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Abstract: We replaced a control peat medium with up to 75% biochar on a volumetric basis
in three different forms (powder, BC; pyrolyzed softwood pellets, PP; composite wood-biochar
pellets, WP), and under two supplies of nitrogen fertilizer (20 or 80 mg N) subsequently grew
seedlings with a comparable morphology to the control. Using gravimetric methods to determine
irrigation frequency and exponential fertilization to ensure all treatments received the same amount of
N at a given point in the growing cycle, we successfully replaced peat with 25% BC and up to 50% PP.
Increasing the proportion of biochar in the media significantly increased pH and bulk density and
reduced effective cation exchange capacity and air-filled porosity, although none of these variables
was consistent with resultant seedling growth. Adherence to gravimetric values for irrigation at an
80% water mass threshold in the container revealed that the addition of BC and WP, but not PP,
required adjustments to the irrigation schedule. For future studies, we encourage researchers to
provide more details about bulk density, porosity, and irrigation regime to improve the potential
inference provided by this line of biochar and growing media work.
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1. Introduction

Deforestation is a global crisis [1–3]. As Haase and Davis [4] note, mitigating deforestation and
other forms of forest degradation often requires active afforestation and reforestation, especially the
outplanting of seedlings grown in nurseries. In addition, the practice of reforestation is recognized as
having, among management options relying on natural pathways, the greatest potential to mitigate
changes in climate [5]. Growing seedlings for reforestation in nurseries using containers is a common
practice worldwide, and a prominent method in, for example, Canada, Finland, Chile, and other
countries with intensive forest management activities.

While producing reforestation seedlings efficiently and economically has long been the prevailing
practice, a conundrum for nursery managers is how to do so while reducing impacts to the environment.
Recently, several techniques have emerged to diminish the environmental impacts of seedling
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production. For example, reducing irrigation needs through sub-irrigation [6,7] and efficiently applying
nutrients through controlled-release fertilizer [8] or exponential fertilization [9] can reduce runoff and
potential negative impacts on ground and surface water [10–12]. Using light-emitting diodes rather
than more traditional energy-consuming light sources works well [13–15]. In addition, employing
more sustainable organic materials to grow reforestation seedlings, such as coir [16], sawdust [17],
compost [18], or composted wood bark [19] are gaining interest as growing media because they
are perceived as a way to avoid issues (e.g., reduced biodiversity, increased carbon emissions)
associated with traditional Sphagnum peat moss harvesting [20,21]. Moreover, local alternatives
for some inorganic components of growing media, such as vermiculite or perlite that are mined and
often shipped great distances, are also being sought, especially given that the costs of some commonly
used amendments, such as vermiculite, continue to climb [22].

One alternative to inorganic and organic constituents in growing media for container plants
is biochar. Biochar is a carbon-rich byproduct consisting of the fine-granular material remaining
after pyrolysis, the process of combusting a biomass feedstock rapidly in the absence of oxygen [23].
In general, biochar properties appear conducive to plant growth in container nursery systems [24],
and have shown promising potential as a replacement for peat [21,25–27] and inorganic components
of media [24,28,29] in the production of container crops, including forest trees. In addition to its role as
a suitable component of growing media, biochar can also provide the extra benefit of sequestering
carbon (C) belowground; in addition to C storage, buried C provides enumerable ecosystem benefits
through the enhancement of many biogeochemical processes [30]. As noted by Dumroese et al. [24],
incorporating biochar into the growing medium becomes part of the seedling root plug, and therefore
most of the expense of the transportation and burial of the carbon, a significant hindrance in many
agricultural and forest situations [31,32], is already included in the overall cost of outplanting seedlings.

We previously described the potential of using pelleted biochar to grow seedlings in containers,
suggesting that pelletizing biochar may be a means to avoid both the nuisance dust associated with
it and its non-uniform distribution in small-volume containers typical of reforestation seedlings [24].
Our primary study objective was to evaluate different modes of biochar delivery to amend and replace
Sphagnum peat moss in the production of nursery plants in containers. Therefore, we report on the
growth of ponderosa pine (Pinus ponderosa) seedlings grown with three types of biochar (fine biochar
powder, pelletized fine biochar powder as described in Dumroese et al. [24], and pyrolyzed softwood
pellets) under two different supplies of nitrogen.

2. Materials and Methods

To satisfy the objectives, we grew Pinus ponderosa seedlings (Lolo National Forest, MT, USA,
730 m elevation) at the U.S. Department of Agriculture Forest Service, Rocky Mountain Research
Station in Moscow, ID, USA (lat 46.723179, long -117.002753) in various mixtures of Sphagnum
peat (peat) amended with either fine biochar powder, composite wood-biochar pellets, or pyrolyzed
softwood pellets.

2.1. Media Components and Analysis of Individual Medium

The peat was a fine-textured, non-fertilized horticultural grade without a wetting agent (Sunshine
grower grade green, Sun Gro Horticulture Ltd., Vancouver, BC, Canada). Biochar powder (BC) was
created as a byproduct of fast pyrolysis that was produced from 1 to 2 mm particles of cellulosic biomass
from mixed hardwood residues with <10% moisture, pyrolyzed at 450 to 500 ◦C (C-Quest biochar,
Dynamotive Energy Systems Corp., Richmond, BC, Canada), and with 69% C content, 9% ash, and
2.8 m2 g−1 surface area [33]. Composite wood–biochar pellets (WP) were produced at the Composite
Materials and Engineering Center (Washington State University, Pullman, WA, USA) by dry blending
43% BC, 43% finely-ground Pinus strobus wood flour, 7% polylactic acid, and 7% wheat starch in
a ribbon mixer and feeding that into a 75 kW (100 hp) commercial pellet mill fitted with a parabolic
entry die with an overall length of 63.5 mm. The mill extruded random length (4 to 25 mm) pellets
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with an output diameter of 5.4 mm (see [24] for additional detail on material specifications and pellet
output). Pyrolyzed pellets (PP) were the result of wood pellets (6 mm diameter; 5 to 15 mm length)
comprised primarily of Pseudotsuga menziesii and Tsuga heterophylla that were pyrolyzed at 500 ◦C for
10 min (Sonofresco, Burlington, WA, USA). By hand and on a volume basis (0, 25, 50, 75, and 100%),
we combined peat with BC, WP, or PP to form 13 distinct growing media (Table 1). All chemical and
physical assessments were conducted at the Natural Resources Institute Finland (LUKE) facilities in
Vantaa and Suonenjoki, respectively.

Table 1. Initial, mean (n = 5) pH, bulk density (Db), and effective cation exchange capacity (ECEC) for
peat amended with biochar (BC), pyrolyzed softwood pellets (PP), and composite wood-biochar pellets
(WP) at rates of 0, 25, 50, 75, and 100% (v v−1). Different letters within a column indicate significant
differences at α = 0.05.

Growing Media
Designation

(v v−1) (w w−1) a

pH Db
(g·cm−3)

ECEC
(cmol·kg−1)Peat (%)

Biochar
Amendment

(%)

Biochar
Amendment

(%)

Peat
Peat (control) 100 0 - 3.9 g 0.099 j 49.6 a

Peat + biochar (BC)
BC25 75 25 10 5.0 e 0.173 i 31.0 b
BC50 50 50 70 5.9 c 0.251 g 23.8 c
BC75 25 75 90 6.7 b 0.294 f 15.4 de

BC100 0 100 100 - 0.331 d 7.2 gh

Peat + pyrolized softwood pellets (PP)
PP25 75 25 7 4.5 f 0.179 i 31.8 b
PP50 50 50 69 5.4 d 0.264 g 17.8 d
PP75 25 75 90 7.0 a 0.313 e 11.1 f

PP100 0 100 100 - 0.318 de 5.2 h

Peat + wood-biochar pellets (WP)
WP25 75 25 44 4.4 f 0.223 h 22.7 c
WP50 50 50 81 4.7 ef 0.387 c 16.8 de
WP75 25 75 94 5.2 de 0.469 b 13.2 ef
WP100 0 100 100 - 0.527 a 10.4 fg

P values <0.0001 <0.0001 <0.0001
a Estimated from bulk density measurements.

2.1.1. Physical Properties

The particle size distribution for individual media components (peat, BC, WP, and PP) was
measured using a series of sieves (0.5 to 5 mm; n = 3). We determined bulk density as the ratio
of dry mass (dried at 105 ◦C) to saturated volume (n = 5) [34]. Particle density was estimated
using an average density of 2.65 g cm−3 for mineral and 1.5 g cm−3 for organic components [34,35].
Loss-on-ignition at 550 ◦C for 2 h provided an approximate estimate of the organic matter for each
growing medium (n = 5) [36]. We measured the water uptake and volume change of the growing
media directly from the bag using metal cylinders (height 60 mm, diameter 58 mm) filled with each
media; cylinders were placed into water kept 5 to 10 mm deep (n = 3) [24]. Volumetric water content
(VWC) at decreasing matric potentials (i.e., desorption water retention characteristics) was measured
using a pressure plate apparatus (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) and
standard methods [37,38]—similar metal cylinders were filled with each growing media, saturated,
allowed to drain freely (to about −0.3 kPa), and then exposed to successive matric potentials of −1,
−5, and −10 kPa (n = 5). Water content was reassessed gravimetrically at each matric potential.
Our initial suction was 1 kPa because this value reflects the “container capacity”, the upper limit of
plant available water retained in the container following saturation and subsequent free draining of
the medium [39,40].
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Total porosity (TP) was estimated using:

TP = (Dp − Db)/Dp

where Dp is the particle density of the material and Db is the bulk density.
Air-filled porosity (AFP) was estimated using:

AFP = TP − VWC

where VWC is the volumetric water content at −1 kPa matric potential, assumed to be
container capacity.

Unsaturated hydraulic conductivity was measured using an automated evaporation ku-pF
apparatus (UGT GmbH, Müncheberg, Germany), where sample cylinders (n = 2) were sealed on
the bottom and the top of the core was allowed to evaporate at room temperature [41,42]. Cylinders
were measured every 10 min with moisture tensiometers.

2.1.2. Chemical Properties

Our measurements of total, soluble, and press water nutrient concentrations, as well as effective
cation exchange capacity, were replicated 5 times. We measured total C and nitrogen (N) from sieved
and air-dried samples on a CHN analyzer (LECO-1000, LECO Corp., St. Joseph, MI, USA). Samples
for other elements were digested by the closed wet HNO3-HCl digestion method in a microwave
(CEM MDS-2000; CEM Corp., Matthews, NC, USA) and the extract was analyzed on an iCAP 6500 Duo
ICP-emission spectrometer (Thermo Scientific Ltd., Cambridge, UK).

To assess soluble nutrients, we wetted samples of each medium and allowed them to incubate
for 1, 15, or 29 days at room temperature to see how amounts of soluble nutrients change over time,
especially N forms (see [24]). To mimic the wetting and drying cycles found under normal nursery
cultural practices, we remoistened the samples about twice each week. For each sample date, acid
ammonium acetate (pH 4.65) was used to gather soluble cations and easily soluble phosphorus (P).
We quantified the cations in the filtrate using the previously described ICP-emission spectrometer.
Soil ammonium (NH4-N), nitrate (NO3-N), and total N were determined from a KCl-extract
on a FIA-analyzer (Lachat QuickChem 8000, Lachat Instruments, Milwaukee, WI, USA). Using
a microwave (CEM MDS-2000 described above), we used the hot water refluxing method to extract
easily soluble boron [43], quantified using the previously described ICP-emission spectrometer.

For cation exchange capacity, substrates were prepared as described for soluble nutrients. We used
a 0.1 M BaCl2 solution to extract exchangeable cations, and their total concentrations in the filtrate were
determined using the previously described ICP-emission spectrometer. To determine exchangeable
acidity, the 0.1 M BaCl2 extract was titrated with a 0.05 M NaOH solution up to pH 7.8. Effective cation
exchange capacity [ECEC(cmol·kg−1)] was then calculated using:

ECEC(cmol·kg−1) = Na(cmol·kg−1) + K(cmol·kg−1) + Ca(cmol·kg−1) +
Mg(cmol·kg−1) + ACI_E(cmol·kg−1)

where ACI_E is exchangeable acidity from BaCl2 extract. Percentage base saturation was calculated as
the sum of the bases (Na, K, Ca, Mg) divided by ECEC.

To determine the nutrients in a press water extract after the incubation periods described above,
we pressed each growing media sample in a custom apparatus consisting of a cylindrical chamber and
a vertical piston that, when deployed, delivered a constant 300 kPa pressure. The resulting extracts
were measured for pH and electrical conductivity, filtered, and analyzed for dissolved micro and
macro elements on the previously described spectrometer. Concentrations of dissolved NH4-N, NO3-N,
and dissolved total N were determined on the FIA-analyzer described above. Because our analysis of
NO3-N included NO2-N, we estimated organic N (ON) using:
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ON = Ntotal − NH4-N − NO3-N.

2.2. Seedling Culture

Our original study plan only included peat, BC, and WP; these were tested the first year. As we had
the opportunity to obtain PP, we repeated the experiment the second year but limited the treatments to
peat and PP because of limited resources. In neither year were seedlings grown in media comprised of
100% BC, PP, or WP.

2.2.1. Year One

In early April (Julian dates 98 and 99, hereafter Julian), each medium was hand loaded into
3 trays that each held 98 Ray Leach SC-10 Super “Cone-tainers”™ (hereafter, cell; each 3.8 cm diameter,
21 cm depth, 164 ml, 528 seedlings m−2) and irrigated to container capacity. On Julian 111, three seeds
were sown per cell. After germination (Julian 127), germinants were thinned to one per cell and
240 individual cells from each medium were evenly dispersed across eight trays to faciliate irrigation
and fertigation (irrigation with soluble fertilizer added). Subsequently, four trays (120 seedlings) were
randomly assigned to each of two soluble N treatments: 20 (low N) or 80 (based on a typical rate [17])
mg N seedling−1 for the growing season. Daytime greenhouse temperatures ranged from 21 to 29 ◦C
and nighttime low temperatures were kept above 16 ◦C.

To avoid confounding N application and irrigation, we used exponential fertilization [17]
and determined the irrigation frequency and amount gravimetrically [44]. The basic exponential
fertilization equation was:

NT = NS × (ert − 1)

where r is the relative addition rate required to increase NS (initial level of N in plant) and NT is the
desired amount to be added during t, the number of fertilizer applications [45]. For both N rates,
t = 150 (the number of days between the first and last fertigation during the growing season) and
NS was assumed to be 0.5 mg N. For the NT = 80 mg N treatment, r = 0.03388 whereas for NT = 20,
r = 0.02476. The amount to apply on a specific day was calculated using:

NT = NS × (ert − 1) − Nt−1

where NT is the amount of N to apply daily, Nt−1 is the cumulative amount of N applied, and t
goes from 1 to 150. For each application, we custom-blended fertilizers, including micronutrients
(Peters Professional® S.T.E.M.™. The Scotts Company, Marysville, OH, USA) and chelated Fe
(Sprint 330; 10% Fe; Becker Underwood, Inc., Ames, IA, USA) to achieve these nutrient ratios: 100N
(54NO3

−: 46NH4
+): 90P: 109K: 68S: 33Mg: 3Fe: 0.3Cu: 0.3Mn: 0.7Zn: 0.2B: 0.006Mo.

For gravimetric water content, we determined the average mass of an empty tray, 30 empty
cells, and their oven-dry growing medium (60 ◦C for 72 h). On Julian 102, each tray was weighed
approximately 60 min after watering to container capacity; the mass of the container at container
capacity minus the container and media mass equaled the mass of the water. Between Julian 103
and 131, cells were weighed daily at 0800 and irrigated when the water mass reached a threshold
of 80% (±5 percentage points) of the water mass at container capacity [44]. Container capacity mass
was recalculated monthly to adjust for media shrinkage and plant biomass. Beginning on Julian
131, seedlings were fertilized during each irrigation (fertigation). The necessary amount of fertilizer
(cumulative daily amounts since the prior irrigation) was diluted in the calculated amount of water
required to recharge the medium to container capacity. Fertigation solutions were carefully applied
by hand to individual seedlings to ensure an even distribution of nutrients and minimize leaching.
From the end of the fertigation period (early October; Julian 281) until harvest, seedlings were
irrigated when the water mass reached 75% (±5 percentage points). Fourteen days after the last
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fertigation, greenhouse temperatures were allowed to go ambient but above freezing (4 to 10 (day)/2
to 4 ◦C (night)).

Eight randomly-selected seedlings (two from each tray) from each medium × fertilizer combination
were sampled on Julian 328. We measured height and stem diameter at the root collar (RCD).
Shoots were separated from roots, roots were gently washed free of media, and roots and shoots were
dried 72 h at 60 ◦C to determine biomass. Tissue samples were analyzed for macro-and micro-nutrient
concentrations by JR Peters Laboratory (Allentown, PA, USA).

2.2.2. Year Two

We used the same seed and peat sources and followed the methods described above, except that
BC was not repeated and PP replaced WP. Due to logistical constraints, seeds were sown on Julian 165
and fertigation commenced on Julian 182. Therefore, the exponential fertilization period was shortened
to t = 93; thus r = 0.0546 for NT = 80, and r = 0.0399 for NT = 20. On Julian 311 seedlings were sampled
and analyzed as described above.

2.3. Statistical Analyses and Visualizations

We used generalized linear mixed models (GLIMMIX) within SAS (version 9.4 Software; SAS, Inc.,
Cary, NC, USA) to compare treatment means using the Gaussian response distribution and the default
covariance matrix format. Type III tests were utilized. We used Tukey–Kramer adjustments for post-hoc
multi-comparison tests of the differences between model means.

GLIMMIX tested for differences among the biochar types (BC, PP, WP) and peat for media
physical and chemical properties. For seedlings, we previously speculated [24] that peat amended
with ≥50% WP would likely experience too much expansion when wetted to be a valid treatment in
a nursery. Indeed, when wetted in the current experiment, WP ≥50% expanded and split the cells.
Subsequently, we were unable to control water loss (evaporation as well as fertigation) through the
ruptures, and although we continued to culture the seedlings, the result was extremely poor growth.
Thus, seedling growth in WP50 and WP75 was excluded from analysis.

Seedling biomass and soil chemistry data was relativized using response ratios in order to reduce
variation between the two years [46]. The response ratio is the difference between the natural logarithm
for each biomass variable (shoot height, stem diameter at the root collar, shoot and root dry biomass)
and soil chemistry variable (media C, N, pH and electrical conductivity (EC)) and the natural logarithm
for each biomass, soil chemistry, or VWC control (100% peat treatments). Seedling biomass response
ratios were analyzed using GLIMMIX, accounting for the split-plot design by including the nitrogen
treatment as the whole plot followed by media treatment as the split-plot (n = 9) before comparing
variable means.

Visualizations, including vector diagrams that allow for the robust presentation and comparison
of relative values [47], were created using SigmaPlot (version 13.0; Systat Software, San Jose, CA, USA).

3. Results

3.1. Media Characteristics

3.1.1. Physical Properties

The mean particle sizes of peat were the most evenly distributed, with all size classes well
represented except for >5 mm (Table 2). In contrast, most (99%) of the BC had a particle size ≤1 mm,
whereas for pellets (PP and WP) most (85%+) of the particles were >2 mm, and for PP nearly half
were >5 mm. Peat had the lowest Db (0.099 g cm−3) and BC and PP had a similar Db at each added
proportion, ranging from about 0.176 g cm−1 at the 25% level to about 0.323 g cm−3 at 100%; and WP
had the highest Db at each added proportion, ranging from 0.223 to 0.527 g cm−3 as the proportion of
WP increased in the media from 25 to 100%, respectively (Table 1). Organic matter (%) significantly
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decreased as the amount of peat replaced by individual biochar-based components increased (Figure 1).
Across the components, peat had the greatest level of organic matter, followed by WP, and finally
BC and PP.

Table 2. Mean particle size distribution (%) of the peat, biochar powder (BC), pyrolyzed softwood
pellets (PP), and composite wood−biochar pellets (WP) (n = 3).

Mean Particle Size Distribution (%)

(mm)

<0.5 0.5−1 1−2 2−5 >5

Peat 30.8 22.7 27.6 13.3 5.6
BC 92.5 6.6 0.7 0.2 0.0
PP 4.7 2.5 2.4 44.9 45.5
WP 8.0 2.7 4.3 65.9 19.2Forests 2018, 9, x FOR PEER REVIEW  7 of 20 
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Figure 2. Change (percentage points) of bale-dry sample volumes during wetting in cylinders from 
below (n = 3; mean ± standard deviation). Peat was amended with biochar powder (BC), pyrolyzed 
softwood pellets (PP), and composite wood−biochar pellets (WP) at rates of 0, 25, 50, 75, and 100% (v 
v−1). PP75 had no change (all values were zero) and PP100 was not measured. 

  

Figure 1. Organic matter (n = 5) for peat and peat amended with biochar powder (BC), pyrolyzed
softwood pellets (PP), and composite wood−biochar pellets (WP) at rates of 25, 50, 75, and 100%
(v v−1). Vertical boxes represent approximately 50% of the observations and lines extending from each
box are the upper and lower 25% of the distribution. The solid horizontal line in the center of each box
is the median value. Different letters indicate significant differences at α = 0.05.

When initially exposed to water, all growing media absorbed water with the exception of BC100
(data not shown). During the first 5 min, BC25 and BC50 absorbed only about one-fourth and one-fifth
that of peat, respectively. Conversely, absorption doubled or tripled for PP ≤75 compared to peat
and absorption values for WP25 and WP50 were similar to peat. Upon initial wetting of the media
to container capacity, only WP50, WP75, and WP100 showed an increase in volume (≈12 to 27%)
(Figure 2). Conversely, the shrinkage in peat was about 9%. The addition of BC ≤75% and any addition
of PP (except PP50) decreased the shrinkage relative to 100% peat.
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Figure 2. Change (percentage points) of bale-dry sample volumes during wetting in cylinders from
below (n = 3; mean ± standard deviation). Peat was amended with biochar powder (BC), pyrolyzed
softwood pellets (PP), and composite wood−biochar pellets (WP) at rates of 0, 25, 50, 75, and 100%
(v v−1). PP75 had no change (all values were zero) and PP100 was not measured.

For peat, the water conductivity occurred at the highest matric potential (−0.3 kPa) but the rate
was variable (1 to 10 cm day−1), declining steadily once the matric potential dropped to −10 kPa
(Figure 3). BC50 and WP25 also showed consistent conductivity of about 1 cm day−1 at the highest
potential. While BC50 followed a similar trend to peat, conductivity in WP25 began a steady decline
at about −10 kPa. Water moved about 1 cm day−1 in PP50 at matric potentials between −1 and
−10 kPa. BC25 and PP25 had little conductivity at matric potentials <−7 kPa, whereas WP50 had little
conductivity at matric potentials <−5 kPa.

Once brought to container capacity, the subsequent volumes of the media during drying from −1
to −10 kPa varied. The volume of peat at each matric potential decreased (94.2 to 90.7 to 89.1% for −1,
−5, and −10 kPa, respectively), and each volume was significantly lower than any biochar-amended
media (Figure 4). BC25 and WP25 displayed the next greatest amount of shrinkage, significantly
more than the other BC and WP rates, and all PP. In general, when the proportion of any biochar
was ≥50%, the changes in volume were small (<5% shrinkage to <4% swelling). At −1 kPa, VWC,
in general, decreased as the amount of biochar amendment increased (Figure 5). Amending peat
with BC significantly reduced air-filled porosity (AFP) compared to all other treatments (about a 65%
reduction compared to peat). AFP in peat, peat amended with up to 50% PP, and all rates of WP were
fairly similar (28 to 38%); higher rates of PP (75 and 100%) increased the AFP by about 34 and 75%,
respectively, compared to peat.
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Figure 3. Unsaturated hydraulic conductivity (n = 2) for peat amended with biochar powder (BC), 
pyrolyzed softwood pellets (PP), and composite wood−biochar pellets (WP) at rates of 0, 25, and 50% 
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Figure 5. Mean desorption water retention characteristics of the growing media (peat amended with 
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total porosity is plotted as water content at −0.01 kPa, with air-filled porosity determined as total 
porosity less volumetric water content at each matric potential. 

Figure 4. Media sample volumes at three matric potentials in relation to the initial wet volumes (=100%)
(n = 5) for peat amended with biochar powder (BC), pyrolyzed softwood pellets (PP), and composite
wood−biochar pellets (WP) at rates of 0, 25, 50, 75, and 100% (v v−1).



Forests 2018, 9, 232 10 of 21

Forests 2018, 9, x FOR PEER REVIEW  9 of 20 

 

Once brought to container capacity, the subsequent volumes of the media during drying from 
−1 to −10 kPa varied. The volume of peat at each matric potential decreased (94.2 to 90.7 to 89.1% for 
−1, −5, and −10 kPa, respectively), and each volume was significantly lower than any biochar-
amended media (Figure 4). BC25 and WP25 displayed the next greatest amount of shrinkage, 
significantly more than the other BC and WP rates, and all PP. In general, when the proportion of any 
biochar was ≥50%, the changes in volume were small (<5% shrinkage to <4% swelling). At −1 kPa, 
VWC, in general, decreased as the amount of biochar amendment increased (Figure 5). Amending 
peat with BC significantly reduced air-filled porosity (AFP) compared to all other treatments (about 
a 65% reduction compared to peat). AFP in peat, peat amended with up to 50% PP, and all rates of 
WP were fairly similar (28 to 38%); higher rates of PP (75 and 100%) increased the AFP by about 34 
and 75%, respectively, compared to peat. 

-5 kPa

Proportion of amendment

0 25 50 75 100

-10 kPa

0 25 50 75 100

-1 kPa

0 25 50 75 100

Vo
lu

m
e 

(%
)

88

90

92

94

96

98

100

102

104

Peat
Biochar powder (BC)
Pyrolyzed softwood pellets (PP)
Composite wood-biochar pellets (WP)

 
Figure 4. Media sample volumes at three matric potentials in relation to the initial wet volumes 
(=100%) (n = 5) for peat amended with biochar powder (BC), pyrolyzed softwood pellets (PP), and 
composite wood−biochar pellets (WP) at rates of 0, 25, 50, 75, and 100% (v v−1). 

0.01 0.1 1 100.01 0.1 1 10

V
ol

um
et

ric
 w

at
er

 c
on

te
nt

 (%
)

0

10

20

30

40

50

60

70

80

90

100

Matric potential (-kPa)

0.01 0.1 1 10

25% 
50%
75%
100%

0.01 0.1 1 10 100

Peat BC PP WP

 
Figure 5. Mean desorption water retention characteristics of the growing media (peat amended with 
biochar powder (BC), pyrolyzed softwood pellets (PP), and composite wood−biochar pellets (WP) at 
rates of 0, 25, 50, 75, and 100% (v v−1) in relation to the initial wet volume means (n = 5). At estimate of 
total porosity is plotted as water content at −0.01 kPa, with air-filled porosity determined as total 
porosity less volumetric water content at each matric potential. 

Figure 5. Mean desorption water retention characteristics of the growing media (peat amended with
biochar powder (BC), pyrolyzed softwood pellets (PP), and composite wood−biochar pellets (WP) at
rates of 0, 25, 50, 75, and 100% (v v−1) in relation to the initial wet volume means (n = 5). At estimate
of total porosity is plotted as water content at −0.01 kPa, with air-filled porosity determined as total
porosity less volumetric water content at each matric potential.

3.1.2. Chemical Properties

All four media components (peat, BC, PP, and WP) had significantly (P < 0.0001) different
amounts of C (53, 74, 91, and 59% for peat, BC, PP, and WP, respectively). For N, peat had the greatest
concentration (1.3%), significantly (P < 0.0001) more than BC and PP, which had similar values of 0.37
and 0.45%, respectively, which were statistically greater than WP (0.23%).

Peat had an initial pH of 3.9 (Table 1). Additions of biochar in any form increased the pH and the
media with the most biochar also had the highest pH. Nitrogen content varied among media (Table 3);
total N in the media containing pure biochar (either BC or PP) followed the same trend, with total N
decreasing with increasing amounts of amendment. The opposite result was noted for WP. PP had, in
general, greater total N and more ammonium at each amendment rate than BC. WP had minor amounts
of ammonium regardless of the amendment rate. Conversely, WP had higher amounts of organic
N compared to either BC or WP, which had similar amounts. Low levels of nitrate were observed
across all media and amendment levels. The levels of soluble elements varied by media. Compared to
peat, amending with biochar in any form reduced the amounts of calcium, magnesium, manganese
(Mn), and sulfur and increased the levels of boron (B) and potassium (K) (Table 4). Low levels of
heavy metals (cadmium, chromium, copper, nickel, and lead) were observed in the press water extract
regardless of the amendment level (Table 4).

The effective cation exchange capacity (ECEC) was greatest in pure peat (Table 1). The addition of
25% v v−1 of any amendment significantly decreased ECEC by 37 to 46%, and each additional 25%
v v−1 increase further decreased ECEC. Pure amendment had, on average, just 15% of the total ECEC
of pure peat.
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Table 3. Presswater extracts of ammonium (NH4), total nitrogen, nitrate (NO3), and organic nitrogen. All measured mg L−1. Ammonium and total N (n = 15 for
each media) include all sampling days as the incubation day and the interaction with the media type was not significant (P > 0.05). Nitrate and organic N did have
significant interactions between the media and date (P < 0.05), so the differences between each media treatment are shown for the three incubation dates. Different
letters within a column indicate significant differences at α = 0.05.

Media Total N NH4
NO3 Organic N

Day 1 Day 15 Day 29 Day 1 Day 15 Day 29

Peat 17.9 a 13.0 a 1.60 a 0.70 a 0.27 a 5.04 d 3.85 d 3.19 c

BC25 7.5 bc 1.1 bc 1.53 ab 0.01 b 0.01 b 5.60 d 5.91 cd 6.30 b
BC50 6.9 bc 0.3 c 0.93 abc 0.01 b 0.01 b 4.56 d 7.00 cd 7.43 b
BC75 3.5 c <0.1 c 0.43 c 0.01 b 0.01 b 2.52 e 3.99 d 3.37 c

PP25 19.7 a 15.3 a 0.03 c 0.03 b 0.03 ab 5.73 d 3.81 d 3.63 c
PP50 10.8 b 6.7 b 0.02 c 0.02 b 0.04 ab 4.66 d 3.74 d 3.75 c
PP75 5.5 bc 1.8 bc 0.07 c 0.04 b 0.03 ab 4.24 de 3.79 d 2.99 c

WP25 9.3 bc <0.1 c 0.49 bc 0.01 b 0.01 b 10.67 c 8.76 c 7.96 b
WP50 17.7 a 0.2 c 1.53 ab 0.05 b 0.06 ab 22.20 b 13.51 b 15.31 a
WP75 19.7 a 0.1 c 1.02 abc 0.26 ab 0.07 ab 27.45 a 17.70 a 14.28 a
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Table 4. Mean total element concentrations (mg kg−1) in peat, biochar powder (BC), pyrolyzed softwood pellets (PP), and composite wood−biochar pellets (WP)
prior to mixing the growing media (n = 5); soluble nutrients (mg kg−1) in each growing media after 29 days of moist incubation (n = 5); and elements in the press
water extract (mg L−1) of each growing media after 29 days of moist incubation (n = 5).

Al B Ca Cd Cr Cu Fe K Mg Mn Na Ni P Pb S Zn

Total
Peat 1036 5.5 6615 0.11 1.4 2.3 1619 446 1131 150 82 1.8 523 2.2 2111 22
BC 164 17.0 4694 <0.11 98.4 8.0 1108 4340 509 139 82 10.7 179 3.3 117 16
PP 178 8.2 999 <0.11 0.9 3.1 230 1868 165 100 856 0.5 238 <2.1 45 9.6
WP 93 10.6 2642 <0.11 98.7 5.8 1168 2540 363 98 148 5.2 277 2.6 140 18

Soluble
Peat 26 2.8 5347 - - - 9.5 361 1045 1344 136 - 91 - 338 -
BC25 18 5.8 3666 - - - 8.9 2570 435 76 79 - 44 - 156 -
BC50 16 6.6 3062 - - - 12.8 3044 274 62 64 - 36 - 104 -
BC75 13 7.0 2440 - - - 22.2 3040 177 53 52 - 32 - 77 -

BC100 3 7.1 1522 - - - 93.9 2890 120 41 43 - 25 - 51 -
PP25 11 3.9 3614 - - - 3.7 1081 780 101 426 - 106 - 254 -
PP50 6 4.5 1928 - - - 1.2 1512 333 65 586 - 103 - 152 -
PP75 6 5.1 1074 - - - 0.6 1580 168 48 634 - 114 - 102 -
PP100 11 5.4 809 - - - 2.3 1524 114 43 621 - 117 - 91 -
WP25 20 5.7 2492 - - - 11.8 1408 360 67 140 - 87 - 109 -
WP50 17 6.2 1964 - - - 14.6 1680 267 57 140 - 99 - 72 -
WP75 13 6.2 1456 - - - 31.9 1690 191 46 131 - 106 - 49 -

WP100 5 6.2 1186 - - - 48.3 1590 137 39 128 - 108 - 57 -

Press water extract
Peat 0.38 0.1 20 <0.001 0.01 0.000 0.5 11 7 1 7 0.00 5 <0.015 34 0.04
BC25 0.53 0.5 7 <0.001 0.05 0.013 1.7 93 1 <1 5 <0.01 8 <0.015 20 0.02
BC50 0.67 0.5 12 <0.001 0.12 0.037 2.9 155 1 <1 6 0.02 10 <0.015 7 0.02
BC75 0.12 0.3 42 <0.001 0.07 0.005 1.7 250 7 1 8 0.01 4 <0.015 3 <0.01

BC100 - - - - - - - - - - - - - - - -
PP25 0.39 0.3 6 <0.001 <0.01 0.006 0.5 60 2 <1 39 <0.01 21 <0.005 44 0.02
PP50 0.40 0.4 4 <0.001 <0.01 0.007 0.5 78 1 <1 51 <0.01 30 <0.005 38 0.02
PP75 0.30 0.3 3 <0.001 <0.01 0.007 0.3 75 1 <1 52 <0.01 19 <0.005 24 0.02
PP100 - - - - - - - - - - - - - - - -
WP25 0.58 0.4 23 <0.001 0.04 0.009 2.7 135 5 1 16 0.01 16 <0.015 27 0.07
WP50 1.75 0.6 53 <0.001 0.12 0.005 6.3 368 14 1 38 0.03 36 <0.015 28 0.18
WP75 1.12 0.6 77 <0.001 0.11 0.008 6.9 430 20 2 4 0.04 30 <0.015 20 0.26

WP100 - - - - - - - - - - - - - - - -
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3.2. Seedling Growth

Although the media and N fertilization rate interacted to affect RCD, shoot biomass, and root
biomass measured at the end of the experiment (Table 5), N fertilization as an independent variable was
not significant. This is likely an artifact of analysis because the morphological values of seedlings from
the biochar-amended media were normalized to the control for each year, and the pattern of growth
was similar for each level of N (Figure 6). We noted no significant differences in the morphological
attributes for the control and seedlings grown with ≤50% biochar (all P > 0.05), with the exception of
WP, where a 25% addition dramatically reduced all morphological parameters relative to the 100%
peat control. For BC, the higher rate of N in combination with a 25% addition yielded similar results
(95 to 108%) to the control for all morphological traits, as did the addition of PP at either 25% or
50% (91 to 107%). Moreover, with the higher N rate, BC25, BC50, and PP25 had similar shoot N
concentrations (96 to 100% of the control), whereas PP50 had 86% of the control.

Table 5. P-values for final seedling morphological characteristics.

Independent Variables Height Stem Diameter Shoot Biomass Root Biomass

N fertilization (F) 0.2672 0.1341 0.0784 0.6250
Medium (M) <0.0001 <0.0001 <0.0001 <0.0001

F × M 0.6368 0.0143 <0.0001 0.0335

For the most part, the concentrations of macro-and micro-nutrients in the shoots, regardless of
amendment or N rate, were within the standard ranges for conifer seedlings [48,49]. Iron (Fe), B, and
Mn were most affected. Seedlings grown with BC25 and BC75 and 20 mg N had 41 to 340% more Fe
than the control, which exceeded (by about 40%) the high end of the recommendation range (200 ppm).
All seedlings grown with PP and receiving 80 mg N had B values 10 to 40% higher than the peat control
(4 to 22% higher than the 100 ppm recommendation). Mn was high across all treatments; only the
two amendments with 75% biochar, BC75 and PP75, fell within the recommended range of 100 to
250 ppm. All others ranged from 300 to 640 ppm. For all treatments, molybdenum fell within the
recommended range (0.05 to 5 ppm), but the control peat had the lowest concentrations (0.05 ppm),
whereas all biochar-amended treatments ranged from 0.1 to 4.2 ppm with an average of 1.2 ppm.

The substrates affected the number of irrigations required using a water mass threshold of 80%
of container capacity. We observed less irrigation events for the BC and WP treatments, whereas PP
required about the same number as pure peat (Table 6). The BC irrigation frequency was reduced from
12 to 25%, with the greatest reduction noted when 50% of the peat was replaced.

Table 6. Relative number of irrigation events for peat, biochar powder (BC), pyrolyzed softwood
pellets (PP), and composite wood−biochar pellets (WP) substrates using a target water mass of 75%.

Percentage of Peat Replaced (v v−1)

0 25 50 75

Peat 100
BC 88 75 88
PP 101 102 100
WP 58 — —
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pellets (WP) at rates of 25, 50, and 75% (v v−1; arrows) and supplied with either 20 (solid black line) or 
80 (dashed green line) mg N. The control means for each N rate (low/high) are provided. 

Figure 6. Vectors representing the changes in relative morphological values (height; root-collar diameter,
RCD; and root and shoot biomass) for seedlings grown in peat (endpoint) and peat amended with
biochar powder (BC), pyrolyzed softwood pellets (PP), and composite wood−biochar pellets (WP) at
rates of 25, 50, and 75% (v v−1; arrows) and supplied with either 20 (solid black line) or 80 (dashed green
line) mg N. The control means for each N rate (low/high) are provided.

4. Discussion

For healthy seedling growth, media pH, CEC, inherent fertility, and porosity are some of the most
important aspects. Our peat substrate had the lowest pH (3.9), but was typical for Sphagnum [50].
The lowest rates of biochar (25%) and peat had pH values lower than the range of 5.5 to 6.5
recommended for most woody plants for restoration [48], although it was within the recommended
range for conifers grown in pure peat (4.5 to 5.5 [51]). Replacement of 50% of the peat with the biochar
amendments yielded values within the Landis et al. [48] range, and replacement of 75% peat exceeded
that range. Bunt [50] notes, however, that most plants can be grown across a wide range of pHs
provided that nutrients are appropriately supplied.

All of the components within our media were organic. Organic matter (OM) increases the cation
exchange capacity of native soils by increasing the number of negative exchange sites available to retain
nutrients. Therefore, it is interesting to note the decline in OM across all amendment combinations as
compared to the peat (Figure 1). Our samples were analyzed by Ball’s [36] loss-on-ignition and this
method is routinely used for soil samples. This method may have shown lower levels of OM in the
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biochar treatments because charcoal is resistant to further heating and mass loss. Biochar (or black
carbon) is not easy to volatilize [52] and, therefore, other thermal or chemical methods may be a better
way to assess the contribution of carbon to the amendments. Despite not being able to categorize OM
adequately, biochar is unique in that it has a high cation exchange capacity, which can significantly
increase nutrient retention because of the higher surface charge [53]. However, the direct evidence of
biochar’s influence on nutrient cycling and retention in soils is inconsistent [54]. For example, biochar
may accelerate nutrient cycling in the long-term and serve as a short-term source of highly available
nutrients [55]. Many of the changes in nutrient cycling are related to specific biochars (e.g., feedstock,
pyrolysis temperatures) and how they age within the soil matrix. Very little is known about the nutrient
exchange from biochar in a nursery setting.

During nursery production, a high cation exchange capacity is desired because it mitigates the
leaching of nutrients during irrigation, which maintains a high level of substrate fertility [48]. Earlier
we reported that replacing 25% (v v−1) peat with WP reduced the effective cation exchange capacity
(ECEC) by about 50% [24]; here we found that replacing 25% peat with either BC or PP only reduced
ECEC by about a third (Table 1). These changes in ECEC did not, however, result in large differences
in observed shoot nutrient concentrations (data not shown); we believe that our strict adherence to
irrigation applied at discrete thresholds, hand application, and the use of exponential fertilization
to ensure that all treatments received the same level of N, may have reduced any potential negative
effects of nutrient leaching during fertigation [17,44].

Compared to peat, we noted high levels of soluble K when any amount and type of biochar
was used (Table 4), as well as a decreases in soluble Mg, and this was also apparent in the press
water extracts. High values of K have also been noted by others, with suggestions that biochar
may serve as the sole source of K in container production systems [28,56–58]. We noted increases
in shoot K concentrations of 6 to 31% when BC or WP replaced peat (which yielded an average
value of 0.93% K), but the values when PP was added were more modest (zero to +4%). While using
biochar as the sole source of P has also been suggested [56] and increased nutrient concentrations
have been observed with 10% v v−1 [56] and ≤35% w w−1 [58], we only noted increases (of about
15%) with PP concentrations ≤50%. While high rates of K were associated with Mg deficiency in
Pinus radiata [59], we noted that our combination of biochar and fertigation programs yielded shoot
Mg concentrations 4 to 50% higher than the peat, with the exception of PP50 and PP75, which had
7 to 11% reductions, respectively. Despite these findings, the values were generally similar to peat
(0.12% Mg versus 0.11% Mg) and within the suggested range of Landis et al. [48]. Although we did
not specifically test whether biochar could provide sufficient P and K for seedling growth, our varied
results across biochars and proportions suggest that when appropriate nutrition is provided through
fertigation, addition by biochar are probably not sufficient to be excessive, and that reliance on biochar
as a fertilizer will be biochar-specific.

In his review, Heiskanen [60] suggests that an air-filled porosity (AFP) at −1 kPa near 40% is an
optimum threshold for container reforestation seedlings, and later determined that 50% of the TP is
about optimum WC and AFP for any medium [18]. In this study, the peat had an AFP of about 35%,
and replacing the peat with PP yielded media with an AFP ranging from 29 to 47% (increasing with the
increasing addition of biochar; Figure 5). These treatments also required similar intervals of irrigation
(Table 6), suggesting similar water and air availability to seedlings among the range of amendments.
In contrast, the replacement of peat with BC generated media with a very low AFP (14, 10, and 13% as
the amendment increased from 25 to 50 to 75%). This higher proportion of water-holding capacity at
the expense of air-filled porosity is reflected in the decreased frequency of required irrigation (Table 6);
notably the lowest AFP treatment (BC50) required the fewest irrigation events. WP25, despite having
a near-optimum AFP (39%), required the least number of irrigations. Heiskanen [60] cautions, however,
that water-and air-filled porosities “do not actually or commensurably describe the availability of air or
water to the roots in all media”. Accordingly, we observed good growth of the seedlings in BC25 given
the higher rate of N despite the low AFP, and less satisfactory growth of PP75 seedlings and very poor
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growth of WP25 seedlings despite a near-optimum AFP. Other factors, such as bulk density (Db), likely
have an effect, given that BC25 had a relatively low Db and PP75 had a relatively high Db. Certainly
a low Db is important. Vaughn et al. [26], working with cultivars of tomatoes (Solanum lycopersicum)
and marigolds (Tagetes erecta), and biochar substrates (≤15% v v−1) with fairly similar Db (0.13 to 0.17)
and AFP (24 to 29%), observed few differences in plant growth with the exception of tomato height.
In a second experiment with the same species, Vaughn et al. [21] found that biochar mixtures with
the greatest AFP (about 47%) yielded the highest amount of biomass for each species. In addition,
Conversa et al. [61] reported very good seedling growth with biochar additions up to 70% (v v−1);
as the biochar additions increased from zero to 70%, Db shifted upward from 0.13 to 0.16 g cm−3 and
the AFP increased from 13 to 21%.

Our results, similar to those of several others [21,25–27,61,62], suggest that acceptable plant
growth can often be achieved when peat-based substrates are replaced with suitable biochar forms
≤50% (v v−1). In addition, it is important to consider that in an operational setting and on an annual
basis, prudent nursery managers adjust cultural practices to ensure target seedling growth [63,64],
and a similar approach would be sensible when incorporating biochar into the growth medium.
In their review of the association between biochar and plant diseases, Frenkel et al. [65] caution,
however, that biochar rates exceeding 3% (w w−1) were more conducive to disease (our 25% v v−1

rates ranged from about 7 to 44% w w−1; see Table 1). The authors note that soil-borne pathogens
were commonly enhanced in 83% of the studies they reviewed, but foliar pathogens were enhanced
in only 33% of the studies. For forest nurseries in western North America, soil-borne pathogens
(i.e., Cylindrocarpon, Fusarium, and Pythium) are ubiquitous (e.g., [66]), but the expression of disease is
usually only associated with prolonged, excessive moisture in the growing media (e.g., [66–69]) often
due to excessive irrigation. In addition, the basal portion of all containers, post irrigation, experience
saturated conditions for some duration, which is a function of plant phenology, container height,
and medium porosity [60]. Too frequent irrigation, even if applied to “maintain container capacity”,
can prolong this saturated condition, particularly for media with lower porosity, as can be found
when biochar is added, and the resulting anaerobic conditions can be stressful to seedlings [6,69,70].
Several studies reviewed by Frenkel et al. [65] that show enhanced disease expression with higher
rates of biochar provide either scant, ambiguous, or solely qualitative estimates on how irrigation was
managed during the experiments. This is unfortunate, given that Heiskanen [18] notes that when
peat-based media are amended, particularly with organic components, irrigation should be adjusted
for each mixture to achieve the correct water, oxygen, and nutrient availability. Indeed, Matt et al. [27]
found that after increasing the volumetric proportions of biochar powder (same as the BC used in
this study) in a well-drained, peat-based substrate (3:1:1 v:v:v peat, perlite, vermiculite), the irrigation
frequency required to achieve similar water mass across treatments during the course of the experiment
was reduced. That is, due to the specific water retention characteristics of the biochar treatments,
those biochar treatments required less frequent irrigation (about 40% for the highest rate of biochar)
compared to the more well-drained peat-based substrate. Our results were less straightforward, but we
still noted a 12 to 25% difference in irrigation frequency among our biochar treatments. Given that
frequent irrigation to container capacity of the media with higher water retention increases the risk of
waterlogging [71], the elevated occurrence of disease associated with higher rates of biochar (with its
subsequent higher water retention) may be a function of poor irrigation management.

While irrigation and fertilization methods are often poorly described in studies evaluating biochar
and its impacts on disease expression, the same is true for published studies evaluating seedling
performance when grown in biochar-amended substrates. As concluded by Pinto et al. [72], applying
nursery culture without regard for the intrinsic nature of the differences provided by the treatments,
for example, irrigating plants with a range of biochar additions every three days regardless of water
availability, only evaluates the irrigation practice, not the true potential of the treatment (in this
example, biochar). Thus, more attention to irrigation and fertilization practices that avoid confounding
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should be practiced. Irrigation can be easily managed by measuring water mass loss [44] and is
an effective technique to reduce confounding irrigation and fertilization in greenhouse trials (e.g., [17]).

5. Conclusions

We evaluated replacing peat with three types of biochar (BC, powder; PP, pyrolyzed softwood
pellets; WP, composite wood-biochar powder pellets) up to 75% (v v−1) and under two exponential
fertilization regimes that supplied either 20 or 80 mg N during the course of the experiment.
Exponential fertilization and gravimetric determination of water loss from the media were used
to avoid confounding these variables across biochar types and proportions. Seedling growth patterns
were similar for either N supply, suggesting that biochar alone has little effect on the overall substrate
fertility. Additions of 25% (BC) and up to 50% (PP) with concurrent application of 80 mg N yielded
seedlings with similar growth to the peat control. Worldwide, studies have demonstrated mixed
responses in terms of plant growth when biochar was a component of the growing media. A better
understanding of the potential for biochar as a nursery substrate may be achieved through proper
irrigation and fertilization techniques and the reporting of basic media characteristics, in particular
bulk density and air-filled porosity.
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