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Abstract: Quaking aspen (Populus tremuloides Michx.) landscapes are valued for their biodiversity,
water retention, fire mitigation, aesthetics, and recreation opportunities. Across North America,
some aspen populations are experiencing population declines as they face uninhibited ungulate
browsing, drought, fire suppression, insects, disease, and inappropriate management. Increased hu-
man development and recreational use within aspen landscapes can serve as additive stressors,
though there is a dearth of literature examining these elements. At a popular recreational area in
Utah, USA, identifying the cause of apparent decline within a larger aspen community is compli-
cated by development upstream and recreation-related activities. We sought to (1) assess the overall
condition of the aspen at the site, (2) understand key variables that influence aspen conditions, and
(3) elucidate how aspen fitness varies across the site. We collected data from forty-five plots using
established aspen sampling methods, including ungulate presence, tree characteristics, soil chemis-
try, and environmental descriptors. Results suggest that a combination of higher levels of browsing
and elevated soil sodium may be causing premature mortality and limiting aspen recruitment in a
portion of the study area. These findings will inform future management at this site, as well as sim-

ilar recreational forest settings experiencing compound stressors.
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https://doi.org/10.3390/land13071003 1. Introduction

Academic Editor: Francesco Maria Quaking aspen (Populus tremuloides Michx.; hereafter aspen) is the most widely dis-
Angelici tributed tree species in North America [1,2] and an icon of montane landscapes. Across
the globe, aspen populations are in decline due to elevated climate warming, drought, fire
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suppression, land clearing, and browsing by ungulates [3-8]. In some cases, populations
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Accepted: 2 July 2024 are in mild or rapid decline [9-11]. Specifically, in western North America, some stands
Published: 6 July 2024 are experiencing population declines [12,13], while others are shifting their range or in-

creasing [14,15]. Indeed, both increased and decreased aspen coverage have been docu-
mented in the same landscape [14,16]. Hence, there is a need for site-specific and appro-

priate aspen management based on data-driven community assessments to address com-
mon threats, such as overbrowsing [17].

This article is an open access article Aspen are of global environmental concern because they serve as a keystone species
distributed under the terms and  L18—20]. Stands of aspen support high biodiversity, representing an ecologically important
conditions of the Creative Commons ~habitat type for many plant and animal functional groups [20-23]. As a short-lived, clonal,
Attribution  (CC  BY) license ~ broadleaf tree species with social value, aspen often serve as recreational destinations
(https://creativecommons.org/license  [20,24-26]. These stands are classified as stable or seral, meaning they will remain domi-
s/by/4.0/). nated by only aspen stems over time or they will progress toward canopies consisting of
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one-to-several conifer species, respectively [27,28]. This study will examine stable stands
only, due to the make-up of the aspen community at our study site. Stable aspen stands
are characterized by a complex, multi-height and multi-age stand structure due to contin-
uous gap-phase patterns of mortality and regrowth [29-32]. Stable aspen stands with di-
verse height structures are more resilient to interspecific competition and mass insect at-
tacks, stem or root pathogens, or large-scale blowdowns [28,30,33]. Achieving a diverse
height structure of stable stand is inhibited by chronic ungulate herbivory [12,17].

Overbrowsing by ungulates is a well-documented threat faced by aspen forests in the
western United States due to overpopulation, lack of predators, and lack of herd move-
ment [12,17,34,35]. Overbrowsing prevents aspen regeneration from reaching the next
stage class, reducing recruitment to inadequate levels for successful stand replacement
[36,37]. Fencing in small areas of aspen is one tactic to reduce browsing [38-43], but it is
not suggested as a long-term solution, as fences restrict the movement of other large ani-
mals and it is aesthetically unfavorable [44].

Another potential obstacle for aspen stand replacement is soil contamination. The
vehicle for such contamination is commonly water transported from adjacent locales via
surface or subterranean vectors. Soil in forested areas may be impacted by mining, tainted
groundwater, and other human development, with soil sodium (Na) levels being a main
point of concern [45-49]. There is limited research on the long-term effects of Na and sa-
linity on aspen growth and stand replacement, though it is known that other woody spe-
cies are adversely affected by saline soils [50,51].

Recreation may also adversely affect forests, but relationships between recreation ac-
tivities and aspen population dynamics have yet to be studied. Though studies examining
aspen have been conducted in areas that are used for recreation, such as in Fish Lake Na-
tional Forest and the Book Cliffs region in Utah, none have directly considered how rec-
reation impacts the health of the forest or how the health of the forest impacts users [52,53].
Outdoor recreation often has direct and indirect impacts on ecosystem functions, pro-
cesses, aesthetics, wildlife, and in turn, the ecological integrity of areas as recreational re-
sources [54-56]. The ecological impacts of recreation have the potential to be both benefi-
cial and harmful to the landscape, as in the case of wildlife disturbance [57]. Similarly,
management actions taken to benefit a landscape can affect visitor experiences.

Here, we explored aspen status in a popular recreation area and the elements con-
tributing to those conditions. Specifically, we investigated how overall condition, geo-
graphic variance, soil chemistry, and key indicators affected long-term aspen health
alongside putative human development and herbivory impacts. The objectives of this
study were to (1) assess the current condition of a specific aspen recreational ecosystem,
(2) assess how forest characteristics vary across this system, (3) determine key environ-
mental indicators and their interactions, and (4) propose appropriate site-specific man-
agement actions as viable options for managers to sustain aspen forests and recreation
opportunities. This study serves as a reference for research and management in aspen
communities, as well as other vegetation types, in high-use recreation areas that also may
be impacted by adjacent development.

2. Methods
2.1. Study Site

This study took place in two adjacent high-use recreation areas in Summit County,
Utah: Right Turn Sage (RTS) and Run-A-Muk (RAM), divided by the Olympic Parkway
Road. RTS (453,016.04 E 4,507,288.81 N) is a trail area designated for hiking, mountain
biking, and cross-country skiing with over 16 km of trails, while RAM (453,195.93 E
4,507,142.45 N) is an off-leash dog area (Figure 1). Unlike typical dog parks, RAM offers
over five kilometers of well-maintained trail and 17.4 ha of enclosed forested and sage-
covered hills. Both areas are managed by the Snyderville Basin Special Recreation District
(hereafter Basin Recreation). According to the trail counters [58] maintained by Basin
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Recreation at each of the three entrances to RTS and RAM, in 2023, there were an average
of 584 visitors per day at RAM and 69 at RTS, for a total of 623 daily visitors.
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Figure 1. Site map of the aspen coverage at Right Turn Sage (RTS) and Run-A-Muk (RAM) trail areas
in Summit County, Utah. The map centers on only the aspen cover portion of the RTS/RAM trail
areas. Aspen coverage is depicted with gray shading and survey plot locations are shown by sam-

pling zones.

The RTS/RAM trail areas range from 1963.8 m to 2109.7 m in elevation, with an aver-

age of 2036.8 m, and slopes ranging from 0.2% to 35.4% trending west/southwest. It covers
1429.4 ha', with an estimated 11.6 ha (~0.8%) of this area dominated by aspen forests.
The surrounding, steeper hillsides are dominated by Gambel oak (Quercus gambelii Nutt.)
and other tall shrubs. The area surrounding the aspen and oak forests consists of shrubs,
grasses, and forbs. Other tree species are lightly scattered throughout the forest, including
bigtooth maple (Acer grandidentatum Nutt.), Rocky Mountain juniper (Juniperus scopulorum
Sarg.), subalpine fir (Abies lasiocarpa Nutt.), and white fir (Abies concolor Lindl.). Large her-
bivores in RTS/RAM include North American elk (Cervus elaphus L.), mule deer (Odocoileus
hemionus Raf.), and moose (Alces alces L.). Though the study area was likely affected by
historic livestock grazing, there are no recent uses for domestic animals in this area. From
1991 to 2020, the annual average precipitation for Snyderville, Utah is 44.34 cm, mostly in
the form of snow [59]. The average annual temperature was 6.78 °C in neighboring Park
City, Utah from 2006 to 2020 [59].

Utah Olympic Park, built for the 2002 Winter Olympics, is upslope and adjacent to
the study area boundary and 1.6 km up the road from the RTS/RAM trail area parking
lots. In August of 2019, residential housing for Utah Olympic Park was constructed, which
altered the perennial and ephemeral path of the streams that flow through RTS/RAM,
with the path now descending from a vehicle parking lot. Additional construction for the
park is ongoing and may affect run-off content and patterns within the study area.

2.2. Field Methods
We collected data at RTS/RAM during July and August of 2022 using established as-

pen landscape survey methods [12]. To locate survey plots, we used ArcGIS Pro® [60] to
overlay a 30 m grid on the RTS/RAM boundary and randomly sub-selected 45 sample
points (plots) that intersect a digital aspen cover layer. The aspen cover layer was created
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in ArcGIS Pro® for this project using digital aerial imagery from the National Agriculture
Imagery Program provided by the Utah Geospatial Resource Center, from 2021, with a
spatial resolution of 60 cm [61]. At each plot, the environmental variables we recorded are
sample area (RTS or RAM), number of vertical stand layers, a visual estimate of stand
condition, understory cover, and percent aspen canopy cover.

All measures were assumed to represent conditions within approximately 0.5 ha!
(radius ~40 m) surrounding the plot location center point. We identified vertical stand
layers by looking horizontally through the forest and counting clearly distinguishable as-
pen layers across the entire site (i.e., short juveniles, tall juveniles, intermediate sub-can-
opy, and mature canopy stems). The presence of small numbers or patches of regeneration
or recruitment did not a priori constitute an easily distinguishable “layer”. Where layers
could not be determined due to continuous vertical stand structure, we recorded four lay-
ers—the maximum value.

Stand condition was determined based on a qualitative visual estimation of plot con-
ditions developed as a time-saving method for forest assessment [62]. We used a stand-
ardized protocol for visually assessing tree damage, mortality, aspen layers, and overall
browse impact to categorize aspen forest conditions as “Poor”, “Moderate”, or “Good”
(Table 1). The Moderate category encompasses a much greater range of conditions,
whereas Poor and Good groups are defined by proportional extremes.

Table 1. Ranking of stand conditions based on visual estimates of overstory, regeneration/recruit-
ment, and browse of aspen regeneration. A stand must meet all the criteria for either “Good” or
“Poor” condition, otherwise it is rated as “Moderate”. Mortality is defined as standing dead mature
trees. Browse includes missing branch tips, buds, and leaves, as well as the presence of multi-
stemmed (bushy) aspen regeneration [62].

Code Descriptor

Overstory Mortality/Disease Vertical Stand Layers Visible Browse Impacts

Minimal overstory mortality

Browsing impacts on regeneration

1 and stem disease present  Several aspen layers (>3) uncommon (<25%)
(<5%)
2 Moderate Does not fit 1 or 3 Does not fit 1 or 3 Does not fit 1 or 3
3 Overstory mortality and/or Layers absent or minimal Browsing impacts clearly evident

stem cankers common (>25%) (=2) on regeneration (>50%)

Percent aspen canopy cover was measured along two 24 m transects using a densi-
tometer. The transects ran east to west, were parallel, and 4 m apart. Aspen canopy cover
was recorded at 1 m intervals along each transect, only counting live branches above 2 m
height, resulting in fifty canopy cover readings from both transects that were then calcu-
lated into an overall stand percentage.

A fecal count of pellet groups was conducted for deer and elk along the same tran-
sects in 2 m belts to determine ungulate presence indirectly and approximate the level of
aspen browse. No livestock are permitted within the study area, so these fecal types were
not tallied. Pellet groups were defined as three or more pellets from the same defecation
[63].

Stand structure is generally classified into three height stages: regeneration, recruit-
ment, and mature overstory [12]. In this study, an individual aspen “tree” will be referred
to as a “stem” —one stem of a single clone that is connected to the larger organism via an
underground root network. Aspen stems within a 7 m radius of the center of each plot
were tallied and classified as either regeneration (i.e., stems <2 m height), recruitment (i.e.,
stems >2 m height and <8 cm diameter breast height [DBH]), or mature (i.e., stems >2 m
height, 28 cm DBH). Trees other than aspen were recorded, noting their species, status
(dead or alive), and DBH. Stems were considered separate individual stems if they forked
below the soil litter. We categorized regeneration stems into three height classes (<0.5 m,
0.5-1 m, >1-2 m), and leaders were examined for browsed buds and twigs to determine
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the percent browsed regeneration. For mature stems, we recorded the status (dead or
alive), DBH, and damage. We recorded damage if >25% of bole circumference, crown, or
root area was affected by stem cankers (fungal damage and/or resinosis), stem conks (>1
external conk), open wounds (exposed stem wood without decay from physical damage)
root decay (not on the main bole; any visible fungi or exposed rotted roots), leaf damage
(not on the main bole; spotted, rolled, eaten, or discoloration on >50% of leaves), or insect
damage to bole (pin holes or obvious insect wounds or frass). We divided the number of
mature stems with damage by the number of total mature trees to calculate the percent
mature stem damage for each plot. All area-based data were summed, by plot, to the ha™!
level based on the area of sampling (i.e., either circular plot or rectangular belt transects).

Landscape position variables including elevation, slope, and aspect were derived
from a 10 m digital elevation model (DEM) in ArcGIS Pro® version 3.0.0 [60]. Aspect was
transformed into a moisture index ranging from 0 (southwest aspect) to 1 (northeast as-
pect) to eliminate inaccuracies from averaging aspect values that straddle 0 degrees [64].
We also calculated the distance (m) from the road, hiking/biking trails, cross-country ski
trails, and streams for each plot in ArcGIS Pro®.

2.3. Soil Testing for Na, Ca, Mg, pH, SAR, and EC

A soil sample of ~300 g was collected 1 m north of each plot center from a depth of
~10-15 cm. Soil samples were air-dried, then a saturated paste extract (SPE) was prepared
and used to measure the pH and electrical conductivity (EC). The SPE was analyzed by
atomic absorption spectroscopy for calcium (Ca) and magnesium (Mg) and by flame emis-
sion spectroscopy for sodium (Na) using a 1:10 dilution [65]. The sodium adsorption ratio
(SAR) was calculated to assess sodium hazard in soil solution [66]. SAR is the proportion
of water-soluble Na to Ca plus Mg in the soil and is calculated with the following equation
[67]:

Na
Ca+ Mg 1)

2

The SPEs from plots that yielded high results for Na (>20 mg/kg of soil), and the
original soil samples from plots that yielded abnormally high Na levels (>100 mg/kg of
soil) were further tested for pH, EC, Na, and 22 additional metals to ensure that they were

not contaminated during the original testing process that would have caused high Na
levels [66,68].

SAR =

2.4. Data Analysis

We analyzed the data using R version 4.2.2 [69] and PC-ORD [70]. We considered
results to be statistically significant at the 95% confidence interval (p < 0.05; 69-71). Sam-
pling values for all variables were compiled at the plot level for analysis. We divided plots
located in the RTS portion into two elevation-based groups to provide sampling parity,
resulting in three (overall) plot zones, as well as acknowledging an apparent natural divi-
sion in water allocation (Figure 1). First, we ran preliminary descriptive statistics on plot-
level data to identify outliers, test variance, and explore initial correlations in indicator
pairings. We used non-parametric approaches due to the variation of data type and large
numbers of zero values [71,72,73]. We mapped findings using ArcGIS Pro® version 3.0.0
[60] for visual display and analysis. Analytical efforts for this work were of an exploratory
nature [71]. We sought to determine the most important gradients among a suite of envi-
ronmental variables (i.e., data reduction) that could serve as key metrics, or “indicators”,
of study area conditions.

Second, we used non-metric multidimensional scaling (NMDS) to explore correla-
tions within this study’s matrix of 45 plots and 26 response variables to highlight key var-
iables [74]. The wide variation in data types/plot-level variables (e.g., stem counts, percent
canopy cover, geometric location, elevation) requires a flexible and defensible analytical
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approach such as NMDS [75]. An initial outlier analysis was performed to check for data
anomalies [75]. We initiated the ordination with a random start number upon 500 runs of
the actual dataset using the Serensen distance measure. The final NMDS solution assessed
dimensionality by plotting stress as a function of the number of dimensions or axes. Where
two consecutive dimensions were <5 points of stress apart, the lower dimension was se-
lected as our optimum solution [71].

Third, multi-response permutation procedures (MRPPs)—a non-parametric equiva-
lent to MANOVA used for describing within-group agreement of variables in contrast to
a priori data groups [76] —were used to test group difference for stand condition, sites, and
geographic zones. We used R-package vegan to run the MRPP [77]. The Serensen distance
measure was used because it is less susceptible to bias due to outliers and zero values [75].
MRPP produces a T-value indicating the degree of difference between treatment group
pairs, an A-value which is the chance-corrected within-group agreement (effect size), as
well as a p-value establishing a level of test significance [71]. We tested two group config-
urations: sampling zones and Na levels categorized into low (<10 mg/soil kg), medium
(10-20 mg/soil kg), and high (>20 mg/soil kg) Na content groups, as recommended [78].

Lastly, we used two non-parametric tests to address indicators individually by sig-
nificant groups found in MRPP testing: the Wilcoxon-Mann-Whitney U and Kruskal-
Wallis tests [73]. We used the two-sided Wilcoxon-Mann-Whitney U test to evaluate field
variables for differences between plots with adequate recruitment (>1200 stems ha'), sus-
tainable browse levels (<20%) [79], and distance to the road or a stream (<5 m and <10 m).

We employed the Kruskal-Wallis test, a non-parametric equivalent to analysis of var-
iance, to test group differences between plots in different zones, with different stand lay-
ers, with different Na levels, and with different stand condition rankings. Additionally,
the Kruskal-Wallis test served as the main method for evaluating the effectiveness and
precision of the visual stand condition ranking (see Table 1 for ranking criteria). Stand
condition is an amalgamation of recruitment ha-!, dead basal area, browse, percent mature
stem damage, and stand layers, so we used the Kruskal-Wallis test if these variables var-
ied significantly between plots ranked as having “Poor,” ““Moderate,” and “Good” stand
conditions (Table 1). Confirmation or rejection of qualitative stand ratings, based on actual
field measures, is intended to elucidate usefulness of a quick visual rating as a reasonable
substitute for more time-intensive field measures.

3. Results
3.1. Descriptive Statistics of Site Conditions

We examined the 45 plots across RTS/RAM by three zones to further understand ge-
ographic discrepancies, if any, within the study area: Zone 1, Zone 2, and Zone 3 (Figure
1). Zones 1 and 2 reside in the RTS trail area and Zone 3 is in the RAM trail area, i.e., the
off-leash dog park. Table 2 displays mean and standard deviations for 29 variables by zone
as well as for the overall study area. Notably, regeneration ha! had a mean four to eight
times greater than mean recruitment ha' across the study site. Also, the mean recruitment
ha! does not meet the minimum stand placement of 1200 ha [62,80], but the recruitment-—
mature ha™ ratio indicated that there is enough recruitment to replace the existing over-
story. Lastly, there are high amounts of Na [78] and percent browse [62].
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Table 2. The mean and standard deviation (SD) are displayed for each variable across the three
sampling zones, as well as for the overall study area. Bolded variables have a standard deviation
that is greater than the mean in one of the zones or for the overall study area, and gray-shaded
values are standard deviations that are greater than the mean.

Zone 1 Zone 2 Zone 3 Overall Study Area
Variables Mean SD Mean SD Mean SD Mean SD
Elevation 2032.80 7.07  2009.96 11.19 2013.33 8.38 2019.92 13.88
Slope 7.42 0.75 8.90 2.66 7.36 1.55 7.93 1.93
Aspect 47.85 15.01 47.67 34.98 24.53 10.92 42.09 25.17
Understory cover 2.56 1.58 3.19 2.14 3.45 2.50 3 2.02
% canopy cover 9.33 10.67 24.88 14.71 25.64 21.52 18.84 16.88
Stand layers 1.94 1.26 2.50 1.03 291 0.83 2.38 1.13
Stand condition 2.50 0.62 1.94 0.77 2.27 0.65 2.24 0.71
Regeneration ha! 4626.60 4021.88 3483.48 2040.32 534444 5780.35 4395.63 3976.43
Recruitment ha! 523.29 772.96 860.72 719.66 97440 1477.04 753.54 970.2
Mature ha! 256.23 250.57  430.36 279.53 578.73 466.13 396.98 342.12
Recruitment-mature ha ratio 3.86 5.11 3.51 4.34 2.38 3.00 3.36 4.33
Live and dead basal area 3.97 3.03 9.44 6.01 9.58 7.20 7.28 5.93
Live basal area 1.30 2.16 6.30 4.96 5.51 4.86 4.11 4.59
Dead basal area 2.67 1.75 3.13 4.59 4.07 4.86 3.18 3.74
Live-total basal area ratio 0.20 0.31 0.74 0.31 0.57 0.38 0.48 04
Elk scat ha 98.22 22411 156.00 165.53 37.82 52.47 104 177.38
Deer scat ha! 271.56 182.38 442.00 518.61 56.73 54.31 279.64 356.72
% browse 8.08 8.97 13.94 15.42 5.37 7.18 9.50 11.64
% damage 11.11 21.66 28.53 27.14 28.78 35.30 21.62 28.13
Soil pH 7.23 0.45 7.38 0.48 7.38 0.54 7.32 0.48
Electrical conductivity dS/m 0.48 0.19 0.44 0.17 0.48 0.21 0.46 0.18
Na (mg)/soil (kg) 17.79 30.96 421 1.85 22.33 24.84 14.07 23.87
Mg (mg)/soil (kg) 3.55 291 2.35 1.98 9.71 7.81 4.63 5.23
Ca (mg)/soil (kg) 34.78 19.23 36.62 20.00 65.75 37.62 43 27.8
Sodium adsorption ratio 1.07 1.61 0.28 0.06 0.83 0.77 0.73 1.12
Meters to road 110.43 44.79 136.11 58.69 93.08 52.53 115.32 53.55
Meters to summer trials 13.36 11.33 17.12 19.23 21.85 17.94 16.77 16.13
Meters to winter trials 8.46 8.29 16.11 19.59 19.39 17.44 13.85 15.75
Meters to stream 35.01 23.09 75.79 46.62 47.38 49.88 52.53 4291

Results from the soil testing yielded unusually high results for Na at plot 15, and high
results for six additional plots. Figure 2 displays Na levels at each plot, with red and black
plots having the highest levels of Na and green plots having the lowest. Visually, sample
locations with high values appear closer to streams. This assertion was tested further be-
low (see Section 3.4; Figure 2).
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Figure 2. Map of soil sodium (Na) levels by plot at the study site. Numbers next to each dot are the
plot numbers. The darker the dot that represents plot location, the higher the Na level.

3.2. Ordination Seeking Key Site Indicators
The NMDS ordination produced a three-dimensional solution on a matrix of 45 plots

by 26 variables, including Zones, for the 2022 dataset with a final stress value of 11.65 with
an instability of 0.009. Stability was reached at 39 iterations from a maximum of 400 runs
of our “real” dataset. A Monte Carlo test of 400 random data runs versus the real dataset
verified a significant NMDS outcome (p = 0.0349). No plots were eliminated in the outlier
analysis, but the variable regeneration was eliminated in the outlier analysis (>2 SD, out-
lier analysis). Elevation was also removed due to insignificant variation in elevation across
the site (Table 2). The recruitment-mature ha ratio and live-dead basal area ratio varia-
bles were also eliminated from the ordination because it contained null values.
The three-axis result described 88.1% of ordination variance (Axis 1: 72 = 0.405; Axis
2: 12 =0.319; Axis 3: 2 = 0.158, orthogonality Axis 1 and 2 = 96.5%). Although the signifi-
cance of each axis does not meet our 95% confidence interval standard (Axis 1 =0.09, Axis
2 =0.04, Axis 3 = 0.03), we concluded that the significance is adequate, but should factor
into our conclusions. Table 3 presents all environmental variables with their Pearson’s co-
efficient (r) values by axes identified in NMDS. The NMDS is displayed as one joint plot
with Axis 1 and Axis 2, where vectors with >+0.5 Pearson’s coefficient (r) value are
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displayed as an overlay in Figure 3. The length and direction of vectors in Figure 3 corre-
spond to variable strength and relationship to the two-dimensional plot data space. Axis
1 describes a gradient of recruitment abundance negatively correlated to deer scat pres-
ence. Axis 2 displays a gradient of canopy cover, mature ha™, total basal area, and live
basal area. On Axis 3, three variables have high Pearson’s coefficient (r) values, elk scat
ha™ (r = 0.518), deer scat ha! (» = 0.685), and Na (r = 0.32). Several variables do not meet
our threshold for Figure 3 joint plot display, yet they provide support in their statistical
relationships to other variables along dominant ecological gradients. In the joint plots,
Zone 1 has less recruitment and poor overstory growth, while Zone 2 trends in opposition
to Zone 1. Zone 3 has no dominant trend.

Table 3. Pearson’s coefficients (r) between environmental variables and non-metric multidimen-
sional scaling (NMDS) ordination axes. The strongest response variables are in bold font where 72 >
0.2, and the values are shaded gray where 12> 0.2.

r
Variable Axis 1 Axis 2 Axis 3
Zone 0.143 0.340 -0.377
Slope 0.053 -0.154 0.081
Aspect -0.154 0.047 -0.086
Understory 0.079 0.207 0.040
Percent canopy cover 0.264 0.658 -0.397
Stand layers 0.338 0.462 -0.237
Stand condition -0.253 -0.293 -0.028
Recruitment ha! 0.806 0.466 0.218
Mature ha! -0.171 0.755 -0.356
Total basal area -0.122 0.629 -0.236
Live basal area 0.058 0.587 -0.347
Dead basal area -0.263 0.276 0.052
Elk scat ha! -0.357 0.122 0.518
Deer scat ha! -0.449 0.197 0.685
% browse -0.296 0.210 0.277
% damage 0.234 0.280 0.043
Soil pH 0.060 0.333 0.113
Electrical conductivity (EC) 0.260 -0.259 0.393
Na (mg)/soil (kg) -0.251 0.207 -0.32
Mg (mg)/soil (kg) -0.212 0.170 -0.459
Ca (mg)/soil (kg) -0.152 0.221 -0.411
Sodium adsorption ratio (SAR) -0.184 0.058 -0.193
Meters from road 0.148 0.406 0.131
Meters from summer trail -0.220 0.398 0.225
Meters from winter trail -0.262 -0.038 0.153
Meters from stream -0.017 -0.038 0.052

Cumulative value 0.405 0.319 0.158
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Figure 3. Non-metric multidimensional scaling (NMDS) joint plot displays plots in “species space”.
Colors indicate sampling zones. Vectors show strength (>0.2 r2) and orientation of the strongest var-
iables in relation to each other and plots by zone.

3.3. Between-Group Difference for Zones and Sodium

We examined several categorical variables for group differences in plots using multi-
response permutation procedures (MRPPs). The most telling group differences were
found by zone and soil Na. When comparing zones, results show that there is greater
within-group agreement (validation) than between-group agreement for all three pair-
wise alignments (Table 4). Although comparisons are significant (<0.05) for Zone 1 vs. 2 (p
=0.025) and Zone 2 vs. 3 (p = 0.008), low T-values (Zone 1 vs. Zone 2 = -2.49; Zone 2 vs.
Zone 3 = -3.4) indicate modest between-group differences. Similarly, when comparing
plots with low (<10 mg/soil kg), medium (10-20 mg/soil kg), and high (>20 mg/soil kg) Na
categories, the MRPP results show that there is stronger within-group agreement (valida-
tion) than between-group agreement with low and high Na levels (Table 4). Comparisons
are significant only between low and high Na categories (p = 0.02), but the low T-values
(low vs. medium = -0.83; low vs. high = -2.7; medium vs. high = -0.45) indicate weak
between group differences. In other words, there are significant differences between the
three zones and low vs. high soil sodium levels, but those differences are not large.

Table 4. Multi-response permutation procedure (MRPP) test results for differences in cumulative
scores for all variables between geographic groups and soil sodium (Na) categories. Na categories
are low (<10 Na mg/soil kg), medium (10-20 Na mg/soil kg), and high (>20 Na mg/soil kg). “T” is
the MRPP test statistic which calculates the difference between observed and expected delta. “A” is
the chance-corrected within-group agreement.

Zone T A p
Zone 1 vs. Zone 2 -2.49 0.03 0.025
Zone 1 vs. Zone 3 -1.88 0.03 0.052
Zone 2 vs. Zone 3 -3.40 0.04 0.008

Soil Sodium Levels
Low vs. Medium -0.83 0.01 0.18
Low vs. High -2.70 0.04 0.02
Medium vs. High -0.45 0.01 0.26

3.4. What Indicators Cause between-Group Differences?

Figures 4-6 present an array of non-parametric test results —Kruskal-Wallis test for
three-way comparisons and Mann-Whitney U test for two-way comparisons—to discern
the status of recruitment ha!, percent canopy cover, and stand layers in each Zone (Figure
4), ungulate presence through percent browse, elk scat ha™, and deer scat ha™' in each Zone
(Figure 5), and Na and SAR levels in relation to distance to stream (Figure 6).

Zone 1, the area of initial concern for managers due to apparent mortality, has the
lowest mean for canopy cover, stand layers, recruitment, mature, live basal area, and dead
basal area (Table 2). Zone 2 has the highest mean for elk scat, deer scat, and browse level
(Table 2). Zone 3 has the lowest mean for elk scat, deer scat, and browse, and the highest
mean for canopy cover, stand layers, recruitment, mature, and dead basal area (Table 2).
Of these, statistically significant zonal differences are only found when comparing stand
layers (X2=7.01, p = 0.036; Figure 4b), live basal area (X?=13.732, p = 0.001; Figure 4c), and
deer scat (X2 = 11.92, p = 0.003; Figure 5c). There are trends that are not significant but
interesting, including the higher elk presence in Zone 2, low recruitment in Zone 1, and
low ungulate visitation in Zone 3.
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Figure 4. Box plots of nonparametric tests describe study site patterns of regeneration, recruitment,
and browsing impacts by Zone. Analysis graphics are as follows: (a) difference in recruitment ha™
for all study plots; (b) significant difference in stand layers for all study plots; (c) significant differ-
ence in live basal area for all study plots. Kruskal-Wallis test results are shown for differences be-
tween the three groups, including chi-squared (X?) and significance values (p). The x-axis shows the
Zone and the y-axis reports Wilcoxon mean scores. Output from Kruskal-Wallis test whiskers shows
minimum and maximum values, where open circles are outliers, boxes represent 25-75% data
ranges, horizontal lines within boxes are medians, and open triangle symbols are mean.
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Figure 5. Box plots of nonparametric tests describe study site patterns of regeneration, recruitment,
and browsing impacts by Zone. Analysis graphics are as follows: (a) difference in percent browsed
for study plots; (b) difference in elk scat ha™ for all study plots; (c) significant difference in deer scat
ha™ for all study plots. Kruskal-Wallis test results are shown for differences between the three
groups, including chi-squared (X?) and significance values (p). The x-axis shows the Zone and the
y-axis reports Wilcoxon mean scores. Output from Kruskal-Wallis test whiskers shows minimum
and maximum values, where open circles are outliers, boxes represent 25-75% data ranges, hori-
zontal lines within boxes are medians, and open triangle symbols are mean.

Levels of Na compared to distance from stream were significant in three different
comparisons. The first was between Na categories and distance from stream (X2=6.482, p
=0.014), with the Na categories being <10 Na mg/soil kg, 10-12 Na mg/soil kg, and >20 Na
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mg/soil kg (Figure 6a). Plots with >20 Na mg/soil kg are within 30 m of a stream, while
75% of plots in the other two categories were between 30 m and 80 m from a stream. The
second was between distance from stream categories and Na (X2 = 8.941, p = 0.011), with
the distance categories being <10 m, 10-20 m, and >20 m (Figure 6b). Plots <10 m from a
stream range between 2.38 and 132.65 Na mg/soil kg. Plots 10-20 m from a stream range
between 2.31 and 47.9 Na mg/soil kg, with an outlier of 83.79 Na mg/soil kg. Plots >20 m
from a stream were under 41.79 Na mg/soil kg but had a mean and median below 10. The
last was between the same distance from stream categories and SAR (X2 = 6.626, p = 0.036;
Figure 6c). Similar to plots with high Na, plots with an SAR between 0.20 and 8.15 are <10
m from a stream, while plots 10-20 m from a stream have an SAR of 0.19-2.37, and plots
>20 m from a stream have an SAR of 0.17—-4.28. In summary, there is a pattern of plots with
high SAR and Na near streams. Plots with a high SAR have a high level of Na compared
to Mg and Ca, which could lead to the inability of water to penetrate soil.
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Figure 6. Box plots of nonparametric tests describe sodium (Na), sodium adsorption ratio (SAR),
and meters from stream. Analysis graphics are as follows: (a) significant difference in meters from
streams for study plots with Na levels of <10 mg/soil kg, 10-20 mg/soil kg, and >20 mg/soil kg; (b)
significant difference in levels of Na for study plots <10 m, 10-20 m, and >20 m from streams; and
(c) significant difference in SAR for study plots <10 m, 10-20 m, and >20 m from streams. Kruskal—
Wallis test results are shown for differences between the three groups, including chi-squared (X?)
and significance values (p). The x-axis shows the Zone and the y-axis reports Wilcoxon mean scores.
Output from Kruskal-Wallis test whiskers shows minimum and maximum values, where open cir-
cles are outliers, boxes represent 25-75% data ranges, horizontal lines within boxes are medians,
and open triangle symbols are mean.

The Kruskal-Wallis test was used to test the accuracy of stand condition rankings
that were visually assessed in the field (Table 1). Test results show that only one variable
is statistically significant when comparing differences in plots with “Poor,” “Moderate,”
and “Good” stand condition: recruitment ha™ (X2 = 6.3511, p = 0.042). The other variables
that contribute to stand condition are not statistically significant: dead basal area (X2 =
3.591, p = 0.166), browse (X? = 0.706, p = 0.702), percent mature stem damage (X?=1.664, p
= 0.435), and the number of stand layers (X?=5.157, p = 0.076).

4. Discussion

Findings from the analysis indicate that ungulate presence (Figure 3) and soil con-
tamination (Figures 1 and 6) are negatively affecting aspen conditions at some localities,
though much of the study area is relatively healthy. Browse and Na levels are variables
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that could explain the disconnect between regeneration stems and recruitment stems, i.e.,
there is substantial regeneration that is not making it to the next height class. Additionally,
maintenance carried out for recreation (i.e., annual mowing of cross-country ski lanes)
may also be impacting these forests. Ungulate presence, Na levels, and recreation use vary
by zone and impact aspen in unique, and potentially additive, ways.

4.1. How Does Aspen Condition Vary across the Study Area?

Recruitment stems are a result of the successful growth of regenerating stems into
subcanopy trees and are often used to measure structural diversity and “escape” from the
reach of browsers [12]. Low or absent recruitment strongly suggests a temporal pattern of
decline by an inability to replace overstory mortality [12,30,35,36]. The most prominent
result of ordination analysis here describes a clear inverse relationship between ungulate
presence and successful aspen recruitment throughout our study area (Table 3; Figure 3).
For the entire study site, mean recruitment does not exceed 1200 stems ha —the amount
of recruitment ha! considered the minimum for stand replacement (Table 2) [62,80]. How-
ever, the mean ratio of recruitment ha-! versus mature ha' is greater than one for all three
zones (Table 2), suggesting that there is at least a minimum level of juvenile stems for
replacement should the overstory die off [62]. This cursory assessment, though, is con-
servative and does not account for rapid mortality or attrition among these saplings prior
to their reaching maturity or the geographic disparities we found within subsections of
our sampling zones (i.e., individual plots with very poor recruitment). The amount of re-
generation could be a result of gap-phase regeneration occurring because there are canopy
openings allowing more sunlight, the mortality of mature aspen stimulating new growth,
or the continuous stunting of regeneration stems due to overbrowsing [33,62,81]. The lat-
ter could explain why the level of recruitment ha™ is not enough for adequate stand re-
placement despite apparently sufficient regeneration (Table 2).

Zones across the site were significantly different based on an amalgam of all
measures taken (Table 3). Significant variables contributing to these differences include
stand layers (Figure 4b), live basal area (Figure 4c), and deer scat (Figure 5c) being signif-
icant indicators, with Zone 1 having the least amount of stand layers and live basal area,
and Zone 2 having the least amount of deer scat. Moreover, at least for Zone 1, most sam-
ple plots displayed negative patterns for successful recruitment and overall aspen growth
(Figure 3). These results suggest that a further understanding of geographic variability —
in recreational influences, herbivory patterns, and soil toxicity —within this study area is
required to fully understand broad-scale impacts.

4.2. What Effect Does High-Use Recreation Have on Ungulate Presence and Aspen Conditions?

There is a clear pattern of less ungulate presence where dog walking is high at our
site. Zone 3, the off-leash dog park, had the lowest mean elk scat, deer scat, and percent
browse (Table 2). The smaller degree of ungulate deer scat, elk scat, and browse (Figure 5)
could be due to higher recreation use and off-leash dogs or the scents of the dog urine and
feces. Free-roaming dogs harass, compete with, and prey upon wildlife, which alters the
activity patterns of wildlife [54,55]. Visscher et al. [82] found that human impacts on deer
use and behavior are greater than those of natural predators (i.e., canids, felids, and ur-
sids), though the same was not true for elk. Other studies found that ungulates, specifi-
cally elk, have been documented to avoid areas where humans and dogs are present,
though they return during unoccupied hours [83,84], which could be the case at our study
site. In the current study, this means that recreators and their dogs could be deterring
ungulates from overbrowsing on young aspen, having an indirect positive impact on as-
pen condition in a portion of this area.

Hunted populations of ungulates have more of a flight response to humans and dogs
than unhunted ungulates [84]. Such a refugia affect for stalked wildlife in areas off limits
to hunting can result in elevated impacts to browsed vegetation [51]. This is especially
true when ungulate and human populations in the area are high, as they are at our site,
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and habituation in heavy traffic areas may decrease avoidance behavior of ungulates [85].
Hunting is not permitted at our study site due to safety concerns of a recreation area, so
the unhunted ungulates may be more habituated to human and dog presence in the area.
In contrast, a recent study by Beirne et al. [86] shows that large herbivores in areas heavily
populated by humans become more nocturnal as human activity increases. So it is possi-
ble that the high presence of humans and dogs in Zone 3 (Figure 5) is deterring deer for
long enough to meaningfully reduce browsing. In any case, the relationship of recreation-
ists with abundant off-leash dogs, their impact on ungulate movement and behavior, and
in turn, the change in the amount of browsing on aspen are topics worth investigating
further. Trail cameras or wildlife camera traps could be used to more accurately capture
the presence of ungulates as well as ungulate behavior, e.g., alertness, resting, and brows-
ing.

4.3. How Is Soil Contamination Impacting Aspen Communities?

At our study site, indicators of soil contamination occur where aspen recruitment and
mature stems are lowest (Figures 4 and 6). Zone 1 has the highest mean SAR (1.07) and
lowest mean canopy cover, recruitment ha-!, mature ha!, and live basal area (Table 2).
SAR is the concentration of Na in soil measured as a ratio compared to magnesium (Mg)
and calcium (Ca) [67,87]. A high ratio of Na compared to Mg and Ca, or a high SAR, is a
concern for soil structure because it causes soil particles to disperse instead of clumping
or aggregating [67,87]. Aggregated soils have larger pores, allowing water and root sys-
tems to move through the soil, whereas dispersion creates small pores that restrict the
movement of water and root systems [66,87]. Dispersion restricts the movement of roots
and water [87].

This is particularly apparent at plot 15 in Zone 1, a location along a stream with
pooled water, creating a marshy area with broadleaf cattails (Typha latifolia L.). Plot 15 has
the highest SAR (6.31), the highest Na (132.65 mg), and a low electrical conductivity (EC)
(0.2 dS/m; Figure 2). The combination of an SAR >5 and an EC <2 dS/m results in pond-
ing—regularly concentrating water on top of the soil [67,87]. We found a clear pattern of
high Na near the streams at our study site. Figure 2 shows us that the seven highest Na
levels (>20 mg) are near the waterways, indicated by warm colored dots and a black dot
for plot 15. Additionally, Figure 6 shows us that high Na and SAR levels occur most fre-
quently with closer proximity to surface water.

The proximity to streams leads us to speculate about the upstream inputs into the
water. The stream that flows through Zone 1 comes directly out of the parking lot for a
housing development for the Utah Olympic Park, which was completed in 2019, before
which the footprint of that land was undeveloped (see Figure 7). Additional Na could be
added to the system from the construction of the housing unit, continued construction
from the expansion of the Utah Olympic Park, or winter road salting intended to increase
traction under icy conditions. Unfortunately, the source of additional Na in the system
was beyond the scope of this study, although we are compelled to report that it appears
to be negatively affecting aspen forests here. These results suggest that further testing of
soil contents and investigation into the origins of likely off-site contamination is recom-
mended.

EC in higher concentrations can reduce plant growth through toxicity effects. High
levels of EC induce osmotic stress and limit the ability of roots to intake both water and
nutrients, causing plants to wilt even when water is present [67,88-90]. Additionally, high
levels of SAR and EC can limit root density, root length, and the ability of roots to intake
both water and nutrients [88,89].

However, Lillies et al. [91] examined the growth of aspen in naturally saline sites,
finding that aspen can grow in soil conditions previously considered unsuitable for forest
vegetation (with an EC of 10 dS/m, and SAR of 13) with little evidence of nutritional tox-
icities or deficiencies. Long-term effects of increased salinity included a significant de-
crease in basal area and overall growth over time. This matches our findings for Zone 1,
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the area of initial concern, having the lowest mean live basal area and mean dead basal
area and the highest mean SAR compared to the other two zones (Table 2). Khasa et al.
[92] looked at the effects of salinity on aspen seedlings in short-term greenhouse and field
trials, but the results do not translate to aspen landscapes or show long-term effects.
Vaario et al. [93] found that aspen experiencing stress from saline soils had lower leaf
count on seedlings. Additionally, leaf necrosis significantly increased with increased sa-
linity. However, this was a short-term study that did not examine long-term effects.
Though the relationship specifically between aspen condition, Na, SAR, and EC has not
been explored on a long-term basis, impenetrable soil caused by high SAR and low EC is
likely important because it restricts the movement of water and roots, which is evident at
our study site.

\
| Construction ~
i "' completed in 2019 ™~

— Streams
Trails
Cross-country ski trail
Roads

N " ;
Figure 7. Area map of Utah Olympic Park buildings in relation to the streams in the study area.

Streams are shown as blue lines, trails are shown as orange lines, cross-country ski trails are shown
as dashed pink lines, and roads are shown as white lines.

4.4. How Might Area Maintenance Impact the Aspen Landscape?

Recreation is shaping the ecology of our landscape in several ways. Above, we pos-
ited that the high presence of humans and dogs in Zone 3 could deter ungulate browsing.
We also suggest that construction or the application of road salt occurring upstream for
recreation at Utah Olympic Park may be the source of sodium at our site. Maintenance
carried out onsite for cross-country skiing is another factor worth considering. Managers
mow paths that are ~6 m wide in Zones 1 and 2 roughly twice a year. Aspen regeneration
is not exempt from this mowing, which prevents the establishment of any aspen in the
designated cross-country ski paths. Repeat mowing may act to deplete carbohydrate
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reserves in the clonal root network, much like chronic herbivory [94]. Such denudation of
energy reserves ultimately affects the ability of new suckering to grow and thrive. Twelve
out of thirty-four plots in Zones 1 and 2 combined are within 1 m of or intersect the cross-
country ski path (Table 1), which means that regeneration stimulated by dying trees
within the plots is removed by mowing for at least a third of all plots in Zones 1 and 3. We
are unsure of the degree of impact mowing has on the site as a whole, as it was not a focus
of this study, and recommend further investigation.

5. Conclusions and Management Implications

We examined the condition of a unique, high-use aspen recreational landscape using
established aspen landscape survey methods [12]. Specifically, we set out to assess overall
conditions of our study site, determine which characteristics are most telling of this aspen
system, understand indicators and their interactions, and propose site-specific manage-
ment actions based on our results. We were successful in each of these objectives, though
we realize that further work is needed to fully understand variability across the landscape,
as well as specific causality of declining portions of the system.

Across the study site, there is a lack of the vertical diversity expected of stable aspen
stands for sustainable stand maintenance [29-31]. We suggest that management actions
be paired with continued monitoring of the study site to understand system responses
alongside ongoing soil testing with varying proximity to the streams. Temporary fencing
of small areas is recommended to reduce browsing in Zone 1 and Zone 2 and to further
understand the degree to which browsing is contributing to aspen conditions. Similarly,
implementing a retention pond to filter out upstream pollutants is recommended to pre-
vent further increases in Na into the system and to examine how soil SAR levels and EC
change with the treatment. Managers could also consider permitting or encouraging users
with off-leash dogs to visit RTS, where the apparent decline is occurring, for certain peri-
ods of time.

This aspen system is unique, as it serves as a recreation destination for the local pop-
ulation, specifically for the off-leash dog area, and because of its location directly down-
stream from continued development. It should be clear from this and other works
[29,52,95] that aspen vary considerably by topographic and geographic locale; thus, they
should not be managed as one type. This systematic survey of a highly recreated land-
scape can serve as a reference when examining high-use and near-development aspen
communities, as well as forested systems at large.
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