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Abstract

:

The combination of biochar (BC) with compost has been suggested to be a promising strategy to promote plant growth and performance, but although “synergistic” effects have been stated to occur, full-factorial experiments are few, and explicit tests for synergism are lacking. We tested the hypothesis that a combination of BC and spent mushroom substrate (SMS) has a positive synergistic effect on plant growth and physiological performance in a nutrient-limited growing media. A greenhouse experiment with a full factorial design was conducted using mixed-wood BC (3.0 kg·m−2) and SMS (1.5 kg·m−2) (the combination was not co-composted) as organic soil amendments for the annual Abutilon theophrasti and the perennial Salix purpurea. Several measurements related to plant growth and physiological performance were taken throughout the experiment. Contrary to the hypothesis, we found that the combination of BC + SMS had neutral or antagonistic interactive effects on many plant growth traits. Antagonistic effects were found on maximum leaf area, above- and belowground biomass, reproductive allocation, maximum plant height, chlorophyll fluorescence, and stomatal conductance of A. theophrasti. The effect on S. purpurea was mostly neutral. We conclude that the generalization that BC and compost have synergistic effects on plant performance is not supported.
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1. Introduction


Charcoal derived from wildfire plays an integral role in the re-vegetation and function of ecosystems following disturbances. Soil pyrogenic carbon provides numerous services to plants, sorbing many growth-inhibitory compounds (e.g., phenolics, salts, metals) [1,2], basifying acidified soils concomitant with improving nutrient retention and exchange [3], delivering a pulse of water-soluble elements available for plants and soil fauna [4,5], and improving soil water holding capacity [6]. When charcoal is applied as a soil amendment, the term “biochar” (BC) is used [7]. In managed systems, BC has received much attention for its potential to improve soil fertility and to mitigate climate change by carbon sequestration (e.g., [8,9,10]). In recent meta-analyses, Jeffrey et al. [11] and Biederman and Harpole [12] show that BC increases crop yields by an average of 10% and 30%, respectively, while Thomas and Gale [13] report a mean biomass growth response of 41% for woody plants.



Similar to natural charcoals, BCs contain high specific surface area, cation exchange capacities and microporosity, properties that have improved plant growth and function across systems. These properties greatly depend on the feedstock (e.g., waste products from forestry and agriculture such as woodchips, sawdust, corn-stover, manure, etc.), the pyrolysis process (e.g., fast, slow, and gasification), and the temperature during pyrolysis [3,14]. BCs derived from woody feedstock demonstrate particularly important ameliorative properties that include high ability to sorb soil contaminants [15], retain nutrients and water [16,17,18], increase soil pH, and provide pulses of nutrients that are potentially limiting in certain systems (e.g., phosphorus in Pluchon et al. [19]).



Compost is another soil amendment heralded for multiple benefits as an organic fertilizer that results in well-documented increases in plant growth [20,21]. Spent mushroom substrate (SMS), also called mushroom compost, is a by-product of the mushroom industry that is commonly used as a soil amendment, and has shown particularly strong positive effects on plant growth and soil function [22]. Like BC, mushroom compost generally limes soils and increases the availability and uptake of nutrients—especially N, P, and K [23,24]. However, negative growth responses have occasionally been reported possibly due to high salinity or metal concentration in compost [25]. Mushroom compost has improved fruit yield in several agricultural crops in the relative short term (one growing season) at high dosages (4.0–8.0 kg·m−2) [24,26]; however, the effects of mushroom compost on the growth and performance of woody plants/crops have only been minimally investigated [27].



In the broader scientific literature, “synergistic” effects are essentially always defined as a deviation from an additive model, such as that described by analysis of variance; this definition is likewise well established in the plant nutrition literature ([28], p. 39). It has been repeatedly suggested that the combination of BC with compost may be a promising strategy to promote plant growth and performance, having positive synergistic effects on soil properties and plant growth responses (e.g., [29,30,31]). Synergistic effects of a BC-compost blend on plant growth and performance are thought to be mediated by sorption of nutrients by the porous BC matrix [29], stimulation of microbial colonization [32], degradation of possible noxious pyrogenic substances [33], improvement of the BC surface reactivity through accelerated oxidative ageing [34,35] and dissolved organic carbon sorption [36]. The hypothesized synergy is likely to be particularly effective in offsetting potentially toxic effects of high metal and salt concentrations in SMS since BCs have demonstrated the ability to mitigate salt stress [15] and metal bioavailability [1]. Indeed, recent work by Beesley et al. [37] shows promise for BC-compost applications to soils contaminated by metals and arsenic. Multiple studies have been conducted on the effect of BC on soil properties and plant growth together with, or in comparison to compost and/or other fertilizers both in the field [31,38,39,40,41,42,43,44] and in greenhouses [45,46,47,48,49]. Although many studies report positive effects of a BC-compost mix on soil properties and plant growth, there is a lack of explicit tests for synergistic effects in the literature: we are aware of only a few prior experiments that have utilized a factorial experimental design [43,45,49].



In the present study, we tested the effect of a mixed-wood BC, SMS, and a combination of both (not co-composted prior to application), on plant growth and physiological performance of two plant species: the annual Abutilon theophrasti Medik (Malvaceae) and the perennial Salix purpurea L. (Salicaceae). We tested the hypothesis that a combination of BC and SMS has a positive synergistic effect on plant growth and physiological performance in nutrient-limited media. We expected that responses would be particularly dramatic in Abutilon theophrasti, an annual plant known for opportunistic nutrient uptake [50]. We expected that the response of the woody perennial S. purpurea would be relatively less pronounced, but of broad interest due to being a common bioenergy crop species [51].




2. Materials and Methods


2.1. Growth Conditions and Experimental Design


The experiment was conducted in a University of Toronto glasshouse situated at the St. George Campus, in Ontario, Canada. Mean temperature in the glasshouse averaged 26 °C during the day and 18 °C during night, with 40% mean relative humidity and a 16:8 h light-dark period.



A completely randomized factorial design was used with two treatment factors, BC and SMS additions, and two plant species, Abutilon theophrasti and Salix purpurea (var. 9882-41). Abutilon theophrasti seeds originated from agricultural weed populations in southern Illinois and were purchased through V&S Seed Supply (City, Illinois, USA). Salix purpurea cuttings originated from the Faculty of Environmental Science and Forestry at the State University of New York, NY, USA, and were obtained from the University of Guelph’s long-term agroforestry trials in Guelph, Ontario, Canada, in January 2015. The BC used in the experiment was produced through slow pyrolysis of mixed wood from shipping and construction materials produced at a pyrolysis temperature of 700 °C for 30 min. The biochar used here has been extensively characterized elsewhere (see “old Burt’s” biochar in [52]), was shown not to have elevated levels of metals or organic compounds, and additionally passed germination assays and earthworm avoidance tests in accordance with the International Biochar Initiative’s procedures. Additionally, the same biochar has been utilized in two prior studies showing its potential to remove soil contaminants [53,54]. Biochar was heat-treated at 100 °C for 24 h prior to use in the experiment to alleviate potentially phytotoxic compounds leachable from BC [55]. Commercially available SMS (Premier Tech, Premier®, Rivière-du-Loup, Québec, Canada) was used. Chemical properties of the BC and SMS used in the experiment are listed in Table 1.



A non-fertilized growth medium consisting of peat moss (70%), perlite (20%) and sand (10%) was used, in which the BC (1.5 kg·m−2), SMS (3.0 kg·m−2), or a combined mixture of BC and SMS (1.5 kg·m−2 and 3.0 kg·m−2, respectively) soil amendments were completely mixed, forming the treatments of the experiment. The control treatment did not contain BC or SMS. There were 20 replicates (1 plant/pot) planted per plant species and treatment, with a total of 160 pots (2 species × 4 treatments × 20 replicates). The water content of the SMS was 41.10% ± 0.17% (n = 10 samples of 10 g each, dried for 48 h at 60 °C), therefore the dosage on dry mass basis was ~1.76 kg·m−2. Dosages for BC and SMS were calculated relative to pot soil surface area (200 cm2/4-L pot; 30 g BC and/or 60 g SMS/pot) and are in the range of dosages used in previous studies that improved plant growth (e.g., [24,26,56]). Abutilon theophrasti seeds were germinated in a non-soil growing mix seven days prior to planting. Cuttings of S. purpurea were shortened to 30 cm in length and were inserted into pots to a depth of 5–7 cm. Planting took place on 21 January 2015 and plants were grown for 91 days until 22 April 2015. The placement of the pots was completely randomized on one glasshouse table.




2.2. Plant Growth and Physiological Performance


To calculate leaf area of both plant species, the length of every leaf on each individual plant was measured to the nearest 0.5 cm on a weekly basis from 2 February 2015 onwards (12 days after planting). A species-specific allometric equation was applied to estimate area/leaf, and sum these estimates across all leaves. For A. theophrasti, the equation described in Thomas et al. [57] was used: A = 0.6519 × L1.9523, where A is leaf area in cm2 and L is leaf length in cm. An allometric equation was developed for S. purpurea following the methods described in Thomas et al. [57]: A = 0.1882 × L2.



To investigate physiological plant responses to the treatments, leaf-level gas-exchange parameters were measured on 18 March 2015 (44 days after planting—approximately halfway through the experiment) between 09:00 am–02:00 pm local time. Light-saturated photosynthetic rate and stomatal conductance were measured using an LI-6400xt Portable Photosynthesis System (Li-Cor, Lincoln, NE, USA). Triplicate measurements were taken on the most recently developed fully-expanded leaf of each plant using a 6-cm2 leaf cuvette. The system flow rate was set to 400 mmol/s, and CO2 concentration of the sample set to 400 ppm. Relative humidity in the chamber was maintained at approximately 50%. A red-blue light source (Licor 6000-02B) was used to maintain a photosynthetic photon flux density of 1000 μmol·m−2·s−1 during measurements. Gas flux rates were monitored during measurements to ensure steady-state values prior to recording data.



Dark-adapted photosynthetic yield (the ratio of variable to maximal fluorescence: Fv/Fm) was measured on 16 March 2015 (52 days after planting) between 09:00 am–02:00 pm local time with a Walz MINI-PAM Fluorometer (Heinz Walz, Effeltrich, Germany), using the saturation pulse method [58]. Plants were dark acclimated prior to measurements for several hours at a light level of < 1 μmol·m−2·s−1 of incident photosynthetically active radiation. Measurements were taken on three recently fully-expanded leaves of A. theophrasti and three random leaves of about the same age and size for S. purpurea.



Reproductive performance of A. theophrasti was measured by determining the proportion of flowering plants (number of flowering plants/total number of plants) at seven dates between 19 March and 15 April 2015 (days 57–84 after planting) and the proportion of plants with fruits at six dates between 23 March and 15 April 2015 (days 61–84 after planting).



At harvest, plant height was measured for A. theophrasti and total branch length for S. purpurea. For the latter measurement, all branches were measured to the closest 0.5 cm and measurements were summed for all individual plants. Stem diameter increase at soil surface of S. purpurea was calculated by subtracting the initial stem diameter measured at the onset of the experiment from the stem diameter at harvest. All plants were then cut at soil surface and roots were thoroughly washed with water to free them from the growth medium. Biomass was dried for 48 h at 60 °C, after which above- and belowground biomass was measured and the root mass fraction (belowground biomass/aboveground biomass) calculated. For A. theophrasti, reproductive allocation of each plant was also calculated as mass of reproductive parts (flowers and fruits)/aboveground biomass.




2.3. Statistical Analysis


Effects of BC, SMS, and their interaction on plant growth and physiological metrics were tested by submitting data to analysis of variance (ANOVA), using the glm procedure (generalized linear model) in the statistical software R [59]. A significant positive BC × SMS interaction term was considered evidence for synergism, and a significant negative BC × SMS interaction term evidence for antagonism.



To test the effect of treatment (BC, SMS, BC + SMS) on leaf area over the growing period, repeated measures ANOVAs were employed using time, a parabolic term of time (time2), treatment, the interaction of time and treatment, and the interaction of the parabolic term of time and treatment as explanatory variables. The dates of leaf area sampling were used in the random statement of the model and a variance components covariance structure was specified (PROC MIXED; SAS Inc., Cary, NC, USA, 2015 [60]). Leaf area data were log transformed to meet the assumptions of normality and homoscedasticity of residuals.



Treatment effects on photosynthetic rate, stomatal conductance, chlorophyll fluorescence, above- and belowground biomass, plant height, root mass fraction, reproductive allocation, branch length, and stem diameter gain were analyzed using a one-way ANOVA with treatment as an explanatory variable respectively for each dependent variable (PROC GLM; SAS Inc. 2015). A log transformation was used for stomatal conductance of S. purpurea, as well as root mass fraction and belowground biomass of A. theophrasti to meet the assumptions of normality and homoscedasticity of residuals. Because these assumptions could not be met for residuals with a transformation of A. theophrasti chlorophyll fluorescence data, non-parametric Wilcoxon Scores (rank sums) followed by a Kruskal–Wallis Test were used (PROC NPAR1WAY; SAS Inc. 2015).



Repeated measures logistic regression with a binomial distribution was used to analyze the effect of soil treatments on the proportion of A. theophrasti with flowers and fruits over time separately (PROC GLIMMIX; SAS Inc. 2015). Time, treatment, and the interaction of time and treatment were taken as explanatory variables in both analyses and a second-order polynomial term of time and the interaction of this term with treatment were added as explanatory variables to analyze the proportion of flowering plants.



In all cases, model assumptions, such as normality and homoscedasticity of residuals, were met and Tukey’s range test was used for comparisons of means, unless stated otherwise.





3. Results


3.1. Effects of Biochar and Compost on Plant Growth and Performance


Relative to the control treatment, the application of BC alone had a significant positive effect on belowground biomass, maximum plant height and Fv/Fm of A. theophrasti, and on the proportion of root biomass of S. purpurea, but a significant negative effect on stomatal conductance of S. purpurea (Table 2). The SMS main effect was positive and significant for belowground biomass, reproductive allocation, maximum plant height, Fv/Fm, and stomatal conductance of A. theophrasti. In S. purpurea, the SMS main effect was negative for maximum leaf area, above- and belowground biomass, total branch length, and Fv/Fm (Table 2). The BC × SMS interaction term was significant and negative for maximum leaf area, above- and belowground biomass, reproductive allocation, maximum plant height, Fv/Fm, and stomatal conductance of A. theophrasti. The only cases of significant positive BC × SMS interactions were for the root mass fraction of A. theophrasti and aboveground biomass of S. purpurea (Table 2). In the latter case, the main effects of BC and SMS were negative (significantly so for the latter), thus the significant positive interaction terms indicate that addition of one soil amendment mitigates the negative effects of the other.




3.2. Leaf Area Growth


Mean total leaf area of A. theophrasti was significantly influenced by all explanatory variables, including the interaction time2 × treatment (Table 3). Total leaf area of plants treated with BC and SMS, respectively, reached a maximum of about 200 cm2 around 40 days into the experiment.



However, leaf area of plants treated with BC + SMS or growing under control conditions increased more slowly than plants in the two other treatments and reached a maximum of only about 130 cm2 (Figure 1a). A comparison of means revealed that only leaf area of plants in the BC + SMS treatment was significantly reduced compared to plants with BC or SMS treatments; however, none of the soil amendment treatments were significantly different from the control.



The interaction time2 × treatment was not significant in the case of leaf area of S. purpurea and was therefore excluded from the analysis. Leaf area increase of S. purpurea over time was significantly described by time and time2 (Table 3). However, the significant linear interaction time × treatment showed that while initially the increasing trend in leaf area was similar in all treatments, the highest average leaf area per plant (of about 280 cm2) was reached by plants in control treatments (Figure 1b). The significant treatment effect followed by comparisons of means showed that overall, only the leaf area of plants in the BC + SMS treatment was significantly lower than that of plants growing under control conditions.




3.3. Physiological Performance


Photosynthetic rate, stomatal conductance, and chlorophyll fluorescence of A. theophrasti were significantly influenced by the treatments (Table 4a). All three physiological traits showed significant increases for A. theophrasti in all soil amendment treatments when compared to plants in control conditions. Compared to the control, photosynthetic rate was increased ~3-fold in all treatments, stomatal conductance increased ~2.5-fold by SMS and ~1.7-fold by BC and BC + SMS, and an ~5% increase in Fv/Fm in all treatments was observed. Additionally, SMS significantly increased stomatal conductance of A. theophrasti by about 70% when compared to BC or BC + SMS (Figure 2a–c). For S. purpurea, Fv/Fm and stomatal conductance, but not photosynthetic rate were significantly influenced by the treatments (Table 4a). However, Tukey’s range test only revealed a significantly reduced stomatal conductance in the BC + SMS treatment when compared to controls, but no significant treatment effects on Fv/Fm (Figure 2d–f).




3.4. Reproductive Performance of A. theophrasti


The development of A. theophrasti flowers over time was best described by the interaction time2 × treatment (Table 3; Figure 3a). Flowers were first produced by plants in BC treatments, followed by plants with BC + SMS. Flowers were produced somewhat later in SMS treatments. Plants in control conditions flowered ~7 days later than those in soil amendment treatments (Figure 3a). However, while the maximum proportion of flowers was around 40% for BC, BC + SMS, and controls, the highest proportion of flowering plants was reached in the SMS treatment (80%) (Figure 3a).



Fruit formation by A. theophrasti significantly increased over time (F1,14 = 34.03; p < 0.0001) and was significantly influenced by treatments (F3,14 = 15.70; p < 0.0001), but there was no time × treatment interaction. Similar to flower production, the first fruits were formed by A. theophrasti in BC treatments, followed by BC + SMS, and the SMS treatment, and 5–9 days later by plants in control conditions. Plants in all treatment groups produced significantly more fruits than controls (~35% increase relative to controls). Fruits were formed on 95% of plants in the SMS treatment, which was not significantly different from plants in the BC + SMS treatment, in which fruits were formed on 80% of plants. Significantly fewer fruits (65%) were formed by plants in the BC treatment group when compared to plants on SMS treatment (Figure 3b).




3.5. Biomass at Harvest


Treatments had a significant effect on above- and belowground biomass, and proportion of roots for both A. theophrasti and S. purpurea (Table 4b). Tukey’s range test showed that BC and SMS significantly increased aboveground biomass ~2.5-fold, but BC + SMS only ~2-fold for A. theophrasti. All treatments significantly increased belowground biomass of A. theophrasti ~2-fold when compared to controls. However, there was no significant difference between treatments in root mass fraction for A. theophrasti (Figure 4a–c). Reproductive allocation of A. theophrasti was significantly influenced by treatments (F3,76 = 10.33; p < 0.0001) and was ~4× higher in SMS, as well as 2.5× higher in BC when compared to the control (Table 5). Final plant height of A. theophrasti was also significantly influenced by treatments (F3,76 = 17.41; p < 0.0001). Compared to the control, plants were ~60% taller in SMS and BC treatments, but only 35% taller in the BC + SMS treatment. Comparisons of means showed that aboveground biomass of S. purpurea was significantly decreased by the treatments when compared to controls (reduction of ~33%), and that the root mass fraction was significantly higher in the BC and the BC + SMS treatment when compared to controls. However, using Tukey’s range test, no significant differences between means were found for belowground biomass of S. purpurea (Figure 4d–f). Mean total branch length of plants at harvest was significantly influenced by treatments (F3,55 = 6.57; p = 0.0007) and was significantly lower in SMS as well as in BC + SMS treatments (by ~30%), when compared to controls (Table 5). Stem diameter increase of S. purpurea was not significantly influenced by the treatments (F3,55 = 2.10; p = 0.1111; Table 5).





4. Discussion


We found no evidence to support the general hypothesis that BC and SMS had a positive synergistic effect on plant growth and performance in either plant species. Contrary to this hypothesis, we found that the mixture of BC and SMS generally had neutral or antagonistic interactive effects on plant growth and physiological performance. In A. theophrasti, most of the growth and physiological metrics taken in this study displayed antagonistic effects, with maximum leaf area and plant height being most impaired by the mixture of BC and SMS (Table 2). For A. theophrasti a weak synergistic effect of BC and SMS was found only in the case of root mass fraction, but this is not a performance metric. For S. purpurea, a synergistic effect of BC and SMS on aboveground biomass was found, but this effect was in the context of negative effects of both soil amendments when applied alone (Table 2).



Full factorial designs are necessary to test for interaction terms and thus infer synergistic or antagonistic effects. Despite the claim of “synergistic effects” of BC and compost on plant performance (and soil function) [30], we are aware of only a few prior studies that used a true full factorial design involving BC + compost mixtures [43,45,49], and analyses presented did not explicitly test for synergism. Other studies examining BC and compost as soil amendments have not presented strong evidence for synergistic effects based on a conventional definition or analysis. The majority of published studies have used a “substitutive” design for BC plus compost treatments, where the total dosage of soil amendment is kept constant, but the ratios changed (e.g., [37,39,41,46,47,48]; others have used experimental designs that do not involve additive combinations [38,42,46], or that do not include a BC-only treatment [31]. In the “substitutive” cases, the BC + compost treatments are modified in terms of both the BC dosage and addition of compost, and one thus cannot infer the independent effects of either change (analogous to the case of “substitutive” designs in plant competition studies [61]).



Why would BC + compost mixtures produce antagonistic effects on plant performance? As an organic fertilizer, compost (including SMS) provides plants with important nutrients and facilitates subsequent uptake. Similarly, unweathered BC also provides a short-term pulse of certain important nutrients, in particular K and P [18,62]. If growth responses to BC and SMS treatments are mainly due to nutrient provision, then a saturation of plant nutrient demands will often result in a non-additive positive effect on plant growth (e.g., [63]), and may lead to a decline in plant growth at high levels [28] (p. 46). Alternatively, the combination of BC and SMS may have resulted in an oversupply of toxic elements (e.g., Al, Pb, Mn, As), or nutrients required at only very low levels (e.g., Mn, B) [3,23,25,64,65]. For example, high amounts of Mn are present in the BC used in our experiment (Table 1); while Mn is important for plant growth as a micronutrient [66], it can be toxic to plants at amounts that are highly variable between plant species [67] and environmental conditions [68,69,70].



In addition, biochar has a high sorption ability [16] that can lead to a reduced availability of nutrients, in particular mineralized N or available P, for plants under certain circumstances [48,71,72]. Thus, when compared to the SMS treatment, the availability of nutrients to the plants in the BC + SMS treatment might have been reduced, leading to the observed reduction in plant growth and physiological performance. Indeed, Kammann et al. [49] report antagonism in Chenopodium quinoa when BC was combined with manure compost in a sandy-loam soil supplemented with nitrogen fertilizer, concomitant with strong nitrate sorption.



One potential way forward in offsetting antagonistic effects BC + compost applications is to co-compost prior to application. Several studies have demonstrated increased supply of nutrients (K, P, Ca, NH4, NO3) when manure-based composts were co-composted with wood BCs to maturity prior to application, ultimately increasing crop yield and biomass [43,44,49]. In Kammann et al. [49], co-composting produced a synergistic effect, rather than the antagonistic effect observed in the BC + compost treatment, due to enriched nitrate and phosphate. In the present study, co-composting prior to application may have alleviated antagonistic effects. Much additional work needs to be conducted to explore the mechanisms responsible for synergism in co-composted BC mixtures.



Positive effects of BC and SMS on plant growth have been found for both annual and perennial plants [12,13,20,21]. Fast-growing annual plants generally show higher nutritional demands than woody perennials [73]. Prior studies have specifically found very high responses of A. theophrasti to nutrient additions [50]. This species did show more pronounced responses to the soil amendments than S. purpurea. In particular, A. theophrasti showed a ~3-fold increase in photosynthetic rate in response to all three soil amendment treatments, while S. purpurea showed no significant response (Figure 2). Since S. purpurea was potted as cuttings, it is possible that nutrients in initial cuttings were translocated to offset nutrient deprivation. Our data are consistent with patterns of high interspecific variation in responses to biochar (e.g., [13,19]), and suggest that certain early-successional species are particularly responsive (see [74]).



Biochar effects on plant reproduction have received relatively little attention in the literature (e.g., [15,75]). The reproductive performance of A. theophrasti was strongly influenced by the soil treatments. All soil amendment treatments induced earlier flowering and fruit production when compared to plants in control treatments. Interestingly, the first flowers and first fruits were formed by plants in BC treatments (BC alone or in combination with SMS). BC can release volatile compounds such as ethylene into the soil [76,77]. Ethylene is known to be a gaseous plant hormone, which is responsible for inducing the formation of flowers in certain plants (e.g., [78,79,80,81]), and may therefore explain the earlier flowering of plants with BC treatments. However, most flowers and fruits were eventually produced by plants in compost treatments, which is also reflected in the higher reproductive allocation of plants receiving this treatment.



In the present study, we used a mixed-wood BC at 1.5 kg·m−2 and a mushroom compost at ~1.8 kg·m−2. These dosages are not excessively high, and are broadly consistent with studies that found significant effects of compost [26] and BC [54] on growth of plants in temperate environments. However, the effect of both BC and compost on the performance of plants is highly variable and depends on feedstock, dosage, and soil type, and the fertility of the plant it is applied to [11,82,83]. The SMS compost used here is slightly more acidic when compared to manure-based composts used in other similar studies [43,44,49]. The BC used here was produced at moderately high pyrolysis temperatures and has high surface area and porosity, characteristics that enable its use as a sorptive agent of soil pollutants in other studies [53,54]. Highly-sorptive BCs from high pyrolysis temperatures are desirable in restoration contexts where soil pollutants limit plant growth. Comparative studies testing a variety of BC and compost types across a spectrum of plant growth forms and soil types are necessary to untangle the mechanisms responsible for interactive effects of BC + compost.




5. Conclusions


The generalization that BC and compost mixtures have synergistic effects on plant growth and performance is not supported by this study. On the contrary, we have shown that even antagonistic effects of BC and compost mixtures can occur. Full factorial design experiments followed by an appropriate statistical analysis including the interaction term of the factors are needed to accurately test for synergism. More broadly, investigating the underlying mechanisms of synergistic or antagonistic effects of BC and other fertilizers and soil conditioners on plant growth is important in realizing the potential of biochar as a tool in ecosystem management.
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Figure 1. Mean (± standard error) leaf area of (a) Abutilon theophrasti and (b) Salix purpurea over time (ordinal date) during the greenhouse experiment. 
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Figure 2. Mean (± standard error) light-saturated photosynthetic rate, stomatal conductance under light-saturated conditions, and ratio of variable to maximal chlorophyll fluorescence for Abutilon theophrasti (a–c) and Salix purpurea (d–f) at different soil treatments. Bars in each panel with the same lower case letters do not differ significantly at p < 0.05 according to Tukey’s range test. 
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Figure 3. Mean proportion of Abutilon theophrasti plants with (a) flowers and (b) fruits at different soil treatments over time (ordinal date) during the greenhouse experiment. 
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Figure 4. Mean (± standard error) above- and belowground biomass, and root mass fraction at different soil treatments for Abutilon theophrasti (a–c) and Salix purpurea; (d–f). Bars in each panel with the same lower case letters do not differ significantly at p < 0.05 according to Tukey’s range test. 
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Table 1. Chemical properties of biochar and compost. Compost analysis was conducted at the Agriculture and Food Laboratory, University of Guelph, Guelph, ON. Biochar analyses were conducted at the Analytic Services Unit, Queen’s University, Kingston, ON and derived from Denyes et al. [52]. Test procedures and units are reported in parenthesis. BC: biochar; SMS: spent mushroom substrate.
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Attribute

	
Value for SMS

	
Value for BC






	
Ammonium-N (KCl-NH4, mg·kg−1)

	
10

	
2




	
Nitrate-N ( KCl-NH4, mg·kg−1)

	
388

	
3.0




	
Phosphorus (NaHCO3, mg·L−1)

	
120

	
31




	
Magnesium (NH4C2H3O2, mg·L−1)

	
820

	
848




	
Potassium (NH4C2H3O2, mg·L−1)

	
2000

	
2150




	
Manganese (NH4C2H3O2, mg·L−1)

	
4.3

	
752




	
Zinc (NH4C2H3O2, mg·L−1)

	
8.2

	
5.6




	
pH (CaCl2)

	
6.4

	
10.6
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Table 2. Two-way analysis of variance (ANOVA) table of F- and p-values for the effects (+ = positive; − = negative) of biochar (BC), spent mushroom substrate (SMS), and their interaction (BC × SMS) on various measurements of plant growth and physiological performance relative to control conditions without soil amendments for (a) Abutilon theophrasti and (b) Salix purpurea. Degrees of freedom (df) of the error term = dferror, df of each effect = 1.
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Measurement

	
BC

	
SMS

	
BC × SMS

	
dferror




	
F

	
p

	
Effect

	
F

	
p

	
Effect

	
F

	
p

	
Effect






	
(a) Abutilon theophrasti




	
Maximum leaf area

	
0.042

	
0.8380

	

	
0.113

	
0.7370

	

	
23.522

	
<0.0001

	
-

	
76




	
Aboveground biomass

	
3.869

	
0.0528

	

	
3.451

	
0.0671

	

	
31.657

	
<0.0001

	
-

	
76




	
Belowground biomass

	
5.758

	
0.0189

	
+

	
8.543

	
0.0046

	
+

	
12.671

	
0.0006

	
-

	
76




	
Root mass fraction

	
0.193

	
0.6614

	

	
0.095

	
0.7593

	

	
6.701

	
0.0115

	
+

	
76




	
Reproductive allocation

	
0.238

	
0.6273

	

	
17.682

	
0.0001

	
+

	
13.077

	
0.0005

	
-

	
76




	
Maximum plant height

	
6.037

	
0.0163

	
+

	
6.745

	
0.0113

	
+

	
35.076

	
<0.0001

	
-

	
76




	
Chlorophyll fluorescence

	
8.998

	
0.0037

	
+

	
11.351

	
0.0012

	
+

	
7.981

	
0.0060

	
-

	
76




	
Photosynthetic rate

	
1.491

	
0.2300

	

	
0.348

	
0.5590

	

	
1.996

	
0.1660

	

	
36




	
Stomatal conductance

	
1.743

	
0.1951

	

	
19.533

	
0.0001

	
+

	
10.455

	
0.0026

	
-

	
36




	
(b) Salix purpurea




	
Maximum leaf area

	
2.074

	
0.1542

	

	
8.479

	
0.0048

	
-

	
0.080

	
0.7777

	

	
70




	
Aboveground biomass

	
4.661

	
0.0351

	
-

	
15.669

	
0.0002

	
-

	
6.097

	
0.0166

	
+

	
57




	
Belowground biomass

	
0.052

	
0.8203

	

	
8.060

	
0.0064

	
-

	
0.810

	
0.3723

	

	
53




	
Root mass fraction

	
10.325

	
0.0022

	
+

	
1.694

	
0.1988

	

	
3.633

	
0.0621

	

	
53




	
Total branch length

	
3.038

	
0.0869

	

	
15.764

	
0.0002

	
-

	
0.816

	
0.3704

	

	
55




	
Stem diameter gain

	
1.672

	
0.2010

	

	
2.169

	
0.1470

	

	
2.450

	
0.1230

	

	
55




	
Chlorophyll fluorescence

	
0.023

	
0.8799

	

	
9.822

	
0.0026

	
-

	
0.158

	
0.6926

	

	
66




	
Photosynthetic rate

	
0.045

	
0.8330

	

	
1.326

	
0.2570

	

	
2.565

	
0.1180

	

	
36




	
Stomatal conductance

	
4.208

	
0.0476

	
+

	
0.998

	
0.3245

	

	
1.353

	
0.2525

	

	
36
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Table 3. Results of statistical analyses testing the effect of different explanatory variables on leaf area of Abutilon theophrasti and Salix purpurea (repeated measures analysis of variance), and on the proportion of A. theophrasti flowers (logistic regression).
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Explanatory Variable

	
A. theophrasti Leaf Area

	
S. purpurea Leaf Area

	
A. theophrasti Flowers




	
F

	
df

	
p

	
F

	
df

	
p

	
F

	
df

	
p






	
Time

	
1541.8

	
1, 76

	
<0.0001

	
612.0

	
1, 71

	
<0.0001

	
20.4

	
1, 10

	
0.0011




	
Time2

	
1482.9

	
1, 609

	
<0.0001

	
1034.6

	
1, 380

	
<0.0001

	
21.2

	
1, 10

	
0.0010




	
Treatment

	
7.1

	
3, 609

	
0.0001

	
4.9

	
3, 380

	
0.0024

	
4.3

	
3, 10

	
0.354




	
Time × treatment

	
14.2

	
3, 609

	
<0.0001

	
4.0

	
3, 380

	
0.0080

	
4.1

	
3, 10

	
0.0395




	
Time2 × treatment

	
21.1

	
3, 609

	
<0.0001

	
removed

	
3.9

	
3, 10

	
0.0444
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Table 4. Results of the analysis of variance (ANOVA) testing the influence of treatments and control on measurements taken on Abutilon theophrasti and Salix purpurea.
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Measurement

	
Abutilon theophrasti

	
Salix purpurea




	
F

	
df

	
p

	
F

	
df

	
p






	
(a) Physiological response




	
Photosynthetic rate

	
25.4

	
3

	
<0.0001

	
1.3

	
3

	
0.2855




	
Stomatal conductance

	
15.1

	
3

	
<0.0001

	
3.6

	
3

	
0.0224




	
Chlorophyll fluorescence *

	
21.9

	
3

	
<0.0001

	
3.3

	
3

	
0.0246




	
(b) Measurements taken at harvest




	
Aboveground biomass

	
13.0

	
3

	
<0.0001

	
8.8

	
3

	
<0.0001




	
Belowground biomass

	
12.5

	
3

	
<0.0001

	
3.0

	
3

	
0.0398




	
Root mass fraction

	
2.9

	
3

	
0.0393

	
5.2

	
3

	
0.0031








* values based on non-parametric Wilcoxon Scores (Rank Sums) followed by a Kruskal–Wallis Test.
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Table 5. Measurements (mean ± standard error) taken at harvest of Abutilon theophrasti and Salix purpurea at different soil treatments. Numbers in each column followed by the same lower case letters do not differ significantly at p < 0.05 according to Tukey’s range test.







Table 5. Measurements (mean ± standard error) taken at harvest of Abutilon theophrasti and Salix purpurea at different soil treatments. Numbers in each column followed by the same lower case letters do not differ significantly at p < 0.05 according to Tukey’s range test.







	
Treatment

	
Abutilon theophrasti

	
Salix purpurea




	
Plant Height (cm)

	
Reproductive Allocation (g)

	
Total Branch Length (cm)

	
Stem Diameter Gain (Mm)






	
Control

	
45.8 ± 3.5 c

	
0.06 ± 0.02 c

	
102.6 ± 6.8 a

	
1.40 ± 0.17 a




	
Compost

	
72.7±3.8 a

	
0.23 ± 0.02 a

	
84.2 ± 9.6 b

	
0.93 ± 0.15 a




	
Biochar

	
74.3±2.4 ab

	
0.15 ± 0.03 b

	
69.3 ± 5.5 ab

	
1.32 ± 0.16 a




	
Biochar + Compost

	
62.0±2.6 b

	
0.16 ± 0.02 bc

	
63.3 ± 6.0 b

	
1.34 ± 0.15 a










© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).
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