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Abstract: Mechanized logging equipment causes considerable soil disturbance, but little information
is available regarding thresholds for impacts on soil nematodes—critical members of soil foodwebs
which perform important ecological functions. We examined responses of nematode communities and
soil physical characteristics to the increasing number of passes (one, three, or nine) by a tracked feller
buncher during thinning of a xeric mixed conifer forest in New Mexico, USA. Within and between
the harvester tracks, we measured soil surface penetration resistance and shear strength, quantified
bulk density at four depth increments up to a maximum depth of 27 cm, and characterized nematode
assemblages in the upper 10 cm. Eight months after treatment, nematode communities were less
impacted than soil physical properties by harvester passes. Total nematode abundance was unaffected
by any level of feller buncher disturbance, and sensitive K-selected nematode groups were reduced
only at nine passes. Conversely, soil compaction occurred with a single pass and extended deep
into the soil profile to at least 23—27 cm. The first pass also decreased surface penetration resistance
and shear strength, indicating disruption of soil surface structural integrity. Additional passes did
not further increase bulk density or decrease surface structural integrity. Our results indicate that
low levels of logging machinery traffic may have negligible effects on nematode communities, but
nevertheless emphasize the importance of minimizing areas subjected to disturbance because of
impacts on soil physical properties.

Keywords: forest management; thinning; logging machinery; feller buncher; soil nematodes; soil
disturbance; soil compaction; penetration resistance; bulk density; shear strength

1. Introduction

Thinning and logging operations in most industrialized countries rely extensively on
mechanical harvesters (e.g., feller bunchers), skidders, and forwarders. Understanding how
the use of such heavy equipment affects soil biota is crucial for minimizing negative impacts
on soil foodwebs and the ecosystem processes they mediate. However, little attention has
been paid to how disturbance from logging machinery affects the most abundant multi-
cellular animals in forest soils: nematodes. Nematode assemblages often include millions
of individuals per square meter [1] and comprise bacterivorous, fungivorous, predatory,
omnivorous, and herbivorous taxa, all of which perform important (and generally benefi-
cial) functional roles [2]. Microbivore nematodes enhance microbial activity, modulate the
biomass and composition of microbial communities, and can contribute substantially to nu-
trient cycling [3-5]: in a meta-analysis of manipulative laboratory and greenhouse studies,
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Trap et al. [4] found that N mineralization nearly doubled in the presence of bacterivore
nematodes. (Fungivore nematodes are probably less important than bacterivore nematodes
for N mineralization [6,7].) Omnivorous and predatory nematodes can regulate the densi-
ties of animals feeding at lower trophic levels [8]. Root herbivore nematodes can stimulate
or suppress plant growth, depending on their densities and identities; their feeding can
also influence plant community dynamics, although the ramifications of root herbivore
activities in natural systems remain poorly characterized relative to agricultural systems [9].
Nematodes in all feeding groups can disperse microbial propagules which adhere to their
cuticles or survive passage through their intestines (with the latter dispersal mechanism
more likely with microbivore nematodes) [10]. Finally, nematodes are important prey items
for animals occupying higher trophic levels in soil foodwebs: not only do many predatory
microarthropods rely on them, but they also represent a key source of nutrition for many
otherwise detritivorous or microbivorous microarthropods which consume nematodes
in small quantities [11]. Indeed, nematodes are suspected to be an important source of
omega-3 fatty acids in terrestrial foodwebs [12]. Management impacts on nematodes can
thus reverberate to affect larger animals (e.g., terrestrial salamanders).

Soil compression, vibration, churning, and shearing caused by logging equipment can
both fatally injure nematodes and modify key aspects of their habitat [13,14]. Nematodes are
aquatic organisms, requiring water films for activity (although many species are capable of
anhydrobiosis); they are also too small to alter soil pore structure by their own movements.
Pore size, connectivity, and soil hydration status thus determine their ability to sense and
access food [15], and, for sexually reproducing species, to find mates. Soil disturbances from
tracked harvesters alter all three of these habitat parameters. Compaction reduces pore
volumes, pore connectivity, water infiltration, and gas exchange [16-19]. These changes
can restrict nematode movements and hamper their ability to detect chemical signals
indicating the location of prey and conspecifics. Near the surface, however, harvester
traffic can temporarily stimulate microbial prey for some nematodes by severing roots
and mixing organic and mineral soil layers. Harvesters also crush and uproot herbaceous
plants and mosses, restricting the flow of matter and energy into the soil foodweb and
altering microclimate.

The objective of this study was to determine how impacts on nematode communities
and soil physical properties vary with the number of passes by a tracked harvester (feller
buncher). We subjected forest floor understory vegetation and volcanic loamy soils to one,
three, or nine passes from a feller buncher during thinning of a xeric mixed conifer forest in
Valles Caldera National Preserve, New Mexico, USA and measured soil responses eight
months later. Within and between the feller buncher tracks, we characterized nematode
assemblages in the uppermost 10 cm of soil (where they are most abundant), measured soil
surface penetration resistance and shear strength, documented ground cover variability,
and quantified bulk density at four depth increments up to a maximum depth of 27 cm.

We expected that responses of nematode taxa to disturbance (manifesting as changes
to habitat and resource availability and as mortality caused by vibration, shearing, and
compression forces) would vary according to their size, life history characteristics, and
feeding habits. We hypothesized that compaction would reduce total pore space available
to nematodes and that this would most negatively impact large K-selected taxa, because
these nematodes require the largest pore sizes and are least able to take advantage of hot
spots and “hot moments” [20] of organic enrichment (Hypothesis 1). We also hypothesized
that eight months after treatment application, populations of r-selected bacterivore and
fungivore nematodes (“opportunists” with high reproductive output and generation times
of days to weeks) would have recovered from the initial mortality event to a greater extent
than K-selected taxa (“persisters” with low reproductive output and generation times of
months to years) (Hypothesis 2), and that for these r-selected microbivores, diminished pore
accessibility would be outweighed by stimulation of saprotrophic microbes (Hypothesis 3).
Finally, we hypothesized that the removal of vegetative ground cover would decrease the
abundance of herbivorous nematodes (Hypothesis 4).
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2. Materials and Methods
2.1. Study Site, Experimental Design, Field Measurements, and Sample Collection

This study was performed at a site located at 35.953° N, 106.591° W and ~2700 m
elevation at the foot of Cerro Seco in Valles Caldera National Preserve, New Mexico, USA
(Figure 1). This site was selected as we had pre-treatment data from previous work and were
able to work with operators prior to thinning to conduct our controlled experiment. Soils
at this site are volcanic loams to silt loams [21] classified primarily as Vitrandic Hapludalfs,
Vitrandic Hapludolls, and Vitrandic Argiudolls [22]. Prior to thinning, soil organic matter
content in the uppermost 10 cm was 12.32% (SE = 1.27%) [21]. Overstory vegetation consists
of mixed conifer forest including Engelmann spruce (Picea engelmannii Parry ex Engelm.),
Colorado blue spruce (Picea pungens Engelm.), white fir (Abies concolor (Gord. & Glend.)
Lindl. ex Hildebr.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), and ponderosa pine
(Pinus ponderosa Lawson & C. Lawson), with occasional quaking aspen (Populus tremuloides
Michx.). Mean temperatures range from 15 °C in July to —5 °C in December and January,
and the area receives a mean of 690 mm of precipitation annually [23]. Although absent from
the treatment area, soil foodwebs in similar vegetation types within the Preserve include
the endangered endemic Jemez Mountains salamander (Plethodon neomexicanus Stebbins &
Riemer), a strictly terrestrial species which spends most of the year belowground.
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Figure 1. Location of the Cerro Seco study site within Valles Caldera National Preserve and New
Mexico, USA.

In November 2017, we established three experimental transects along natural corridors
between trees to assess soil compaction and disturbance by logging machinery and impacts
to soil nematode communities. Sections of each of the first three transects received treat-
ments of one, three, and nine passes by a track feller buncher (TimberPro model TL735-B
with a Quadco 22B saw attachment and 600 mm single grouser track shoes). The machine’s
total weight was approximately 30,086 kg, distributed as 54.4 kPa (for comparison, a ~90 kg
person produces surface compression forces of 75-151 kPa while walking). Trees surround-
ing the transects were left intact to isolate the effects of soil disturbance from those of light
and temperature changes that occur following tree removal [24]. Three replicate treated and
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untreated sample pairs were collected the following July at evenly spaced points along the
one, three, and nine pass sections of the three feller buncher transects, respectively. Treated
samples were collected from the footprint of the machine track (subsequently termed “track
samples”), and untreated samples (hereafter referred to as “intertrack samples”) were
collected from between the tracks (Figure 2). Soil sampling and surface measurements
occurred at three evenly spaced points per transect section. Prior to sampling, we charac-
terized ground cover within 0.25 m? quadrats centered on each sample collection point,
quantifying percent cover by grasses, shrubs, forbs, mosses, lichens, pine litter, spruce litter,
forb litter, moss litter, thatch, woody debris, sticks, scat, and bare ground. All sampling
and in situ soil measurements were performed at consistent points marked on a 0.25 m?
cover frame. Within each quadrat, we measured soil surface resistance to penetration (three
readings with a model FT 011 pocket penetrometer; QA supplies, Norfolk, VA, USA), litter
depth, shear strength using a TORVANE (Durham Geo Slope Indicator, Tucker, GA, USA),
and trench depth (i.e., depth of the nearest indentation formed by feller buncher tracks). For
penetrometer readings, values of 0.099 kg/mm? (the instrument’s maximum reading) or
above were treated as 0.099 kg/mm? (this applied to 10 of 162 readings). We collected soil
cores for the determination of bulk density at depth increments of approximately 2-6 cm,
9-13 cm, 16-20 cm, and 23-27 cm. Cores were retrieved using a bulk density sampling cup
with a liner ring (AMS, Inc., American Falls, ID, USA) designed to minimize compaction
caused by sampling. When using this sampler, excess soil must be trimmed from the liner
ring, resulting in discontinuous sampling depth increments (2—6 cm, 9-13 cm, 16-20 cm,
and 23-27 cm are the first four depth increments retrievable by the sampler). Occasionally,
a small amount of soil fell out of the sampling cup during retrieval, and in those instances,
we measured the missing volume by covering the soil sample with plastic wrap (before
removing it from the core) and noting the volume of water required to fill the liner ring to
the brim.

Because most soil fauna reside in the uppermost 0-10 cm, we sampled this interval
for nematodes. Overlying litter, if present, was cleared away, and soil cores for nematode
extraction were removed using pipe segments with an internal diameter of 5.08 cm. Nema-
tode soil samples were kept on ice for transport to Northern Arizona University and were
stored at 4 °C until processing.

2.2. Sample Processing

Bulk density soil samples were dried at 105 °C and weighed. Bulk density was
calculated as soil sample dry weight divided by 90.59 cm?, the internal volume of the
sampling cup liner ring, according to instructions from the sampler manufacturer. When
applicable, we corrected for incomplete samples by subtracting the measured missing
volume from the internal liner ring volume.

Nematodes were extracted by centrifugal flotation with industrial grade colloidal
silica solution (Ludox HSA; W.R. Grace and Co., Columbia, MD, USA) using a method
modified from Griffiths et al. [25]. Briefly, soil samples were sieved through mesh with
6.3 mm openings and thoroughly homogenized, and a 5 g subsample was dried for 48 h at
105 °C to determine gravimetric water content. An 80 mL soil subsample for nematode
extraction was weighed and transferred to a 500 mL centrifuge tube, which was filled
with tap water and shaken. Subsamples were then centrifuged at 2110 RPM (~700 RCF)
for 12 min. Floating organic matter was removed from the centrifuge tubes with a spoon
and the supernatant was decanted and discarded. Nematodes and soil particles in the
remaining pellet were resuspended in 300 mL of colloidal silica solution (diluted to a
specific gravity of 1.17 g/cm3 with DI water) and centrifuged again at the same speed
for 6 min. Nematodes were retrieved from the supernatant by pouring it over a 20 um
sieve, then were backwashed into a beaker with tap water. The original colloidal silica
solution which passed through the sieve was then returned to the centrifuge tube, and the
centrifugation and sieving steps were repeated twice, for a total of three times. Finally,
the resulting nematode suspension was poured through an 850 um sieve to remove any
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remaining large organic debris. Collected animals were preserved in DESS solution [26] and
refrigerated at 4 °C until examination. Eight randomly selected track/intertrack sample
pairs per disturbance level were included in nematode analyses (48 total samples). We
present nematode abundances below as nematodes per g dry soil.

|
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Figure 2. One of three experimental feller buncher disturbance transects. Flags represent sampling
points within and between the tracks (each cluster of three flags represents one sampling location).
Each of the three transect blocks included three sections treated with 1, 3, and 9 passes, respectively.
Samples and measurements were taken at three points per track and intertrack transect section
(N =54 sampling locations).

As nematode abundances were very high (median density in this study was
~6.5x greater than the global median reported in [27] and was in the 89th percentile
of abundances reported from 6285 locations worldwide), we estimated total sample abun-
dance based on 10% subsamples. We used a Hensen-Stempel pipette, developed to avoid
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sampling fractionation of plankton suspensions, to obtain representative 4 mL subsamples
of 40 mL nematode suspensions. Samples were mixed gently by repeated inversion prior
to subsampling, and subsampled nematodes were examined using an inverted compound
microscope at 100x—400x magnification. We validated the accuracy of this abundance
estimation method for 11 samples by comparing abundances calculated by subsampling to
those obtained by direct examination of all nematodes present in a sample. Enumeration
of entire nematode samples was performed using a stereomicroscope at a magnification
of 40x-78.8x. Correlation between these abundance estimation methods was deemed
sufficient to justify subsampling (r*> = 0.93).

The first 200 nematodes encountered in each subsample were identified to the tax-
onomic level necessary for classification to feeding group and position on the colonizer-
persister scale (cp class; [28]). This scale represents the continuum from r-strategists (cp1)
to K-strategists (cp5). Nematodes in colonizer-persister classes cpl and cp2 are considered
indicators of organic enrichment and/or basal fauna (disturbance-tolerant nematodes oc-
curring in virtually all soils), while nematodes in the maturity indicator classes cp3, cp4,
and cp5 are associated with increasing foodweb stability, complexity, and connectance [29].
Assignments were made according to the NEMAPLEX Nematode Ecophysiological Param-
eter database [30] with one exception: Monhysteridae were grouped with cp3 bacterivores
because Monhystera was found by Fiscus and Neher [31] to be sensitive to tillage effects.
Because specimen conditions sometimes made a determination of family impossible, and
this information is necessary for the assignment of cp4 and cp5 Dorylaimida to both cp
class and feeding group, all Dorylaimida were grouped together as cp4/cp5 omnivores,
predators, and fungivores. We distinguished the groups cp1 bacterivores, cp2 bacterivores,
cp3 bacterivores, cp4 bacterivores, cp2 fungivores, cp4/cp5 Dorylaimida, cp4 predators,
cp2 plant associates (the ubiquitous and enigmatic Tylenchidae), and strict herbivores
(which were not assigned to cp class, as plant-parasitic taxa are not commonly used as
indicators of disturbance). Group assignments for taxa are listed in Table 1. We refer to the
combination of feeding and cp groups as functional guilds (sensu Ferris et al. [29]), but it
should be noted that the order Dorylaimida encompasses multiple functional guilds.

Table 1. Feeding group and colonizer-persister (cp) class assignments for nematode taxa at the Cerro
Seco study site in Valles Caldera National Preserve.

Feeding Group(s) cp Class(es) Taxon
Bacterivores cpl Panagrolaimidae
Rhabditidae
cp2 Cephalobidae
Plectidae
cp3 Monhysteridae *
Prismatolaimidae
Rhabdolaimidae
Teratocephalobidae
cp4 Alaimidae
Fungivores cp2 Aphelenchidae
Aphelenchoididae
Predators cp4 Mononchidae
Omnivores/predators/fungivores cp4/cp5 Dorylaimida
Herbivores NA Criconematidae
Hoplolaimidae
Hemicyclophoridae
Trichodoridae
Other Tylenchoidea (apart from Tylenchidae)
Plant associates cp2 Tylenchidae

* Included with cp3 bacterivores based on Fiscus and Neher’s [31] finding that Monhystera was sensitive to indirect
effects of tillage (but classified as cp2 according to [32]).
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2.3. Statistical Analyses

Effects of pass number (transect segment), depth (for bulk density), and
track/intertrack treatments on soil physical properties and nematode groups were analyzed
using a non-parametric ANOVA-type mixed between-within subjects procedure based on
sample ranks [33], implemented in R version 4.0.3 [34] using the package nparLD [35]. This
procedure is robust to outliers and, for small sample sizes, is competitive with parametric
mixed ANOVA [33]. We treated the transect sampling point as the “subject”, treatment
(track or intertrack) as the within-subjects factor, and passes as the between-subjects factor
(for penetration resistance, shear strength, and nematode groups, an F1-LD-F1 design).
Our bulk density model additionally included depth as a nested within-subjects factor (an
F1-LD-F2 design). For physical properties, a small number of missing values were dealt
with either by averaging remaining replicates for the sample (penetrometer: 1 missing
observation out of 162 total observations from the 54 sampling locations) or by the exclusion
of the sample from analysis (torvane: 2 missing observations out of 54 total; bulk density:
5 missing observations out of 216 total). When models indicated a significant interaction
between treatment and passes or depth, we performed post-hoc tests on individual pass
levels and depths, respectively, to delineate impact thresholds. These post-hoc tests were
conducted by fitting non-parametric ANOVA-type mixed between-within subjects models
to subsets of the data (i.e., the specific factor levels we wished to examine) and running the
ANOVA test function. We have not corrected p-values for multiple comparisons because,
given the relevance of our findings to conservation of the endangered Jemez Mountains
Salamander, we consider the potential consequences of Type II errors to be graver than
those of Type I errors.

Bivariate regression was performed to test whether the abundances of nematode
groups could be predicted from indicators of soil physical disturbance and to determine
whether herbivorous nematodes were correlated with plant cover classes. For regression
analyses of nematode groups and bulk density, we examined each of the bulk density
sampling intervals that overlapped with our nematode sampling interval (2-6 cm and
9-13 cm) as well as their mean. Predictor and response variables were log-transformed
where necessary to achieve normality and homoscedasticity. Linear regressions were
performed in R 4.0.3 [34] and visualized with the package ggplot2 [36]. We tested for multi-
variate treatment group differences using a multi-response permutation procedure (MRPP),
a non-parametric test that calculates A, the chance-corrected proportion of between-sample
distances explained by treatment group identity [37]. Community differences were visual-
ized via non-metric multidimensional scaling ordination (NMDS). All NMDS and MRPP
analyses were performed with PC-ORD version 5.10 [37] using the Bray—Curtis distance.

3. Results
3.1. Soil Physical Properties

Soil physical properties were altered with just one pass from the feller buncher, while
more passes produced negligible additional changes. Both penetration resistance and
shear strength were reduced in the feller buncher tracks relative to the intertracks, but
there was no significant interaction between treatment (track or intertrack) and number
of passes for either response variable (Figure 3; Table 2), indicating that the first pass
was responsible for most of the damage to surface soil structure. Similarly, there was a
significant main effect of treatment on bulk density, but no interaction between passes and
treatment (Figure 4; Table 3) (although bulk density tended to be greatest in the tracks that
received nine passes, and estimated relative treatment effects increased with each pass level
for the track samples; Table S1).
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Figure 3. (a) Soil surface resistance to penetration as measured with a pocket penetrometer (each
observation is the mean of three replicate readings). (b) Shear strength as measured by TORVANE.
Open boxplots show data from between the feller buncher tracks (I = intertrack), and filled boxplots
show data from the tracks (T). Pink, purple, and blue represent one, three, and nine passes, respec-
tively. The horizontal line within each box represents the median for that treatment, and the lower
and upper bounds of the box indicate the 25th and 75th percentiles. Whiskers extend to 1.5x the
interquartile range (IQR) from the lower and upper box bounds. Outlier observations more extreme
than 1.5x the IQR are plotted as dots.

Table 2. Non-parametric ANOVA-type analysis of soil penetration resistance and shear strength;
ATS = ANOVA-type test statistic; df = numerator degrees of freedom; passes = number of passes
applied to the transect segment (1, 3, or 9).

Penetration Resistance

df ATS P
Passes 1.92 0.25 0.770
Treatment (track vs. intertrack) 1.00 22.54 <0.001 ***
Passes x Treatment 1.89 2.24 0.109
Shear Strength
df ATS p
Passes 1.78 0.78 0.443
Treatment (track vs. intertrack) 1.00 7.77 0.005 **
Passes x Treatment 1.94 0.42 0.653

. p <001, p<0.001.

The effects of feller buncher traffic on bulk density were more discernible deeper in the
soil profile than near the surface. Our model detected an interaction between bulk density
and depth, and post-hoc analyses revealed that feller buncher effects on bulk density were
not detectable in the 2-6 cm interval (treatment main effect: ATS =0.253, df =1, p = 0.615),
despite greater bulk density in track samples relative to intertrack samples at depths of
9-13 cm (treatment main effect: ATS = 6.69, df =1, p = 0.010), 1620 cm (treatment main
effect: ATS =16.03, df =1, p < 0.001), and 23-27 cm (treatment main effect: ATS = 14.20,
df =1, p <0.001). On average and across pass levels, bulk density was 8.9% greater in the
tracks than between them at the three deepest intervals sampled.
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Figure 4. Soil bulk densities (g/cm?) from four depths beneath the track and intertrack sampling
locations that received 1, 3, or 9 passes (pink, blue and purple, respectively) from a feller buncher.
Open boxplots show data from between the feller buncher tracks, and filled boxplots show data from
the tracks. The horizontal line within each box represents the median for that treatment, and the
lower and upper bounds of the box indicate the 25th and 75th percentiles, respectively. Whiskers
extend to 1.5 the interquartile range from the lower and upper box bounds, and outlier observations

are plotted as individual dots.

Table 3. Non-parametric ANOVA-type analysis of bulk density; ATS = ANOVA-type test statistic;
df = numerator degrees of freedom; passes = number of passes applied to the transect segment (1, 3,

or9).
Bulk Density
df ATS p

Passes 1.99 1.21 0.298
Treatment (track vs. intertrack) 1.00 15.99 <0.001 ***
Depth 2.52 6.70 <0.007 ***

Passes x Treatment 1.93 2.12 0.122

Depth x Treatment 2.62 3.06 0.033 *

Passes x Depth 4.69 191 0.094

Passes x Treatment x Depth 4.45 0.45 0.795

*p < 0.05, " p < 0.001

3.2. Ground Cover

On average and across pass levels, the feller buncher reduced live grass and moss cover
(the dominant plant cover groups) by half or more, while quadrupling the mean amount of
bare ground (Figure 2; Table 4). These trends of reduced plant cover and increased bare
ground in the tracks relative to the intertracks were evident across all pass levels. However,
MRPP detected significant differences in ground cover composition between track and
intertrack quadrats only at the 3 and 9 pass treatment levels (Table 5).
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Table 4. Litter depth, trench depth (depth of the nearest indentation formed by the feller buncher
tracks), and ground cover measured in intertrack (I) and track (T) quadrats from the 1, 3, and 9 pass
segments of the experimental transects. Ground cover classes are listed in descending order of their
mean cover within the intertrack quadrats. Thatch = senesced grass.

11 1T 31 3T 91 9T I (Overall) T (Overall)

Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE)
Litter depth (cm) 2.7 (0.8) 2.7 (0.8) 1.8 (0.3) 1.9 (0.5) 34 (1) 1.7 (0.5) 2.6 (0.4) 2.1 (0.3)
Trench depth (cm) NA 5.7 (0.7) NA 5(0.6 NA 5.3(0.9) NA 5.3(0.4)
Thatch (%) 30.6 (7.9) 26.1(8.7) 27.8(7.2) 15 (4.8) 26.1 (10.7) 22.8 (10.3) 28.1 (4.8) 21.3 (4.7)
Moss (%) 2.8 (1.5) 4.4 (2.6) 28.3 (6) 17.2(7.7) 30.6 (12) 8.9 (3.4) 20.6 (5) 10.2 (3)
Grass (%) 28.1(7.7) 10.8 (3.8) 9.3 (4.9) 3.1(1.3) 23 (9.6) 8.3(3.6) 20.1 (4.5) 7.4 (1.9)

Pine litter (%) 20 (7.3) 11.1 (4.6) 7.2(29) 7.8 (3.4) 8.3 (3.4) 5.6 (1.8) 11.9 (3) 8.1(2)

Bare ground (%) 17.4 9) 30 (10.6) 6.1(2.9) 459 (5.1) 10 (7.8) 55 (12.5) 11.2 (4) 43.6 (5.9)
Spruce litter (%) 0.2 (0.2) 6.1 (3.5) 15.6 (5.6) 8.3 (4.9) 14.4 (8.8) 3.3(2.4) 10.1 (3.6) 59 (2.1)
Lichen (%) 6.9 (2.4) 5.7 (4.4) 44(1.9) 5(1.8) 2.8 (1.2) 1.1(1.1) 4.7 (1.1) 3.9 (1.6)
Forb (%) 14(1.1) 1.7 (1.2) 3(1.2) 0.4 (0.3) 2.8(22) 22(1.2) 2.4(0.9) 1.4 (0.6)
Wood mulch (%) 3(1.9) 10.6 (4.5) 2.8(2.2) 22(1.7) 1.1(0.7) 6.1 (5.5) 2.3(1) 6.3 (24)
Sticks (%) 0.6 (0.6) 0.6 (0.6) 3.9(2.3) 2.7 (1.2) 1.7 (1.2) 3.6 (1.4) 2(0.9) 2.3(0.7)
Moss litter (%) 2.2 (1.5) 0(0) 1.7 (1.7) 5.1(3.3) 0(0) 0(0) 1.3(0.7) 1.7 (1.2)
Shrub (%) 0(0) 0(0) 0(0) 0.4 (0.4) 0.6 (0.6) 0(0) 0.2(0.2) 0.1(0.1)
Scat (%) 0(0) 0(0) 0.2(0.2) 0.2(0.2) 0 (0) 0(0) 0.1(0.1) 0.1(0.1)
Forb litter (%) 0(0) 3.3(3.3) 0(0) 1.1(1.1) 0(0) 0(0) 0(0) 1.5(1.2)

Table 5. Multi-response permutation procedure (MRPP) results for ground cover, performed using
Bray—Curtis distance. A is the chance-corrected proportion of between-sample distances explainable

by the treatment group.
A P
Overall group differences 0.0927 <0.001 ***
1 pass (intertrack vs. track) —0.007 0.500
3 passes (intertrack vs. track) 0.0898 0.002 **
9 passes (intertrack vs. track) 0.1234 0.004 **

¥ p < 0.01, ** p < 0.001.

3.3. Nematode Community Impacts

Total nematode abundance was unaffected by any level of feller buncher traffic
(Figure 5; Table 6), and total nematodes were not correlated with a bulk density of ei-
ther the 2-6 cm interval, the 9-13 cm interval, or the mean of these two intervals (% < 0.05,
p > 0.15in all cases). There also was no significant relationship between total nematode
densities and penetration resistance (1> = 0.050, p = 0.115) or shear strength (> = 0.043,
p = 0.162). However, nematode functional groups differed in their responses to disturbance
from the harvester.

150

jﬁ.%ﬁ

11 1T 31 3T 91 9T

Total nematodes / g dry soil

Figure 5. Total nematode abundances in track (T) and intertrack (I) transect areas which received 1, 3,
or 9 passes from the feller buncher. One outlier observation is not shown (276 nematodes/g dry soil in
a 9 pass intertrack sample). The horizontal line within each box represents the treatment median, and
the lower and upper bounds of the box indicate the 25th and 75th percentiles, respectively. Whiskers
extend to 1.5x the interquartile range from the lower and upper box bounds. Outlier observations
are represented as dots.
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Table 6. Non-parametric ANOVA-type analysis of total nematode abundance; ATS = ANOVA-type
test statistic; df = numerator degrees of freedom; passes = number of passes applied to the transect

segment (1, 3, or 9).

Total Nematodes

df ATS p
Passes 1.97 0.66 0.513
Treatment (track vs. intertrack) 1.00 2.04 0.154
Passes x Treatment 1.99 1.93 0.145

Fungivore and bacterivore nematodes with colonizer-persister values of cp1 (enrich-
ment opportunists [38]) and cp2 (general opportunists) appeared resilient to harvester
traffic. Cp2 bacterivores were elevated in the nine-pass intertrack treatment (post-hoc non-
parametric ANOVA-type analysis for nine-pass data only: ATS = 6.42, df =1.00, p = 0.011),
but were otherwise unaffected by feller buncher disturbance (Figure 6a; Table 7). Only
about 20% of samples (eight samples from the feller buncher tracks and two intertrack
samples) yielded any cp1l bacterivores at all; where they occurred, these nematodes usu-
ally were present in low numbers (<1 nematode/g dry soil) (Table S2). Cp2 fungivores
likewise comprised a small fraction of the nematode communities in our samples. These
nematodes, which are dually classified as enrichment opportunists and basal fauna, were
more abundant in the tracks relative to the intertracks (Figure 6b; Table 7).
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Figure 6. Abundances of cp2 bacterivores (a) and cp2 fungivores (b) in track (T) and intertrack (I)
transect areas which received 1, 3, or 9 passes from the feller buncher. The horizontal line within
each box represents the median for that treatment combination, and the 25th and 75th percentiles for
each treatment combination are delineated by the lower and upper bounds of the boxes, respectively.
Whiskers extend to 1.5x the interquartile range.

Persister nematodes in cp groups 3-5 declined only at the level of nine passes from
the feller buncher (Figure 7a). Total cp3, cp4, and cp5 nematodes showed a weak nega-
tive relationship with bulk density of the 9-13 cm sampling interval (Figure 7b), but not
with the 2-6 cm interval (+? = 0.008, p = 0.550) or the mean of the 2-6 cm and 9-13 cm
intervals (r? = 0.047, p = 0.139). Abundance of nematodes in these groups also correlated
positively with penetration resistance (Figure 7c), but we did not detect a relationship
between sensitive nematode groups and our soil shear strength measurements (Figure 7d).
The dominant persister groups, cp3/cp4 bacterivores (Figure 7e; Table 8) and cp4/cp5 Do-
rylaimida (Figure 7f; Table 8), exhibited similar patterns in their responses to the harvester
disturbance treatment levels. Contrary to our expectation that larger taxa requiring larger
pores would be most impacted by compaction, slender cp3 and cp4 bacterivores were
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401

correlated weakly with bulk density (r* = 0.065, p = 0.084 for the 9-13 cm bulk density sam-
pling interval), while no relationship was apparent between bulk density and abundance
of large-bodied Dorylaimida (r> = 0.025, p = 0.291 for bulk density at 9-13 cm).

Table 7. Results of non-parametric ANOVA-type analysis of cp2 bacterivore and cp2 fungivore
abundances; ATS = ANOVA-type test statistic; df = numerator degrees of freedom; passes = number
of passes applied to the transect segment (1, 3, or 9).

cp2 Bacterivores

df ATS p
Passes 2.00 0.09 0.911
Treatment (track vs. intertrack) 1.00 1.84 0.175
Passes x Treatment 1.95 3.88 0.022 *
cp2 Fungivores
df ATS p
Passes 1.97 1.77 0.172
Treatment (track vs. intertrack) 1.00 10.16 0.001 **
Passes x Treatment 1.63 0.85 0.407
% p <005, p < 0.01.
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Figure 7. Cont.
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Figure 7. Total abundances of cp3, cp4, and cp5 nematodes in feller buncher tracks (T) that received
one, three, or nine passes, and matched intertrack (I) sampling locations (a); and correlations be-

tween total cp3, cp4, and cp5 nematodes and (b) bulk density at 9-12 cm, (c) surface penetration
resistance, and (d) soil shear stress. (e) Harvester disturbance treatment responses of total cp3 and

N
o

cp3 and cp4 bacterivores / g dry soil
Dorylaimida / g dry soil

o
o

cp4 bacterivores. (f) Responses of Dorylaimida to harvester traffic. The horizontal line within each
box represents the median for that treatment, and the lower and upper bounds of the box indicate
the 25th and 75th percentiles, respectively. Whiskers extend to 1.5x the interquartile range from the
lower and upper box bounds. Outlier observations are plotted as dots.

Table 8. Non-parametric ANOVA-type analysis of total cp3, cp4, and cp5 nematodes; cp3 and cp4
bacterivores; and Dorylaimida; ATS = ANOVA-type test statistic; df = numerator degrees of freedom;
passes = number of passes applied to the transect segment (1, 3, or 9).

Total cp3, cp4, and cp5 Nematodes

df ATS p
Passes 1.93 1.49 0.227
Treatment (track vs. intertrack) 1.00 3.40 0.065
Passes x Treatment 1.92 3.77 0.025 *
cp3 and cp4 Bacterivores
df ATS p
Passes 1.77 0.26 0.747
Treatment (track vs. intertrack) 1.00 5.49 0.019 *
Passes x Treatment 1.84 4.92 0.009 **
Dorylaimida
df ATS P
Passes 2.00 1.99 0.137
Treatment (track vs. intertrack) 1.00 3.21 0.073
Passes x Treatment 1.84 3.93 0.023 *

% p <005, p <00l

Despite the negative effects of the feller buncher on understory vegetation, herbivorous
nematodes (Figure 8a; Table 9) and plant associated nematodes in the family Tylenchidae
(Figure 8b; Table 9) were not reduced in the tracks relative to the intertracks. Herbivore
abundances were, however, related to variability in ground cover. Herbivorous nematodes
were more abundant in plots with more grass and thatch cover, and less numerous in plots
with more bare ground (Figure 8c). When examined as bivariate correlations, only the
relationship between herbivorous nematodes and the percent grass cover was significant
(r* =0.20, p = 0.002). Tylenchidae—a family which comprised a median ~27% of nematode
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individuals across samples, in line with proportions frequently reported from natural
systems [39]—were not correlated with grass or any other cover class (2 < 0.1, p > 0.1 for
all relationships).

601

40

*$i

cp2 Tylenchidae / g dry soil

Of—é—E. N
5T 9l 9T

11 1T 31 11 1T 31 3T 9l 9T
(a) (b)
. 11
A Ay O , A,AAO AT
4 O O Ao O3
oo e . 3T
herbivores . e her!alvores oo herbivores O 9l
ai |« i * o 4 T ®9T
w a o a g a
2| a9y o S R
I'A. o & . . Y a . &g i
®: o
¢
Axis 1 Axis 1 Axis 1

Plots scaled by % bare ground

Plots scaled by % grass

Plots scaled by % thatch

(c)

Figure 8. Abundances of (a) herbivore nematodes and (b) nematodes in the family Tylenchidae
(one observation of 174 Tylenchidae/g dry soil in a 9-intertrack treatment is not shown). The
horizontal line within each box represents the median for that treatment, and the lower and upper
bounds of the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to 1.5x

the interquartile range from the lower and upper box bounds, and outliers are plotted as dots.
() Non-metric multidimensional scaling (NMDS) ordination of ground cover, performed using Bray-
Curtis distance, with points scaled according to percent bare ground, grass, and thatch (senesced
grass) cover, respectively (larger points indicate greater cover by the category indicated below each
panel; treatment means and standard errors for each cover class are listed in Table 4). Herbivore
abundance is shown as a vector overlay, indicating the relationship of herbivores with plot ground
cover dissimilarity along axes 1 and 2 of the three-dimensional NMDS ordination. The direction of
the line away from the center point indicates the direction of the association. I = intertrack, T = track;
1,3, and 9 refer to a number of feller buncher passes received.
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Table 9. Non-parametric ANOVA-type analysis of herbivore nematodes and nematodes in the family
Tylenchidae. ATS = ANOVA-type test statistic; df = numerator degrees of freedom; passes = number
of passes applied to the transect segment (1, 3, or 9).

Herbivores
df ATS P
Passes 1.80 2.65 0.077
Treatment (track vs. intertrack) 1.00 0.60 0.439
Passes x Treatment 1.63 1.01 0.353
Tylenchidae
df ATS p
Passes 1.98 0.25 0.779
Treatment (track vs. intertrack) 1.00 2.17 0.141
Passes x Treatment 1.69 0.45 0.606

4. Discussion
4.1. Physical Properties

Responses of soil physical properties to tracked harvester disturbance can be complex.
While compaction should be expected to increase soil bulk density, penetration resistance,
and shear strength, churning disaggregation of the litter and soil matrix is anticipated
to decrease all three of these variables. Although our study design does not allow us to
disentangle the effects of compaction from those of churning, our findings of reduced
surface penetration resistance and shear strength in the feller buncher tracks suggest that
churning effects predominated in the topsoil. In further support of this inference, we
also observed no effect of the feller buncher on bulk density in our shallowest sampling
interval (2-6 cm), despite the occurrence of traffic-related compaction deeper in the soil
profile. Indeed, contrary to studies (e.g., [13,40,41]) reporting that compaction from logging
machinery is greatest near the surface and attenuates rapidly with depth, in our study the
greatest harvester-related bulk density increase occurred at the deepest sampling intervals
(1620 cm and 23-27 cm). This pattern may also be explained by the relatively low surface
contact stress produced by the feller buncher, but relatively high mass load per track
(~15,043 kg): with increasing depth, soil stress is increasingly a function of a machine’s
mass load per wheel or track rather than of the surface contact stress applied [42]. It is
possible that compaction extended even deeper into the soil profile than the maximum
depth we measured (27 cm). This is concerning because recovery from compaction takes
longer at depth: soils may recover within a few years from compaction near the surface
(although this is not a given: McNabb and Startsev [43] report that near-surface boreal
forest soils still had not recovered 7 years after compaction by a skidder), while compaction
at 20-30 cm may persist for half a century or longer [44]. While the danger of long-lasting
subsoil compaction from increasingly heavy agricultural machinery has recently been
highlighted [42], less attention has been paid to the relationship between logging machinery
weight and compaction depth in forest soils. There is a need for studies establishing safe
equipment weight limits to avoid deep compaction, adjusted for specific soil types and
site conditions.

Our findings echo numerous other reports indicating that the first pass by heavy log-
ging machinery is often the most damaging [45,46] (but see [13]). Both subsoil compaction
and damage to soil surface structural integrity occurred with one pass from the feller
buncher, while subsequent passes had insignificant additional effects. Compaction in our
experimental transects may have been more severe than in the wider treatment area because
our transects were not covered with slash mats ahead of harvester passage, a common
practice that provides some protection against soil compaction, especially when soils are
wet [46,47]. Conversely, the harvester in this experiment was not carrying a tree, which
likely reduced compaction; our study design may also have underestimated compaction
because compression forces can radiate some distance away from logging machinery tracks
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(e.g., Labelle and Jaeger [48] observed bulk density increases up to 1 m away from tracks).
Thus, the bulk density of soil in the intertracks may have been greater than that of untreated
soil further from the tracks [46].

4.2. Nematode Communities

Despite these changes to their physical habitat, nematode communities appeared
largely resilient or resistant to harvester traffic. We observed no effect of the feller buncher
on total nematode abundance with any number of passes, and contrary to our hypoth-
esis that compaction would adversely affect nematodes by restricting the availability of
suitably-sized pores (Hypothesis 1), neither total nematodes nor large-bodied, K-selected
Dorylaimida were correlated with bulk density. Although the bulk density is an imperfect
measure of usable pore space [49], our results suggest that pore space was not limited to
nematodes in the top 10 cm of soil at the time of sampling, possibly because the soil was
not compacted in the uppermost few centimeters where organic matter and food resources
were presumably concentrated.

While nematode communities were insensitive to bulk density, nematode functional
guild responses point instead to the overriding importance of post-mortality recovery and
food resource changes in structuring nematode communities eight months after disturbance.
In support of our hypothesis that r-selected nematode groups would recover more quickly
than K-selected groups following the initial mortality event (Hypothesis 2), r-selected
groups were either neutrally or positively affected by feller buncher traffic, while only
K-selected “persister” nematodes in cp groups 3-5 were less abundant in the feller buncher
tracks than in the intertracks. However, even K-selected nematodes were not impacted
until nine passes. We infer from this that several passes may be necessary before extensive
nematode mortality occurs. Interestingly, persister bacterivores with cp classifications
of 3 and 4 declined more dramatically than Dorylaimida with cp classifications of 4 and
5, which could imply that the former occupy less structurally stable niches [50,51] than
the latter.

The hypothesis that opportunist microbivores would benefit from stimulation of their
food resources (Hypothesis 3) by surface disturbance was supported by an increase in cp2
fungivores (but not opportunist bacterivores) in the feller buncher tracks relative to the
intertracks at all pass levels. This indicates that feller buncher disturbance stimulated the
fungal energy channel in the soil foodweb to a greater extent than the bacterial energy
channel, likely because the organic resources made available to saprotrophs during the
disturbance (e.g., root necromass, woody debris, and conifer needles) were predominantly
recalcitrant materials with high C:N ratios—substrate characteristics which favor fungal
decomposition over bacterial decomposition. In a field study of nematode community
succession following the addition of various organic materials ranging in complexity and
C:N ratios, cp2 fungivores increased most rapidly in plots amended with recalcitrant,
high C:N materials, while opportunist bacterivores were stimulated least by these organic
amendment types [38]. The increase in cp2 fungivores within the feller buncher tracks was
likely lower than occurred across the surrounding treated area (and lower than might be
expected following thinning of conifer forests generally), because organic enrichment in the
disturbance transects mainly took the form of fragmentation and incorporation of existing
forest floor organic material into the soil, whereas logging debris is typically deposited
during real-world harvesting operations. Logging debris can have significant, if transient,
stimulatory effects on nematode communities: In a clear-cut Scots pine (Pinus sylvestris)
forest in Sweden, slash temporarily elevated total nematode abundance by up to 360%
relative to an unlogged control forest, and up to 220% relative to clear-cut plots without
slash [52]. Similarly, at another site within Valles Caldera National Preserve, total nematode
abundance was 112% greater within a Pinus ponderosa forest management unit that had
been thinned two years prior (with mastication of unmerchantable timber) than within
an adjacent untreated management unit [53]. (Nematodes were not identified in either of
these studies.)
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The feller buncher reduced vegetative ground cover, but counter to our expectation
that plant-feeding nematodes (including herbivores and plant-associates) would be im-
pacted negatively by diminished availability of roots following disturbance (Hypothesis 4),
the tracks and intertracks did not differ in abundances of plant associates (Tylenchidae) or
herbivores. Feeding habits in the Tylenchidae remain poorly resolved; members have been
variously reported to feed on plant roots, fungi, mosses, or algae [54,55]. Diverse dietary
preferences within this family may explain why their overall densities were unrelated to
ground cover and unaffected by feller buncher traffic. However, herbivore abundances
were correlated with ground cover (especially grass cover), implying that the high hetero-
geneity of vegetation across our experimental area may have obscured the effect of feller
buncher disturbance on these nematodes. It is also possible that the narrowness of the
feller buncher tracks dampened the impact of disturbance on this trophic group, since roots
from surviving plants on either side could have continued provisioning herbivores within
the tracks.

5. Conclusions

Results of this study suggest that nematode communities may be relatively resistant,
and potentially resilient, to disturbance from heavy harvesters. If so, nutrient cycling, mi-
croorganism dispersal, and pest regulation services provided by nematode communities are
unlikely to be impacted by low levels of logging machinery traffic. Further work is needed
to confirm our findings across soil and equipment types and to explore the implications of
harvester disturbances for soil foodweb functions, especially where topsoil compaction is
more severe. The complex nature of the soil disturbance in our study may have obscured
linkages between soil pore accessibility and nematodes which could be illuminated by
investigations quantifying pore size and connectivity. Finally, the identification of sentinel
nematode taxa [56] that are especially sensitive to soil disturbance by logging machinery
could aid forest managers in minimizing impacts and in gauging long-term changes in soil
foodwebs following treatment.

Although impacts to nematode communities were minimal at low traffic levels, our
findings highlight the vulnerability of this soil type to deep compaction with even one pass
from heavy logging machinery. We thus stress the importance of using the lightest effective
equipment and minimizing the area driven upon, particularly when working on fine or
volcanic soils which may be inordinately vulnerable to compaction and slower to recover
from it [40,45,57]. We also suggest that techniques for avoiding compaction (e.g., use of
slash mats and thinning when soils are dry or frozen) be evaluated in situ prior to treating
large areas on a given soil type, especially where sensitive or endangered belowground
species occur. These tests should ideally be conducted at a depth of at least 15 cm. Finally,
in forests that have previously been logged using heavy machinery, preexisting disturbance
pathways should be identified and reused to the extent feasible to minimize cumulative
impacts [58].

Climate change and the increased prevalence of high-severity forest fires necessi-
tate forest management, including the use of heavy equipment. We recommend some
precautionary practices from this research, but also indicate a need for further study.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/f14061205/s1: Table S1: Rank means, number of observations, and
relative treatment effects from non-parametric ANOVA-type mixed between-within subjects analysis
of bulk density. Table S2: Abundance (nematodes per g dry soil) of nematode functional groups.
Table S3: Multi-repsonse permutation procedure analysis of nematode community differences, based
on functional guilds. Figure S1: Non-metric multidimensional scaling ordination of nematode
community differences. Figure S2: Total nematode abundances, calculated on a per-area basis.
Figure S3: Abundances per m? of cp2 bacterivores (a) and cp2 fungivores (b). Figure S4: (a) Total
abundances of cp3, cp4, and cp5 nematodes per m?; correlations between total cp3, cp4, and cp5
nematodes per m? and (b) bulk density at 9-12 c¢m, (c) surface penetration resistance, and (d) soil
shear stress; (e) Harvester disturbance treatment responses of total cp3 and cp4 bacterivores per m?;
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(f) Responses of Dorylaimida per m? to harvester traffic. Figure S5: Densities per m? of (a) herbivore
nematodes and (b) nematodes in the family Tylenchidae.
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