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Abstract The purpose of this study was to evaluate biochar

as a substitute for vermiculite in potting mixes for unrooted

vegetative cuttings of hybrid poplar as represented by the

clone ‘NM6’ (Populus nigra L. × Populus suaveolens Fi-

scher subsp. maximowiczii A. Henry). We compared three

treatments (peat moss (control), peat moss mixed with ver-

miculite, and peat moss mixed with biochar) at three times

(pre-experiment, pre-fertilizer, and post-fertilizer). The

biochar and vermiculite mixes had significantly higher cat-

ion exchange capacity (CEC) and pre-experiment exchange-

able K than the control. Trees grown in the biochar and

vermiculite mixes had significantly higher shoot K than the

control at pre-fertilizer and post-fertilizer and significantly

higher shoot and total biomass at post-fertilizer. The biochar

mix was also associated with lower root biomass and higher

shoot/root biomass ratio than the vermiculite mix at post-

fertilizer. Vector analysis indicated that all treatments were

deficient in N at pre-fertilizer, and the control was also

deficient in K at pre-fertilizer and post-fertilizer. Linear

regression confirmed that shoot biomass was strongly

correlated (R2=0.97) with N and K uptake (in addition to

initial cutting diameter), also, root biomass was strongly

correlated (R2=0.96) with potting mix CEC (in addition to

shoot biomass). Luxury consumption of K at pre-fertilizer

indicates that the increases in shoot and total biomass ob-

served with the biochar and vermiculite treatments arise from

this nutrient being “pre-loaded” in both mixes. We conclude

that biochar provides benefits equivalent to vermiculite in

terms of key nutrient availability and total biomass

productivity.

Keywords Biochar . Biomass . Cation exchange capacity .

Fertilizer . Populus . Pyrolysis

Abbreviations

CEC Cation exchange capacity

ECEC Effective cation exchange capacity

Introduction

Biochar is a high-carbon, porous coproduct of biomass fast

pyrolysis for the production of renewable bio-oil [1, 2].

Biochar’s porosity results in high surface areas for biochar

particles, which can serve a number of functions such as

adsorbing nutrients and increasing cation exchange capacity

(CEC) in soils [3–5]. Other potential benefits of adding

biochar to the soil include increased water holding capacity

[6, 7], higher pH [8], increased levels of certain plant nutri-

ents [9, 10], and reduced nitrogen leaching and/or volatili-

zation [11–13].

While much research to date has focused on applying

biochar to agricultural soils, biochar’s properties also make it

useful for greenhouse applications. For example, Dumroese

et al. [14] found that peat moss amended with biochar pellets

showed improved hydraulic water conductivity and water
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availability, and Graber et al. [15] found that a potting mix

amended with biochar enhanced tomato and pepper plant

growth. Moreover, greenhouse applications present important

advantages over field applications; for instance, avoiding the

issues of reduced herbicide efficacy that may occur with field

applications [16–18]. In addition, daily greenhouse watering

may help to further capitalize on biochar’s nutrient adsorption

properties, as an environment of alternating saturated and

unsaturated conditions has been shown to enhance the CEC

of wood-derived biochars [19, 20].

The purpose of this study was to evaluate biochar as a

substitute for vermiculite, a nonrenewable resource used in

greenhouses to improve the CEC of potting mixes, for grow-

ing hybrid poplar trees. Hybrid poplars were selected be-

cause they have rapid growth under greenhouse conditions,

they are readily propagated from vegetative cuttings which

reduce the inherent variability of the test plants, and they

have demonstrated potential as short rotation woody crops

for bioenergy production in the region [21, 22]. The clone

‘NM6’ is a fast-rooting hybrid which is easy to clonally

propagate [23] and is expected to be representative of hybrid

poplars utilized in the region. While unrooted cuttings are

typically used for field planting, greenhouse production of

the cloned plants is often used in the initial phase of scaling

up a new selection for commercial use; in addition, poplars

serve as model plants for woody species in general [24, 25],

many of which are reared in the greenhouse before being

planted in the field.

The hypotheses tested were (1) hybrid poplar cuttings

grown in a potting mix containing biochar would have sim-

ilar productivity as those grown in a potting mix containing

vermiculite, (2) the cuttings grown in these mixes would

have higher productivity than those grown in a mix without

biochar or vermiculite, and (3) the differences in productivity

among the treatments would be explained by the ability of

the potting mixes to adsorb plant nutrients from the soil

solution (i.e., CEC). To test these hypotheses, three treat-

ments were evaluated: peat moss (control), peat moss mixed

with vermiculite, and peat moss mixed with biochar. Chem-

ical properties (pH, CEC, and ECEC) and nutrient content

(total N and exchangeable K, Ca, Mg, and Na) of the potting

mixes were measured at three times (pre-experiment, pre-

fertilizer, and post-fertilizer) to gauge their inherent nutrient

content and their ability to adsorb nutrients. Trees were

destructively sampled at pre-fertilizer and post-fertilizer to

determine the effects of treatment and time on the amount of

shoot (stem+leaves), root, cutting, and total (shoot+

root+cutting) biomass produced, as well as shoot/root bio-

mass ratio. In addition, nutrient (N, K, Ca, Mg, and Na)

concentrations and contents were analyzed for each plant

tissue.

The potting mix properties and plant nutrients responsible

for treatment effects on biomass parameters were identified

and evaluated using a three-step process. In the first step,

analysis of variance (ANOVA) was used to identify signifi-

cant differences in potting mix properties and nutrients, the

concentrations and contents of nutrients in the plants, and

biomass production. For the second step, vector analysis was

used to identify the nutrients responsible for producing the

observed biomass responses. In vector analysis, foliar pa-

rameters (i.e., least squares means of shoot nutrient concen-

trations, shoot nutrient contents, and shoot biomass derived

from ANOVA) are simultaneously graphed for each treat-

ment relative to a reference condition (i.e., control), whereby

the direction and magnitude of the differences from the

reference condition indicate the nature and strength of nutri-

ent responses. This method allows for the diagnosis of plant

nutrient status and has been applied to hybrid poplars in

previous studies [26, 27]. Vector analysis is also capable of

detecting the transfer of nutrients from the shoots to other

tissues; in such cases, possible nutrient transfer was further

investigated using ANOVA for root and cutting nutrients. In

the third and final step, linear regression was used to evaluate

the predictive power of the variables identified by ANOVA

and/or vector analysis as having significant effects on bio-

mass production.

Materials and Methods

Biochar Material

The biochar was produced at the Iowa State University

BioCentury Research Farm (Boone, IA) on a pilot scale

(8 kg hr−1) bubbling fluidized bed fast pyrolysis. The red

oak feedstock was ground to a particle size of <600 μm prior

to fast pyrolysis at 500 °C. The sand bed was fluidized with

N2. Biochar was collected by cyclone from the product

stream with an approximate yield of 12–15 %.

Greenhouse Experiment

The experiment was conducted at the Iowa State University

Forestry Greenhouse (Ames, IA) during the spring of 2010.

Three potting media treatments were evaluated as follows:

peat (100 % peat moss; control), vermiculite mix (75 % peat

moss and 25 % vermiculite by volume), and biochar mix

(75 % peat moss and 25 % biochar by volume). A random-

ized complete block design was used. Treatments were ran-

domly assigned to 236 cm3 Accelerator® containers (Nurs-

ery Supplies Inc., Chambersburg, PA) in each of three trays

(blocks). Each tray held 32 containers: 12 peat, 10 vermicu-

lite mix, and 10 biochar mix, for a total of 96 containers

(each of which was filled with 225 cm3 of the assigned mix).

Unrooted vegetative cuttings (10 cm long) of the hybrid

poplar ‘NM6’ (Populus nigra L. × Populus suaveolens
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Fischer subsp.maximowicziiA. Henry) were soaked in water

for 24 h, planted in the containers (one tree per container),

and initial cutting diameters were recorded. The trays were

placed in a bench-scale humidity tent (consisting of opaque

plastic sheeting supported by PVC pipe) for the first 3 weeks

and then on open benches for the remainder of the experi-

ment. They were subirrigated continuously over the first

4 weeks and twice daily for 30 min at a time over the

remainder of the experiment.

Half of the trees per treatment were destructively sampled

after 6 weeks of growth (prior to fertilization; mean

height=27.0 cm), and the other half were destructively sam-

pled after 8 weeks (following fertilization; mean height=

38.1 cm). Fertilizer solution was prepared by dissolving dry

15-30-15 fertilizer in water (3.6 g L−1); the solution was

applied at a rate of 35 mL per tree at the start of the seventh

week and 70 mL per tree at the start of the eighth week.

Destructive sampling consisted of separating the tree tissues

(shoots (stems+leaves), roots, and cuttings) and oven-drying

the tissues at 50 °C to obtain the dry weights prior to tissue

nutrient analysis. Due to the small amount of root material

available for most trees in the pre-fertilizer harvest, root sam-

ples from up to five trees were bulked by treatment, resulting

in a total of 18 root samples (rather than 48) for the

pre-fertilizer harvest.

For the potting media, samples of the unused mixes were

collected to determine their pre-experiment chemical prop-

erties and nutrient contents. To determine the pre-fertilizer

and post-fertilizer effects, the medium from each container

was collected during destructive sampling of the trees and

bulked by tray for each treatment. The media was then oven-

dried at 50 °C prior to analysis of chemical properties and

nutrient contents. Because the potting mixes were bulked by

tray, the data were evaluated as a completely randomized

design, with the three trays serving as replicates (3

treatments×3 sample times×3 replicates=27 total samples).

Laboratory Analyses

Plant tissues and potting mixes were sent to the US Forest

Service Institute for Applied Ecosystem Studies in Rhine-

lander, WI, where they were ground through a 0.5 mm screen

prior to analysis. For both the plant tissues and the potting

mixes, total N content was determined with a Flash EA1112

N-C analyzer with a model MAS 200 autosampler (Thermo

Electron, via CE Elantech, Inc., Lakewood, NJ). For the

remaining plant tissue nutrients, atomic emission spectros-

copy (AES) was conducted using a Varian Agilent model

240FS atomic absorption spectrophotometer (Agilent Tech-

nologies, Englewood, CO) following nitric acid digestion.

For the potting mixes, exchangeable base cations (K, Ca,

Mg, and Na) were extracted with hexammine cobalt (Co)

chloride and analyzed via AES. The base cations were

summed to determine CEC (adsorption of base cations),

and ECEC (adsorption of all cations) was determined from

the difference of the Co level measured compared to the

initial Co level, as described by Ciesielski and Sterckeman

[28]. Potting mix pH was measured by adding potting mix

(1 g) to 5 mL of dilute CaCl solution (0.01 mol L−1), shaking

for 1 h, then measuring with an AccuCap combination pH

electrode and Accumet model no. XL50 pH meter (Fisher

Scientific, Waltham, MA, USA).

Analysis of Variance

All data were evaluated as a two-way factorial (treatment×

time) with ANOVA using PROC GLM in SAS (SAS Institute

Inc., Cary, NC). Whenever treatment, time, or treatment×time

interactions were found to be significant (P<0.05), multiple

comparisons analyses (with Tukey’s adjustment) were

conducted to identify statistically significant differences be-

tween the adjusted least squares means. Each tree tissue was

evaluated for differences in biomass (i.e., dry weight) and

nutrient concentrations, with initial cutting diameter as a co-

variate based on previous research showing the influence of

cutting size on early growth and survival of poplar clones [29].

In addition, the nutrient content of each tissue (determined by

multiplying the measured nutrient concentration by the dry

weight of the tissue) and total biomass (determined by sum-

ming the dry weights of the tissues) were similarly evaluated,

again with initial cutting diameter as a covariate. For shoot/root

biomass ratio, shoot biomass was used as the covariate based

on previous research showing the influence of tree develop-

ment on biomass allocation [30]. The potting mixes were

tested for differences in pH, CEC, ECEC, and nutrient con-

centrations and contents. Nutrient contents (in milligrams per

container) were calculated by multiplying the measured nutri-

ent concentrations (in milligram per kilogram) by the bulk

density (in kilograms per container) of the mix; CEC and

ECEC (in milliequivalent per container) were similarly calcu-

lated by multiplying the measured value (in milliequivalent

per kilograms) by the potting media bulk density (in kilograms

per container).

Vector Analysis

Vector analysis was conducted using the adjusted least

squares means of the shoot parameters (specifically shoot

biomass, nutrient concentrations, and nutrient contents). The

pre-fertilizer peat treatment was used as the reference condi-

tion (relative value=100 for all shoot parameters), and the

relative values for all other treatment×time combinations

were calculated by dividing the measured value by that of

the reference condition and multiplying by 100. These relative

values were graphed for each nutrient to compare treatment

effects on nutrient status based on the typical interpretations of
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vector analysis diagrams (Fig. 1, adapted from Lteif et al.

[27]). The interpretations reflect the nutrient status of the

treatment plants and can be summarized as follows: (A)

increased biomass with increased nutrient content and

decreased nutrient concentration (growth dilution), (B)

increased biomass with increased nutrient content and no

change in nutrient concentration (sufficiency), (C) increased

biomass with increased nutrient content and concentration

(deficiency), (D) no change in biomass with increased nutrient

content and concentration (luxury consumption), (E) de-

creased biomass with increased nutrient concentration and

increased or decreased nutrient content (toxicity), (F) decreased

biomass with decreased nutrient concentration and content

(antagonism), and (G) little or no increase in biomass with

decreased nutrient concentration and content (retranslocation).

For a more thorough description of vector analysis and its

potential applications, see Haase and Rose [31] and Imo and

Timmer [32].

Linear Regression

To evaluate the predictive power of variables identified by

ANOVA and/or vector analysis as having significant effects on

biomass parameters, linear regression was conducted using

PROC GLM in SAS. Specifically, coefficients of determina-

tion (R2) values were determined for biomass parameter

models which used the identified variables, and the statistical

significance of each variable within the model was also deter-

mined using Type III sums of squares. As previously noted,

potting mixes were bulked by tray; thus, when potting mix

variables were used in linear regression, the biomass parame-

ters were averaged by tray to maintain consistency with the

potting mix data.

Results

Potting Mix Properties and Nutrients

Analyses of the potting mixes’ chemical properties and nu-

trient contents indicated significant treatment and time ef-

fects for several of the parameters, with significant interac-

tions for pH as well as exchangeable K and Na (Table 1).

Regarding treatment effects, the biochar and vermiculite

mixes had significantly higher CEC and exchangeable Mg

than the peat (Table 2). Also, the biochar mix had signifi-

cantly higher ECEC and exchangeable Ca than both the peat

and the vermiculite. The vermiculite mix had significantly

lower total N than both the biochar mix and the peat. For the

time effects, CEC increased significantly from pre-experiment

to pre-fertilizer, along with exchangeable Ca (which was

likely introduced via the tap water used for irrigation). ECEC

showed a similar trend as CEC, but the differences were not

statistically significant; similarly, time effects were not signif-

icant for total N or exchangeable Mg.

As noted above, significant treatment×time interactions

were found for pH and exchangeable K and Na. The peat

showed no significant change in pH over time, whereas the

other two treatments both showed significant increases from

pre-experiment to pre-fertilizer and significant decreases

from pre-fertilizer to post-fertilizer (Fig. 2a). The peat was

significantly lower in K than the other two treatments at pre-

experiment and did not change significantly at pre-fertilizer,

but increased significantly at post-fertilizer; conversely, K

decreased significantly for the other two treatments from pre-

experiment to pre-fertilizer and did not change significantly

from pre-fertilizer to post-fertilizer (Fig. 2b). All treatments

increased significantly in Na from pre-experiment to pre-

fertilizer, with the peat being significantly lower than the

other two treatments at pre-fertilizer; in addition, the biochar

mix increased significantly from pre-fertilizer to post-

fertilizer, whereas the other two treatments did not change

significantly (Fig. 2c).

Shoot Nutrient Concentrations and Contents

Shoot nutrient concentrations showed mainly treatment

and/or time effects, with only shoot K concentration showing

a significant treatment×time interaction (Table 3). Conversely,
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Fig. 1 Example of vector analysis diagram and the interpretations

associated with shifts in shoot biomass (m), shoot nutrient concentration

(c), and shoot nutrient amount (a), for each vector (A–G) relative to the

reference condition (R); adapted from Lteif et al. [27]
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shoot nutrient contents showed significant treatment×time in-

teractions for all nutrients evaluated.

Shoot N concentration was significantly higher with the

peat than with the other two treatments (Table 4). Shoot Ca

concentration was significantly lower with the vermiculite

treatment than with the others. Shoot Mg concentration for

the peat was significantly lower than the vermiculite but

significantly higher than the biochar. No significant treat-

ment differences were observed for shoot Na concentration.

The treatment×time interaction for shoot K concentration

(Fig. 3) shows that the biochar and vermiculite treatments

were significantly higher than the peat both pre-fertilizer and

post-fertilizer; also, the peat treatment showed a significant

increase from pre-fertilizer to post-fertilizer, whereas the

other two treatments did not change significantly.

Treatment×time interactions for shoot nutrient contents

are illustrated in Fig. 4. For shoot N, Mg, and Na content, no

significant differences between treatments were observed at

pre-fertilizer, and all treatments increased from pre-fertilizer

to post-fertilizer, but at post-fertilizer, the biochar and ver-

miculite were significantly higher than peat. For shoot Ca

content, no significant differences between treatments were

observed at pre-fertilizer, and all treatments increased from

pre-fertilizer to post-fertilizer, but at post-fertilizer, the biochar

was significantly higher than the other two treatments. For

shoot K content, the biochar and vermiculite treatments

were significantly higher than peat both pre-fertilizer and

post-fertilizer, with the absolute difference being larger at

post-fertilizer.

Tree Biomass Productivity

The biomass productivity data showed significant treatment

effects for shoot/root biomass ratio and significant time

effects for cutting biomass and shoot/root biomass ratio

(Table 5). Significant treatment×time interactions were ob-

served for shoot, root, and total biomass. Regarding treat-

ment effects, the biochar treatment produced a significantly

higher shoot/root biomass ratio than the vermiculite and peat

treatments, with vermiculite also being significantly higher

than peat (Table 6). For time effects, the shoot/root biomass

ratio decreased from pre-fertilizer to post-fertilizer, whereas

cutting biomass increased from pre-fertilizer to post-fertilizer.

Treatment×time interactions for shoot, root, and total

biomass are illustrated in Fig. 5. While the treatments did

not differ significantly in shoot or total biomass pre-fertilizer,

and all treatments increased significantly from pre-fertilizer

to post-fertilizer, the biochar and vermiculite treatments had

significantly higher shoot and total biomass post-fertilizer

than the peat (Fig. 5a, d). Root biomass also did not differ

significantly between treatments pre-fertilizer, and increased

for all treatments from pre-fertilizer to post-fertilizer, but at

post-fertilizer, the vermiculite treatment had significantly

higher root biomass than biochar, while peat was intermedi-

ate (Fig. 5b). No significant interactions were detected for

cutting biomass (Fig. 5c); the data are included here to

illustrate the contribution of cuttings to total biomass. Also,

the covariate of initial cutting diameter had a significant

influence (P<0.0001) on the biomass of all tissues, and the

covariate of shoot biomass had a significant influence

(P=0.0044) on shoot/root biomass ratio (not shown).

Vector Analysis

The vector analysis diagrams (Fig. 6) illustrate the relative

shoot nutrient concentrations, shoot nutrient contents, and

shoot biomass for each treatment pre-fertilizer (small sym-

bols) and post-fertilizer (large symbols), relative to the pre-

fertilizer control (peat). Vectors show the differences between

Table 1 P values from ANOVA of potting mix chemical properties (pH, CEC, ECEC) and nutrient content (total N and exchangeable K, Ca, Mg,

Na). Statistically significant effects (P<0.05) are italicized

Effect pH CEC ECEC N K Ca Mg Na

Treatment <0.0001 <0.0001 <0.0001 0.0008 <0.0001 <0.0001 <0.0001 <0.0001

Time <0.0001 <0.0001 0.0762 0.1206 0.0003 0.0014 0.4074 <0.0001

Trt×Time 0.0003 0.4177 0.4138 0.6093 0.0005 0.0970 0.1054 <0.0001

Table 2 Adjusted least squares means for potting mix chemical prop-

erties and nutrients by treatment and time. Significant differences be-

tween means (P<0.05) are indicated with different letters within the

column. Units of measure for the parameters are: CEC and ECEC (meq

container−1); total N and exchangeable Ca and Mg (mg container−1).

Results for pH and exchangeable K and Na are not shown here due to

significant treatment×time interactions

Effect CEC ECEC N Ca Mg

Treatment

Peat 16.4 b 25.3 b 366 a 742 b 144 b

Vermiculite 20.4 a 24.0 b 289 b 835 b 279 a

Biochar 20.6 a 33.1 a 355 a 1421a 253 a

Time

Pre-experiment 16.2 b 25.6 318 769 b 236

Pre-fertilizer 20.8 a 28.4 336 1032 a 230

Post-fertilizer 20.5 a 28.3 356 1197 a 211
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treatments pre-fertilizer (dotted lines) and the changes for each

treatment from pre-fertilizer to post-fertilizer (dashed lines).

For N (Fig. 6a), the pre-fertilizer biochar and vermiculite

vectors showed a shift towards lower N concentration and

slightly lower N content along with slightly higher mass,

which is indicative of possible transfer (e.g., retranslocation)

from the shoots to other tissues. However, statistical analyses

of cuttings and roots did not reflect nutrient transfer within

the plant, in that N levels were also lower in the cuttings and

roots for these treatments, relative to peat (not shown). At

post-fertilizer, all treatments shifted towards higher N con-

centration, N content, and shoot mass; this indicates that all

treatments were deficient in N prior to fertilization. Because

the biochar and vermiculite were associated with higher

mass but similar N concentrations as peat at post-fertilizer,

it can also be concluded that peat was sufficient in N relative

to the other two treatments. Thus, the higher shoot produc-

tivity for biochar and vermiculite likely is not attributable to

a difference in N availability.

The pre-fertilizer biochar and vermiculite vectors showed

a shift towards higher K concentration and higher K content

along with only slightly higher shoot mass, which is indica-

tive of luxury consumption (Fig. 6b). At post-fertilizer, the

biochar and vermiculite treatments shifted towards higher

total K content and shoot mass with little change in K

concentration, while with peat, all three of these increased;

this indicates that the biochar and vermiculite were sufficient

in K prior to fertilization, whereas the peat was deficient. In

addition, the lower K concentration, K content, and shoot

mass for peat at post-fertilizer (relative to the other two

treatments) suggests that the trees growing in peat were also

K-limited at post-fertilizer. Thus, the higher shoot produc-

tivity for biochar and vermiculite is likely related to superior

availability of K.

With Ca (Fig. 6c), the pre-fertilizer vermiculite vector

showed a shift towards lower Ca concentration and slightly

lower Ca content along with slightly higher mass; this in-

dicates possible transfer (e.g., retranslocation) of Ca from the

shoots to other tissues. However, statistical analyses of cut-

tings and roots did not reflect nutrient transfer within the

plant, in that Ca levels were also lower in the cuttings and
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Fig. 2 Adjusted least squares means (±1 standard error) from

treatment×time interactions for potting mix a pH, b exchangeable K,

and c exchangeable Na. Statistically significant differences (P<0.05)

are indicated with different letters above the bars

Table 3 P values from ANOVA of shoot nutrient (N, K, Ca, Mg, and Na) concentrations and content. Statistically significant effects (P<0.05) are

italicized

Shoot concentration Shoot content

Effect N K Ca Mg Na N K Ca Mg Na

Treatment 0.0011 <0.0001 <0.0001 <0.0001 0.1998 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Time <0.0001 0.2190 <0.0001 0.7090 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Trt×Time 0.0551 <0.0001 0.4567 0.1912 0.4196 <0.0001 <0.0001 0.0004 <0.0001 0.0021
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roots for the vermiculite treatment, relative to biochar and

peat (not shown). At post-fertilizer, all three treatments in-

creased slightly in Ca concentration, with relatively larger

increases in Ca content and shoot mass; this is indicative of a

slight deficiency for all treatments.

As shown in Fig. 6d, the pre-fertilizer biochar vector

showed a shift towards lower Mg concentration but slightly

higher Mg content and shoot mass, whereas the vermiculite

vector showed a shift towards higher Mg concentration

along with slightly higher Mg content and shoot mass; this

is indicative of growth dilution for biochar and luxury con-

sumption for vermiculite. At post-fertilizer, all three treat-

ments shifted towards higher Mg content and shoot mass

with little change in Mg concentration; this indicates the

treatments were sufficient in Mg.

The pre-fertilizer biochar and vermiculite vectors showed a

shift toward slightly lower Na concentration along with slight-

ly higher Na content and shoot mass, which indicates slight

growth dilution for biochar and vermiculite (Fig. 6e). At post-

fertilizer, all three treatments increased slightly in Na concen-

tration, with relatively larger increases in total Na and shoot

mass; this is indicative of a slight deficiency for all treatments.

Linear Regression

The ANOVA and vector analysis results suggest that shoot

biomass productivity was influenced by N and K uptake, and

that initial cutting diameter also had a significant effect.

Thus, shoot biomass was modeled with the variables of shoot

N content, shoot K content, and initial cutting diameter. The

overall model fit was strong (R2=0.97; Fig. 7a), with each of

the three variables being statistically significant (P<0.0001)

predictors of shoot biomass. The resulting equation is:

BS ¼ 0:0863Di þ 0:0229NS þ 0:0114KS–0:3015 ð1Þ

Where BS is the shoot biomass (in grams per tree), Di is

the initial diameter of the cutting (in millimeters), NS is the

shoot nitrogen content (in milligrams per tree), and KS is the

shoot potassium content (in milligrams per tree).

The significance of shoot biomass as a covariate in the

ANOVA for shoot/root biomass ratio indicates that biomass

allocation to the roots was influenced by shoot size. In

addition, previous research suggests that increased nutrient

availability decreases root biomass allocation (thereby in-

creasing shoot/root ratio) in poplars [33], which in this study

is supported by the observed increases in shoot/root ratio for

the treatments having higher CEC (i.e., biochar and vermic-

ulite) relative to the control. Based on these observations,

root biomass was modeled with the variables of shoot bio-

mass and potting mix CEC. The overall model fit was strong

(R2=0.96; Fig. 7b), with both variables being statistically sig-

nificant (P≤0.0002) predictors of root biomass. The resulting

equation is:

BR ¼ 0:0665BS−0:00845MCEC þ 0:1561 ð2Þ

Where BR is the root biomass (in grams per tree), BS is the

shoot biomass (in grams per tree), and MCEC is the CEC (in

milliequivalents per container) of the media.

Predictably, the ANOVA results indicate that initial cut-

ting diameter had a significant effect on cutting biomass.

Also, the significant increase in cutting biomass over time

demonstrates that a portion of the photosynthate produced by

the shoot was allocated to cutting growth. Thus, cutting

biomass was modeled with the variables of initial cutting

diameter and shoot biomass. The overall model fit was

strong (R2=0.90; Fig. 7c), with both variables being statisti-

cally significant (P<0.0001) predictors of cutting biomass.

The resulting equation is:

BC ¼ 0:5825Di þ 0:1397BS−3:007 ð3Þ

Where BC is cutting biomass, Di is the initial diameter of

the cutting (in millimeters), and BS is shoot biomass (in

grams per tree). Linear regression was not conducted for

the remaining biomass parameters, as they can be determined

Table 4 Adjusted least squares means for shoot nutrient concentrations

(N, Ca, Mg, and Na; %), by treatment and time. Significant differences

between means (P<0.05) are indicated with different letters within the

column for a given effect. Results for shoot K concentration and shoot

nutrient contents (N, K, Ca, Mg, and Na) are not shown here due to

significant treatment×time interactions

Effect N Ca Mg Na

Treatment

Peat 2.19 a 0.77 a 0.23 b 0.028

Vermiculite 2.03 b 0.64 b 0.26 a 0.026

Biochar 1.97 b 0.77 a 0.21 c 0.028

Time

Pre-fertilizer 1.60 b 0.68 b 0.23 0.025 b

Post-fertilizer 2.52 a 0.78 a 0.23 0.030 a
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b
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Fig. 3 Adjusted least squares means (±1 standard error) from

treatment×time interaction for shoot K concentration. Statistically sig-

nificant differences (P<0.05) are indicated with different letters above

the bars
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by summing equations 1–3 (total biomass) or dividing

equation 1 by equation 2 (shoot/root biomass ratio).

Discussion

The results of this study demonstrate that biochar is a suit-

able replacement for vermiculite in potting mix in terms of

key nutrient availability and total biomass production. The

biochar and vermiculite mixes had significantly higher cat-

ion exchange capacity (CEC) and pre-experiment exchange-

able K than the peat control (see Table 2 and Fig. 2) and were

similar to one another in shoot N and K concentration and

content (see Figs. 3 and 4, and Table 4), which resulted in

significantly higher shoot and total biomass productivity than

the control (see Fig. 5). Vector analysis suggests that the trees

growing in the biochar and vermiculite mixes were limited

primarily byN, whereas the trees growing in peat were limited

by both N and K (see Fig. 6a, b); thus, the improved biomass

productivity of the trees grown with biochar and vermiculite

appears to be attributable to higher K availability.

The elevated levels of exchangeable K for the biochar and

vermiculite treatments relative to peat at pre-experiment and

pre-fertilizer (see Fig. 2b), along with the luxury consumption

of K associated with these treatments at pre-fertilizer (see

Fig. 6b), indicate that the increased availability of K was due
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Fig. 4 Adjusted least squares means (±1 standard error) from treatment×time interactions for total shoot content of a N, b K, c Ca, dMg, and e Na.

Statistically significant differences (P<0.05) are indicated with different letters above the bars

Table 5 P values from ANOVA

of tree biomass (shoot, BS; root,

BR; cutting, BC; and total, BT)

and shoot/root ratio (BS/BR).

Statistically significant effects

(P<0.05) are italicized

Effect BS BR BC BT BS: BR

Treatment <0.0001 0.0005 0.4976 <0.0001 <0.0001

Time <0.0001 <0.0001 0.0005 <0.0001 <0.0001

Trt × time <0.0001 0.0271 0.2483 0.0057 0.3467
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at least in part to the nutrient being “preloaded” in the mixes

rather than simply their ability to adsorb K from the soil

solution. However, the higher CEC values for both treatments

relative to peat (as well as higher ECEC for biochar) suggest

that superior availability of K and/or other cations may be

sustained over longer periods. Additional research to test this

hypothesis is therefore recommended.

Differences between the biochar and vermiculite mixes

were also observed, but did not appear to be significant factors

in shoot or total biomass productivity. For example, total N

was higher in the biochar mix than the vermiculite mix (see

Table 2), and exchangeable K was higher in the vermiculite

mix than the biochar mix (see Fig. 2); however, these differ-

ences did not translate to differences in shoot or total produc-

tivity or even to differences in concentrations or contents of

the nutrients within the plants. In the case of N, the higher

levels for biochar may represent a difference in fixed N rather

than available N. Regarding K, it appears that the higher

exchangeable K for vermiculite represents a surplus supply.

In addition, the biochar mix had significantly higher ex-

changeable Ca and post-fertilizer Na than the vermiculite

mix (see Table 2 and Fig. 2). This corresponded with higher

shoot nutrient concentration and content of Ca for the

biochar treatment compared to vermiculite, but no signifi-

cant differences between the two with regard to Na (see

Table 4 and Fig. 4). Although these differences did not

appear to significantly impact hybrid poplar growth in this

study (see Fig. 5), they may be important for other species

which are prone to specific nutrient deficiencies (e.g., Ca in

tomatoes) or sensitivities (e.g., Na in beans), and therefore

additional research with a wider variety of poplar clones and

other crops is recommended. Such studies should account for

the initial cutting diameter and changes in biomass allocation

associated with plant development, which were found to

have significant influences on tree growth in this study and

are consistent with previous research [29, 30].

Table 6 Adjusted least squares means for cutting biomass (BC) and

shoot/root biomass ratio (BS/BR) by treatment and time. Significant

differences between means (P<0.05) are indicated with different letters

within the column for a given effect. Results for shoot, root, and total

biomass are not shown here due to significant treatment×time

interactions

Effect BC BS: BR

Treatment

Peat 2.78 15.6 c

Vermiculite 2.83 18.3 b

Biochar 2.87 22.9 a

Time

Pre-fertilizer 2.71 a 21.4 a

Post-fertilizer 2.94 b 16.5 b
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Fig. 5 Adjusted least squares means (±1 standard error) from

treatment×time interactions for a shoot, b root, c cutting, and d total

(shoot+root+cutting) biomass. Statistically significant differences

(P<0.05) are indicated with different letters above the bars. Though

nonsignificant, the interaction for cuttings is shown here to demonstrate

the contribution to total biomass
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While vector analysis suggested possible pre-fertilizer

transfer of N (biochar and vermiculite treatments) and Ca

(vermiculite treatment) from the shoots to other tissues (see

Fig. 6a, c), statistical analyses indicated that the levels of

these nutrients were similarly lower in the cuttings and roots

(not shown), and thus reflect lower levels of these nutrients

for the entire plant. Such increases in the ratio of biomass

produced per unit of nutrient in the plant are often interpreted

as an increase in nutrient use efficiency [34]. As previ-

ous descriptions of vector analysis [26, 27, 31, 32] do not

appear to address this potential outcome, we recommend the

inclusion of “increased nutrient use efficiency” as a possible

diagnosis for the nutritional effect of “depletion” described in

Fig. 1.

Linear regression supported the results of the vector anal-

ysis, specifically, that shoot biomass productivity was largely

a function of N and K uptake (in addition to initial cutting

diameter, as indicated by ANOVA). This demonstrates the

utility of vector analysis (in conjunction with ANOVA) for

identifying the specific variable(s) responsible for treatment-

related plant growth responses, which, considering the num-

ber of variables at play (e.g., concentration and content of each

nutrient as well as possible interactions between them), might

otherwise only be accomplished with increasingly complex

statistical models. Linear regression also showed that root

biomass was largely a function of shoot biomass productivity

and potting mix CEC, and that cutting biomass was largely a

function of shoot biomass productivity and initial cutting
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diameter. Thus, the biomass productivity of each tissue was

influenced by the potting mix, whether directly via K avail-

ability (shoots) and CEC (roots) or indirectly via the influence

of the potting mix on shoot biomass (roots and cuttings).

Previous research by Graber et al. [15] showed that pep-

per and tomato plant growth were significantly enhanced by

the addition of biochar to their potting mix. They concluded

that this was not due to improved nutrient availability (based

on a lack of significant differences in leaf nutrient concen-

trations), and hypothesized instead that the biochar may have

stimulated beneficial soil microbes and/or contained non-

nutrient chemicals that directly stimulated plant growth.

However, their fertilizer regime (fertigation applied 2–3

times daily throughout the experiment) may have sup-

plied sufficient nutrients to the plants directly, negating

any differences in the ability of the growing media to supply

nutrients. Our study, on the other hand, purposefully induced

suboptimal nutrient conditions to test for differences in nutri-

ent availability and uptake by the plants. As such, our study

demonstrates that biochar may enhance plant growth via

improved nutrient availability under suboptimal nutrient

conditions.

Oxygen availability is also an important consideration in

potting mixes, as limited oxygen has been shown to decrease

shoot and root growth in poplars [35]. Though we did not

evaluate oxygen availability in this study, we did observe

that the bulk density of the biochar mix was approximately

50 % greater than that of the other mixes, which we expect

would decrease oxygen availability. Indeed, previous re-

search has shown that pelleted biochar mixed with peat at

the same ratio used in our study (25 % biochar and 75 % peat

by volume) reduced air-filled porosity from 47 to 38 % and

lowered relative oxygen diffusivity by approximately half

compared to peat alone [14]. Thus, additional research on the

effects of biochar on oxygen availability (particularly over

longer time periods) is recommended.

Finally, it has been established that biochars derived from

different feedstocks and under different pyrolysis conditions

have unique physical and chemical properties [36, 37]. As

such, additional testing with a variety of biochars is needed

to compare how the selection of feedstocks and processes

affect the ability of different biochars to serve as a renewable

substitute for vermiculite. The costs associated with different

feedstocks and processes will also be important in determin-

ing the most economical substitute for vermiculite, which in

the greenhouse industry commands a price of US$135 to

155 m−3 (approximately US$1,500 Mg−1) based on supplier

catalog pricing (BFG Supply Co., Burton, OH).
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