Biochar and woodchip amendments alter restoration outcomes, microbial processes, and soil moisture
in a simulated semi-arid ecosystem
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Amendments, such as woodchips or biochar, may improve success of arid and semi-arid wildland
revegetation limited by unpredictable and insufficient rainfall as well as low soil water holding capacity.
In an 116-day greenhouse experiment simulating a nearby savannah, response to four amendment
treatments (no treatment, incorporated biochar, incorporated woodchips, and surface woodchips) was
tested across two field soils (Chiricahua, Hathaway) and four simulated precipitation treatments (100%,
80%, 60%, and 40% of average), in a replicated design. Soil type, amendment treatments, and simulated
precipitation all had significant (p < 0.01) effects on aboveground biomass. The surface woodchip
treatment averaged the highest biomass production of the amendment treatments (489 kg/ha) and the
incorporated woodchips had the lowest (298 kg/ha). Aboveground biomass decreased with decreasing
precipitation (533, 468, 350, 216 kg/ha respectively). Biochar amended soils averaged 5 to 10% higher
volumetric water content than the woodchip amendments and controls through a 28-day dry down.
Microbial nitrogen and phosphorous acquiring activities were higher in Hathaway soils while carbon
activities were higher in Chiricahua soils. The surface woodchip treatment resulted in a different species
composition than the other amendment and control treatments (p < 0.01). None of the amendment
treatments ameliorated low precipitation conditions for plants. Contrary to expectations, carbon and
phosphorous exoenzyme activities were highest in the lower precipitation treatments (60% and 40%)
and nitrogen exoenzyme activities remained high in Hathaway soils regardless of precipitation. Surface
application of woodchips increased vegetation as well as carbon and phosphorous exoenzyme activities
while incorporating woodchips suppressed vegetation.
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Implications for practice
A thin layer of woodchips on the surface resulted in higher plant density and greater plant growth as
well as supported high C and P exoenzyme activities. If woodchips can be readily sourced on site, this
practice can enhance vegetation establishment.
Biochar had a neutral effect on revegetation but increased soil water retention and potentially soil
carbon storage which seems likely to be a long-term benefit to restoration.
Incorporating woodchips into the soil greatly suppressed vegetation and is not recommended as a
restoration practice in this ecosystem.
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Introduction
Nearly 10% of the earth’s land surface consists of degraded drylands (arid and semi-arid systems) and
dryland restoration remains a worldwide priority (FAO 2015). As a primary characteristic of this land
type, water limits revegetation (Duniway et al. 2018). During periods with adequate rainfall,
revegetation success can occur without needing practices to conserve soil moisture (Fehmi et al. 2014).
During periods with rainfall amounts at the lower threshold of plant tolerance, revegetation practices,
such as soil amendments have been thought to augment revegetation success (Hueso-González et al.
2018), although there remain many uncertainties in assessing potential revegetation advantages. The
decision to use a soil amendment can depend not only on its efficacy, but also on the availability and
cost of the amendment material.
Arid and semi-arid former grasslands have been broadly encroached by woody species (Stevens
et al. 2017). Site improvement or revegetation projects on these lands result in large amounts of the
removed woody material (Redmond et al. 2014). This wood waste represents an ideal source material
for a soil amendment to aid revegetation because it is already on site, which limits purchase and hauling
costs (Sasatani & Eastin 2018). On-site sourced amendment applications can include chipping the
woody material and either applying the chips on the soil surface or incorporating them into the soil
through tilling (Benigno et al. 2013). A re-emerging use of woody material is to pyrolyze it into biochar
and incorporate it into the soil (Kerre et al. 2016; Blanco-Canqui 2017). These amendments may have
the additional advantage of storing carbon in the soil, which may prove to be critical for stabilizing
atmospheric CO2 concentrations (Jackson et al. 2017).
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The surface application of wood waste (chipped/ground woody material) derived from the
application site should have impacts similar to other mulches and plant litter on revegetation
(Robichaud et al. 2013). While thick layers of mulch or litter tend to suppress plant growth, thinner
layers have been shown to increase seedling establishment (Hovstad & Ohlson 2008; Breton et al. 2016)
which is most often attributed to the combination of decreased surface temperature and decreased
evaporation (e.g. Price et al. 1998). Surface application of any mulch during revegetation can change the
species composition through the widely varying positive or negative effects of mulch/litter on
germination and establishment of the individual species (Loydi et al. 2013). Surface application of
woodchips appears to have the additional advantage that woodchips are resistant to decay and less
likely to blow away in windy, dry conditions relative to other mulches such as straw (Throop & Belnap
2019).
Incorporating the chipped wood may increase soil moisture through infiltration, absorption, and
release (Belden et al. 1990; Benigno et al. 2013), but it also may decrease soil moisture by making a soil
excessively well-drained and thereby decreasing moisture retention (Gebhardt et al. 2017). The effect
of incorporated woodchips is thought to be relatively long lasting because the woodchips will be
somewhat resistant to decay in the soil due to their size and high C:N values (Ofosu-Asiedu & Smith
1973). Woodchip amendments may also result in carbon sinks lasting 30 years or more (Ryals et al.
2015). As the woodchips decay, the soil biotic community may bind-up the nutrients, such as N, needed
for vegetation establishment and or growth (Gebhardt et al. 2017).
Biochar has been shown to generally increase soil water retention and plant-available water in
about 90% of soils (reviewed in Blanco-Canqui 2017). The addition of biochar can also address soil
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nutrient deficiencies (Gebhardt et al. 2017) by increasing nutrient holding capacity as well as microbial
community abundance and diversity (Lehmann et al. 2011). However, biochar may also have a negative
effect on revegetation because the nutrients it stores are absorbed from decaying organic matter in soil
(sorption of organic matter on the biochar surface) and limit plant availability (Lehmann et al. 2011;
Artiola et al. 2012). This temporary reduction in macro- and micro-nutrients may reduce plant
establishment, but this effect may be concentrated in a species-specific way with grasses often more
affected, both positively and negatively, than forbs (Eschen et al. 2006; Adams et al. 2013). While the
addition of any soil amendment will affect a range of soil processes (Ramlow et al. 2018), the critical
information from a management perspective is the impact on revegetation.
The primary desired effect of soil amendments in arid and semiarid systems is to improve
revegetation success in years where the rainfall would otherwise be inadequate, and to promote plant
growth. The objective of this study was to quantify native vegetation establishment and growth
responses, as well as microbial exoenzyme activities, to various woody amendment treatments,
including surface and incorporated woodchips and incorporated biochar, under a range of precipitation
scenarios. We hypothesized that, by retaining moisture near the soil surface, surface woodchips would
increase vegetation establishment (density) but not necessarily aboveground biomass and that the
positive effect of surface woodchips on establishment would increase with decreasing simulated
precipitation. We hypothesized that biochar, through its effect on soil water availability and dissolved
nutrients, would improve aboveground biomass and that the positive effect on plant biomass should be
proportionally greater with decreasing simulated precipitation. We hypothesized that effects of
incorporated woodchips on vegetation would interact across soils with different water holding
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capacities. Finally, we hypothesized that potential microbial exoenzyme activities would decrease with
decreasing precipitation and remain lower in soils with lower water holding capacities.

Methods
The greenhouse experiment included two field soils (Chiricahua and Hathaway), four simulated
precipitation treatments (100%, 80%, 60%, and 40% of average), four amendment treatments (no
treatment, incorporated biochar, incorporated woodchips, surface woodchips) with 4 replications of
each in a factorial randomized complete block design for a total of 160 pots. The greenhouse
(32°16’51.77”N, 110°56’13.14”W, 720 m asl) was set up to simulate a nearby field site (31°49’20.48” N
110° 44’03.62” W; 1501 m asl, 35 °C ± 2 °C max temp; night not controlled) comparable to Fehmi and
Kong (2012). Our greenhouse would be expected to have difficulty matching a field site’s atmospheric
conditions, seed predation, herbivory, and disturbance regimes. A greenhouse offers a viable solution to
looking at the potential effects of reduced precipitation across a replicated, factorial array of treatments
which would have been prohibitively difficult/expensive to arrange at larger scales on a field site. The
greenhouse experiment described here was paired with a field experiment using the same soils and
amendment treatments (Espinosa et al. in review) which allows expanded inference beyond a controlled
environment.
In late March 2013, the two common soil series: Chiricahua (source 31°50’34.30” N
110°45’05.96” W; 1616 m asl) and Hathaway (source 31°49’20.48” N 110° 44’03.62” W; 1501 m asl)
were excavated as a mix of topsoil and the materials within 1.75 m of the surface. This depth mix was
intended to match expected conditions after disturbance. These soils were chosen because they were
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common and different (Table 1) despite the sources being less than 3 km apart. The soils are classified as
Ustic Haplargid and Aridic Calciustolls, respectively (Soil Survey Staff 2014; Rasmussen et al. 2015). The
Chiricahua had the appearance of a red gravel and was excessively well drained compared to the
Hathaway. Both soils support visually similar, grass-dominated sparse woodland vegetation typical for
the region.
Whole green Juniperus monosperma trees (source 31°49’20.48” N 110° 44’03.62” W; 1501 m asl
– source site for the Hathaway soil) were cut and chipped on 14 June 2013 with a Vermeer BC600XL 6”
Brush chipper (Pella, Iowa, USA). The particle sizes of the chips varied widely, with much being course
sawdust of about 0.5 cm to a maximum fragments size of about 7.5 x 1 cm. The woodchips passed a 2.5
cm sieve and were 37% 2.2 to 1 cm, 35% 1 to 0.4 cm, and 29% < 0.4 cm. The incorporated woodchip
treatment added 805.5 g per 22 kg pot of Chiricahua and 635.5 g per 17 kg pot of Hathaway which was
at a ratio of 4% air-dry woodchips by weight. At the time of application, the woodchips were about
10.5% water by weight compared to woodchips air dried for 6 months. The incorporated biochar weight
added 900 g per 22 kg pot of Chiricahua and 710 g per 17 kg pot of Hathaway. The Biochar was Charcoal
Green® Pure Biochar - Mixed Hardwood 0.6-2.5 cm coarse biochar (Crawford, NE, USA). Coarse biochar
was chosen to limit dust emissions during soil mixing. During experimental setup, one pot that was
supposed to have incorporated wood was instead not amended resulting in 39 pots with incorporated
wood and 41 pots with no amendment. The amendments were mixed into the soil with a concrete
mixer and then placed in the pots. The surface woodchip treatment used 100 g of green woodchips.
This resulted in a single thin layer of woodchips covering approximately 80% of the soil surface.
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One hundred seeds of species native to the soil-source location were planted per pot:
Bouteloua curtipendula (Sideoats grama, 14%), Bouteloua gracilis (Blue grama, 14%), Digitaria
californica (Arizona cottontop, 14%), Hilaria belangeri (Curly mesquite, 14%), Leptochloa dubia (Green
sprangletop, 14%), Eragrostis intermedia (Plains lovegrass, 14%), Elymus elymoides (Bottlebrush
squirreltail, 3%), Eschscholzia californica ssp. Mexicana (Mexican gold poppy, 8%), Baileya multiradiata
(Desert marigold, 4%), and Calliandra eriophylla (Fairy duster, 1%). These species are commonly found
on these soils at the source sites with approximately this same ratio of grasses to forbs. The system is
dominated by initial floristics (Egler 1954) where the initially occurring species generally dominate the
plant community over long periods. Seeds were purchased from a commercial seed vendor and visually
sorted to exclude damaged or broken seed. Seeds were surface broadcast by hand. The surface
woodchip treatment was applied after seeding.
Watering began 21 June 2013 when every 15-L pot (30-cm surface diameter) was given 919.5 ml
for each of three days. After this initial setup the watering schedule was every third day. Four
treatments included: 40% of average rainfall pots (196.16 ml), 60% of average (294.24 ml), 80% of
average (392.32 ml), and 100% of average rainfall (490.4 ml) every third day. Average rainfall was
calculated on the monsoon share of 320 mm annual precipitation (Fehmi and Kong 2012 but for
precipitation patterns see Fehmi et al. 2014). Watering varied by approximately 10% due to the C-frame
down spray emitters selected to best simulate the distribution of rainfall across the surface of the pot.
An audit after watering had begun determined that 3 pots supposed to be in the 80% treatment were
instead in the 40% treatment resulting in 43 pots in 40%, 40 in 60%, 37 in 80% and 40 in 100% of
average. Number of individuals (density) of all plant species in each pot was counted on 16 Sep 2013.
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Watering ended 17 Sep 2013 after 88 days. All vegetation was clipped to 1 cm on 24 Aug 2013 to
prevent shading of adjacent pots. Pots were clipped to the soil surface on 24 Sep 2013 and again on 11
Oct 2013 to ensure collection of any biomass that grew back. Biomass was separated by species, dried at
70 C for at least 48 hours, and weighed.
Volumetric soil water content was measured with a FieldScout TDR 100 Soil Moisture Meter
(Spectrum Technologies Inc. Plainfield IL USA) with 10-cm probes. Soil water was measured on 17, 18,
19, 20, 21, 22, 23, 26, Sep and 1, 5, 8, 11, 15 Oct 2013 to capture the dry down at the end of the
experiment. The Volumetric Water Content (VWC) data was analyzed for differences between the
amendment treatments (effect size) as a linear model. The aboveground biomass effect was estimated
but was not included as a covariate in the final model to account for transpiration losses because it is
entirely confounded with the amendment treatment beyond easy interpretation. Only VWC data from
the 80% and 100% rainfall simulation treatments were used for analysis because the analytical goal was
to evaluate the decay function as the pots dried and the signal would be substantially noisier if pots
already nearly dry at the beginning were included. A natural log transformation made the VWC
approximately normally distributed and consistent with the expected exponential decay model similar
to Kurc and Small (2004). Model terms were accepted if their estimate was more than two standard
error from zero and terms were considered significantly different if their estimates were more than two
standard errors apart, similar to Rondinelli et al. (2015).
On 20 Sep 2013, soils were collected from the top 5 cm of each pot and stored on ice during
transport. Then, they were sieved (2 mm) and stored at 4°C until analysis. A supernatant of field moist
soil and deionized water in a 1:2 ratio was used to determine soil pH. To estimate potential for carbon
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(C), nitrogen (N), and phosphorous (P) cycling, soils were analyzed for seven hydrolytic potential
exoenzyme activities (β-Glucosidase (BG), β-D-cellubiosidase (CB), α-Glucosidase (AG), β-xylosidase
(XYL), leucine aminopepsidase (LAP), N-acetyl-β-Glucosaminidase (NAG), and Phosphatase (PHOS)) using
the 96-well plate fluorimetric technique following Gebhardt et al. (2017) modified from (Saiya-Cork et al.
2002; Steinweg et al. 2013; Steinauer et al. 2015). Values for C exoenzyme activities were analyzed as
the sum of BG, CB, AG, and XYL. Values for N exoenzyme activities were analyzed as the sum of LAP and
NAG. Microbial exoenzymes indicate microbial nutrient demand as a product of woodchip and biochar
(and all organic matter) decomposition (Sinsabaugh et al. 2008). Because microbial nutrient demand is
directly tied to environmental nutrient availability, analysis of exoenzymes offers mechanistic insight
into the nutrient availability for plant growth (Sinsabaugh et al. 2008).
Biomass, exoenzyme activity, and plant density data were transformed for normality (square
root, natural log, and no transform, respectively), if needed based on a Shapiro–Wilk test of their
residuals, and analyzed using ANOVA (Type II, Hector et al. 2010). Explanatory variables were soil type,
amendment treatment, precipitation, along with their 2- and 3-way interactions. Tukey’s Honestly
Significant Difference (HSD) was used to determine significance of differences between means.
Untransformed data and means were used in figures and reported in the text to best allow real world
interpretation. Plant community composition was analyzed using species density per pot in Principle
Coordinates Analysis (PCoA), which allowed for the reasonable inclusion of pots with single species as
well as pots without any plants (through including “empty” as a species for the analysis). Planted species
densities per pot were included separately from volunteer species from the field soil which were
aggregated into volunteer forbs and volunteer grasses for the PCoA analysis. The PCoA dispersion was
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tested using the betadisper function in the vegan package (Anderson 2006) and Tukey’s HSD to
determine differences between centroids. All data were analyzed in R version 3.2.2 (R Foundation for
Statistical Computing, Vienna, Austria).
Results
The main effects of soil type, amendment treatments, and the levels of simulated precipitation on
aboveground plant biomass were all significant (p < 0.01; Table S1), whereas none of the two-or the
three-way interactions were significant (p > 0.12). The Chiricahua soil yielded significantly more
aboveground biomass (462 kg/ha) than the Hathaway soil (313 kg/ha; Fig. 1a). The surface woodchip
treatment was the most productive of the amendment treatments (489 kg/ha) and the incorporated
woodchips were the least productive (298 kg/ha; Fig. 1b). Biochar (379 kg/ha) and the un-amended pots
(383 kg/ha) were not significantly different. The simulated precipitation levels (40%, 60%, 80%, and
100%) yielded aboveground biomass in rising order (216, 350, 468, 533 kg/ha respectively; Fig. 1c) but
the 80% and 100% levels were not significantly different. The expected interaction between
amendment treatments, especially between biochar and precipitation was not observed (p = 0.54) for
aboveground biomass.
The volumetric water content (VWC), based on the combined 80% and 100% precipitation
treatments, showed that the soils had different drying rates (e0.624 ± e0.025, estimate ± se). Individual
models for each soil indicated that biochar increased soil water retention for both soils (Fig. 2, e0.302 ±
e0.038 for Chiricahua, e0.398 ± e0.031 for Hathaway). One day after cessation of watering, the difference
between the biochar and no treatment for the Chiricahua soil was 3.8 % higher VWC (Fig. 2A). The
difference in Hathaway soil was 7.6 % higher VWC (Fig. 2B) and differences persist for both soils
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throughout the 28-day observation period. The incorporated woodchip and surface woodchip
treatments had more complex responses with the incorporated woodchips increasing the VWC in the
excessively well-drained Chiricahua soil (e0.245 ± e0.036) and having no effect in the Hathaway soil (e0.003 ±
e0.031), while the surface woodchips had no effect on Chiricahua soil (e-0.001 ± e0.036) but reduced VWC in
Hathaway soil (e-0.155 ± e0.031). The effect of plant biomass on soil drying was significant and on the order
of a 1% reduction in VWC per each 208 kg/ha equivalent of biomass one day after cessation of watering
of the 80% and 100% precipitation pots.
The Chiricahua and Hathaway soils differed in properties such as clay content, nutrient content,
and CEC that, along with amendment treatment, had the potential to influence microbial activities
(Table 1). The exoenzyme activities of N and P mineralization were significantly higher, and C exoenzyme
activities significantly lower, in the control, non-amended Hathaway soils compared to Chiricahua soils
(Table 2). For the C and P exoenzyme activities, the main effects of soil type, amendment treatments,
and the levels of simulated precipitation on were all significant (p ≤ 0.01; Tables S2, S3, S4) as well as the
interaction between soil type and amendment treatment. For this interaction, the amendments had a
significant effect on C and P exoenzyme activities, with highest C exoenzyme activities in surface
woodchip application (79.92 ± 11.21, mean ± SE) and lowest in biochar (29.09 ± 3.28) in the Chiricahua
soil. Highest P exoenzyme activities occurred in surface woodchip application (67.66 ± 6.43 Chiricahua
and 84.74 ± 8.62 Hathaway) and lowest in biochar (28.36 ± 2.86 Chiricahua and 81.97 ± 7.67 Hathaway;
Table 2).
The simulated precipitation levels also had a significant effect on C and P exoenzyme activities,
with highest activities for both C and P in the 60% simulated precipitation (Table 3). N exoenzyme
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activities were higher in Hathaway soils than Chiricahua soils regardless of simulated precipitation (Table
4). The interaction between amendments and simulated precipitation levels was only significant for N
exoenzyme activities, which were highest in surface woodchips at 40% precipitation (Table 4, Table S3)
and otherwise increased with increasing precipitation. There were no significant three-way interactions
among soil type, amendment, and simulated precipitation levels for any of the exoenzyme activities.
The plant community response, as shown through evaluation of the species composition and
the Principle Coordinates Analysis (Fig. 3), showed that the seeded and volunteer plants could survive
and grow to maturity across every treatment combination in this study, albeit quite variably in the 40%
and 60% simulated rainfall treatments. The study design included soils with different properties (Table
1), nonetheless, the soils did not result in a different plant community level response (p = 0.20; Fig. 3A).
Volunteer forbs did not occur in the Chiricahua soil, which supported only a single occurrence of a
seeded forb (Baileya multiradiata). Seven volunteer forbs occurred in the Hathaway soil along with 10
B. multiradiata plants making forbs uncommon overall.
The amendment treatments (Fig. 3B) show that the surface woodchip treatment resulted in a
different species composition than the other amendment treatments (p < 0.01) including unamended
controls. The biochar and the no amendment treatments had nearly identical plant communities. The
incorporated woodchips had the largest envelope with the centroid being separated from the rest due
to having numerous no-establishment and low species abundance pots. The simulated rainfall
treatments did not form statistically distinct groups (p > 0.42; Fig. 3C). This was again due in part to pots
without plant establishment. Five pots in the 40% precipitation incorporated woodchip treatment had
no vegetation establishment (three in Chiricahua, two in Hathaway). In the 40% precipitation biochar

This article is protected by copyright. All rights reserved.

treatment in the Hathaway soil, one pot had no establishment and another had only a single volunteer
grass.
Only the amendment and precipitation treatments were significant for pot densities (p < 0.01;
Table 5S) while the soils and interactions were not significant (p > 0.45). The surface woodchip
treatment resulted in a significantly (p < 0.01) higher average number of individual plants per pot (13.28
± 0.64) compared to the biochar (7.48 ± 0.73), incorporated woodchips (5.51 ± 0.63) and no amendment
(8.68 ± 0.67) treatments. The densities increased as the precipitation increased with 40% (6.70 ± 0.73),
60% (7.80 ± 0.72), 80% (10.16 ± 0.92), and 100% (10.63 ± 0.69) increasing in stepwise fashion and each
being significantly different (p ≤ 0.01) from the non-neighboring levels. Volunteer grasses were common
and dominated by Panicum hirticaule (58%) followed by Aristida adscensionis (29%) and Eragrostis
cilianensis (8%). Neither Elymus elymoides nor Eschscholzia californica, both part of the seed mix,
occurred in any of the pots.
Discussion
We tested the potential for woodchip and biochar amendments to increase revegetation success under
increasingly drier conditions in a semi-arid system. In all scenarios except for the lowest precipitation
treatments, we expected the amendments to have an increasingly positive effect on aboveground
biomass as the amount of simulated precipitation decreased. This expected interaction between the
amendments and the simulated precipitation did not occur and instead only the main effects of the
amendment treatments and levels of simulated precipitation had a significant effect on aboveground
biomass.
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The woodchips spread on the soil surface were expected to aid in plant establishment (Hovstad
& Ohlson 2008; Breton et al. 2016) through the physical effect of the woodchips insulating the soil
surface, retaining moisture, and improving germination and establishment conditions (e.g. Bulmer 2000;
Hueso-González et al. 2018). Surface woodchips were then expected to have a limited effect on plant
growth as the plants matured. Instead, the surface woodchips resulted in significantly greater
aboveground biomass, a result that is consistent with higher plant cover with surface woodchips
compared to incorporated woodchips in a 22-month field experiment using the same soils and
amendments (Espinosa et al. in review). Surface woodchips also resulted in greater plant density and
greater plant community similarity that was also unique compared to the other treatments. High
activities of C and P exoenzymes with surface woodchips, and high N activities with surface woodchips
at 40% precipitation, suggest higher rates of nutrient cycling compared to soils with other amendments.
Greater plant density may have also allowed more resource capture early, possibly N, due to higher root
distribution through the soil (de Vries & Bardgett 2016) resulting in higher biomass. This effect may have
been augmented by a non-significant trend toward higher species richness that might have also aided
resource capture and biomass production (Tilman et al. 1996; Cardinale et al. 2007).
The effect of plant establishment may have been amplified by resources released by the decay
of the chips themselves. The surface woodchips might be thought to have a slower and smaller decay
rate compared to incorporated woodchips due to less of the chip being in contact with the soil, similar
to the decay rates observed by Biederman and Whisenant (2011), but photodegradation may be an
important factor in the hot dry regional conditions (Barnes et al. 2012). Results from a semi-arid site in
Colorado USA (Miller & Seastedt 2009) found no change in soil N availability in the first two years after
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surface woodchip application and an increase after 3 years. In our experiment, surface application of
woodchips did not significantly alter N acquiring exoenzyme activities compared to the un-amended
control except in the most water-limited treatment of 40% precipitation, though C and P activities were
significantly higher with surface woodchip application.
Surface woodchip application decreased soil water retention in Hathaway soil but had no effect
on volumetric water content in the more well-drained Chiricahua soil. One potential explanation is that
greater plant biomass in the surface woodchip treatment led to greater water loss through
transpiration. A more complex effect may also be occurring such as observed by Fehmi and Kong (2012)
who, in soils from the same source areas, ascribed surface mulch (straw) as allowing larger soil moisture
losses to evaporation through hydraulic connectivity to the atmosphere. The surface woodchips may
prevent a surficial dry layer from forming, which would break the hydraulic connection to deeper layers.
This effect can occur in well drained soils and may not occur on finer-grained soils (Jalota et al. 2001).
This may explain why there was no observed soil moisture effect of surface woodchips in the Chiricahua
soil where the biomass was greater but the soil has a finer texture. Overall, the positive effect of surface
woodchips on aboveground biomass, and exoenzyme activities involved with C degradation and P
mineralization appears important because it represents a viable management technique to improve
revegetation efforts.
While biochar increased soil water retention, this did not result in the expected increase in
aboveground biomass; the overall effect was not significantly different from the no amendment
treatment response. This was similar to the findings of Gebhardt et al. (2017) for the one of same soil
types (Hathaway) and Espinosa et al. (in review) for a field experiment with both soil types. Perhaps a
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strong effect of biochar might not be expected at higher levels of simulated precipitation, but, contrary
to our results, an effect would be expected where water was the limiting factor on plant growth in the
40% and 60% of average rainfall treatments. Another explanation might be that the biochar could shift
the limiting factor from water to nutrients, such as N, and that the advantage of higher soil moisture
would be tempered by suppression from lack of the next most limiting nutrient. Since exoenzyme
production is N-demanding (Allison & Vitousek 2005), low N environments might limit production. This
might hold some explanatory power given that we found C and P exoenzymes were lowest in biochar,
consistent with Espinosa et al. (in review).
Biochar has been shown to decrease plant growth by decreasing the availability of
micronutrients either through direct binding or indirectly through raising soil pH (Haider et al. 2017). In
our experiment, soil pH was not significantly different among treatments (p > 0.24, data not shown). The
biochar treatment did yield the lowest potential exoenzyme activities of C and P, which might be due to
the initial sorption of elements or enzymes to biochar (Bailey et al. 2011; Swaine et al. 2013) that might
be subsequently released as biochar degrades. The duration of this experiment may not have been long
enough to detect this and other biochar effects that might change over the extended growing season as
found by Artiola et al. (2012). The large granule size of the biochar may have had an inhibiting effect on
either root uptake of water or root distribution near the biochar. As reviewed in Wang et al. (2016),
complex interactions of positive and negative effects occur with biochar addition. Biochar addition may
have a longer-term positive impact on plant establishment and aboveground biomass, but in the shortterm it had no significant effect on establishing and maintaining vegetation in our study. Nonetheless,
the potential for long-term C storage of the biochar seems to offer substantial promise for mitigating
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increased atmospheric CO2 (Li et al. 2018) and the increased water content holds promise for greater
future plant biomass. Field studies using locally sourced biochar and with 5-10 year observation period
are recommended as future work.
Aboveground biomass in the incorporated woodchip amendment treatment was significantly
lower than in all other amendment treatments though this result cannot be attributed to lower soil
water content as predicted. In fact, incorporated woodchip amendment led to an increase in water
content in the well-drained Chiricahua soil compared to the no amendment treatment, and no water
content differences were found in the Hathaway soil. Evidence from the same Hathaway soil and
woodchip species (Juniperus monosperma) as our experiment, indicates that incorporating woodchips
into soil can stimulate microbial activity and potentially reduce plant available nitrogen (Gebhardt et al.
2017; Espinosa et al. in review). Microbial respiration rates have been shown to be higher with
incorporation of woodchips in these same soils, possibly reflecting higher cycling rates, shifts in
communities, and/or waste heterotrophic respiration (Espinosa et al. in review). The addition of
woodchips has been shown to significantly increase the relative amount of dissolved organic carbon to
total dissolved nitrogen in these soils despite the relatively large chip size and recalcitrant Juniper chips
(Gebhardt et al. 2017; Espinosa et al. in review). The effect of vegetation growing poorly in soil mixed
with woodchips has been observed in the 22-month field experiment using the same soils and
amendments (Espinosa et al. in review) and elsewhere (e.g. Venner et al. 2011 in British Columbia,
Canada; Eldridge et al. 2012 in Colorado, USA). These effects may be driven by local site factors and
many woodchip applications are accompanied with fertilization (Larney & Angers 2012). Incorporating
woodchips into soil may have a long-term positive effect as the woodchips decay and release nutrients
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despite significantly suppressing vegetation in the short term. However, any later advantage may not
offset the profound disadvantage of increasing the chance of revegetation failure in the first year.

Acknowledgements
This study was carried out with financial support from Rosemont Copper and the University of Arizona
Agricultural Experiment Station. REG acknowledges the USDA National Institute of Food and
Agriculture, McIntire Stennis project 1016938. Mark Carson, Anna Collins, Martha Gebhardt, Jennifer
Hanson, Emily Pecilunas, Mickey Reed, Leland Sutter, & Eric Wagner provided significant assistance to
the project.

This article is protected by copyright. All rights reserved.

References
Adams MM, Benjamin TJ, Emery NC, Brouder SJ, Gibson KD (2013) The effect of biochar on native and
invasive prairie plant species. Invasive Plant Science and Management 6:197-207
Allison SD, Vitousek, PM (2005) Responses of extracellular enzymes to simple and complex nutrient
inputs. Soil Biology and Biochemistry 37:937-944
Anderson MJ (2006) Distance‐based tests for homogeneity of multivariate dispersions. Biometrics
62:245-253
Artiola JF, Rasmussen C, Freitas R (2012) Effects of a biochar-amended alkaline soil on the growth of
Romaine Lettuce and Bermudagrass. Soil Science 177:561-570
Bailey VL, Fansler SJ, Smith JL, Bolton H (2011) Reconciling apparent variability in effects of biochar
amendment on soil enzyme activities by assay optimization. Soil Biology and Biochemistry
43:296-301
Barnes PW, Throop HL, Hewins DB, Abbene ML, Archer SR (2012) Soil coverage reduces
photodegradation and promotes the development of soil-microbial films on dryland leaf litter.
Ecosystems 15:311-321
Benigno SM, Dixon KW, Stevens JC (2013) Increasing soil water retention with native-sourced mulch
improves seedling establishment in postmine Mediterranean sandy soils. Restoration Ecology
21:617-626
Belden SE, Schuman GE, DePuit EJ (1990) Salinity and moisture responses in wood residue amended
bentonite spoil. Soil Science 150:874-882

This article is protected by copyright. All rights reserved.

Biederman LA, Whisenant SG (2011) Amendment placement directs soil carbon and nitrogen cycling in
severely disturbed soils. Restoration Ecology 19:360-370
Blanco-Canqui H (2017) Biochar and soil physical properties. Soil Science Society of America Journal
81:687-711
Breton V, Crosaz Y, Rey F (2016) Effects of wood chip amendments on the revegetation performance of
plant species on eroded marly terrains in a Mediterranean mountainous climate (Southern Alps,
France). Solid Earth 7:599-610
Bulmer C (2000) Reclamation of forest soils with excavator tillage and organic amendments. Forest
Ecology and Management 133:157-163
Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A, Srivastava DS, Loreau M, Weis JJ (2007)
Impacts of plant diversity on biomass production increase through time because of species
complementarity. Proceedings of the National Academy of Sciences 104(46):18123-18128.
de Vries FT, Bardgett RD (2016) Plant community controls on short-term ecosystem nitrogen retention.
New Phytologist 210:861-874
Duniway MC, Petrie MD, Peters DPC, Anderson JP, Crossland K, Herrick JE (2018) Soil water dynamics at
15 locations distributed across a desert landscape: insights from a 27-yr dataset. Ecosphere 9(7):
e02335
Egler FE (1954) Vegetation science concepts I. Initial floristic composition, a factor in old-field vegetation
Development. Vegetatio Acta Geobot 4:412-417

This article is protected by copyright. All rights reserved.

Eldridge JD, Redente EF, Paschke M (2012) The use of seedbed modifications and wood chips to
accelerate restoration of well pad sites in western Colorado, USA. Restoration Ecology 20:524531
Eschen R, Müller-Schärer H, Schaffner U (2006) Soil carbon addition affects plant growth in a speciesspecific way. Journal of Applied Ecology 43:35-42
Espinosa E, Moore DJP, Rasmussen C, Fehmi JS, Gallery RE (Submitted to this Special Issue) Woodchip
and biochar amendments elicit different microbial responses and revegetation success in dryland
soils. Restoration Ecology
FAO (2015) Global guidelines for the restoration of degraded forests and landscapes in drylands:
building resilience and benefiting livelihoods. Forestry Paper No. 175. Rome, Food and
Agriculture Organization of the United Nations.
Fehmi JS, Niu G-Y, Scott RL, Mathias A (2014) Evaluating the effect of rainfall variability on vegetation
establishment in a semidesert grassland. Environmental Monitoring and Assessment 186:395406
Fehmi JS, Kong TM (2012) Effects of soil type, rainfall, straw mulch, and fertilizer on semi-arid vegetation
establishment, growth and diversity. Ecological Engineering 44:70-77
Gebhardt M, Rasmussen C, Fehmi JS, Gallery RE (2017) Soil amendments alter plant biomass and soil
microbial activity in a semi-desert grassland. Plant and Soil 419:53-70
Haider G, Steffens D, Moser G, Müller C, Kammann CI (2017) Biochar reduced nitrate leaching and
improved soil moisture content without yield improvements in a four-year field study.
Agriculture, Ecosystems & Environment 237:80-94

This article is protected by copyright. All rights reserved.

Hector A, von Felten S, Schmid S (2010) Analysis of variance with unbalanced data: an update for
ecology & evolution. Journal of Animal Ecology 79:308-316
Hovstad KA, Ohlson M (2008) Physical and chemical effects of litter on plant establishment in seminatural grasslands. Plant Ecology 196:251-260
Hueso-González P, Muñoz-Rojas M, Martínez-Murilloa JF (2018) The role of organic amendments in
drylands restoration. Current Opinion in Environmental Science & Health 5:1-6
Jackson RB, Lajtha K, Crow SE, Hugelius G, Kramer MG, Piñeiro G (2017) The ecology of soil carbon:
Pools, vulnerabilities, and biotic and abiotic controls. Annual Review of Ecology, Evolution, and
Systematics 48:419-445
Jalota SK, Khera R, Chahal SS (2001) Straw management and tillage effects on soil water storage under
field conditions. Soil Use and Management 17:282–287.
Kerré B, Bravo CT, Leifeld J, Cornelissen G, Smolders E (2016) Historical soil amendment with charcoal
increases sequestration of non‐charcoal carbon: a comparison among methods of black carbon
quantification. European Journal of Soil Science 67:324-331
Kurc SA, Small EE (2004) Dynamics of evapotranspiration in semiarid grassland and shrubland
ecosystems during the summer monsoon season, central New Mexico. Water Resources
Research Vol. 40 W09305
Larney FJ, Angers DA (2012) The role of organic amendments in soil reclamation: A review. Canadian
Journal of Soil Science 92:19-38
Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D (2011) Biochar effects on soil biota –
A review. Soil Biology and Biochemistry 43:1812-1836

This article is protected by copyright. All rights reserved.

Li Y, Hu S, Chen J, Muller K, Li Y, Fu W, Lin Z, Wang H (2018) Effects of biochar application in forest
ecosystems on soil properties and greenhouse gas emissions: a review. Journal of Soils and
Sediments 18:546-563
Loydi A, Eckstein RL, Otte A, Donath TW (2013) Effects of litter on seedling establishment in natural and
semi‐natural grasslands: a meta‐analysis. Journal of Ecology 101:454-464
Miller EM, Seastedt TR (2009) Impacts of woodchip amendments and soil nutrient availability on
understory vegetation establishment following thinning of a ponderosa pine forest. Forest
Ecology and Management 258:263-272
Ofosu-Asiedu A, Smith RS (1973) Some factors affecting wood degradation by thermophilic and
thermotolerant fungi. Mycologia 65:87-98
Price J, Rochefort L, Quinty F (1998) Energy and moisture considerations on cutover peatlands: surface
microtopography, mulch cover and Sphagnum regeneration. Ecological Engineering 10:293-312
Ramlow M, Rhoades CC, Cotrufo MF (2018) Promoting revegetation and soil carbon sequestration on
decommissioned forest roads in Colorado, USA: A comparative assessment of organic soil
amendments. Forest Ecology and Management 427:230-241
Rasmussen C, Gallery RE, Fehmi JS (2015) Passive soil heating using an inexpensive infrared mirror
design – a proof of concept. SOIL 1:631-639
Redmond MD, Golden ES, Cobb NS, Barger NN (2014) Vegetation management across Colorado Plateau
BLM lands: 1950–2003. Rangeland Ecology and Management 67:636-640

This article is protected by copyright. All rights reserved.

Robichaud PR, Jordan P, Lewis SA, Ashmun LE, Covert SA, Brown RE (2013) Evaluating the effectiveness
of wood shred and agricultural straw mulches as a treatment to reduce post-wildfire hillslope
erosion in southern British Columbia, Canada. Geomorphology 197: 21-33
Rondinelli WJ, Hornbuckle BK, Patton JC, Cosh MH, Walker VA, Carr BD, Logsdon SD (2015) Different
rates of soil drying after rainfall are observed by the SMOS Satellite and the South Fork in situ Soil
Moisture Network, Journal of Hydrometeorology 16:889-903
Ryals R, Hartman MD, Parton WJ, DeLonge MS, Silver WL (2015) Long-term climate change mitigation
potential with organic matter management on grasslands. Ecological Applications 25: 531-545
Saiya-Cork K, Sinsabaugh R, Zak D (2002) The effects of long term nitrogen deposition on extracellular
enzyme activity in an Acer saccharum forest soil. Soil Biology and Biochemistry 34:1309-1315
Sasatani D, Eastin I (2018) Demand curve estimation of locally produced woody biomass products.
Applied Engineering in Agriculture 34:145-155
Sinsabaugh RL, Lauber CL, Weintraub MN, et al (2008) Stoichiometry of soil enzyme activity at global
scale. Ecology Letters 11:1252–1264
Soil Survey Staff (2014) Keys to Soil Taxonomy, 12th ed. USDA-Natural Resources Conservation Service,
Washington, DC
Steinauer K, Tilman GD, Wragg PD, Cesarz S, Cowles JM, Pritsch K, Eisenhauer N (2015) Plant diversity
effects on soil microbial functions and enzymes are stronger than warming in a grassland
experiment. Ecology 96:99-112
Steinweg JM, Dukes JS, Paul EA, Wallenstein MD (2013) Microbial responses to multi-factor climate
change: effects on soil enzymes. Frontiers in Microbiology 4(June) 146

This article is protected by copyright. All rights reserved.

Stevens N, Lehmann CE, Murphy BP, Durigan G (2017) Savanna woody encroachment is widespread
across three continents. Global Change Biology 23:235-244
Swaine M, Obrike R, Clark JM, Shaw LJ (2013) Biochar alteration of the sorption of substrates and
products in soil enzyme assays. Applied and Environmental Soil Science 2013:968682
Tilman D, Wedin D, Knops J (1996) Productivity and sustainability influenced by biodiversity in grassland
ecosystems. Nature 379:718-720
Throop HL, Belnap J (2019) Connectivity dynamics in dryland litter cycles: moving decomposition beyond
spatial stasis. BioScience 69:602-614
Venner, K, Preston C, Prescott C (2011) Characteristics of wood wastes in British Columbia and their
potential suitability as soil amendments and seedling growth media. Canadian Journal of Soil
Science 91:95-106
Wang J, Xiong, Z, Kuzyakov Y (2016) Biochar stability in soil: meta‐analysis of decomposition and priming
effects. Gcb Bioenergy 8:512-523

This article is protected by copyright. All rights reserved.

Table 1. Pretreatment properties of the two soils.
Chiricahua Hathaway
Texture classification
Loss on Ignitiona (%)
Rock Fragmentsa (%)
Sand (%)
Silt (%)
Clay (%)
NO3 (ppm)
PO4 (ppm)
K (ppm)
pH
CEC (meq/100g)

Sandy
loam

Sandy
loam

3.5 ± 0.01
72 ± 3.2
24.4
6.4
5.7

4.3 ± 0.05
43 ± 3.6
59.7
30.9
9.4
3.4

10
150
6.1
11.5

1.9
190
7.7
22.1

69.1

Loss on ignition (LOI) and rock fragment values are mean of three replicates reporting 1 standard
deviation.
a
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Exoenzyme Activities
Soil Type

Chiricahua

Hathaway

Amendment

Carbon

(nmol activity g−1 SOM h−1)

Nitrogen

Phosphorous

None

54.66ab (9.99)

52.30b (4.98)

59.63c (5.78)

Biochar

29.09bc (3.28)

63.67b (4.83)

28.36d (2.86)

Incorporated
Woodchips

40.65b (4.49)

50.66b (2.22)

32.87d (3.03)

Surface
Woodchips

79.92a (11.12)

54.83b (4.47)

67.66bc (6.43)

None

17.83cd (1.11)

120.07a (11.46)

92.30ab (7.31)

Biochar

13.35d (0.99)

95.97a (10.33)

81.97abc (7.67)

Incorporated
Woodchips

22.54c (1.85)

130.68a (3.17)

107.77a (9.93)

Surface
Woodchips

17.12cd (1.21)

122.68a (10.78)

84.74abc (8.62)

Table 2. Mean (standard error of the mean) calculated from un-transformed data are presented to
better allow real-world interpretation. A natural log transformation was used for analysis. Different
letters within columns designate significant differences (p < 0.05) based on Tukey's HSD test.

Exoenzyme Activity

Simulated
Precipitation

(nmol activity g−1 SOM h−1)

40%
60%
80%
100%

Carbon
40.47a (5.68)
42.93ab (7.51)
28.17ab (4.00)
25.94b (2.40)

Phosphorous
73.57a (5.86)
75.28a (7.07)
64.88b (6.15)
63.58ab (6.06)
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Table 3. Mean (standard error of the mean) calculated from un-transformed data are presented to
better allow real-world interpretation. A natural log transformation was used for analysis. Different
letters within columns designate significant differences (p < 0.05) based on Tukey's HSD test. There was
no significant interaction with soil type and the results of both soils are presented together.
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Simulated
Precipitation

Nitrogen Exoenzyme Activity
40%
60%
80%
100%

(nmol activity g−1 SOM h−1)

Chiricahua
49.56b (5.21)
50.84b (3.37)
61.96b (4.09)
60.28b (4.01)

Hathaway
139.87a (11.09)
99.79a (7.61)
112.31a (12.95)
115.66a (11.95)

Table 4. Mean (standard error of the mean) calculated from un-transformed data are presented to
better allow real-world interpretation. A natural log transformation was used for analysis. Different
letters within the table designate significant differences (p < 0.05) based on Tukey's HSD test. This
interaction was significant due to the high activity in the 40% precipitation in the Hathaway soil which
does not match the otherwise common increase in activity with increased precipitation.
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Figure 1. Aboveground biomass, untransformed data presented. Error bars represent ± SE. Columns
denoted with different letters within a panel indicate a significant difference (p < 0.05) based on Tukey’s
HSD test. A) by soil type. The difference between soils is significant (p < 0.01). B) by amendment
treatment. All differences are significant (p < 0.01) except for between biochar and no amendment. C)
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by simulated precipitation level. All differences are significant (p < 0.01) except for between 100% and
80%.

Figure 2. Volumetric water content data from the 80 and 100% precipitation treatments. Lines are from
the linear models and have been back transformed into the units shown. The line for surface wood for
the Chiricahua soil and for incorporated wood in the Hathaway soil were not significantly different from
the no treatment lines (p > 0.90) and are not shown. For line fitting, water conted was natural log
transformed so equations of presented lines are: Chiricauhua – Biochar e2.95 - 0.036day, – Incorporated
wood e2.89 - 0.036day, – No amendment e2.65 - 0.036day, R2 = 0.62; Hathaway – Biochar e3.40 - 0.032day, – Surface
wood e2.95 - 0.032day, – No amendment e3.10 - 0.032day, R2 = 0.68.
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Figure 3. Visualization of Principle Coordinates Analysis of plant species composition similarities in response to the
main effects of soil types (A), amendment treatments (B), and simulated precipitation treatments (C). A) the two
soil types with C standing for Chiracauhau and H standing for Hathaway. B) the amendment treatments with BI
standing for Biochar, IN standing for incorporated wood, NO standing for no treatment, and SW standing for
Surface Wood chips. The BIochar centroid is obscured by the NO amendment centroid due to them being nearly
the same. C) The simulated precipitation treatments with 40 standing for 40% of average, 60 standing for 60% of
average, 80 standing for 80% of average, and 100 standing for 100% of average.
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