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Wood chip soil amendments in restored wetlands affect
plant growth by reducing compaction and increasing
dissolved phenolics
Evan C. Wolf1,2,3 , Eliška Rejmánková1 , David J. Cooper2
Adding chipped wood to soil ameliorates compaction, allowing faster plant growth that is critical to successful wetland
restorations. Following the filling and planting of an erosion gully in Halstead Meadow, Sequoia National Park, the tallest
leaf height and maximum clone width of transplanted Scirpus microcarpus seedlings were negatively correlated with soil
compaction. Plant height decreased by 9.8 cm and width decreased by 11.9 cm per MPa of soil compaction (range of
0.74–4.50 MPa). We experimentally amended mineral soil in a test trench and found that every 0.10 cm3 /cm3 addition of
wood chips (range of 0.00–0.75 cm3 /cm3 ) reduced compaction by 0.174 MPa. Had the Halstead Meadow gully fill contained
an equivalent volume of wood chips to the reference area soil organic matter content (0.64 cm3 /cm3 ), we predict compaction
would have been reduced by 1.11 MPa, increasing individual transplant width spread by 36%, approximately doubling the
vegetated area after two growing seasons. In a greenhouse phytometer experiment, conifer bark leachate (phenolics 211 mg/L)
significantly reduced plant growth and, in the presence of added nutrients, increased the production of the enzyme polyphenol
oxidase (PPO). However, phenolics concentration in bark-free conifer wood leachate (12 mg/L), similar to field-sampled
concentrations, did not affect plant growth or PPO production. Pure conifer bark is not recommended as a soil amendment,
but the addition of low-bark-content wood chips to gully fill may be a feasible and effective means of reducing soil compaction,
accelerating plant establishment, and lowering wetland restoration project costs.
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Implications for Practice
• Substituting a portion of mineral soil with wood chips
can speed plant growth and reduce transportation costs in
gully fill wetland restoration projects.
• High conifer-bark-content chips or mulch may be inappropriate for use in wetland gully fill due to a high concentration of plant-inhibiting phenolics.

Introduction
About one-eighth of the remaining approximately 621,000 ha
of freshwater non-lake wetlands in California are located in the
Sierra Nevada (Viers et al. 2013; SFEI 2016). A significant
proportion of these mountain wetlands, commonly referred to
as meadows, need restoration (Odion et al. 1988; Kattelmann
& Embury 1996). During the past 10,000 years, meadows in
the Sierra Nevada formed by mineral sediment deposition and
organic matter accumulation, without major fluvial channel processes (Wood 1975). However, high-intensity grazing between
the 1860s and 1940s led to the removal of vegetation, disturbance of soil, and the formation of large erosion gullies in some
sloping meadows (Sumner Jr. 1941; Armstrong 1942; Wolf &
Cooper 2016).
Gullies capture and concentrate run-off, increasing erosion
that enlarges the gullies in a feedback loop (Kirkby & Bracken
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2009). The capture of both surface flow and groundwater by
gullies lowers the surrounding meadow water table (Hammersmark et al. 2008), alters vegetation composition and cover
(Loheide II & Gorelick 2007; Lowry et al. 2011), and accelerates soil organic matter decomposition (Chimner & Cooper
2003; Schimelpfenig et al. 2014). The formation of an erosion
gully can shift a wetland ecosystem into an alternate upland state
that requires management intervention to restore (Wolf et al.
2007).
Gully restoration commonly involves constructing a
sequence of check dams using rock, wood, or soil with the goal
of raising the water table to the meadow surface (Ramstead et al.
2012; Pollock et al. 2014). In high sediment-yield watersheds,
impoundments can fill with sediment and become vegetated,
rebuilding a level landscape during the multidecadal life span
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of check dams (Heede 1977; Polyakov et al. 2014). However, in
a low sediment-yield watershed in the Sierra Nevada, 30 years
of maintenance followed by 30 years of neglect resulted in the
collapse of 39 of 41 wood check dams which had accumulated
sediment to fill just 26% of the gully depth and failed to restore
wetland conditions (Wolf & Cooper 2016). In gullied sites with
low sediment input, completely filling gullies with imported
material may be necessary for long-term stable restoration of
wetland hydrology and vegetation.
Small peatland ditches, less than a meter deep and a few
meters wide, have been restored effectively by complete filling
(Armstrong et al. 2009; Grand-Clement et al. 2015; Chimner
et al. 2017, 2019). Significant challenges complicate scaling
up the complete gully fill technique to larger multimeter deep
and tens-of-meters wide erosion features: (1) obtaining and
transporting large volumes of heavy soil is expensive and (2)
the massive vehicles required to place the fill in the gully cause
soil compaction.
Mechanical soil compaction is a common problem in created wetlands (Nair et al. 2001; Campbell et al. 2002; Bruland
& Richardson 2005; Sloey et al. 2015). Compaction negatively
affects a broad range of plants, but most studies have investigated agricultural crops or upland species (Unger & Kaspar
1994; Passioura 2002; Nawaz et al. 2013). Compaction effects
on plants often differ between soil types (Gomez et al. 2002)
and moisture conditions (Amir et al. 1976), so wetland-specific
studies are needed.
Soil compaction reduces pore volume and average pore size,
which slows the diffusion of gasses (Xu et al. 1992) and limits
water movement (Watabe et al. 2000). The constriction of soil
pores may lead to hypoxia in the rooting zone, a hypothesized
cause of stunted plant growth in compacted upland soil (Tardieu
1994). Wetland plants are adapted to hypoxic soil conditions and
form aerenchyma to facilitate the flow of oxygen to their roots
(Drew et al. 2000). This adaptation may confer some degree
of resistance to the effects of soil compaction if hypoxia is a
significant proximal cause of root growth inhibition.
Dense rhizomatous wetland vegetation forms a sod layer that
is highly resistant to erosion (Micheli & Kirchner 2002) and
is thought to have been essential in stabilizing sloping mountain meadows over their multi-millennial existence (Wood 1975;
Ratliff 1985; Bartolome et al. 1990). Clonal plant cover provides significant soil stability while bare slopes are vulnerable
to erosion by overland flow (Loch 2000). Wetland sedges transplanted into bare soil areas of Rocky Mountain wetlands took
4–5 years to clonally spread and reach reference-plot shoot density (Cooper et al. 2017). Maximizing plant growth by reducing
potential limiting factors, such as soil compaction, minimizes
the duration that bare soil is vulnerable to erosion.
Adding organic matter to soil can decrease compaction by
increasing aggregate strength and elasticity (Soane & Estate
1990). The wood and bark of native conifer trees is a readily
available source of organic matter in most mountainous regions
including the Sierra Nevada of California. A potential drawback
of amending gully fill with woody organic matter is that wood
and bark contain phenolic compounds that can inhibit plant
growth (Siqueira et al. 1991; Taylor et al. 1996; Garnett et al.
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2004). Inhibition may involve direct toxicity to plants, complexing of phenolics with nutrient-bearing proteins, or suppression
of soil microbiota that play a key role in plant nutrient acquisition (Kuiters 1990; Hättenschwiler & Vitousek 2000). Plants,
as well as other organisms, produce the enzyme polyphenol oxidase (PPO) in the presence of phenolics and when exposed to
stresses such as herbivore damage (Appel 1993). Presumably,
the enzyme confers a protective effect on plants, although the
specific functions and mechanisms are not completely known
(Mayer 2006; Constabel & Barbehenn 2008). However, it is
clear that PPO activity is oxygen limited and that its ability to
transform phenolic compounds facilitates the activity of other
enzymes that are important to the decomposition of soil organic
matter and plant acquisition of nutrients (Freeman et al. 2001).
We investigated how chipped conifer wood and bark affect
wetland plant growth via their effects on soil compaction and
the concentration of leached phenolics. Our hypotheses were
(1) wetland plant growth will be negatively correlated to soil
compaction, (2) the addition of chipped conifer trees (a mixture
of wood and bark) will reduce soil compaction, and (3) phenolic compounds leached from chipped wood and bark (tested
separately) will inhibit wetland plant growth and stimulate PPO
production.

Methods
Soil Compaction and Plant Growth at Halstead Meadow

At Halstead Meadow in Sequoia National Park during September 2007 a large erosion gully 330 m long, up to 6 m deep,
and 30 m wide was filled with 6,100 m3 of off-site stockpiled
local mineral soil with no organic matter amendment. Heavy
machinery transported, placed, and contoured the soil, recreating the pre-gully level-in-cross-section meadow surface and
restoring sheet flow hydrology (Wolf & Cooper 2011).
In June 2008, the gully fill soil was planted at a density of four
plants per square meter with 37,300 three-month-old seedlings
of a native rhizomatous bulrush, Scirpus microcarpus J. Presl
& C. Presl (panicled bulrush). In September 2009, after two
growing seasons, we measured soil compaction and plant size
in a spatially stratified random sample of 110 plants within the
planted fill. At each measurement location plant height, plant
width, and soil compaction were measured. Plant height was
measured as the vertical distance from the ground surface to the
top of the tallest leaf. Plant width was the maximum clone diameter, measured as the longest horizontal distance at ground level
between ramets of each seedling. Soil compaction was measured using a soil penetrometer (FieldScout SC900; Spectrum
Technologies; Aurora, IL, U.S.A.). Compaction readings were
averaged between three measurement points within the growth
radius of each plant, and within each single point through the top
20 cm of soil depth penetrated. Soil compaction is expressed as
the average resistance to penetration pressure, in megapascals
(MPa), within this sampled volume. Hereafter, all instances of
“soil compaction” refer to this measure of resistance to penetration pressure.

Restoration Ecology

Wood chips affect wetland plant growth

Similar measurements were made at 14 random Scirpus
microcarpus-dominated natural wetland reference locations of
Halstead Meadow that had not been drained by the erosion
gully and were not filled, compacted, or planted as part of the
restoration. Width measurements of S. microcarpus plants in
the reference locations were not possible because genets had
merged and individuals could not be distinguished.
Soil Compaction and Wood Chip Amendments in a Test Trench

We tested the effect of wood chip amendments on soil compaction in a grid of 24 soil cells, each 1.2 m by 1.2 m and 0.9 m
deep (1.3 m3 in volume), within a trench dug 0.9 m deep, 4 m
wide, and 21 m long. Wood with bark was chipped on-site
in Sequoia National Park from a mixture of conifer tree
species including Abies concolor, Pinus lambertiana, Calocedrus decurrens, Pinus jeffreyi, Abies magnifica, and Pinus contorta. Approximately half of the volume was composed of chips
1–6 cm in length, and the other half were particles less than
1 cm long.
The trench was divided into four replicates of six cells
each along the long axis. Wood chips were added to native
sandy-silt mineral soil at six levels: 0.00, 0.05, 0.15, 0.30, 0.50,
and 0.75 cm3 /cm3 . The treatments were applied to randomly
selected cells in each of the four replicated sections of trench.
Prior to filling with soil, the bottom and sides of the trench
were lined with a water-impermeable pond barrier to maintain
saturated soil conditions in the trench. The volume of chips
for each treatment cell was measured using graduated buckets. Cells were filled using 1.2 m × 1.2 m × 0.3 m plywood
forms with mineral soil placed in them by a backhoe and the
wood chips added and mixed using hand tools. A 0.3-m wide
buffer of unamended mineral soil was placed around each cell.
The buffer provided space to walk and prevented direct hydrologic and compression interaction between treatments. The soil
within all treatment cells and buffers was wetted and compacted
evenly using a jumping jack plate-rammer (Wacker Neuson DS
72Y, Munich, Germany). The test cells within the trench were
irrigated regularly to maintain saturated soil conditions. Two
months after construction soil compaction in the top 20 cm was
measured and averaged at five points within each test cell using
the soil penetrometer.
Phenolics, Plant Growth, and PPO Production in a Greenhouse
Experiment

A 16-day greenhouse phytometer experiment was conducted
to measure the effect of phenolics on plant growth. We use
the term “phenolics” to include total soluble phenolics, not
including insoluble compounds such as lignin (Waterman &
Mole 1994). We grew 72 Scirpus microcarpus seedlings to
serve as phytometers (Clements & Goldsmith 1924; Dietrich
et al. 2013). Seeds collected in Halstead Meadow were germinated and hydroponically grown for 4 weeks in a 1% Hoagland
nutrient solution (Hoagland & Arnon 1950). The 4-week-old
plants were weighed live at the start of the experiment, and
a size-stratified random sample of 12 plants was removed for
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destructive measurement of initial aboveground and belowground dry biomass. The remaining 60 size-stratified plants
served as the phytometers and were each placed in a sponge
stopper with their roots suspended in an opaque Erlenmeyer
flask. Each phytometer was randomly assigned to one of six
treatments, 10 plants per treatment: (1) deionized (DI) water,
(2) 10% Hoagland nutrient solution, (3) wood leachate, (4)
wood leachate with 10% Hoagland nutrient solution, (5) bark
leachate, and (6) bark leachate with 10% Hoagland nutrient
solution.
Each phytometer flask was filled to the same mark daily with
DI water to prevent desiccation and concentration of leachate
or nutrients. Flasks were shaken for 30 seconds daily to prevent root hypoxia. The phytometer experiment lasted 16 days
following initiation of the treatments, after which the plants
were separated into above- and belowground parts, dried, and
weighed.
Separate batches of wood-only chips and bark-only chips of
the same Sierra Nevada mixed conifer tree species used in the
experimental trench (see above) were soaked in water to create
wood and bark leachates. The wood and bark were oven dried
and 1.75 kg each were separately submerged in 14 L DI water
for 6 days at 20∘ C. The leachate liquids were poured through a
0.152-mm screen to remove solids prior to use as phytometer
treatments.
A small area of the Halstead Meadow restoration was
repaired in late fall of 2009 with fill that contained 0.30 cm3 /cm3
mixed wood and bark chips. The following year four interstitial
soil water samples were collected from this repaired area at
20 cm depth to quantify phenolics concentration from wood
and bark amended fill in a field setting. Note that most of the
restored area of Halstead Meadow, where transplant height
and width were compared to soil compaction, contained no
wood/bark chips in the fill.
The phenolics concentrations of the wood and bark lab
leachates and Halstead field samples were determined using
the Folin–Ciocalteau method (Singleton & Rossi 1965; Yu &
Dahlgren 2000) with p-coumaric acid standards. Phenolics concentrations are expressed as p-coumaric acid equivalent mass
per volume (mg/L).
The PPO activity of each phytometer was determined from
two approximately 2-cm long clippings (with intact side roots
and hairs) from the middle of two separate randomly selected
roots. The root pieces were collected from the plants at the end
of the 16-day treatment, rinsed with DI, and placed into 20 mL
of 10 mM L-DOPA substrate solution with 25 mM MES buffer
and shaken for 15 minutes. The liquid was spectrophotometrically analyzed for absorbance at 475 nm in a 4-cm path-length
cell. Using the Beer–Lambert law and an empirically derived
value for the molar attenuation coefficient (3,600 * M−1 * cm−1 ;
Muñoz et al. 2006), we converted measured absorbance values to molar concentrations of dopachrome, the PPO-catalyzed
oxidation product of L-DOPA. After analysis of PPO activity,
the root sections were scanned for total root length, including all side roots and hairs (WinRHIZO, Regent Instruments,
Quebec, CA, U.S.A.). PPO activity is expressed as the molar
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The correlations between Halstead Meadow soil compaction
and transplant width and height and between wood chip volume
added in the test trench and soil compaction were analyzed using
linear regression.
Phytometer treatment effects on plant growth and PPO activity were evaluated by multiple linear regression. Using multimodel selection (library “glmulti,” Calcagno 2013) in R 3.4.0
(R Core Team 2017) we exhaustively evaluated all possible permutations of models with the explanatory variables of (1) phenolics treatment concentration (three levels), (2) nutrient addition treatment (two levels), (3) initial fresh plant mass, and (4)
the ratio of above- to belowground dry plant biomass. We also
included the six possible two-way interactions of these four variables, for a total of 10 model terms and an intercept. The four
primary variables were evaluated for multicollinearity by calculating their variance inflation factors (VIF, library “usdm”
in R, Naimi 2015), and all were found to have VIF less than
2 and were appropriate to use together in the models. Homogeneity of variance across levels of tested variables was confirmed by examining plots of model residuals. All variances
were well within a four-factor similarity and were considered homogeneous (Zuur et al. 2010). Plots of each parameter were visually examined for outliers, but none were found.
Models were ranked by Akaike information criterion corrected
(AICc) and single model terms were deleted to find the simplest
AICc-equivalent (within 2 AICc of the minimum) best model.
Using leave-one-out cross validation (library “boot” in R, Canty
& Ripley 2017), we estimated the prediction error for the best
model. Partial-residual plots (library “visreg” in R, Breheny &
Burchett 2017) were constructed to isolate and visualize important and interacting effects of the best models. Effects of modeled explanatory variables not shown in partial residual plots are
already accounted for, removing their influence on the patterns
in the plotted data. All confidence intervals (CI) for modeled
parameters are reported at the 95% level.
Results
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Figure 1. Soil compaction in Halstead Meadow was significantly
correlated with the height (red triangles, solid trend line) and width (green
circles, dashed trend line) of 110 Scirpus microcarpus transplants. The soil
compaction and maximum height (blue triangles) for 14 plants within
nonfilled and noncompacted natural reference areas are shown but not
included in the regression analysis.
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Figure 2. Soil compaction at different treatment levels (four replicates
each of six levels) of chipped wood with bark additions in a test trench
(red circles), compared to the average and range of compaction and soil
organic content of the nonfilled and noncompacted natural reference areas
in Halstead Meadow (blue circle with bars). Black line shows the linear
regression of the test trench data, with 95% confidence intervals.

Soil Compaction and Plant Growth at Halstead Meadow

Soil compaction within the top 20 cm of the fill at Scirpus microcarpus plantings ranged from 0.74 to 4.50 MPa, with a mean
of 2.36 MPa (n = 110). Compaction in the intact natural wetland reference areas ranged from 0.13 to 0.64 MPa, with a mean
of 0.39 MPa (n = 14). All compaction measurements in the fill
exceeded all measures in the reference areas. Height and width
of the transplants were each significantly (p ≪ 0.0001) negatively correlated with soil compaction, with linear regression
intercepts of 62.0 and 65.1, slopes of −9.77 and −11.90, and
adjusted-r2 of 0.353 and 0.366, respectively (Fig. 1). After two
growing seasons the tallest transplant in the fill (90 cm) was
1 cm shorter than the shortest measured plant in the unfilled reference area (91 cm).
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Soil Compaction and Wood Chip Amendments in a Test Trench

We found a significant negative correlation between the proportional volume of added wood chips and soil compaction
in the test trench (p ≪ 0.0001). The estimated linear regression
parameters were: y-intercept of 2.624 MPa and a slope of
−0.174 MPa per 0.1 cm3 /cm3 addition of wood chips, with
an adjusted-r2 of 0.743 (Fig. 2). At the highest concentration of wood chips tested, 0.75 cm3 /cm3 , the average soil
compaction in the trench (1.40 MPa) was more than three
times higher than the average Halstead Meadow reference
site (0.391 MPa), which was never mechanically compacted
and where the average volumetric organic matter content
was 0.64 cm3 /cm3 .
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Table 1. Parameters and statistics for the best phytomter proportional-growth and PPO-activity models.
Proportional growth
Best-model terms

Intercept
Phenolics
Phenolics: initial mass
Phenolics: nutrients

PPO activity

Parameter estimate

p value

0.664900
−0.004828
0.000074
0.002055

0.000000
0.000001
0.035340
0.005250

Best-model terms

Intercept
Nutrients
Nutrients: initial mass
Phenolics: nutrients
Phenolics: shoot-root ratio
Phenolics: initial mass

Full-model p value
0.000001
0.396800
Adjusted r2
Cross-validated prediction error 0.116200

1.5

The concentration of phenolics leached from wood-only chips
in the lab was similar to field samples, while lab bark-only
leachate contained much higher phenolics levels. The phenolics
concentration in soaked wood chip leachate was 11.6 mg/L
and the concentration in bark leachate was 210.6 mg/L. These
are the two leachates that were applied as phenolics treatments
in the phytometer experiment. The four Halstead Meadow field
samples of interstitial water from soil with 0.30 cm3 /cm3 mixed
wood and bark chips yielded phenolics concentrations ranging
from 0.8 to 6.5 mg/L (mean: 3.5 mg/L).
Both the phenolics and nutrient treatments significantly
affected phytometer growth. The phytometer proportional
growth model with the lowest AICc contained three terms:
phenolics concentration, interaction of phenolics with initial
plant mass, and interaction of phenolics with nutrient addition treatment (Table 1). No other AICc-equivalent models
contained fewer terms, so we selected this as the best model.
The phenolics effect on proportional plant growth was contingent on both the initial plant mass and the nutrient addition
treatment.
At the lowest two phenolics treatment levels (0 and 12 mg/L),
initial plant mass did not significantly change proportional
growth (Fig. 3). At the highest level (211 mg/L), however,
plants that were initially smaller grew proportionally less. The
estimated linear regression parameters for the partial residuals
of the high-phenol treatment were: y-intercept of −0.3518
proportional growth and a slope of 0.0165 proportional growth
per gram of initial live plant mass. For every additional gram of
initial plant mass, proportional growth was 1.65% greater. The
predicted proportional growth was negative for plants grown in
the high phenol treatment with an initial mass less than 21.4 g.
Initial plant mass ranged from 3.4 to 45.5 g, with an average of
18.2 g.
At the lowest two phenolics levels, the presence or
absence of nutrients did not significantly affect modeled
proportional growth, which ranged from 62 to 66% (CI
range: 52–77%) of initial mass (Fig. 4). However, at the
highest phenolics level (211 mg/L) with no nutrients added,
plants lost 10% of their initial mass (CI: −31–11%), while

1.0
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Δ plant mass
Initial plant mass

Phenolics, Plant Growth, and PPO Production in a Greenhouse
Experiment

Parameter estimate

p value

0.046080
−0.047190
0.001720
0.000187
0.000101
−0.000013
Full-model p value
Adjusted r2
Cross-validated prediction error

0.000000
0.004190
0.003390
0.020520
0.000009
0.003470
0.000000
0.493400
0.001389

0.5
0.0
Phenolics conc. (mg/L)
0
12
211

−0.5
−1.0
0
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Figure 3. Partial-residual plot of the best model for proportional plant
growth. The different effects of the three levels of phenolics (red, green,
blue) on the relationship between initial plant mass (x-axis) and
proportional growth (y-axis) are shown. Solid colored lines depict linear
regression model and shaded 95% confidence intervals with
corresponding-color partial residual points.

plants with added nutrients gained 33% of their initial mass
(CI: 13–54%).
As in the growth model, the phenolics and nutrient treatments
both significantly affected PPO production. The PPO model
with the lowest AICc contained five terms: nutrient addition
treatment, and the following four interactions: Nutrients with
initial mass, nutrients with phenolics, phenolics with aboveground/belowground mass ratio, and phenolics with initial mass
(Table 1). All other AICc-equivalent models contained more
terms, so we selected this as the best model. The phenolics
treatment effect on PPO production was contingent on the
presence or absence of nutrients (Fig. 5). At the 211 mg/L
phenolics level, PPO activity was significantly lower in the
no nutrients treatment (0.064, CI: 0.038–0.089) compared
with the nutrients-added treatment (0.010, CI: 0.079–0.120).
Conversely, the two lower phenolics levels (0 and 12 mg/L)
had significantly higher PPO activity in the no-nutrients treatment (0 mg/L = 0.049, CI: 0.034–0.064; 12 mg/L = 0.050,
CI: 0.036–0.064) compared with the nutrients-added
treatment (0 mg/L = 0.028, CI: 0.012–0.043; 12 mg/L = 0.032,
CI: 0.017–0.046).
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Δ plant mass

Initial plant mass

1.5

Phenolics conc. (mg/L)
0
12
211

1.0
0.5
0.0
−0.5
No nutrients

Nutrients added

PPO activity
(μM dopachrome * min-1 * cm-1)

Figure 4. Partial-residual plot showing the interacting effect of phenolics
concentration level (red, green, blue) and nutrient addition (x-axis) on
proportional plant growth (y-axis). There is no growth difference at the
two lower phenolics levels (red and green), but at the highest level (blue,
211 mg/L), plants growing with no nutrients lost mass, while those growing
in a nutrient solution maintained significantly higher positive growth. Solid
colored lines show modeled values, with shaded color 95% confidence
intervals. Note: The horizontal spread of data points within each nutrient
category is solely for visual clarity and conveys no information.

0.20
0.15

Phenolics conc. (mg/L)
0
12
211

0.10
0.05
0.00

No nutrients

Nutrients added

Figure 5. Partial-residual plot showing the interacting effect of phenolics
concentration level (red, green, blue) and nutrient addition (x-axis) on
polyphenol oxidase activity (y-axis). With no nutrients all levels of
phenolics have similar PPO activity. In the nutrients-added treatment the
highest phenolics level (211 mg/L) has significantly higher PPO activity,
and the two lowest phenolics levels have significantly lower PPO activity.
Solid colored lines show modeled values, with shaded color 95%
confidence intervals. Note: The horizontal spread of data points within
each nutrient category is solely for visual clarity and conveys no
information.

Discussion
Despite the restoration of wetland sheet-flow hydrology and soil
saturation at Halstead Meadow (Wolf & Cooper 2011), plant
width expansion by belowground rhizomatous spread and
aboveground growth in leaf height of the wetland sedge Scirpus
microcarpus were reduced by soil compaction. Because this
species thrives in anoxic soil conditions in the reference area
and throughout its range, it is unlikely that a compaction-related
reduction in soil aeration negatively affected growth. Rather, it
is probable that the compaction produced a physical impediment
to root and rhizome spread (Kirby & Bengough 2002; Hamza
& Anderson 2005). This study showed that S. microcarpus
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seedlings were stunted by 1.0–4.5 MPa of soil compaction
produced by heavy equipment in wetland gully fill restoration.
Rapidly establishing dense wetland plant cover on bare sloping soil is essential for preventing reformation of erosion gullies.
We demonstrated that plants grew faster in less compact soil and
our test trench illustrated that mineral soil amended with wood
chips was less compacted than unamended soil. If the inorganic
fill used in Halstead Meadow had been amended with a volume
of wood chips matching the organic matter content of the reference area (0.64 cm3 /cm3 ), we project the average compaction
would have been reduced by 1.11 MPa, based on the test trench
regression slope. This reduced compaction would be predicted
to increase individual plant width by 13.2 cm after two growing seasons, based on the linear regression of Halstead Meadow
transplant data. The average width of 2-year-old S. microcarpus
plantings in Halstead Meadow was 37.0 cm. A 13.2 cm increase
in average plant width would have approximately doubled the
area vegetated by S. microcarpus, from 1,075 to 1,980 cm2 per
plant, increasing total areal cover from 43 to 79%.
Rhizomatous sedges, such as the planted S. microcarpus,
grow dense belowground root and rhizome networks (Manning
et al. 1989; Kauffman et al. 2004) that are critical for stabilizing
soil in sloping sites like Halstead Meadow that receive overland
flow (Simon & Collison 2002; Quistberg & Stringham 2010).
In addition to the soil-binding properties of belowground plant
parts, sedges with long leaves and stems trap more sediment than
short individuals (Clary et al. 1996). Both plant root and shoot
density are positively correlated with soil shear strength and erosion resistance (Dunaway et al. 1994; Micheli & Kirchner 2002;
Yildiz et al. 2018). The addition of wood chips reduces soil compaction, which should shorten the time to establishment of a
dense sedge community and lessen the risk of gully formation
and project failure.
This study demonstrated that the leachate of Sierra Nevada
mixed conifer bark contains approximately 20 times higher
phenolics concentration than similarly prepared wood-only
leachate. High levels of phenolics (211 mg/L) inhibited S.
microcarpus growth; this growth inhibition was more pronounced in nutrient-limited conditions and in smaller individuals. However, such a high concentration of phenolics is atypical
of field conditions. The highest concentration phenolics treatment (211 mg/L) was about 60 times greater than field-measured
values (ave. 3.5 mg/L) in Halstead Meadow and about 7 times
higher than a leachate pond (30 mg/L) at an aspen logging operation in Canada (Taylor et al. 1996). The lower concentration of
phenolics (12 mg/L) typical of field conditions did not significantly affect plant growth in our experiments. But site-specific
topography and hydrology could result in areas of stagnant
water with elevated phenolics concentrations, especially if significant amounts of conifer bark are present.
Our greenhouse phytometer study illustrated that plants
in nutrient-rich conditions modulated their PPO production
according to phenolics concentration, whereas plants grown
without nutrients produce a similar level of PPO regardless of
phenolics concentration. The nutrient-limited ability to adjust
PPO production corresponds to different growth rates at high
phenolics concentrations between nutrient treatments. The
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nutrient status of wetlands will be an important determinant in
how plants respond to increased concentrations of phenolics.
The majority of meadows in the Sierra Nevada have very low
dissolved ion and nutrient concentrations due to the dominance
of silica-rich low-metal-content granodiorite bedrock (Wolf &
Cooper 2015). Low nutrient status can lead to higher in-situ
production of phenolics by wetland plants (Rejmánková 2016).
Additionally, the presence of phenolics deactivates hydrolytic
enzymes that break down soil organic matter (Ximenes et al.
2011), an important source of plant nutrients. High levels of
dissolved phenolics can limit access to plant-available nutrients.
Our results indicate that avoiding pure bark soil amendments
and minimizing the bark content of mixed wood/bark chips can
reduce the risk of phenolics inhibiting plant growth. An additional safeguard against plant growth inhibition is to transplant
large individuals, which we show are less prone to stunting, into
areas that may contain high levels of phenolics.
Other important considerations when deciding whether to
amend fill soil with wood chips are their rate of decomposition
and their buoyancy. Perennially saturated soil conditions, such
as those in Halstead Meadow, create soil hypoxia and slow rates
of wood chip decomposition. A fluctuating water table that leads
to unsaturated soil and the presence of oxygen results in more
rapid decomposition of soil organic matter (Chimner & Cooper
2003; Schimelpfenig et al. 2014). Significant decomposition of
wood chips could lead to a loss of soil volume and settling of the
fill. This could create a topographic low point that concentrates
water, potentially leading to reformation of an erosion gully.
Because wood floats, chips should not be placed directly on the
surface but should be buried under a shallow layer of mineral
fill and/or erosion blanket.
In addition to reducing compaction, soil organic matter
increases water holding (Hudson 1994; Saxton & Rawls 2006;
Ankenbauer & Loheide II 2017) and nutrient exchange capacity
(van Erp et al. 2001). Therefore, amending mineral soil to match
the organic matter content of local native wetland soil should
have ecological benefits beyond reduced compaction. Incorporating wood chips into gully fill is also likely to have financial
benefits. The transportation of large quantities of heavy mineral
soil is expensive, accounting for roughly one-quarter of the total
$480K Halstead project cost. Many areas in the Sierra Nevada
and other mountain regions of the world are subject to forest
thinning to reduce fire risk and severity (Safford et al. 2012).
Using chipped waste wood to improve meadow restoration outcomes could prove economical where fuels treatments or hazard
tree removal areas are close to gullied meadows.
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