon meadow gradient, soil texture classification, landscape
positions, plant community types, and abiotic and biotic variable mean values and

]tz 1[0 F= 1o I =T 4 o = PSSP 36
Table 15. Particle size distribution and soil texture class by plant community types...... 36
Table 16. Particle size distribution and soil texture class by meadow ...........cccccceveeee.e. 36



Preface

This thesis was made possible as part of the Meadow Opening Dates (MOD) pilot study done at
Yosemite National Park (YNP) by Resources Management and Science staff and academic
collaborators from the University of Arizona and University of California, Berkeley from 2012-
2013. Collaboration was made possible through a Cooperative Ecosystem Studies Unit (CESU)
task agreement to assist with study design and analysis. We conducted this two-year study to
address the question of appropriate timing for pack stock in wilderness meadows to inform the
upcoming Wilderness Stewardship Plan.

The project had three main objectives: 1) examine soil resistance in relation to subalpine meadow
dry-down rates, vegetative cover, and plant phenology over the growing season; 2) evaluate
potential relationships of soil resistance to climatic and synoptic variables, and/or front-country
conditions, to facilitate forecasting of anticipated meadow opening dates; and 3) develop an on-
site rapid assessment protocol to inform the determination of actual opening dates. Specifically,
we examined abiotic and biotic factors that could explain seasonal variation in soil resistance to
pack stock trampling as meadow dry-down occurs over the growing season among dominant
plant community types.

Study goals included examination of whether existing meadow opening date approaches at
Sequoia Kings Canyon National Park (based on snow melt-out date) could be fine-tuned to be
more specific to Yosemite (meadows are smaller and higher in elevation) by determining whether
site-specific relationships exist among Yosemite wilderness meadows. The study ultimately seeks
to provide a defensible scientific basis for decision making frameworks to determine optimal
timing and facilitation of forecasted meadow opening dates for pack stock users without causing
significant ecological damage.
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ABSTRACT

Title: Ecological influences on soil resistance in Sierra Nevada subalpine meadows
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Committee Chair: Stephen C. Hart

Meadows in the Western U.S. are greatly valued for their ecological and socioeconomic
functions. Yet, they are subject to multiple stressors, which can result in loss due to degradation.
In the Sierra Nevada, seasonally wet meadows are vulnerable to potentially significant damage by
recreational pack stock use, when soil water content is high and vegetation is developing. On
federally managed lands, meadow degradation from pack stock use is of significant concern. My
study provides an investigation of ecological influences on spatial variability in meadow
vulnerability to disturbance, as measured by soil resistance (SR). I examined SR on both local
and site scales, by plant community type and meadow gradients class. My research addressed two
ecological questions: 1) Does SR, and potential ecological influences on SR, significantly differ
among plant community types and meadow gradient classes?; and 2) Can a few key ecological
factors best explain variation in SR among meadow plant community types? My findings suggest
that SR is a robust indicator of vulnerability to disturbance by recreational pack stock use. When
stratifying by plant community type and meadow gradient class, my findings suggest that SR, and
ecological influences on SR, significantly differed on local and site scales. Among factors that
most influenced SR, water content was identified as the key driver of variation. In addition to
water content alone, a few key factors best explained spatial variation in SR among plant
community types. These included bulk density, root mass, and coarse fragments. On a site-scale,
soil texture and subsequent water availability (water holding capacity and water content) most
significantly differed between meadow gradient classes. My results indicate that even in dry
years, some plant community types, representative of Sierran meadow hydrologic regimes, cannot
support pack stock use without incurring damage. This may be due to variation in water
availability and other covariates of SR based on differences in meadow gradient class. My
findings provide new information to help develop vulnerability indices and risk assessments that
aim to inform science-based, best management practices for maintaining meadow function. This
can inform determination of pack stock site suitability among seasonally wet meadows.
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INTRODUCTION

Meadows in the Western U.S. are greatly valued for their ecological and socioeconomic functions
as water storage and filtration systems, flood attenuators, hotspots for plant diversity, critical
habitat for wildlife, and popular recreational destinations (Norton et. al. 2014, Roche et. al. 2012).
In spite of their ecological importance, more than 90 percent of California’s wetlands have been
lost to land conversion over the last 200 years (Dahl, 1990; Russo et. al. 2012). In the Sierra
Nevada, meadows occupy only 10% of the entire range (Ratliff 1985), yet they are subject to
multiple stressors including: land conversion and fragmentation from development, altered fire
regimes, invasive species, climate change, recreational use, and overgrazing (UC Davis 2007).

Despite their relatively small size on the greater landscape, typically ranging in size from less
than a hectare to hundreds of hectares, Sierran subalpine meadows support a diverse array of
plants. They are mainly typified by grasses (Poaceae), sedge (Cyperaceae), and rush
(Juncaceae) families (Ratliff 1985), which are palatable to pack stock animals (horses and
mules). These graminoid plants serve as a significant food source for pack stock used for remote
access to mountainous wilderness areas. Subalpine wilderness meadows also provide recreational
opportunities for pack stock users and backpackers alike due to their scenery and water
proximity. This makes them susceptible to damage by recreational use (Cole et. al. 1987).

Sierran meadows are particularly vulnerable to potentially significant damage by pack stock
use when soil water content is high and vegetation is developing (DeBenedetti and Parsons 1983).
During the early part of the growing season, post-snowmelt, pack stock use in wet meadows can
cause hoof punching and trampling, which breaks the soil sod layer. Trampling by pack stock can
disrupt soil stability, and alter and degrade meadow condition (McClaran and Cole 1993, Cole et.
al. 2004) through a series of chain events. In the short term, soil disaggregation & compaction can
occur, leading to increased bare ground and decreased plant productivity. In the long-term, this
can ultimately lead to altered hydrology & species composition shifts, which significantly alters
meadow condition (DeBenedetti and Parsons1983, Olson-Rutz et. al. 1996, McClaran 2000, Cole
et. al. 2004). Alteration in meadow condition can lead to degradation through loss of biotic and
abiotic ecosystem stability (Benedict 1982) and loss of proper function (Prichard et. a. 1996).

On federally managed lands, degradation from pack stock use is of significant concern. In
recent years, Sierra Nevada pack stock use in meadows has become a focal point of both
ecological concern and contentious litigation (USDC 2008). Within designated wilderness areas
in national parks, the Wilderness Act of 1968 and the Organic Act of 1916, require that meadows
are protected and preserved in natural condition, while also providing for visitor enjoyment.
Often, public land management agencies are subject to increased public and political pressures to
implement strategies allowing for use of natural resources while simultaneously maintaining
ecological integrity (Wohl et. al. 2007). Yosemite National Park provides a poignant example of
the juxtaposition land managers face when balancing ecosystem preservation with recreational
opportunity, and high visitor use. Yosemite typically receives over four million visitors annually.
While meadows are popular destinations, they constitute only 3% of the entire park area (Keeler-
Wolf et. al. 2012). Best management practices are needed to avoid potential degradation in these
distinct ecosystems. This can be done through determination of appropriate timing, intensity, and
spatial arrangement of pack stock use in seasonally wet meadows subject to dry-down. Studies on
this topic are limited, therefore my study aims to provide new information for guiding risk
assessments and pack stock best management practices in Sierran wilderness meadows.



Previous pack stock use studies have found that high soil water content covaries with
negative impacts on plant communities and meadow condition (DeBenedetti and Parsons 1983,
Neuman1997, Shryock 2010, Lee 2013). However, little is known about which factors drive
spatial variation in wet meadow vulnerability to disturbance. Like other wetlands, Sierran
meadows are characterized by spatial and temporal variability in hydrology, soil properties, and
vegetation. Among these factors, water content is the key driver of variability in plant
communities (Ratliff 1985). Climatic factors drive temporal variability in water content in these
often seasonal wetlands. Snowmelt timing and duration of seasonally high water tables influence
length of soil saturation and short growing seasons (Moore et. al. 2013, Loheide et. al. 2009).
Multiple ecological factors that characterize meadow plant community variability in water
content may also influence vulnerability to disturbance by pack stock use. Factors include soil
structure, water table depth, soil redox potential, and organic matter (Castelli et. al. 2000; Dwire
et. al. 2006; Rodriguez- Iturbe and Porporato 2004, Chambers et. al. 1999, Loheide et. al. 2009).

Including other factors that influence water content and soil susceptibility to disturbance in
meadow plant community types might improve on our understanding of pack stock use effects.
Soil resistance (SR), a measure of soil strength, is one way of quantifying vulnerability to hoof
punching and trampling in varying soil moisture conditions. This measure of soil strength is often
used in rangeland management, and refers to the ability of soil to resist deformation under applied
pressure (Lull 1959, Herrick and Jones 2002, Herbin 2011). The SR indicator can be used to
determine both appropriate timing and spatial arrangement of pack stock in seasonally wet
meadows that undergo drying. Previous studies on SR in livestock grazing in grassland systems
have found that soil damage is dependent on three major factors: grazing intensity, soil type, and
soil water content (Drewry et al., 1999; Daniel et al., 2002; Piwowarczk et. al. 2011). However,
results from livestock grassland studies may not be applicable to Sierran meadows that undergo
pack stock use. Subalpine meadows differ from grasslands in elevation, hydrology, soils, and
vegetation. Pack stock animals may also exhibit different grazing behavior patterns than
livestock. In the Sierra Nevada, one known study focused on SR in relation to pack stock use in
wilderness meadows (Neuman 1997). However, the author sampled only two plant community
types in two wilderness meadows. Hence, further expansion of plant community and meadow
types is needed to account for local and site scale spatial variation in SR among meadows.

Multiple-scale assessments are an invaluable tool for developing proactive, long-term
approaches to ecosystem management (Wohl et. al. 2007). Few meadow studies in the Western
U.S. have included site-scale spatial variation, such as landform type (Heikes-Knapton 2009,
Norton et. al. 2011, 2014). Previous studies have established that local-scale variation in plant
communities and landscape positions influence meadow response to grazing (Martin and
Chambers, 2001; Dwire et. al.2006; Blank et. al. 2006, Mclllroy 2012, Lee 2013). However,
meadow landform type also can be used to account for site-scale spatial variation. Weixelman
and others (2011) recently classified Sierra Nevada meadows by hydrogeomorphic functional
types based on earlier work by Brinson (1993). This classification system is based on hydrology
(i.e., surface, groundwater), geomorphology (i.e., gradient class, parent material) and plant
species. Within this system, meadow gradient class (low, middle, high) provides a simple and
efficient means for categorizing landform type. Quantification of SR by plant hydrologic regime
and meadow landform type may be useful for detecting spatial variability on both local and site-
scales. This is because factors that influence SR among plant community types may differ from
factors that influence SR among meadows of differing landform types (i.e., low versus middle,
and high gradient slopes). While soils on steep slopes are more prone to soil erosion, soils on



gentler slopes have greater sediment deposition (Brady and Weil 2008, Therrel et. al. 2006).
Therefore, meadows of differing gradients likely have differing hydrology, vegetation, and soils.

My study provides a novel investigation of ecological influences on spatial variability in SR
among plant community types and meadow gradients representing both local and site scales. No
studies to-date have addressed ecological influences on SR to determine both local and site scale
vulnerability to disturbance in meadow wetland ecosystems subject to seasonal pack stock use. I
studied five riparian, subalpine meadows of differing gradient classes, and dominant plant
community types, representative of Sierran meadows located in Yosemite National Park (YNP).
As part of a larger temporal study that addressed the question of appropriate timing, my study
addressed the question of appropriate spatial arrangement of pack stock in wilderness meadows.

My research addressed two ecological questions: 1) Does SR, and potential ecological influences
on SR, significantly differ among plant community types and meadow gradient classes?; and 2)
Can a few key ecological factors best explain variation in SR among meadow plant community
types? My assumptions, based on previous related literature, were that soil water content would
be detected as the key driver of variation among plant community types and meadows. In addition
to soil water content, | assumed that a combination of a few key factors would best explanation
variation in SR on local and site-scales. To address my study questions, I conducted a stratified,
random sampling design to measure the SR response variable, and ecological influences on SR, in
dominant plant community types within subalpine meadows at YNP. I took in-situ measurements
of SR, and potential explanatory factors of SR, within randomized plots, in plant community
types of differing hydrologic regimes, among meadows of differing gradient classes. My findings
provide new information for guiding meadow risk assessments, monitoring and management.

STUDY AREA & METHODS
Study Area

My study area is located within the subalpine biotic zone, along the eastern portion of Yosemite
National Park (YNP), in the central Sierra Nevada of California (Figure 1). Yosemite National
Park experiences a Mediterranean-type climate with warm, dry summers and cool to cold, moist
winters (Moore et. al. 2013). Mean minimum and maximum air temperatures at Tuolumne
Meadows (one of the study sites; TM) are -12.7 °C and 21.3 °C for January and July, respectively
(Table 1). The average annual precipitation in TM is 755 mm (Western Regional Climate Center
2011; Moore et. al. 2013). Typically, 80%—90% of annual precipitation in the subalpine zone
(above 2,400 m) falls as snow. Seasonal snowpack accumulation occurs from October through
April, and melts in a large pulse during May and June (Clow et al. 2010). Subalpine meadows in
the park are often surrounded by large expanses of exposed bedrock and talus (Clow et. al. 2010),
composed of granitic neo-glacial till, talus, and alluvium (Huber et. al. 1989). Areas within the
subalpine zone are interspersed with coniferous forests and primarily herbaceous meadows.

Subalpine meadows selected for study (n=5) shared similar elevations and plant
community types, based on spatial analysis of topographic and botanical data using ArcGIS
software (ESRI, Redlands, CA). Some sites were located in designated wilderness, and
frequented by pack stock over-night users (n=3), where average pack stock nights differed among
sites for an 8-year reported period (Table 1). Other sites were non-wilderness and not used by
stock (n=2), but were often frequented by day-use visitors (Fig. 1). Wilderness meadows used by
pack stock included Emeric Lake, Middle Lyell Canyon, and Lyell Canyon-South, and non-
wilderness, non-pack stock meadows included Snow Flat, and Tuolumne Meadows.



Field data were collected when plants were at peak standing biomass in July of 2013.
This was done to measure plants at maturity, to control for temporal variation in above and below
ground plant biomass (standing vegetation and roots), which may influence SR.

While meadows were similar in elevation, hydrogeomorphic type (i.e., riparian), soil
subgroup, and dominant plant community types, they differed in gradient (2-4%), size (4-154 ha),
stream type (ephemeral to perennial), and soil texture. Meadow soils were derived from granitic
alluvium, were moderately acidic (mean pH = 5 for water solution), and ranged from coarse to
fine textured (sandy loams to loams). Meadows were also subject to seasonal frost conditions and
seasonal soil saturation (Table 1).

Study Area

Yosemite
National Park

California & the
Sigrra Mevads

@ Fiparsnlow Gradient High elevation zone
(& Riparian Middle Gradient iblue area)
>2,400 m
=] £ L=} 0 Kiomesrs
{LOS e A ) B e R e |

Figure 1. Location and appearance of subalpine meadows used to evaluate ecological influences on soil
resistance. Study area map depicts high elevation zone (blue area, >2,400 m) in eastern portion of
Yosemite National Park study area (left) within central Sierra Nevada of California (bottom left).
Photographs (right) of individual study sites showing their location within the park and hydrogeomorphic
type. Photographs (right) of individual study sites showing their location within the park and
hydrogeomorphic type (riparian low gradient and riparian middle gradient).



Table 1. Meadow attributes (size, elevation, easting and northing coordinates (based on Universal Transverse Mercator (UTM), North American
Datum (NAD) 83; Zone 11 projection), hydrogeomorphic type, soil subgroup, and plant type: Calamagrostis breweri (CB), Carex vesicaria (CV),
Deschampsia cespitosa (DC), Ptilagrostis kingii (PK). Meadow gradients: low: <2%, middle: 2-4%. Average annual stock use reported for Lyell Canyon is
not reported by meadow within the canyon, therefore estimated use per meadow is shown in parentheses. X denotes plant community type sampled,
NA denotes meadows that did not receive pack stock use, and were therefore not applicable for reported average annual stock use from 2004-2011.

. . Meadow . . Plant Community  Average reported
. . . Size Elevation Hydrogeomorphic Hydrologic i
Location Easting Northing Gradient Soil Subgroup Types annual stock use*
(hectares) (meters) Type Features
(%) B CV DC pK (2004-2011)
. . Emeric Lake
Lacustrine fringe and .
. . . and Xeric
Emeric Lake 290212 4184049 9.7 2,846 3 riparian middle X X 89
. ephemeral Dystrocryepts
gradient
stream
Riparian low Perennial Xeric
Snow Flat 280382 4190163 4 2,667 1 . X X X NA
gradient stream Dystrocryepts
Oxyaquic
. o ) Lyell Fork of yaq
Middle Lyell Riparian middle Dystrocryepts
299604 4188795 6.1 2,708 3.7 . the Tuolumne ] X X X 0(168)
Canyon gradient . and Xeric
River
Dystrocryepts
Oxyaquic
L Lyell Fork of vad
Upper Lyell Riparian low Dystrocryepts
300749 4186397 14 2,737 1.9 . the Tuolumne . X X X 336 (168)
Canyon gradient . and Xeric
River
Dystrocryepts
Oxyaquic
Tuolumne Riparian low Tuolumne Dystrocryepts
290104 4194858 153.8 2,621 2 . . . X X X NA
Meadows gradient River and Xeric
Dystrocryepts




Dominant plant species targeted for study included those considered palatable to pack
stock, and representative of hydrologic regimes (xeric, mesic, hydric) and wetland indicator types
common within Sierra Nevada meadows. Plant community types represented four different
hydrologic regimes based on wetland status as defined by US ACE (Table 2). This was done to
detect whether SR, and multiple explanatory factors of SR, differed by plant type hydrologic
regimes. Plant species, corresponding hydrologic regimes, and wetland indicator types included:
Carex vesicaria (CV; hydric, obligate wetland), Deschampsia cespitosa (DC; hydric-mesic,
facultative wetland), Calamagrostis breweri (CB; mesic; facultative), and Ptilagrostis kingii (PK;
mesic-xeric, facultative upland). While CB is now considered a facultative wetland species (US
ACE 2013), it is treated as facultative for the purposes of this study based on former classification
(Reed et. al. 1998). The reason for this is that CB was intended to represent mesic conditions.

Combinations of plant species sampled among meadows differed depending on which
species were most dominant among sites. Within each site, two to three of the four target plant
community types were sampled. Target plant species sampled comprised the majority of study
meadow areal extent (>75%), although some meadow areas were left unsampled because they
were not comprised of target plant species. Ancillary data on plot landscape position were also
collected because plant community types representing various hydrologic regimes were not
always located in the same landscape positions (i.e., upland/meadow edge, water edge; stream,
oxbow, pond, and mid-floodplain; classification based on Blank et. al. 2006).

Table 2.Wetland code delineation for target plant community types (based on US ACE 2013).

Likelihood to
Wetland .
Plant Code Plant Name Wetland Code Occur in
Name
Wetland
Carex .
cv o OBL Obligate >99%
vesicaria
Deschampsia Facultative-
DC . FACW 67-99%
cespitosa wetland
Calamagrostis .
CB . FAC Facultative 34-66%
breweri
Ptilagrostis Faculative-
PK o FACU 1-33%
kingii upland

Study Design & Field Measurements

I employed a stratified, random sampling design to measure soil resistance and multiple biotic
and abiotic explanatory variables. ArcGIS 10.1 software was used to classify aerial imagery by
hydrologic regime among study meadows (Figure 2). Study plots were randomly generated
within dominant plant community types representing differing hydrologic regimes (Fig. 3) based
on previously collected botanical survey spatial data (Ballenger et. al. 2008). Aerial imagery
classification by hydrologic regime was done in ArcGIS using the IsoCluster imagery analysis
tool of Normalized Difference Vegetation Index (NDVI) transformed National Agricultural
Inventory Program (NAIP) aerial imagery. The NDVI transformation uses the normalized
differences between red and near infrared bands to detect spatial differences in plant productivity
and moisture (Jensen 2007). Classification was based on 2012 imagery, as 2013 imagery was not
available. Both water years shared similar April 1* snow water equivalents (SWE), where 2012
SWE was 50% of average, and 2013 SWE was 53% of average (DWR, CDEC 2014).



Figure 2. Hydrologic regimes (hydric, mesic, xeric) of study meadows based on aerial imagery
classification. Imagery derived from National Agricultural Inventory Program (NAIP) for 2012, and
transformed using Normalized Difference Vegetation Index (NDVI). Blue=hydric area, green=mesic area,
yellow=xeric area. Upper left=Emeric Lake, upper middle=Middle Lyell, upper right=Upper Lyell, bottom
left=Snow Flat, bottom right=Tuolumne Meadows (red boxes indicate approximate study area).

Study plot locations were selected within dominant plant community types (n=4)
representative of varying hydrologic regimes (n=4) within study meadows (n=5). Meadows were
classified as either low gradient (n=3) or middle gradient (n=2) based on hydro-geomorphic type
(low gradient <2%, middle gradient 2-4%), as classified by Weixelman and others (2011). At
each meadow, two to three of the four plant community types were sampled because not all plant
community types occurred within each meadow. Plots were spaced at least 4 m apart to ensure
spatial independence based on vegetation composition (Weixelman and Riegel 2012). Plot
coordinates were uploaded onto Trimble Juno ST GPS devices for navigation to plot locations
and collection of field data within plots. Weekly sampling of six plots per plant type was done to
achieve a total of 18 replicate plots per plant type over a three-week period in July, 2013 (Fig. 3).

Figure 3. Diagram of stratified random sampling
design in a meadow. Four dominant plant
community types used represented four hydrologic
regimes and wetland indicator statuses: obligate
(OBL), facultative (FAC) facultative wetland (FACW),
and facultative (FACU). Randomized one square
meter plots depicted for one (n=6) of three study
weeks (n= 18 plots total) within plant community
types (figure not to scale).

Soil resistance was measured within study plots using a dynamic cone penetrometer
(Synergy Resource Solutions Inc., Belgrade, MT; Herrick and Jones 2002). Plots were oriented
North-South, and measurements were taken 30 cm from the southwest corner of plots (Figure 4).
Explanatory variables of SR measured included volumetric water content and plant cover.
Volumetric water content (0-12 cm depth) was determined using a HydroSense II Time Domain
Reflectometer (Campbell Scientific, Logan, UT). Absolute foliar plant cover was determined
based on ocular estimates by the same observer (Elzinga et. al. 1998) within 1 m” plots and nested
707 cm” plots located within a 5 cm radius from the center of penetrometer readings.



Intact soil cores (5 cm dia.by 15 cm depth) were taken using an AMS soil core sampler
(AMS Inc., American Falls, ID) to assess additional soil properties that may covary with SR. The
total number of soil cores extracted from each meadow varied depending on plant community
types sampled, where one meadow had two plant community types, while others had three types.
Two of the four target plant community types were sampled at Emeric Lake (soil cores
extracted=36), while three of the four plant species were sampled among Middle and Upper Lyell
Canyons, Snow Flat, and Tuolumne meadows (soil cores extracted=54). In total, 252 soil cores
(one core per plot) were extracted from within a 5-cm radius of the center of penetrometer
readings. Soil cores were capped and enclosed in 4-mm thick, polyethylene bags to prevent water
loss. They were kept as cool as possible in the field (by keeping them in shaded areas) and during
transport to the laboratory (by placing them in coolers with ice blocks). Once in the laboratory,
soils were stored in a cold room at 4 °C prior to processing, which occurred over one month.

Figure 4. Stratified random sampling with 1 m?’ study plots (quadrats). In-situ sampling done for following:
soil resistance (using dynamic cone penetrometer; far left), soil moisture (using TDR; middle left), absolute
aerial foliar cover (via ocular estimation; middle right), and soil sampling (using AMS corer; far right).

Laboratory Analyses

Soil properties analyzed in a laboratory included: root mass (within soil cores), percent coarse
fragments ( 2-4 mm), gravimetric water content (105 °C), water holding capacity, particle size
distribution (dry mass percent sand, silt, clay fractions), bulk density, pH, soil organic matter
content, carbon and nitrogen concentration. Field-moist soil cores were removed from
polycarbonate sleeves, sieved field-moist through a 4-mm mesh sieve, and roots (minimal plant
litter was included) and coarse fragments were separated by hand with tweezers. Roots (mostly
fine and less than 2mm in diameter) were oven-dried at 70 °C, weighed (g), and units were
converted to g/m® and percentage of soil core. Coarse fragments were oven dried at 105 °C and
weighed (g). Sieved soils were air-dried (20-25 °C) or oven-dried (105 °C) depending on
analysis.

Gravimetric water content (GWC) was determined by weighing drying field-moist,
sieved soils (5 g) at 105°C in a gravity convection oven for 48 hours. Particle size distribution
(PSD) was determined using the hydrometer method (Bouyoucos 1962, Gee and Bauder 1986).
Bulk density (BD) was calculated as the oven-dry mass of soil (< 2 mm fraction) per core
volume. Soil pH was measured on a 1:1 (w/v) soil to deionized water soil suspension (10 g soil to
10 mL of water) using a Fisher Scientific Accumet Basic AB15 pH meter (Thermo Fisher
Scientific, Waltham, MA) and Ross Sure Flow glass combination electrode (Sparks et. al. 1996).

Soil organic matter content was determined by Loss on Ignition (LOI; modified from
Combs and Nathan 1998; Schulte and Hopkins 1996; and Storer 1984). Sieved, air dried soil (5-
10 g, <4 mm fraction) was oven-dried (105°C for 8 h), and then placed in a muffle furnace at 360
°C for 2 h. Carbon (C) and Nitrogen (N) concentrations were determined for a subset of soil
samples to verify accuracy of the LOI method. Elemental analysis was done using a Costech ECS
4010 CHNSO elemental analyzer (Valencia, CA) on finely ground, oven-dried soils.

Soil water holding capacity was determined using modified methods from Haubensak et
al. (2002). Ten to 15 g of sieved (<2 mm), air-dried soils were placed in weighed Buchner funnels
containing wetted, Whatman No. 2 filter paper. Soils were wetted with deionized water
repeatedly, and allowed to drain by gravity for 48 h at 100% humidity, in a closed environment.
Suction (-33 kPa) was then applied to soils by attaching Buchner funnels to a sidearm flask



connected to a vacuum line. When soil drainage ceased in response to the applied suction,
Buchner funnels containing the soil was reweighed. Soil water holding capacity (%) was
calculated as the ratio of the water mass retained (after accounting for the soil water content at
air-dryness) to the oven-dry mass of the soil, multiplied by 100%. A separate soil subsample was
used to estimate the oven-dry mass equivalent.

Statistical Analyses

A total of 252 observations were available for analysis for the following variables: soil resistance
(SR), total and target vegetation cover for two plot sizes (1Im?*, 707 cm?), root mass (g/m?), bulk
density (BD; g/cm?), volumetric water content (VWC %), gravimetric water content (GWC %),
soil organic matter (SOM %), percent carbon and nitrogen (C and N), and percent roots and
coarse fragments (>2mm, >4mm). Laboratory analysis was only done on a subset of soil cores for
the following variables: pH, water holding capacity (WHC %), and particle size distribution.
Therefore, a subset of the entire data set (n=252) was compiled for all statistical analyses to
ensure equal numbers of observations among all variables (n=98, after accounting for some
missing laboratory data). All percentage values were converted to whole numbers (by multiplying
by 100). Summary statistics were generated to quantify means and standard errors of variables
by: plant type (n=4), meadow (n=5), and meadow gradient class (n=2;Tables 8-15, Appendix I-
II). All statistical analyses were done using the statistical program R, version 0.97.551 (R Core
Team 2012). For statistical tests, an a priori a level of 0.05 was used to determine significance.

Explanatory variables of SR included multiple biotic and abiotic factors that may
influence SR. Biotic variables included total vegetation cover for two plot sizes (1 m?, 707 cm?),
and root mass (g/m”) and percentage. Abiotic variables included: bulk density (BD; g/cm?), field-
measured volumetric water content (VWC, %), laboratory-measured gravimetric water content
(GWC %), soil organic matter (SOM, %), pH, water holding capacity (WHC, %), and particle
size distribution data; percent sand, silt, clay, coarse fragments ( (>2 mm, >4 mm). Ancillary data
were also analyzed for descriptive purposes. These included: redoxymorphic feature depth (cm),
and percent carbon and nitrogen, and carbon-to-nitrogen (C:N) mass ratios. Soil redoxymorphic
features indicate oxidation and reduction patterns indicative of seasonal saturation and dry-down
of meadow soils, which could potentially affect SR (Dwire et. al. 2006). Percent C, N, and
corresponding C:N ratios are indicative of differing SOM decomposition rates among meadows.
Normality was assessed for all variables using histograms, and transformations (i.e., log, sq. root).

To address my first research question, I employed a two-way ANOVA to detect whether
SR, and potential ecological influences on SR, significantly differed among plant community
types and meadow gradient classes. This was done to detect whether there was spatial variability
in the SR response variable and potential explanatory variables of SR on local and site scales. To
detect whether there was potential temporal variability in my dataset, interaction terms were also
included between study variables and time (study weeks) by plant community type and meadow
gradient class grouping variables. While temporal variability was not the study focus of my study,
I chose to test whether temporal patterns were present in the data that may have confounded
spatial variability detected, as these data were collected over a three week period. When ANOVA
models were significant, I conducted Tukey-Kramer HSD post hoc tests to differentiate
significant differences between plant community types (using the ‘multcomp’ package in R).
Post-hoc tests were not needed for meadow gradient, since only two classes were used.

Soil resistance (SR) response values were compared to a threshold SR value of 500 kPa
(McClaran et. al. 2014) using one-way analysis of variance (ANOVA). The threshold value
represents the SR needed to support a horse with rider or mule with load with incurring
disturbance to soils. In relation to my first research question, I conducted this analysis determine
whether plant community types and meadow gradients significantly differed in ability to support
pack stock use without incurring disturbance. The SR threshold was determined as a conservative
estimate of the SR needed to support a horse with rider or mule with load based on previous work
by Schofield and Hall (1986) and Kai et al. (2000). The threshold value was modified
conservatively to account for variation in animal, rider, load weight, and measurement error
(McClaran et. al. 2014). Mean SR values for plant community types among meadows were
compared with the SR threshold. Post hoc tests were used when ANOV A models were
significant.



To address my second research question, I used Pearson’s product moment correlation
analysis (using ‘corrplot’ package in R) and multiple linear mixed effects regression (LMER;
using the‘lme4’ package in R). Pearson’s correlation analysis was used to reveal which ecological
factors were most correlated with SR, and which potential explanatory factors of SR were
collinear (highly correlated at 1>0.75, Philippi 1993, Legendre and Legendre 1998; Graham
2003). The LMER approach was used to determine whether a few key ecological factors best
explained variation in SR among meadow plant community types. This approach takes into
account fixed variability among plant community types, while also accounting for random
variability among sites (meadows). The LMER mixed, modeling approach also accounts for
stratified study design, where plant community types were nested within study meadows that
varied randomly. By accounting for stratified study design, this approach addressed
autocorrelation and non-constant variance that arose when using a larger dataset (n=98), rather
than carrying out regression on the means (n=14) by plant community type (Zuur et. al. 2007).

Best explanatory models of SR were selected using Akaike and Bayesian information
criterions (AIC and BIC) based on results from backwards, stepwise regression (Bates et. al.
2012). The backwards stepwise approach was used to systematically remove non-significant
variables from a full model of all non-collinear explanatory variables. Best model criterion used
aim to identify model goodness-of-fit balanced with parsimony (Crawley 2007), although each
criterion has differing model selection goals (Dziak et. al. 2012). The AIC provides an
explanation of ecological complexity in a system, while the BIC penalizes complexity more
heavily (Zuur et. al. 2007), which may aid in revealing the best, underlying true model. Hence,
models with lowest AIC values were assumed to be best for explaining ecological complexity,
while models with lowest BIC values were assumed to best for explaining key drivers of
variability (or best, true model) in a system. Another approach is to use AIC and BIC together
(Dziak et. al. 2012) to balance model goodness-of-fit balanced with parsimony.

Typically, an AIC difference of 2 between two models indicates significant improvement
of one model over the other, although a larger difference provides stronger evidence of model
improvement (Dziak et. al. 2012, Zuur et. al. 2007). In LMER, significant model improvement is
denoted by significant p-values (<0.05) associated with maximum likelihood ratio tests and chi-
squared (y°) values. Logistical likelihood and * values are derived from comparison of models
that contain explanatory factors in question against the model without explanatory factors in
question (the null model) based on Bates et. al. (2012). Chi-squared values indicate the reduction
in deviance from the maximum likelihood criterion (smaller deviance indicates better fit) between
candidate models being compared and the null model (Bates et. al. 2012). Hence, best
explanatory models identified had lowest AIC or BIC values, also had smallest logistical
likelihood, deviance, %°, and p-values. Best models were evaluated by examining scatterplots of
predicted versus actual SR values, and residual plots Model assumptions (normality, linearity,
independence, non-constant variance) were assessed.

RESULTS

Question 1: Does SR, and potential ecological influences on SR, significantly
differ among meadow plant community types and meadow gradient classes?

Temporal variability was not a significant factor in any of the variables measured, regardless of
grouping by plant community type or meadow gradient class. Exceptions included root mass and
N among plant community types, SOM and C among meadow gradients, and coarse fragment
percentage among plant community types and meadow gradients (Table 3). Root mass was
expected to change due to plant root growth during peak growing season. Changes in SOM, C,
and N may have been due to changes in litter inputs and decomposition states among plant
community types. Changes in percent coarse fragments likely reflected spatial variability among
plots sampled over time. Thus, sampling date (by week) did not appear to alter explanatory
variables measured, which indicates that pooling data over a three week period is acceptable.

Soil resistance (SR) significantly differed among meadow plant community types
(F=9.92, p<0.00) and meadow gradient classes (F=8.63, p<0.00; Table 3). Among plant
community types, ecological influences on SR that most significantly differed included: total
vegetation cover in 1 m’ study plots (F=15.64, p<0.00), BD (F=10.83,p<0.00), GWC (F=7.03,
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p<0.00), and WHC (F=6.20, p<0.00). Among meadows of differing gradient classes, greatest
significant differences included: WHC (F=13.22, p<0.00) and GWC (F=15.02, P<0.00), and
particle size distribution (PSD): sand (F=30.64, p<0.00) silt (F=27.92, p<0.00), clay (F=16.86,
p<0.00). See Tables 16 and 17 in Appendix III for details on means and standard errors.

The obligate wetland plant type (CV) most significantly differed in SR from facultative
(CB) and facultative upland (PK) plant types , based on post-hoc tests (Table 4). Calamagrostis
breweri had highest mean SR, whereas CV had lowest SR (Table 8, Appendix I). Carex vesicaria
also had greater mean WHC, GWC, and SOM, and lower mean BD, in relation to all other plant
types. Water holding capacity was greatest for CV (85%), followed by PK (65%), CB (54%) and
DC (54%). Mean GWC was also highest for CV (114%), followed by DC (76%), CB (61%), and
PK (55%). Plant community types shared similar mean BD (0.51 g/cm?), with the exception of
CV which had much lower BD (0.41 g/cm?®). Among meadows of differing gradient classes, low
gradient meadows had significantly lower mean SR (452 kPa; p<0.00) than middle gradient
meadows (709 kPa; Table 9, Appendix I).

Particle size distribution (PSD) showed greatest significant differences in silt and sand
content between obligate (CV) and facultative upland (PK) plant types (p=0.05, Table 4). Mean
silt content for CV was 40%, while mean sand content for PK was 59% (Table 15, Appendix III).
Greater silt content in CV also corresponded to oxbow landscape positions for Tuolumne and
Upper Lyell meadows (Tables 13,14 , Appendix 11).

Among meadows, sand and silt content significantly differed by gradient class.
Differences were greatest between EL (middle gradient; sand=69%, silt=21%) and TM and UL
(low gradient; sand=45%, silt=41% for both). Mean clay content was higher for two low gradient
meadows (TM and UL; 14% respectively) in comparison with other meadows. Middle gradient
meadows also had coarser grained soil textures (sandy loams) in comparison with low gradient
meadows, which had finer textured, soils classified as loams (Fig. 5, Table 9, Appendix I).

100 mmmm SAND
mm SILT
80 1 m=m CLAY

60 -

Percent

40 1

20 -

Meadows

Figure 5. Particle size distribution (percent sand, silt, clay) among middle gradient meadows with sandy
loam soil textures (left) and low gradient meadows of loam soil textures (right). Color scheme:
sand=brown, silt=orange, clay=yellow.
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Differences in SR threshold among plant community types and meadows

Soil resistance (SR) values significantly differed from the SR threshold value of 500 kPa, among
plant community types (F=27.32, p<0.00) and meadow gradient classes (F=25.58, p<0.00).
Calamagrostis breweri had consistently highest SR values across meadows (mean SR=890 kPa)
that exceeded the 500 kPa SR threshold (Fig. 6) Ptilagrostis kingii soils exceeded the threshold at
some meadows, but not others (mean SR=666 kPa). Deschampsia cespitosa and CV soils did not
achieve the SR threshold (mean SR=232 and 270 kPa respectively). Carex vesicaria most
significantly differed from all other plant community types (p<0.00) based on post-hoc tests
(Table 4), in that it had lowest SR. Calamagrostis breweri was most different from CV (p<0.00),
in that it had the highest SR values, followed by Ptilagrostis kingii (p<0.00; Fig. 6, Table 4).
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Calamagrostis Ptilagrostis

1200 r breweri kingii 1200
©
< r [F
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S N 2 B . L. g ST (kPa)
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<
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Figure 6. Soil resistance (SR) by plant type among meadows for the month of July, 2013. Dashed line
indicates SR threshold value (500 kPa) needed to support a horse with rider or mule with load without
incurring soil disturbance. Error bars represent standard error across plots, based on plant community

types across meadows.

Among meadows of differing gradient classes, mean SR was below the SR threshold for
low gradient meadows (452 kPa), and above the threshold for middle gradient meadows (709
kPa). However, variability was high among meadows, where mean SR for low gradient meadows
ranged from 351-511 kPa (SE +39-53), while mean SR for middle gradient meadows ranged from
346-1177 kPa (SE £36-76). See Table 9, Appendix I for further details.
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Table 3. Two-way ANOVA models displaying significant spatial and limited temporal heterogeneity among multiple biotic and abiotic variables by two grouping factors representing local-
scales: plant types (n=4), site-scales: meadow gradient class (n=2) for 3 study weeks in July 2013 (n=98). Differences among weeks and interaction between week and grouping variables
indicate significance of temporal variation or between week spatial variation. P-values (p) statistically significant at 95% confidence level (<.05). Bolded p and F-values (F) indicate
greatest significance at a 99% confidence level of p < 0.004. The SR response variable was log transformed, and the following were square root transformed: GWC, WHC, SOM, C, N, C:N,
roots, and clay. List of acronyms and abbreviations: Soil resistance (SR), bulk density (BD), volumetric water content (VWC), gravimetric water content (GWC), water holding capacity
(WHC), soil organic matter (SOM), carbon (C), nitrogen (N), carbon-to-nitrogen ratio (C:N), tot. total vegetation cover (tot. veg. cover), coarse fragments (coarse frag.).

Plant Type Meadow Gradient
Grouping Factor
Plant Type Week Plant Type * Week Meadow Gradient Week Meadow
Gradient*Week
Variables F p F P F P F p F P F P
SR (kPA) 9.92 0.000 0.10 0.758 0.45 0.720 8.63 0.004 0.05 0.82 1.57 0.213
BD (g/cm?3) 10.83 0.000 1.80 0.183 2.27 0.086 3.20 0.077 1.32 0.25 2.34 0.130
VWC (%) 4.27 0.007 0.16 0.692 0.18 0.907 11.05 0.001 0.08 0.78 2.35 0.128
GWC (%) 7.03 0.000 0.18 0.672 1.73 0.166 15.02 0.000 0.11 0.74 1.77 0.186
WHC (%) 6.20 0.001 0.98 0.325 0.53 0.664 13.22 0.000 1.22 0.27 2.99 0.087
pH 0.77 0.513 0.15 0.703 0.09 0.964 2.34 0.130 0.10 0.76 0.26 0.610
SOM (%) 0.95 0.419 0.49 0.486 2.40 0.073 6.64 0.012 0.60 0.44 5.31 0.023
C (%) 1.65 0.184 0.22 0.640 2.26 0.087 3.46 0.066 0.27 0.61 5.35 0.023
N (%) 3.18 0.028 0.50 0.482 2.89 0.040 7.51 0.007 0.58 0.45 1.12 0.294
C:N (%) 0.65 0.585 0.15 0.696 0.17 0.918 2.48 0.119 0.21 0.65 3.33 0.071
Sand (%) 2.38 0.075 0.05 0.821 0.59 0.621 30.64 0.000 0.16 0.69 0.56 0.455
Silt (%) 2.76 0.047 0.08 0.784 0.62 0.605 27.92 0.000 0.19 0.66 0.39 0.532
Clay (%) 0.77 0.517 0.02 0.892 0.56 0.645 16.86 0.000 0.00 0.98 0.44 0.507
Coarse frag. >2mm (%) 0.60 0.617 0.87 0.354 0.70 0.552 4.16 0.044 1.40 0.24 30.18 0.000
Coarse frag. >4mm (%) 1.02 0.390 0.77 0.382 3.18 0.028 8.63 0.004 0.86 0.36 7.99 0.006
Tot. Veg. Cover (1 m? ) 15.64 0.000 0.97 0.329 1.64 0.186 1.78 0.185 0.94 0.34 0.02 0.878
Tot. Veg. Cover (707 sz) 6.27 0.001 0.29 0.593 1.15 0.335 0.26 0.611 0.25 0.62 0.57 0.453
Roots (g/mz) 0.94 0.424 3.79 0.055 2.15 0.099 0.47 0.494 3.30 0.07 0.50 0.480
Roots (%) 2.37 0.076 2.99 0.087 3.83 0.012 0.01 0.909 2.42 0.12 0.00 0.947
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Table 4. Tukey honest significant difference post-hoc test results for variables that significantly differed by
plant community type: SR, BD, WHC, GWC, VWC, SAND,SILT, and CLAY. Table displays statistically
significant p-values at 95% confidence level). Bolded p-values indicate greatest statistical signifcance. List
of acronyms and abbreviations: Calamagrostis breweri (CB), Carex vesicaria (CV), Deschampsia cespitosa
(DC), Ptilagrostis kingii (PK), soil resistance (SR), bulk density (BD), tot. total vegetation cover (tot. veg.
cover), water holding capacity (WHC), gravimetric water content (GWC), volumetric water content (VWC).

GROUPING TOT. VEG
SR (kPa) BD (g/cm?)

) 0, 0, 0, 0, 0, 0,
VARIABLE 707 cm?) WHC(%) GWC(%) VWC(%) SAND (%) SILT (%) CLAY (%)

Cv-CB 0.00 0.00 0.07 0.00 0.00 0.09 0.16 0.08 1.00
DC-CB 0.25 0.35 0.93 1.00 0.95 0.89 1.00 1.00 0.77
PK-CB 1.00 1.00 0.23 0.98 0.87 0.60 0.98 1.00 0.69
DC-CV 0.03 0.01 0.02 0.01 0.02 041 0.18 0.17 0.72
PK-CV 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.05 0.64
PK-DC 0.26 0.44 0.64 0.95 0.60 0.24 0.99 0.98 1.00

Question 2. Can a few key ecological factors be used to best explain SR among
dominant plant community types in Sierra Nevada meadows?

Correlations between SR and ecological influences on SR

When evaluated across all plots, some single variables correlated well with SR (Table 5).
These included soil water content and bulk density. A total of nine variables had statistically
significant correlations with SR based on p-values (Table 6). Many of these variables also
correlated with GWC, which was significantly correlated with SR. This is because GWC and SR
have a significantly negative correlation (r=-0.33, p<0.001). Other explanatory variables that
most significantly negatively correlated with SR include: VWC (r=-0.28, p<0.005), WHC (r=-
0.27, p<0.008), and silt (r=-0.27, p<0.007). Conversely, bulk density: BD (=0.31, p<0.002) most
significantly positively correlated with SR. While GWC and VWC are both measures of soil
water content, GWC has a higher negative correlation with SR. Many of the explanatory variables
also correlated with each other. Variables that strongly correlated with GWC include: WHC, BD,
SOM and silt. Particle size distribution (sand, silt, and clay) was strongly correlated with WHC,
where silt and clay positively correlated with WHC, while sand negatively correlated with WHC.
Some components of particle size distribution (percent sand and silt) were also highly correlated
(r=0.80). In addition, SOM was strongly negatively correlated with BD. Correlation results are
valuable for determining the strength and direction of relationships among variables, but do not
take into account plant community type or between-meadow variability, such as meadow gradient
class. Scatterplots showed general trends between SR and most correlated explanatory variables
(GWC and BD) by plant community type (Fig. 7). Multi-collinearity among some explanatory
variables of SR was detected based on Pearson’s correlations of 0.75 or greater (r >0.75), as
described by Graham (2003). Explanatory variables that highly correlated with each other were
not combined in potential best models of SR using backwards, stepwise LMER techniques.
Highly collinear variables included BD, GWC, VWC, and WHC (r >0.85; Table 5).
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Table 5. Pearson’s product moment correlation matrix displaying positive and negative linear correlations among biotic and abiotic variables. The number 1 indicates a 1:1 relationship
between the same variable. Bolded numbers to shown to two decimal places indicate strong relationships (r>0.75, n=98 observations). List of acronyms and abbreviations: soil resistance
(SR), bulk density (BD), volumetric water content (VWC), gravimetric water content (GWC), water holding capacity (WHC), soil organic matter (SOM), carbon (C), nitrogen (N), carbon-to-
nitrogen ratio (C:N), tot. total vegetation cover (tot. veg. cover), coarse fragments (coarse frag.).

Coarse  Coarse Total  Target Tot.Veg.
Variables oosoME) ce NG NG o B e o sand ) Sit () Cay(%)  frag  fag o " WWC (W) Vep  Vep  Cover SR(kPa)
(%) (gfem?) samm  sdmm  &/Cm) %) Cover  Cover (707cm’)
pH 1 -0.15 -0.16 0.12 -0.08 -0.03 -0.01 0.00 0.04 -0.03 -0.07 -0.06 -0.04 0.14 -0.08 0.05 0.13 0.01 -0.07 0.12
SOM (%) -0.15 1 0.95 0.77 0.09 0.71 -0.72 0.68 -0.50 0.48 0.37 0.01 041 0.03 0.36 0.44 0.00 0.07 -0.05 -0.18
C (%) -0.16 0.95 1 0.80 0.12 0.76 -0.77 0.70 -0.47 0.47 0.29 0.03 -0.40 -0.01 032 0.50 -0.04 0.00 -0.10 0.24
N (%) -0.12 0.77 0.80 1 -0.37 0.69 -0.64 0.66 -0.47 0.47 030 -0.01 -0.26 -0.08 021 0.41 -0.08 -0.01 -0.09 -0.26
CN (%) -0.08 0.09 0.12 -0.37 1 -0.02 -0.07 -0.07 0.15 -0.16 -0.06 0.10 -0.09 0.15 0.18 0.00 -0.03 0.03 -0.04 0.03
GWC (%) -0.03 071 0.76 0.69 -0.02 1 -0.86 0.88 -0.64 0.66 033 0.05 -0.35 -0.05 032 0.66 -0.15 0.09 -0.20 -0.33
BD (g/cm’) 001 072 077 064 007 08 1 071 047 050 018 001 033 011 048 060 007 018 017 031
WHC (%) 0.00 0.68 0.70 0.66 -0.07 0.88 -0.71 1 -0.74 0.75 0.41 0.07 -0.36 0.14 0.20 0.51 -0.18 0.02 -0.18 -0.27
Sand (%) 0.04 -0.50 -0.47 -0.47 0.15 -0.64 0.47 -0.74 1 -0.98 -0.71 -0.26 0.44 0.22 -0.03 -0.40 0.04 0.00 0.14 0.26
Silt (%) -0.03 0.48 0.47 0.47 -0.16 0.66 -0.50 0.75 -0.98 1 0.57 0.24 -0.44 021 0.06 0.40 -0.05 0.01 0.14 -0.27
Clay (%) -0.07 037 0.29 030 -0.06 033 -0.18 0.41 -0.71 0.57 1 0.22 -0.29 -0.18 -0.06 0.27 0.02 -0.03 -0.09 0.14
Coarsefrag.s2mm (%) 006 001 003 001 010 005 001 007 02 024 02 1 02 016 013 009 009 001 001 -008
Coarse frag. >4mm (%) -0.04 -0.41 -0.40 -0.26 -0.09 -0.35 033 -0.36 0.44 -0.44 -0.29 -0.22 1 -0.09 -0.23 -0.41 -0.10 -0.07 -0.01 0.16
Roots (g/m2) 014 003 001 008 015 005 011 014 02 021 018 016 009 1 087 006 026 029 025 023
Roots (%) -0.08 0.36 032 021 0.18 0.32 -0.48 0.20 -0.03 0.06 -0.06 -0.13 0.23 0.87 1 0.29 0.15 031 0.10 0.01
VWC (%) 0.05 0.44 0.50 0.41 0.00 0.66 -0.60 0.51 -0.40 0.40 0.27 0.09 041 0.06 0.29 1 0.07 0.10 -0.20 -0.28

Tot.Veg. Cover (Im2) 043 000  -004 -008 -003 -015 007 -018 004 005 002 009 -010 026 015  0.07 1 041 057 0.5
TargetVeg.Cover(Im2) 001 007 000 001 003 009 018 002 000 001 003 00l 007 029 031 010 041 1 036  0.08
Tot. Veg, Cover (707cm2) 007 005 010 009 004 020 017 018 014 014 009 001 001 025 010 020 057 036 1 0.12
SR (kPa) 012 018 024 026 003 033 031 027 02 027 014 008 016 023 001 028 005 008 0.2 1
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Table 6. Significant correlations between SR and multiple explanatory variables using Pearson’s product
moment correlation analysis. List of acronyms and abbreviations: r (Pearson’s correlation coefficient), p
(p-values), gravimetric water content (GWC), bulk density (BD), volumetric water content (VWC), water
holding capacity (WHC), nitrogen (N), carbon (C), soil organic matter (SOM). P-values indicate statistical
significance at >95% confidence interval (p<0.05). Bolded p-values indicate greatest statistical significance,
indicating largest Pearson’s correlation coefficients (regardless of positive or negative relationship).

Explanatory

r
Variables P

1 GWC (%) -0.33 0.001

2 BD(g/cm?) 0.31 0.002

3 VWC (%) -0.28 0.005

4 Silt (%) -0.27 0.007

5 WHC (%) -0.27 0.008

6 N (%) -0.26 0.009

7  Sand (%) 0.26 0.009

8 C (%) -0.24 0.016

9 Roots (g/m?) 0.23 0.024
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Figure 7. Relationships between soil resistance and gravimetric water content (left panel) and bulk density
(right panel) for the different plant community types. Soil resistance negatively correlated (kPa) with
gravimetric water content (percent) among plant types, and correlated with bulk density (g/cma). SR was
log transformed and GWC was square root transformed to achieve normality. Plant type acronyms:
Calamagrostis breweri (CB), Carex vesicaria (CV), Deschampsia cespitosa (DC), Ptilagrostis kingii (PK).

16



Developing the best model for explanation of SR

A few explanatory variables best explained spatial variation in SR based on lowest AIC
and BIC values, which differed among the top five models selected using LMER. Best models
had lowest AIC or BIC, and lowest y* and p-values (as shown in Table 7). Model results are
based on non-collinear, parsimonious combinations of explanatory variables, including
interactions with plant community types. Grouping factors included plant community type as
fixed effects and meadows as random effects. Main factors included: bulk density (g/cm’),
gravimetric water content (%), root mass (g/m?), and coarse fragment percentage (> 4mm).
Models interactions between main factors and plant community types included root mass and
coarse fragments. When models were compared with the null model (plant community type and
meadow grouping factors only), best models showed significant improvements over the null.

The model with lowest BIC included only gravimetric water content (GWC) as the best
explanatory factor of SR (BIC=225; Table 7). This model had greatest parsimony. The model
with lowest AIC included three main factors (bulk density, root mass, coarse fragments), which
may have provided a better indication of ecological complexity. The model with lowest AIC
provided better goodness-of-fit than the gravimetric water content model based on the lowest ¥
value (1.46; Bates et. al. (2012). Among candidate models, the best explanatory model of SR
(model 1) had a lower significantly lower AIC (AIC=196) than the model with lowest BIC
(AIC=2006), or the null model (AIC=227). When considering both AIC and BIC to balance
parsimony with model goodness-of-fit (Dziak et. al. 2012) model 3 had lowest combined AIC and
BIC values (AIC=202, BIC=230). These results indicate that the model with gravimetric water
content alone (model 5) represents the best, true model for explaining spatial variation in SR.
However, when aiming to identify complexity, the model with a few key variables (model 1; bulk
density, root mass, coarse fragments) best explained complexity and spatial variation in SR.
When aiming to balance goodness-of-fit and parsimony (based on lowest combined AIC and
BIC), the model with two key factors (model 3; gravimetric water content and root mass) best
explained variation in SR. When considering other selection parameters (logistical likelihood,
deviance, y?). results show that model 1 provided the best explanation of SR (Table 7). Hence,
model 1 was selected as the best explanatory model of SR based on a few key factors: bulk
density, root mass, and coarse fragments, and their interactions with plant community type.

Table 7. Top five best explanatory models of SR based on AIC and BIC information criterions used in linear
mixed effects regression (LMER). Additional model selection parameters included: logistical likelihood
(logLik) and Chi-squared values (22). Lowest AIC and BIC values, and p-values (p) <0.05 indicates
statistically significant improvement from null model and other candidate models. Model grouping factors
include plant community type as a fixed factor and meadow as a random effect factor. Model main
factors include multiple, non-collinear explanatory variables. Interactions between plant community type
and main factors include root mass and coarse fragments. The SR response variable was log transformed.

. Root  Coarse Plant Plant Type*
Models b:::cﬂar? ?:/apn: Meadow ( g/?;za) G(!Z;: mass  frag. 2’::: Coarzz AC BIC 4 p
(g/m?)  >dmm (%) n fragments
Null nfa X X 227 243 nla na
Model1 3 X X X X X X X 196 235 146 000
Model2 3 X X X X X 197 236 1459 0.01
Model3 2 X X 202 230 1948 0.00
Model4 2 X X X 204 233 703 0.00
Model5 1 X 206 225 2279 0.00
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DISCUSSION

Question 1: Significant differences in SR, and potential ecological influences on
SR among meadow plant community types and meadow gradient classes

Soil resistance (SR) significantly differed among plant community types and meadow gradient
classes. Strong spatial variability in the response variable (SR) and explanatory variables were
detected on local scales (plant community types) and site scales (meadows gradient classes). My
study findings are consistent with knowledge that wetland ecosystems show local-scale and site-
scale spatial variability in soil properties (Inglett et. al. 2011, Lyons et al. 1998; Stolt et al. 2001;
Bruland and Richardson 2004, Grunwald et al. 2006; Cohen et al. 2008; Nkheloane 2012).

On a local scale, my results suggest that wetter plant community types cannot support
pack stock use, even in an extremely dry year. Carex vesicaria and Deschampsia cespitosa both
had mean SR values below the SR threshold value (500 kPa) needed to support pack stock
animals without incurring disturbance for the month of July in 2013. The year 2013 was one of
the driest years on record for California (DWR, CDEC 2014). These results suggest that these
wetter plant communities are likely unsuitable for use by pack stock (based on a limited sample
size). Conversely, one of the drier plant community types may be more suitable for use by pack
stock. Calamagrostis breweri (CB) was consistently above the SR threshold needed to support
pack stock use without incurring damage to soils. However, the other dry plant community type
sampled (Ptilagrostis kingii) showed considerable spatial variability in SR among meadows.

Variation in SR for Ptilagrostis kingii (PK) was likely due to differences in water content
among meadows of differing gradient classes. One middle gradient meadow with PK (Emeric
Lake) had significantly higher SR than low gradient meadows with PK (Upper Lyell and Snow
Flat). Among low gradient meadows with PK, Tuolumne Meadows was the exception. This may
have been due to higher SR and lower water content as a result of greater clay content. Clay is
more susceptible to disturbance when saturated, but is stronger when dry (Lull 1959). This
suggests that plants occurring in soils high in clay will have greater SR when dry. The majority of
meadows surveyed were fairly low in clay content (<15%), but significantly differed in sand and
silt content, SOM concentration, and resulting water content depending on meadow gradient.

Soil water availability is the main driver of differences in plant community types
representing local-scale hydrologic regimes, which corresponds with SR based on my findings.
The obligate plant type (Carex vesicaria) had greatest water content and SOM concentration,
which corresponded with subsequently lowest BD and SR than other plant community types.
Conversely, the facultative plant type (Calamagrostis breweri) by far had the highest BD and SR
due to lower water content and SOM, in combination with coarser soils. These results suggest
that abiotic factors associated with plant community hydrologic regime influence SR.

Meadow gradient is an important factor to consider when evaluating site-scale meadow
suitability for pack stock use. Site-scale variation in meadow gradient may drive variability in
sand and silt content, which may explain differences in WHC and resulting SR among plant
community types. Low gradient meadows had significantly greater silt content and WHC, and
resulting lower SR than middle gradient meadows. Low gradient meadows also had primarily
hydric plant communities (CV, DC). Conversely, middle gradient meadows had primarily mesic
to xeric plant communities (CB, PK). However, one middle gradient meadow (Middle Lyell) also
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had the Carex vesicaria hydric plant community type present within oxbow landscape positions.
Presence of this hydric plant type may have resulted in lower SR at this middle gradient meadow.
Hence, meadow gradient class influences plant community types present, which influences SR.

Water holding capacity and dominant plant community hydrologic regime differed
among meadows of differing gradient classes. Low gradient meadows had significantly higher
WHC than middle gradient meadows. This suggests that landform variability drives differences in
soil texture and resulting SR. For example, low gradient meadows had significantly higher silt
content and lower sand content than middle gradient meadows, and vice versa. Similarly, low
gradient meadows had greater SOM concentration, and finer, loam textures, which may have
resulted in significantly lower SR. Conversely, middle gradient meadows had significantly higher
SR, coarser, sandy loam soil textures (dominated by sand) and lower SOM concentration. These
results suggest that meadow gradient significantly influences meadow soil water availability and
subsequent SR due to variation in particle size distribution, SOM, and other covariates of SR.

Among meadows of different gradient classes, depositional events may influence
differences in silt and sand content by local-scale landscape positions. Fine grained sediments are
typically deposited in low lying areas, such as oxbows within low gradient meadows. Conversely,
deposition of coarse grained materials, are often related to steeper gradients (Therell et. al. 2006).
Finer grained soils typically have greater WHC. Higher soil water availability supports hydric
plant communities, which had lower SR. Within low gradient meadows, Carex vesicaria had
lowest SR, greatest silt content, and greatest WHC. Conversely, PK had greatest sand content and
coarse fragments, lower WHC, and greater SR. Carex vesicaria occurred in oxbow (O) low
gradient, depositional landscape positions, which had higher silt content and SOM concentration
(Tables 10-14, Appendix 1). Loheide and others (2009) reported similar findings, where they
found that CV occurred in oxbow areas. This suggests that landscape position plays a role in soil
texture and SOM variability, water availability and subsequent SR on local and site scales.

My research presents novel findings on spatial variation in SR by meadow gradient
landform position and plant community type (indicative of hydrologic regime). While an earlier
study by Heikes-Knapton (2009) found that water retention in subalpine wetlands differed based
on landform variability, this study did not address soil susceptibility to grazing by pack stock.
Heikes-Knapton (2009) detected differences in soil texture, SOM, and water availability among
subalpine wetlands of differing landform positions in the Northern Rockies in Montana. Patterns
in Sierra Nevada subalpine meadow wetlands may show differing spatial trends in water
retention. My study builds upon this previous study, in that my research addressed spatial
variability in Sierran subalpine meadow vulnerability to disturbance (as measured by SR) on local
and site scales. My findings suggest that low gradient meadows have wetter plant community
types, higher SOM, higher water availability, and resulting lower SR than middle gradient
meadows in the Sierra. This is important for determining site suitability for pack stock use.
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Question 2: Best explanatory factors of SR among plant community types

Numerous meadow studies in the Sierra Nevada have found that water content is the key
driver of ecosystem response to stock animal disturbance (Shryock 2010, Lee 2013, Mclllroy and
Allen-Diaz 2012, Moore et. al. 2013, Norton et. al. 2011, Roche et al. 2012). Similarly, previous
livestock studies on SR in grasslands have found that soil water content and bulk density are the
two most significant factors influencing livestock impacts on soil conditions (Vaz and Hopmans
2001, Herbin et. al. 2011, Piwowarczk et. al. 2011). My results also suggest that gravimetric
water content and bulk density alone best correlated with SR in meadows.

The novelty of my study is that I detected additional factors that most influence SR, in
addition to water content and bulk density alone, by gradient class and plant community type in
meadow ecosystems. My findings represent new information, where I found that a few
explanatory factors significantly improved explanation of SR. Using mixed effects linear
regression, | was able to detect ecological complexity associated with meadow hydrology, soils,
and vegetation on local and site scales. While some plant community types were more resistant
than others, meadow gradient played a significant role in soil water availability and resulting SR.

No other meadow studies to-date have used linear mixed effects regression (LMER), and
both AIC and BIC criterions to identify meadow complexity and underlying key drivers of
variability in SR. Use of mixed effects modeling for explaining both fixed and random variability
on multiple scales has been gaining popularity in ecological studies (Gruebber et. al. 2011). When
using the LMER approach, I detected which explanatory factors best explained SR by plant
community type, among meadows that randomly varied. The novelty of this approach is that it
makes the assumption that meadows were random selections from a larger population of Sierran
subalpine meadows, which differ in numerous, yet unknown ways. Using two different model
selection criterions, I answered differing ecological questions. The use of the BIC criterion was
helpful in identifying the underlying true model of variability in SR. This criterion identified
gravimetric water content as the single best predictor of spatial variability in SR. However, it is
known that water content is the key driver of variability in wetland ecosystems. When using the
AIC criterion to detect ecological complexity, a few key factors were identified as best
explanatory factors of SR. These included bulk density (BD), root mass, and coarse fragments.

Explanatory factors of SR share a common theme of soil aggregation and macroporosity
needed to achieve SR levels that support pack stock animals without incurring damage. Larger
coarse fragments may provide greater macro-porosity for root development than small coarse
fragments, which pack together more densely, creating smaller pores (which affects bulk density).
These explanatory factors of SR likely increase soil aggregation and strength, in that all three best
explanatory factors had a positive relationship with SR. Good soil aggregation provides large
macropores. This aids in soil water drainage, which is needed to support pack stock without
incurring damage. Highly aggregated meadow soils with greater BD (as an indirect result of
lower GWC), combined with higher root mass, and coarse fragments, will have greater SR
(Herbin et. al. 2011, Piwowarczk et. al. 2011). Conversely, meadow soils high in GWC are more
likely to experience disaggregation, which leads to lower SR (Piwowarczk et. al. 2011). When
soil water content levels are high, water forces will reduce soil strength and particle binding
through disaggregation. Soil saturation can reduce soil strength due to destruction of soil
aggregates (Inglett et. al. 2011). Water content determines the degree of soil structure loss, which
is due to loss of macropores (Herbin et. al. 2011). When soil macropores are saturated with water,
soils will flow around the hooves of animals, leaving defined hoof prints (Lull 1959).
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Soils high in clay have greater cohesive strength when dry (Perumpral 1987). However,
clay soils are more likely to experience disaggregation (than organic soils) when saturated, which
increases soil susceptibility to trampling (Scholefield and Hall 1985). Highly organic soils often
have water stable aggregates (clusters of air spaces and soil particles held together to provide soil
structure), that are not easily destroyed by water saturation (Brady and Weil 2008). Soil
aggregation will increase aeration, promote root growth and elongation (Therrell et. al. 2006), and
improve water infiltration and drainage. While soil saturation can increase root penetration by
wetland plants (Inglett et. al. 2011), seasonally saturated soils, high in water content, are more
vulnerable to disturbance via hoofpunching and trampling. Conversely, in drier soils with air-
filled (rather than water filled) macro-pores, compaction of the soil may occur with a loss of
macroporosity, but little evidence of trampling (Lull 1959, Piwowarczk et. al. 2011). This
indicates that increased soil strength can be a function of decreased water content, other biotic
and abiotic factors such as particle size class and root mass, and increased soil compaction.

Soils have high strength due to both cohesive forces between soil particles, and frictional
resistance met by particles forced to slide over each other from interlocked positions (Johnson et.
al. 1987, Vaz and Hopmans 2001). Additionally, soils high in clay content typically have greater
cohesive forces when dry (Brady and Weil 2008). My research suggests that meadow soils were
low in clay content (<15%), indicating that frictional forces may be more important than cohesive
forces for providing soil strength. However, high water content may reduce frictional forces that
improve soil SR, depending on soil texture and SOM concentration. (Piwowarczk et. al. 2011).

My results suggest that soil organic matter concentration and soil texture, such as silt and
sand content, strongly correlated with water availability. These combined ecological factors likely
additively influence SR, depending on differences in meadow gradient. While low gradients
meadows had loam soil textures, higher silt content, and greater SOM concentration, middle
gradient meadows had sandy loam textures and higher in sand content, and less SOM. In low
gradient meadows, this resulted in higher water availability, lower BD, and lower SR. The
opposite was the case for middle gradient meadows. Hence, meadows of lower gradients likely
had greater water content and lower SR due to deposition of finer soils, and SOM accumulation.

In addition to frictional forces, soil aggregation (as indicated by greater bulk density, root
mass, and coarse fragments) is the main reason why soil strength is higher in some plant
community types in comparison with others among study meadows. However, consideration of
other factors that covary with explanatory factors of SR is important for understanding the
mechanisms that drive spatial variability in SR among plant community types and meadows of
differing gradients. While SOM had an indirect negative effect on SR, in that it lowered BD and
influenced other covariates such as GWC, it also aided in improving soil aggregation. Similarly,
root mass does not best explain SR alone, unless other factors are considered. These include
interactions between plant growth form, hydrologic regime, and soil texture. These biotic and
abiotic factors most significantly influence SR when combined, as shown by modeling results.

Spatial variation in biotic explanatory factors of SR, such as root mass, were only
detected on local scales, among plant community types, but not on site scales (meadow gradient).
Root mass positively correlated with SR for the obligate (CV) and facultative upland (PK) plant
community types, but not the facultative wetland (DC) and facultative (CB) plant community
types. This is likely due to variation in plant growth forms and associated soil aggregation.

The main reason that Deschampsia cespitosa (DC) had lower root mass and mean SR
may be due to its” bunch grass growth form, which leaves open spaces between grass clumps that
can be easily trampled. The smaller stature grass (CB) had lowest root mass, but by far highest
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SR among all plant community types, which may be due to greater bulk density and coarser soils.
Carex vesicaria (CV) had the second highest root mass, but lowest SR, which is likely due to
greater silt and GWC content. My results for root mass are somewhat confirmed by other studies,
which found that rhizomatous sedges have two to six times the rooting density and biomass of
DC (Manning et al. 1989, Dunaway et al. 1994; Merrill 2012). Ptilagrostis kingii, by far had the
highest root mass (resulting in higher SR), which is likely due to greater BD and lower GWC.

Management Implications

The SR indicator of ecosystem resistance provides an effective management tool for
determining meadow vulnerability to recreational disturbance on both temporal and spatial scales.
Explanatory models identified can help guide risk assessments for meadow monitoring and
management programs. In national parks, SR explanatory models may be valuable for
determining ways to preserve and protect natural resources, while providing for recreational
visitor enjoyment. For example, an understanding of which factors most influence soil strength
can inform site suitability assessments. While some plant community types are more resistant
than others based on hydrologic regime and other covariates, meadow gradient plays a large role
in soil water availability, which will influence meadow dry-down rates over time.

My study suggests that some hydric plant community types cannot support pack stock
use, even in an extremely dry year. Carex vesicaria and Deschampsia cespitosa had high GWC,
and low SR values, below the SR threshold needed to support pack stock use. These two plant
communities are representative of Sierran subalpine meadows. This suggests that Sierran
meadows dominated by these species are likely unsuitable for pack stock grazing. These results
are based on one of the driest water years on record for California (DWR, CDEC 2014),
indicating that these plant types may never support pack stock use without incurring damage.

The obligate plant type (Carex vesicaria) may be best for the development of a risk
assessment of areas unsuitable for pack stock use. The facultative wetland plant type
(Deschampsia cespitosa) is a preferred forage species for pack stock, which has important
implications for developing best management grazing practices in meadows dominated by the
type (Olson-Rutz et. al. 1996, Cole et. al. 2004, Ballenger et. al. 2008). The facultative plant type
(Calamagrostis breweri) was most resistant to disturbance, indicating that meadows dominated
by this plant type may be most suitable for use by pack stock. The facultative upland plant type
(Ptilagrostis kingii) had the greatest variability in water content of all types sampled. However,
plant growth form for PK may aid in greater rooting strength, and subsequently greater soil
resistance in comparison with other plants. Conversely, Deschampsia cespitosa had greatest
variability in SR, depending on soil water content, as influenced by meadow gradient and texture.
These results indicate that some meadows may be unsuitable for use by pack stock based on
wetter plant community types present, suggesting the importance of local and site assessments.

Multiple-scale analyses provide necessary spatial and temporal information for
adequately understanding ecological form and function (Wohl et. al. 2007). Meadow gradient
class (indicative of landform position) is important for assessing meadow function related to
water availability. My results suggest that low gradient meadows tend to hold more water than
middle gradient meadows, which results in lower SR, and lower suitability for pack stock use.

The development of a risk assessment identifying at-risk wet meadow sites that are
unsuitable for pack stock use may be useful for avoiding potential soil disturbance. However, this
may require quantification of soils data to that of meadow aerial extent. Vulnerable plant
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community types and meadow types at risk of potential disturbance can be identified via aerial
imagery or remote sensing classification to quantify areas at risk, such as hydric areas. However,
spatial classification of hydric areas will vary temporally depending on seasonal and inter-annual
variability in soil moisture. This technique also provides coarser estimates of hydrologic regime
than field measurements. Therefore, field measurement of soil moisture and other ecological
covariates is critical for accuracy assessment. Classification of meadows based on
hydrogeomorphic type can also help managers better understand variation in meadow function.
My results suggest that low gradient meadows are more vulnerable to disturbance by pack stock
use (via trampling) due to finer grained soils with greater water availability, often hydric plant
communities, and lower SR.

Monitoring of meadow vulnerability to disturbance by recreational pack stock use should
incorporate considerations on ecological influences on SR on both local scales and site scales.
One way of performing ecological assessments that adequately capture spatial variability is
through implementation of a rapid assessment. While meadow gradient can be easily quantified
using remote sensing techniques, such as digital elevation models, gradient can also be quickly
measured in the field by measuring slope. Soil texture classification can be used to estimate
relative water holding capacity (WHC). My study results suggest that loams have greater WHC
than sandy loams. Soil texture is easily measured in the field using the hand-feel method (Brady
and Weil 2008). The laboratory methods I used also provide a rapid approach for quantifying root
mass based on soil processing via hand-sorting, oven-drying, and weighing. This fairly coarse
method provides an effective means for quantifying root mass for perennial graminoid species.
The soil sample size, core type, and explanatory variables I used also appeared to be sufficient for
detecting correlations in ecological factors that drive spatial variability in SR.

My findings suggest that GWC better correlated with SR, as opposed to VWC. While
measurement of GWC requires laboratory analysis, it is a more accurate estimate of soil water
content, (based on soil water lost during oven drying) than VWC. However, VWC can be
measured more rapidly in the field using a TDR (time domain reflectometer), when laboratory
access is not possible, and this field method allows for measurement of intact soils. Highly
organic soils should be calibrated for absolute values, but they still should be good covariates
with SR. The main shortcoming of TDR use is that soil water content can only be measured up to
53% if un-calibrated in highly organic soils. This is because soils only have about 50% porosity,
which serves as the upper limit (Brady and Weil 2008). While GWC was identified as explaining
greater variation in SR compared to that of VWC, the two were well-correlated based on
regression of log transformed variables (for both variables) for the entire dataset (R*=0.98,
n=243). This suggests that GWC values can be extrapolated from VWC values, based on my
study dataset. Drivers of variability in GWC, VWC, and SR would also need to be quantified
among meadow gradients. By taking into account site-scale variation in water availability and
SR, such as meadow gradient class, vulnerability to disturbance may be more easily quantified for
informing risk assessments.

To fully understand ecosystem vulnerability to disturbance, an assessment of resilience
also needs to be addressed. Meadows that are both vulnerable and at-risk to disturbance must be
susceptible to, and unable to cope with, injury, damage or harm for a given area and reference
period (DeLange 2010). For my study, this refers to areas with high spatial and temporal
variability in sol water content, which influences SR. Ecosystem resilience is a measure of
resistance to disturbance and the speed of return to an equilibrium state (DeLange 2010).
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While low gradient meadows may be more vulnerable to disturbance by recreational pack
stock use, they may also be more resilient based on greater SOM concentration, which could
mitigate the effects of trampling. Wheeler and others (2002) suggest that meadow areas with
hydric plant community types (high in GWC and SOM concentration) may recover more quickly
from disturbance. They found that soil infiltration rates and BD returned to pre-disturbed values
within 1 year after livestock grazing events in a montane riparian meadow in the Colorado
Rockies. Full hydrologic recovery in these meadows may have been due to frequent freeze-thaw
events and high SOM. These findings merit future research for at-risk Sierran meadows.

Upper Lyell Canyon (UL) represents a low gradient meadow that may be at greatest risk
to potential disturbance by recreational pack stock use. This low gradient meadow contains fine
grained soils, high water holding capacity, and hydric plant community types, which are
indicative of high water content and saturated soil conditions (CV and DC). This meadow also
receives the highest amount of recreational pack stock use of any meadow in YNP (Table 1). Not
all areas within UL are classified as hydric, where xeric plant community types such as PK also
occur. Therefore, to adequately quantify risk in this meadow, spatial quantification of areas at risk
(hydric area extent) will need to be done based on remote sensing and field measurements.

Limitations to my study include the need for adequate up-scaling of meadow plant
community data to that of a true meadow scale based on aerial extent. Entire meadow area was
not captured by my study design because only dominant meadow plant communities were
sampled. While dominant plant community types comprised the majority of meadows, the
likelihood that meadow areas remained un-sampled is high among study sites. Hence, plant
community type data were not weighted by aerial extent, which is important for future work.

Climate Change Implications

Meadow hydrologic conditions, which drive spatial variation in SR on both local and site-scales,
are strongly influenced by climatic variables. These include snow pack (as measured by snow
water equivalent; SWE), snow melt timing, temperature, precipitation, and slope and aspect.
These combined climatic variables influence water depth and soil water holding capacity based
on soil particle size distribution, soil structure, and SOM concentration. Changing climatic
conditions can dramatically affect local and site scale variability in hydrologic conditions on
differing time scales, such as throughout the growing season and among water differing years.
Examination of climatic variables that influence variability within and among meadows with
respect to SR would also be valuable for predicting changes to meadow condition and function in
the face of a changing climate. For example, low gradient meadows may dry-down more quickly
in drier water years, resulting in higher SR. Conversely, middle gradient meadows may remain
saturated with water for longer in years with greater snow pack, which would lower SR.

My study represents data from one of the driest water years on record for the Sierra
Nevada range and the state of California during peak growing season in summer (July 2013).
Snow water equivalent (SWE) data for the April 1% snow pack in 2013 showed that SWE was
53% of average. However, in the previous year (2012), April 1* SWE was 50%, and in the
subsequent year (2014), April 1* SWE was only 40%. Some climate California has been in an
extreme drought for the past three years (indicating decreased precipitation in the form of snow in
the Sierra Nevada and increased temperatures). Climate forecasting models have predicted
continued decreases in snowpack for the state of California.
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Most climate forecasting model scenarios estimate a 36% to 70% reduction of Sierra
snow pack by 2050 (Dettinger et al. 2004). Under these scenarios, some fraction of winter
precipitation would be converted from snow to rain, along with increased evaporative demand.
This could convert some mesic and hydric mountain meadows to drier systems (Merrill 2012).
Studies have shown that peak snow-melt is occurring at increasingly earlier dates (Peterson et al.
2008). These forecasts have important implications for water content and resulting changes in SR.

While drier meadows conditions would result in greater SR, ecological function would
likely be altered. Warming temperatures and earlier snow melt could increase meadow dry-down
rates, resulting in earlier meadow opening dates for seasonally wet meadows used by pack stock.
However, combined stress from climate change and continued pack stock could dramatically alter
meadow condition. This is because subalpine meadows are more vulnerable to increased solar
radiation due to higher elevation. Increased evaporation and meadow dry-down rates during short
growing seasons could lead to increased soil decomposition due to aerobic conditions. Loss of
water holding capacity, a critical ecosystem function, could occur. Low gradient, highly organic
meadows normally capable of storing large amounts of carbon (Norton 2011, Drexler et. al.
2013), could become sources of greenhouse gas emissions. Loss of carbon storage, coupled with
soil disturbance from recreational pack stock use, could reduced water store capacity in meadows.
Hence, consideration of climate change effects on meadow function is of utmost importance.

CONCLUSION

My findings provide new information to help develop vulnerability indices and risk assessments
that aim to inform science-based, best management practices for maintaining meadow function.
My findings can inform strategies to determine appropriate timing and spatial arrangement of
pack stock use in seasonally wet meadows that are subject to dry-down. This can be done by
evaluating when and where meadows may be unsuitable for pack stock, based on identifying
which meadows have low gradient landform positions, dominated by wetter plant communities.

The novelty of my study is that I was able to identify which factors, in addition to water
content, most influence meadow vulnerability to disturbance (as measured by soil resistance), by
both plant community type and meadow gradient, which represent both local and site-scales. My
results suggest that soil resistance can be explained by site-scale landform variability (meadow
gradient) and local-scale variation in plant community hydrologic regime. In addition, factors that
most influence SR on a local-scale differ from those factors that most influence SR on site-scales.
On a local scale, combined factors that most influence SR, also influence soil aggregation, which
is important for minimizing soil disturbance. On a site-scale, factors that most influence SR also
influence water availability, which is an important for maintaining ecological function.

Some plant communities may be more resistant than others based on hydrologic regime,
where meadow gradient may play a large role in soil water availability. My results suggest that
soil texture strongly influences water holding capacity, which will affect meadow dry-down rates.
Fine grained soils correlated with low gradient meadows and oxbow landscape positions, which
had higher water availability. These conditions can prolong saturated soil conditions, and provide
ideal conditions for hydric (facultative to obligate wetland) plant communities to persist. My
findings suggest that wetter plant community types are at higher risk to disturbance, making them
unsuitable for use by pack stock in Sierran subalpine meadows. Conversely, drier plant
community types may be more resistant to potential disturbance. However, plant community
types, and meadows of differing gradients may vary inter-annually in water content and SR.
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Future studies should address inter-annual variability in soil resistance to disturbance,
while increasing meadow sample size to better understand both temporal and spatial variability.
Mclllroy and Allen-Diaz (2012) found that studying a larger number of meadows was necessary
for understanding spatial and temporal variation in meadow plant communities, hydrology, and
grazing pressure among sites. However, similar to my study, Mclllroy and Allen-Diaz sampled
only five meadows. Future studies on a larger number of meadows may be beneficial for
detecting greater variability in meadow plant community types and meadow gradients
representative of hydrologic regime. Classification of meadows based on hydrogeomorphic type
can also aid in furthering our understanding of variation in meadow function.

My investigation of soil resistance in Sierran subalpine meadows suggests that SR is a
robust indicator of vulnerability to disturbance by recreational pack stock use. When stratifying
by plant hydrologic regime and meadow gradient class, my research findings suggest significant
spatial differences in SR, and ecological influences on SR, on both local and site scales. In
addition to water content alone, explanation of SR was substantially improved by including
additional key factors that influence variation among plant community types and meadow
gradient classes. My results indicate that even in dry years, some plant community types,
representative of Sierran meadows, cannot support pack stock use without incurring damage. This
may be due to variation in water availability and other covariates, based on differences in
meadow gradient landform position.
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APPENDICES

Appendix I: Meadow biotic and biotic variable mean values and standard errors,
significantly different by plant community type and meadow gradient class.

Table 8. Mean values, standard errors, and p-values for select biotic and abiotic variables that significantly
differed by plant community type. Table displays mean values and standard errors on left and significant
p-values (p) on right, based on 95% confidence level; p<0.05). Bolded p-values indicate greatest
statistically significant differences at 99% confidence level; p<0.007. List of acronyms and abbreviations:
plant community type (PCT), soil resistance (SR), bulk density (BD), volumetric water content (VWC),
gravimetric water content (GWC), water holding capacity (WHC), nitrogen (N), and total vegetation cover
(tot. veg. cover). Plant community types: Calamagrostis breweri (CB), Carex vesicaria (CV), Deschampsia
cespitosa (DC), Ptilagrostis kingii (PK).

. Significant
Plant Community Type .
CB cv DC PK differences
(PCT)
by PCT
SR (kPA) 890.38 t+ 6537 23232 + 3509 269.90 t+ 1814 666.29 t 5568 0.000
BD (g/cm?) 065 + 001 040 * 001 051 + 001 061 * 001  0.000
VWC (%) 3258 t 080 4496 t 064 36.77 t 08 2972 * 081 0.007
GWC (%) 6101 £ 230 11495 + 310 76.30 t 273 5476 t 168 0.000
WHC (%) 5380 t 223 8517 t 449 5423 t 173 5095 t 170 0.001
N (%) 042 + 002 054 + 003 0.43 t 002 038 = 002 0.028
Silt (%) 2999 + 117 4025 t 191 3100 + 119 2929 t 151 0.047
Tot. Veg. Cover (1 m’ ) 5257 t+ 070 3997 t 050 6163 + 075 5980 * 068 0.000
Tot. Veg. Cover (707 4781 + 068 3637 t 076 5400 t+ 100 5491 t 075 0.001

Table 9. Significantly different mean values, standard errors, and p-values by meadow gradient class (low
versus middle) for select biotic and abiotic variables. Table displays mean values and standard errors on
left and significant p-values (p) on right, based on 95% confidence level; p<0.05). Bolded p-values indicate
greatest statistically significant differences at 99% confidence level; p<0.004. List of acronyms and
abbreviations: soil resistance (SR), water holding capacity (WHC), gravimetric water content (GWC),
volumetric water content (VWC),soil organic matter (SOM), carbon (C), nitrogen (N), coarse fragments
(coarse frag.). Meadows: Snow Flat (SF) Tuolumne Meadows (TM), Upper Lyell (UL), Emeric Lake (EL),
Middle Lyell (ML).

Significant
Gradient Class Low Middle differences by

gradient class
Meadow SF, TM, UL EL, ML p
SR (kPA) 45494 + 4594 761.54 + 55.75 0.004
WHC (%) 66.17 + 668 4867 * 492 0.000
GWC (%) 80.66 * 285 6259 + 254 0.000
VWC (%) 37.87 + 091 3127 % 0091 0.001
SOM (%) 1341 + 035 11.81 + 040 0.012
N (%) 046 + 001 040 + o0.01 0.007
SAND (%) 48.97 t+ 495 6710 t 678 0.000
SILT (%) 3746 + 378 2242 + 226 0.000
CLAY (%) 1358 + 117 1049 + 1.06 0.000
COARSE FRAG. >2 MM (%) 719 + 042 6.12 + 036 0.044
COARSE FRAG. > 4MM (%) 346 = 0.30 479 + 0.36 0.004
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Appendix Il: Meadow biotic and biotic variable mean values and standard errors.

Table 10. Emeric Lake meadow gradient, soil texture classification, landscape positions, plant community
types, abiotic and biotic variable mean values and standard errors. List of acronyms and abbreviations:
soil resistance (SR), bulk density (BD), tot. total vegetation cover (tot_veg), volumetric water content
(VWC), gravimetric water content (GWC), water holding capacity (WHC), soil organic matter (SOM),
carbon (C), nitrogen (N), carbon-to-nitrogen ratio (C:N), coarse fragments (coarse frag.), redoxymorphic
feature depth (redox depth). Plant types: Calamagrostis breweri (CB), Ptilagrostis kingii (PK).

Meadow gradient class Middle

Soiil texture Sandy loam

Landscape position Mid-floodplain Meadow's edge
Plant community type cB PK

SR (kPa) 1108.31 + 73.00 1248.98 + 75.82
BD (g/cm3) 0.54 + 0.01 0.60 + 0.01
TOT_VEG (%) 51.92 + 0.45 64.10 + 0.58
VWC (%) 39.05 + 0.66 27.34 % 0.97
GWC(%) 82.77 + 3.28 47.11 + 1.88
WHC(%) 64.19 + 3.44 37.41 + 1.43
SOM(%) 17.22 + 0.54 10.48 + 0.28
pH 4.70 + 0.02 4.80 + 0.01
C(%) 10.03 + 0.31 5.79 + 0.14
N(%) 0.58 + 0.02 0.35 + 0.01
C:N 16.92 + 0.06 16.18 + 0.07
SAND(%) 62.88 + 1.37 74.89 + 1.04
SILT(%) 25.83 + 1.09 15.90 + 0.69
CLAY(%) 11.29 + 0.30 9.21 + 0.46
COARSE FRAG. % (>2MM) 30.38 + 0.65 25.38 0.30
COARSE FRAG.% (>4MM) 4.06 + 0.32 7.86 + 0.56
ROOTS (%) 5.72 + 0.16 9.09 + 0.35
ROOTS (g/m2) 28.90 + 1.13 45.11 + 1.92
REDOX DEPTH (cm) 10.45 + 0.20 11.30 + 0.26

Table 11. Middle Lyell Canyon meadow gradient, soil texture classification, landscape positions, plant
community types, and abiotic and biotic variable mean values and standard errors (variable code and
units shown on left). List of acronyms and abbreviations: soil resistance (SR), bulk density (BD), tot. total
vegetation cover (tot_veg), volumetric water content (VWC), gravimetric water content (GWC), water
holding capacity (WHC), soil organic matter (SOM), carbon (C), nitrogen (N), carbon-to-nitrogen ratio
(C:N), coarse fragments (coarse frag.), redoxymorphic feature depth (redox depth). Plant types:
Calamagrostis breweri (CB), Carex vesicaria (CV), Deschampsia cespitosa (DC).

Meadow gradient class Middle

Soiil texture Sandy Loam Loam Sandy loam
Landscape position Meadow's edge Oxbow Mid-floodplain
Plant community type CB cv DC

SR (kPa) 661.18 + 5640 153.44 + 805 18640 * 634
BD (g/cm3) 0.87 + 0.02 0.45 + 001 060 + 001
TOT_VEG (%) 52.00 * 0.91 3845 + 065 5891 = 103
VWC (%) 20.47 + 0.64 4250 + 073 2465 + 085
GWC(%) 36.45 + 1.35 89.37 + 196 4648 * 169
WHC(%) 39.29 + 0.79 60.19 + 137 4013 * 096
SOM(%) 6.70 + 0.12 1397 + o042 870 + 021
pH 5.75 + 0.02 5.01 + 001 5.13 + 0.02
C(%) 3.90 + 0.08 774 t 021 499 + 011
N(%) 0.26 + 0.00 0.43 + 0.01 031 + 001
C:N 15.02 + 0.14 1842 + 0.25 15.82 + 0.12
SAND(%) 62.90 * 0.57 6295 + 139 70.08 * 078
SILT(%) 25.91 + 0.50 2524 + 118 2076 * 076
CLAY(%) 11.19 + 0.15 1181 * 049 916 + 008
COARSE FRAG. % (>2MM) 36.79 + 0.41 3110 + o080 31.01 = 032
COARSE FRAG.% (>4MM) 3.12 + 0.21 2.88 + 023 408 = 032
ROOTS (%) 2.43 + 0.09 6.61 t+ 046 484 + 028
ROOTS (g/m2) 24.27 + 1.43 3434 + 191 20.04 = 070
REDOX DEPTH (cm) 11.64 + 0.31 9.83 t 041 1347 = 039

w
S



Table 12. Snow Flat meadow gradient, soil texture classification, landscape positions, plant community
types, and abiotic and biotic variable mean values and standard errors. List of acronyms and
abbreviations: soil resistance (SR), bulk density (BD), tot. total vegetation cover (tot_veg), volumetric
water content (VWC), gravimetric water content (GWC), water holding capacity (WHC), soil organic
matter (SOM), carbon (C), nitrogen (N), carbon-to-nitrogen ratio (C:N), coarse fragments (coarse frag.),
redoxymorphic feature depth (redox depth). Plant types: Calamagrostis breweri (CB), Deschampsia
cespitosa (DC), Ptilagrostis kingii (PK).

Meadow gradient class Low

Soiil texture Loam

Landscape position Mid-floodplain Water's edge
Plant community type CB DC PK

SR (kPa) 1381.65 + 69.38 230.13 + 817 66522 * 29.78
BD (g/cm3) 0.55 + 001 0.42 + 0.01 052 + o.01
TOT_VEG (%) 50.42 + 058 6033 + 086 5641 * 072
VWC (%) 42.91 + 048 46.63 * 047 37.79 + 0.61
GWC(%) 73.13 + 1.48 111.01 + 3.42 78.28 + 1.73
WHC(%) 57.11 + 1.66 57.77 + 2.02 59.68 + 1.31
SOM(%) 1473 + 038 1732 + 044 13.48 + 0.21
pH 4.69 + 0.01 4.89 + 0.02 4.72 + 0.01
C(%) 8.03 + 022 9.40 + 0.23 737 + o0.10
N(%) 0.48 + o001 0.58 + 0.01 0.44 + 001
C:N 16.55 + 0.08 16.16 + 0.04 16.90 =+ 0.05
SAND(%) 47.18 + 1.72 59.49 + 0.88 5797 + 1.01
SILT(%) 36.93 + 085 28,66 + 0.67 29.74 * 092
CLAY(%) 15.88 + 0.88 11.84 + 031 1229 + 024
COARSE FRAG. % (>2MM) 3030 + 034 30.28 + 0.72 37.15 + 0.65
COARSE FRAG.% (>4MM) 1.39 + 0.12 3.51 + 0.34 3.39 + 0.19
ROOTS (%) 6.53 + 0.33 9.91 + 0.56 6.48 + 0.38
ROOTS (g/m2) 52.677 = 2.00 33,5 + 0.99 36.9 1.59
REDOX DEPTH (cm) 1200 + 000 1333 + 014 1066 + 0.50

Table 13. Tuolumne Meadows meadow gradient, soil texture classification, landscape positions, plant
community types, and abiotic and biotic variable mean values and standard errors. List of acronyms and
abbreviations: soil resistance (SR), bulk density (BD), tot. total vegetation cover (tot_veg), volumetric
water content (VWC), gravimetric water content (GWC), water holding capacity (WHC), soil organic
matter (SOM), carbon (C), nitrogen (N), carbon-to-nitrogen ratio (C:N), coarse fragments (coarse frag.),
redoxymorphic feature depth (redox depth). Plant types: Calamagrostis breweri (CB), Carex vesicaria (CV),
Ptilagrostis kingii (PK).

Meadow gradient class Low

Soiil texture Silt loam Loam

Landscape position Mid-floodplain Oxbow Mid-floodplain
Plant community type CB cv PK

SR (kPa) 1249.50 + 63.37 156.49 + 11.45 505.65 + 57.93
BD (g/cm3) 0.66 + 0.01 0.38 + o0.01 063 + o0.01
TOT_VEG (%) 55.59 + 0.68 40.85 * 0.77 54.05 = 0.60
VWC (%) 29.03 + 0.69 4495 + 048 2604 t 075
GWC(%) 50.43 + 1.57 122.80 + 320 5097 + 097
WHC(%) 55.09 + 1.68 104.14 * 5.76 61.52 1.85
SOM(%) 9.60 + 0.26 1566 + 037 11.13 * 015
pH 4.88 + 0.01 487 + 002 4.82 + 0.01
C(%) 5.46 + 014 855 + 020 616 *+ 0.07
N(%) 0.36 + 001 0.56 * 0.01 0.42 + o0.01
C:N 15.36 + 0.13 1593 + 020 1636 * 020
SAND(%) 53.50 + 1.94 3747 + 235 45.03 + 1.96
SILT(%) 32.29 + 1.71 48.59 * 211 4091 + 1.91
CLAY(%) 1421 + 030 1394 + 034 1405 + 0.22
COARSE FRAG. % (>2MM) 34.54 + 0.40 2694 + 1.03 31.14 0.55
COARSE FRAG.% (>4MM) 4.09 + 0.30 10.03 + 0.54 5.49 + 0.41
ROOTS (%) 3.74 + 013 6.10 * 030 455 + 012
ROOTS (g/m2) 25.85 + 093 27.94 152 3154 + 083
REDOX DEPTH (cm) 13.38 + 0.65 12.83 + 0.16 10.70 + 0.22
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Table 14. Upper Lyell Canyon meadow gradient, soil texture classification, landscape positions, plant
community types, and abiotic and biotic variable mean values and standard errors. List of acronyms and
abbreviations: soil resistance (SR), bulk density (BD), tot. total vegetation cover (tot_veg), volumetric
water content (VWC), gravimetric water content (GWC), water holding capacity (WHC), soil organic
matter (SOM), carbon (C), nitrogen (N), carbon-to-nitrogen ratio (C:N), coarse fragments (coarse frag.),
redoxymorphic feature depth (redox depth). Plant types: Carex vesicaria (CV), Deschampsia cespitosa
(DC), Ptilagrostis kingii (PK).

Soiil texture Loam Silt loam Loam

Soiil texture Loam Silt loam Loam
Landscape position Oxbow Mid-floodplain

Plant community type cVv DC PK

SR (kPa) 314.00 + 59.62 340.74 + 2895 287.13 8.56
BD (g/cm3) 0.38 + 001 052 = o001 0.69 + o0.01
TOT_VEG (%) 4071 + 083 65.76 + 1.10 64.81 + 1.01
VWC (%) 4754 + 066 39.61 * 048 2734 * 071
GWC(%) 129.50 =+ 3.71 71.40 = 1.09 41.58 + 1.20
WHC(%) 91.17 + 447 64.78 + 105 4393 * 0.96
SOM(%) 17.73 + 0.53 12.11 0.16 9.11 + 0.16
pH 5.10 + 0.02 5.22 + 0.01 5.14 + 0.01
C(%) 964 + 026 661 + 007 517 + 0.08
N(%) 0.63 + 0.02 0.42 + 0.00 0.30 + 0.01
C:N 16.34 + 0.22 15.79 + 0.05 17.65 + 0.25
SAND(%) 39.26 + 1.75 4231 + 0.75 56.95 + 1.44
SILT(%) 46.92 * 1.50 43.56 * 074 3054 * 1.30
CLAY(%) 13.82 + 0.29 14.13 + 0.20 12.51 + 0.28
COARSE FRAG. % (>2MM) 30.15 0.80 33.90 * 059 33.61 + 0.34
COARSE FRAG.% (>4MM) 4.53 + 0.56 1.06 + 0.07 2.45 + 0.19
ROOTS (%) 8.77 + 0.58 529 = 0.29 430 * 012
ROOTS (g/m2) 36.29 + 1.68 2547 + 109 29.41 0.99
REDOX DEPTH (cm) 10.21 + 0.20 11.83 * 0.21 11.33 + 0.06

Appendix lll: Soil Particle Size Distribution & Texture Class

Table 15. Particle size distribution (percentage sand, silt, clay) and soil texture class by plant community
types: Carex vesicaria (CV), Deschampsia cespitosa (DC), Ptilagrostis kingii (PK).

Plant Type Sand % Silt % Clay % Texture Class
cB 57 30 13 sandy loam
Ccv a7 40 13 loam
DC 58 31 12 sandy loam
PK 59 29 12 sandy loam

Table 16. Particle size distribution (percentage sand, silt, clay) and soil texture class by meadow and plant
community types: Carex vesicaria (CV), Deschampsia cespitosa (DC), Ptilagrostis kingii (PK). Meadows:
Snow Flat (SF) Tuolumne Meadows (TM), Upper Lyell (UL), Emeric Lake (EL), Middle Lyell (ML).

Meadow Plant Type Sand % Silt % Clay % Texture Class
Emeric Lake 69 21 10 sandy loam
CcB 63 26 11 sandy loam
PK 75 16 9 sandy loam
Middle Lyell
65 24 11 sandy loam
Canyon
CB 63 26 11 sandy loam
cVv 63 25 12 sandy loam
DC 70 21 9 sandy loam
Snow Flat 55 31 13 loam
cB 48 36 15 loam
DC 60 28 12 sandy loam
PK 57 30 12 sandy loam
Tuolumne
45 41 14 loam
Meadows
cB 53 32 14 loam
cv 37 49 14 loam
PK 45 41 14 loam
Upper Lyell 46 40 13 loam
Canyon
cv 39 47 14 loam
DC 42 44 14 loam
PK 57 31 13 sandy loam
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