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Agaricus bisporus, the button mushroom, is commonly grown in compost, which is overlaid with casing 
soil to induce fructification of the crop. Casing currently consists mainly of peat, but peat use is under 
pressure due to environmental concerns. We previously identified multiple materials that can be used 
to partially replace peat in casing soil without having a substantial negative effect on mushroom yield 
or disease suppressiveness. Here, we investigated what percentage of peat can be replaced by each 
of these materials (spent casing, Sphagnum moss and a processed grass component) as well as green 
compost, and if combinations of materials perform better than individual constituents. We found that 
peat can be replaced by up to 75% of alternative casing materials without a significant effect on yield or 
ginger blotch incidence, with the exception of an unsteamed grass component. Across all casing soils, 
moisture content at low suction pressure was the best predictor of yield. Physico-chemical properties 
did not predict blotch incidence, which was instead associated with sourcing of the material and could 
be mitigated by steaming. Several alternative materials contained increased levels of heavy metals and 
fungicides, but in all cases, these were still well below the legal limits.
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Peat has been defined as sedentarily accumulated material that consists of at least 30% dead organic material1. 
It is formed by the slow decomposition of plant material in wet, acidic ecosystems, where anaerobic conditions 
dominate2. Peat is used extensively in horticulture in growth substrates due to its excellent physical, chemical and 
microbiological properties, as well as its wide availability and cheap sourcing3. However, its use is under pressure. 
Peat is extracted from peatlands, which provide many important ecosystem services, such as water regulation, 
biodiversity conservation and carbon sequestration and storage4,5. In fact, peatlands store the equivalent of as 
much as 75% of atmospheric carbon, more than all other vegetation types combined6. 50% of all peatlands have 
been degraded over the past century7 and each year, around 20 million tons of peat are extracted in the EU 
alone8. While to date no overarching EU provision for the extraction of peat has been defined9, on a national 
level several strategies have been developed for phasing out peat8. Within the Netherlands, a broad coalition of 
parties has recently expressed its ambition to exclusively use CO2-neutral substrates by 205010. Alternatives for 
peat in horticulture are thus urgently needed.

Peat also plays an important role in mushroom cultivation. Mycelium of Agaricus bisporus, the button 
mushroom, is commonly grown in compost consisting of manure, straw and gypsum, which is overlaid with peat 
mixed with lime to induce fructification of the crop11. This transition from the vegetative to the reproductive 
phase of the mushroom is driven by a combination of cues, which reflect the natural conditions to which 
Agaricus is adapted: reduction in temperature, nutrients, CO2 and self-inhibitory volatile organic compounds 
(VOCs)12,13. Therefore, a good casing material should be nutrient poor and sufficiently porous, so that gases 
can escape easily. It should also be conducive to the growth of Pseudomonas bacteria, which play an important 
role in the degradation of VOCs14, but at the same time be free of pests and pathogens. Finally, it needs to 
provide sufficient mechanical support, structural integrity, and water holding capacity, a low salt content and 
high cationic exchange capacity15. Based on these criteria, peat is an excellent casing material.
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It has proven difficult to find a good replacement for peat. Starting from the 1950s, a large number of alternative 
materials has been assessed for its effect on mushroom yield and disease suppressiveness16. These materials can 
broadly be categorized as materials of mineral origin (such as clay, gravel and vermiculite), materials of vegetal 
origin (such as different peat types, bark and cellulosic material from the paper industry), synthetic materials 
(such as polyacrylamide and silica gels) and other materials (such as spent mushroom substrate, manure and 
various composts). Results have been mixed, and most materials are associated with one or more drawbacks 
that currently preclude their application on an industrial scale17. For example, wood fiber has insufficient 
water holding capacity18, spent mushroom substrate contains excessive soluble nutrients, and paper wastes are 
conducive to Trichoderma and other molds. Other materials are associated with prohibitive costs or insufficient 
supplies in mushroom producing countries.

One potential way to overcome the drawbacks associated with the individual materials, is to combine 
them. In a previous study, we used three promising materials to proportionally replace peat19. The use of these 
materials reflects different principles of circular economy, that is, design out waste (fermented grass fibers), keep 
materials in use (spent mushroom casing) and regenerate natural systems (Sphagnum moss). Materials were 
used at 50, 30 and 25%, respectively. Incorporation of grass slightly reduced yield, whereas incorporation of 
spent casing and Sphagnum moss did not. This raises the possibility that reduction in yield is dependent on the 
percentage at which peat is replaced rather than the material that is used per se. Disease suppressiveness against 
the bacterial blotch pathogen Pseudomonas gingeri20—which was added at different inoculum densities—was 
not compromised by the incorporation of alternative materials. In fact, spent casing decreased blotch prevalence, 
in line with previous findings21. Steaming of the materials prior to use generally reduced blotch prevalence, 
although individual contrasts (i.e. contrasts between the steamed and unsteamed version of the same material) 
were not significant following post-hoc testing. This is a promising result that invites further investigation.

Here, we asked what percentage of peat in mushroom casing can be replaced with fermented grass fibers, spent 
mushroom casing or Sphagnum moss, without having a negative effect on mushroom yield, harvest properties or 
intrinsic ginger blotch incidence. We asked the same question for green compost, which is a promising material 
as well based on its physicochemical and microbiological characteristics22,23. We also assessed the effect of 
combining these materials. Moreover, we investigated how physicochemical properties differed between casing 
soils, and which of these differences drove yield and blotch incidence. Finally, we measured contaminant levels 
in each material in order to determine whether it can safely be used for mushroom cultivation.

Results
Components interact to affect total mushroom yield
The average total mushroom yield over the course of two flushes when peat was used as a casing was 33.4 kg/m2 
(Fig. 1). Replacing part of or all peat with other components generally slightly reduced yield (average yield for all 
other casings: 31.9 kg/m2) and this reduction in yield was better explained by a model with separate factor levels 
for each casing than by—simplified—models with factors for the presence/absence or volumetric percentage of 
each component (χ2 = 143.60, d.f. = 29, P < 0.0001 and χ2 = 70.59, d.f. = 28, P < 0.0001, respectively). This indicates 

Fig. 1.  Effect of casing on total mushroom yield (kg/m2) over the course of two flushes. Numbers behind 
individual constituents indicate the volumetric percentage of peat that was replaced by that constituent. 
Black dots indicate the yield from individual replicate growing boxes, whereas boxplots provide the five point 
summary for each casing per experiment. See Table 3 for details about the composition of each casing.
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that there were significant non-linear effects and/or interactions between the components and their treatment 
with respect to their effect on yield.

Overall, higher percentages of peat replacement led to higher reductions in yield. However, for both 
Sphagnum moss and unsteamed green compost, replacements as high as 75% did not have a significant effect 
on yield. Spent casing and unsteamed grass A reduced yield only at 75% replacement, whereas unsteamed grass 
B reduced yield already at 30% replacement. Steaming had a different effect depending on the component to 
which it was applied: for green compost and grass A, it increased the reductive effect (steamed green compost 
reductive at 75%, steamed grass A reductive at 50% replacement), while for grass B, it decreased the reductive 
effect (reductive only at 75% replacement). Casing mixtures that contained peat at 25% did not significantly 
reduce yield compared with peat. However, when peat was taken out altogether, yield was consistently reduced, 
with the largest reductive effect in MixB3 (predicted reduction: −1.74, −4.67, and −2.01 kg/m2 in mixA3, mixB3, 
and mixC3, respectively. P < 0.05 in all cases).

Complex effects of casing on harvest dynamics
An important criterium for mushroom growers is how equally distributed the mushroom yield is over the 
different days within a flush, as well as between flushes. To assess the effect of casing on these properties, we 
calculated the coefficient of variation (CV) in yield per box both within each flush and between flushes (see 
Figure S1 for overall dynamics of yield over time). The CV within flush (Figure S2) was significantly affected by 
the presence/absence of the individual grass and compost components (i.e. in a different way by unsteamed and 
steamed grass A, unsteamed and steamed grass B and unsteamed and steamed green compost), flush, as well 
as the interactions between these components and flush. Flush had by far the largest effect, with much higher 
variation in yield in the second flush (F1,385 = 140.36, P < 0.0001; predicted CV for peat 0.71 vs. 1.18 for flush 1 
and flush 2, respectively). There were significant interactions between grass type, steaming and flush. In the first 
flush, grass B increased the CV relative to peat while green compost and steamed grass A decreased the CV. In 
the second flush, both grass A and grass B decreased the CV relative to peat. Experiment had an important effect 
again, the difference in CV between flushes being much larger in experiment 2.

The CV between flushes (Figure S3) was affected by the volumetric percentage of all components, including 
peat, where a higher proportion of a component increased the CV, with the exception of unsteamed grass B, 
which did not have a significant effect (P < 0.004 in all other cases). This implies that mixed casing soils have a 
more similar yield across flushes than casing soils consisting of mostly one component.

Blotched yield strongly increased for casings with unsteamed grass B
The mean blotched yield per box was low (1.03 kg/m2) (Fig. 2). However, there were large differences in blotch 
incidence between casings. Like for yield, a model with separate levels of a single factor better explained the 
data than simplified models with factors for the presence/absence or volumetric percentage of each component 
(χ2 = 60.61, d.f. = 29, P = 0.0005 and χ2 = 182.67, d.f. = 29, P < 0.0001, respectively). All casings with an unsteamed 
grass B component had a very high blotch incidence (8.90, 11.33, 11.23 and 8.89 kg/m2 increase relative to peat 

Fig. 2.  Effect of casing on total blotched mushroom yield (kg/m2) over the course of two flushes. Numbers 
behind individual constituents indicate the volumetric percentage of peat that was replaced by that constituent. 
Black dots indicate the yield from individual replicate growing boxes, whereas boxplots provide the five point 
summary for each casing per experiment. See Table 3 for details about the composition of each casing.
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for 30, 50 and 75% peat replacement and mixB1, respectively; P < 0.0001 in all cases). However, casing with 75% 
Sphagnum moss also had a significantly increased blotch incidence (1.35 kg/m2 increase, P = 0.0008), which 
appears to be largely driven by experiment 1.

Components affect casing physico-chemical properties in a consistent manner
Individual components affected the physico-chemical properties of the compound casing in a consistent 
manner, i.e. casings with a more similar composition clustered together more closely in non-parametric multi-
dimensional space, and a higher percentage replacement of peat was associated with a larger distance from peat 
(Fig. 3; compare different colors versus squares/circles/triangles of one color). Casings containing spent casing 
or green compost were most similar to peat and were generally associated with a higher moisture content at low 
suction pressure (−10 cm water column) and adhesiveness, whereas casings containing grass or Sphagnum moss 
were associated with higher readily available water and hardness.

We used PERMANOVA to assess whether individual components had a significant effect on the physico-
chemical profile of the compound casing, and compared the performance of—simplified—models with 
presence/absence vs. volumetric percentage of each component as explanatory variables. The minimal adequate 
model contained terms for the presence/absence of spent casing, Sphagnum moss, green compost and grass in 
general (spent casing: F1,30 = 8.90, P = 0.004; Sphagnum moss: F1,30 = 8.20, P = 0.004; green compost: F1,30 = 6.96, 
P = 0.014; grass: F1,30 = 55.02, P = 0.001). No significant effects of grass type or steaming were found. Absence 
or presence of grass explained the majority of all variance (R2 = 0.51), whereas presence or absence of the three 
other components explained a more limited part of all variance (R2 = 0.06–0.07). Note, however, that this latter 
observation may partially be driven by the fact that fewer casings contained these components (e.g., 18 casings 
contained grass, whereas only 12 casings contained Sphagnum moss).

Moisture content at low suction pressure correlates with yield
To evaluate the effect of physico-chemical properties on mean total yield, we used multiple regression. Because 
moisture content at −10 cm water column and mean water fraction, as well as hardness and adhesiveness, were 
strongly correlated (r = 0.95 and −0.83 for each pair, respectively), we included only moisture content at −10 
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Fig. 3.  Effect of casing on physico-chemical characteristics and mean mushroom yield (kg/m2) over the course 
of two flushes. The presence or absence of grass (blue and purple symbols) in the casing explains the physico-
chemical properties for > 50% (k = 3, stress: 0.048).
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cm water column and adhesiveness in our models. We chose to use −10 cm water column because it is less 
strongly correlated with readily available water than mean water fraction (which is expected, because mean 
water fraction is an aggregate metric that contains information on both moisture content at low suction pressure, 
as well as the decrease in moisture content when suction pressure is increased). In turn, adhesiveness was less 
strongly correlated with moisture content at −10 cm water column than hardness, suggesting it might have more 
independent explanatory power. Model simplification yielded a minimal adequate model with only moisture 
content at −10 cm water column as an explanatory variable (F1,32 = 11.65, P = 0.002). However, readily available 
water, adhesiveness and EC were all (borderline) significant in combination with moisture content at −10 cm 
water column and each other, suggesting that these variables may have some additional explanatory power.

We measured bulk density of casings only in the first experiment. As a result, we were unable to include 
this parameter in the above analyses. However, bulk density is thought to be an important driver of mushroom 
yield, so we explored its relationship with the other physico-chemical properties, as well as mushroom yield, 
by an NMDS plot of the data from experiment 1 (Figure S5). This plot confirmed that bulk density is positively 
correlated with yield. However, this correlation was weak (r = 0.37), whereas the correlation between bulk 
density and moisture content at −10 cm water column (the main explanatory variable from the above model) 
was relatively strong (r = 0.71). The correlation between moisture content at −10 cm water column and yield was 
moderate (r = 0.45), suggesting that this property may be a better predictor of yield than bulk density.

Mean blotch incidence was negatively correlated with yield (r = 0.60; Figure S4b). However, blotch incidence 
did not correlate strongly with any of the explanatory variables (r < 0.30 in all cases) and was mainly associated 
with the presence of unsteamed grass B in the casing material. Given that grass B is no different from grass A, 
and unsteamed grass is no different from steamed grass, in terms of physico-chemical properties (see previous 
sections and Fig. 3), we did not formally test for the effect of these properties on blotch, because such modelling 
is likely to detect spurious associations. Instead, we conclude that the measured physico-chemical properties are 
not a good predictor of blotch incidence, at least within the context of our experiments.

Physico-chemical characteristics of individual constituents
We determined the mean water holding capacity (WHC) of the individual constituents. WHC of all constituents 
was significantly different from peat for both the starting material and the saturated material, with the exception 
of spent casing in case of the saturated material (Table 1; general linear mixed effect models with experiment as 
a random effect: F5,38 = 196.97, P < 0.0001 and F5,38 = 725.76, P < 0.0001, respectively). For the saturated material, 
the same divide exists as for the overall physico-chemical analyses: values for peat, spent casing and green 
compost were relatively similar, and values for Sphagnum moss and the grasses were relatively similar. The latter 
components have a high water holding capacity but a low moisture content already at −10 cm water column, 
suggesting they can take up a high amount of water but do not effectively retain it.

Individual constituents and mix B3 (steamed grass B, spent casing and Sphagnum moss) differed in their 
heavy metal and pesticide content (Table 2). Spent casing, Sphagnum moss and mix B3 contained elevated levels 
of lead and mercury compared with peat, whereas grass B contained elevated levels of nickel and chromium. The 
most striking differences were those for lead in spent casing and mix B3: the levels of this element were more 
than six times higher in these casing materials than in peat. Both grasses and mix B3 contained low levels of 

Constituent Zn Pb Ni Hg Cu Cr Cd As Pesticides

Peat 45.6 ± 39% 2.5 ± 32.2% 1.7 ± 32.6% 0.017 ± 54.6% 13.2 ± 44.4% 4.5 ± 36.6% 0.45 ± 16% 2.2 ± 25.4% -

Spent casing 55.2 18.2 2.6 0.028 15.8 4.8 0.33 1.70 -

Sphagnum moss 32.5 7.5 1.7 0.055 4.0 1.4 0.23 0.87 -

Grass A 30.4 0.83 1.6 0.013 5.5 1.6 0.06 0.15 0.022 mg/kg fluxapyroxad

Grass B 26.3 0.83 5.4 0.030 7.3 7.2 0.11 0.33 0.023 mg/kg fluopicolide

Mix B3 53.6 16.8 2.0 0.027 13.6 4.7 0.41 1.60 0.12 mg/kg metrafenone

Table 2.  Heavy metals (mg/kg DS) and pesticide residues in individual constituents from experiment 1 and 
mix B3 (steamed grass B, spent casing and Sphagnum moss). Concentrations in bold are higher than the 
concentration of the same metal in peat plus percentage measurement uncertainty. Concentrations in italics 
are lower than the concentration of the same metal in peat minus percentage measurement uncertainty.

 

Constituent WHC starting material WHC saturated material

Peat 3.81 5.17

Spent casing 2.98 5.23

Sphagnum moss 6.20 14.86

Grass A 2.02 11.47

Grass B 1.95 9.97

Green compost 1.41 3.12

Table 1.  Mean water holding capacity of individual constituents (g water/g dry matter).
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fungicides. However, the fungicide that was found in grass B was not detected in mix B3, and vice versa. This 
is likely due to the fact that the measured concentrations are close to the detection threshold, and this type of 
measurement is known to vary substantially between technical replicates.

Discussion
We previously identified several materials that can be used to partially replace peat in casing soil without 
having a substantial negative effect on mushroom yield or disease suppressiveness against inoculated bacterial 
blotch19. Here, we asked what percentage of peat can be replaced by these materials (spent casing, Sphagnum 
moss, and a processed grass component), as well as green compost, without having a negative effect on yield, 
harvest properties and intrinsic blotch incidence. We also asked what the effect of combining these materials 
is. Moreover, we investigated how physicochemical properties differed between casing soils, and which of these 
differences were correlated with yield and blotch incidence. Finally, we measured contaminant levels in each 
material in order to determine whether it can safely be used for mushroom cultivation.

We found that Sphagnum moss and green compost can be used to replace up to 75% of peat without having 
a significant negative effect on total mushroom yield over the course of two harvest cycles. Spent casing and 
grass A (sourced from nature areas) could be used to replace up to 50% of peat, whereas grass B (sourced from 
airports) had a significant negative effect on yield already at 30% replacement. These effects were modified by 
steaming of the component prior to use, which had a positive effect in case of grass B and a negative effect in case 
of green compost and grass A. 1:1:1:1 mixtures of either grass A, grass B or green compost with spent casing, 
Sphagnum moss and peat performed no worse than peat, whereas 1:1:1 mixtures of either grass A, grass B or 
green compost with spent casing and Sphagnum moss resulted in a significantly reduced yield. This indicates that 
casing materials can also be combined to replace up to 75% of fresh peat, but are—in the current combinations—
unable to entirely emulate peat.

Blotch incidence was low for all casings, except for those that contained unsteamed grass B. This suggests 
that this material contained high endogenous levels of P. gingeri, the causative agent of ginger blotch, which were 
eradicated by the steam treatment. The yield was also higher after the steam treatment, but in our previous study 
we did not find a direct association between blotch and yield21. One explanation for this discrepancy may be, 
that blotch infection was more severe in the current study and yield is affected only above a certain pathogen 
threshold. Nonetheless, the opposite effect of steaming of the different grass types (which had a very similar 
physicochemical profile) on yield suggests that (partial) eradication of the endogenous microbiome can have a 
positive or negative effect on yield. However, it may be hard to predict a priori the effect of steaming.

The variation in yield within flush was consistently larger in the second flush than in the first flush. This is 
probably due to the fact that in the second flush production is already diminishing, due to a limitation of specific 
nutrients in the compost. There were also several complex effects of individual components in interaction with 
flush on within flush variation in yield. However, these effects were more limited than the effect of flush per se. 
The same was true for the variation in yield between flushes. Our data suggest that more heterogeneous casing 
mixtures reduce this metric, possibly because such mixtures result in a more balanced physicochemical profile 
over time and thus in a prolonged period of fructification. Repeating experiments with increased sample sizes 
and repetitions would be required to assess the generality of the observed patterns.

Overall physicochemical properties of peat, spent casing, and green compost were similar to each other, as 
were those of grass and Sphagnum moss. The first category of materials was characterised by a high moisture 
content at low suction pressure but low readily available water and water holding capacity after saturation, 
whereas the second category was characterised by the opposite properties. This combination of properties is 
somewhat puzzling at first sight, but may reflect different shapes of the water retention curve, analogous to 
those commonly observed for clay vs. sand24: whereas the first category of materials has a relatively low water 
holding capacity at saturation, it is much better at retaining the water at increased suction pressures, which 
presumably shows already at the relatively low pressure of −10 cm water column (−10 hPa). Nonetheless, the 
negative relationships between readily available water (i.e. decrease in moisture content between −10 cm and 
−50 cm water column) and moisture content at −10 cm water column, as well as yield, are highly unexpected. 
Possibly, suction force of the mycelium is so high, that readily available water is consumed too easily, such that 
materials that score high on this property are quickly desiccated when used as casing.

Multiple regression indicated that mushroom yield is associated with moisture content at low suction pressure, 
although readily available water, EC and adhesiveness also appear to be factors of influence. The decreased yield 
of casings that contained spent casing relative to those that contained only fresh peat may best be explained 
by their relatively high EC. EC has previously been identified as one the main limiting factors in the search for 
alternative casing materials and attempts have been undertaken to remedy this problem in affected materials16. 
By contrast, grass and Sphagnum moss appear to have nearly identical physico-chemical properties, but are 
nonetheless associated with different reductions in yield when used at high proportions. Possibly, Sphagnum 
moss contains a more beneficial microbiome for mushroom cultivation. Interestingly, we previously found 
that peat and Sphagnum microbiomes are highly similar at the genus level, whereas grass contains a unique 
microbiome that is dominated by the fungus Pseudeurotium19.

Several alternative constituents contained increased levels of non-essential heavy metals. Spent casing and 
Sphagnum moss contained increased levels of lead and mercury, whereas grass B—which was sourced from 
airports—contained increased levels of nickel and chromium. This latter observation is in line with a recent 
study that used Sphagnum moss bags for biomonitoring of aircraft emissions: both nickel and chromium were in 
the top five of metals that were significantly enriched (up to eight times higher concentrations after exposure) at 
sampling sites near the airport25. Still, for all three materials, the measured values were well below the maximum 
values permitted for compost by the Dutch government26. Nonetheless, it should be taken into account that 
mushrooms have a very high ability to bioconcentrate metals27,28. For example, Agaricus grown on Fe-enriched 
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substrate contained an up to 100 × higher concentration of Fe than the substrate itself. Fortunately, lead and 
mercury do not appear to accumulate to the same extent in Agaricus29, and the concentrations that we found 
are unlikely to result in concentrations in the mushroom that exceed the European norms30–34. Nickel and 
chromium are actively excluded from at least wild mushrooms35,36, and should thus not pose additional risks 
either. More definitive statements about food safety would require measurements of the metal content of the 
mushrooms themselves, rather than the casing soil.

For the fungicides, it is not immediately obvious whether the levels that we detected are safe. The allowed daily 
intake for fluxapyroxad, fluopicolide and metrafenone is 0.02, 0.08 and 0.25 mg/kg body weight, respectively37–39. 
Maximum residue levels in cultivated mushrooms have not been established for fluxapyroxad and fluopicolide 
(but range from 0.01 to 20 mg/kg for other foodstuffs, and are set at 0.01 mg/kg for unrecognised pesticides) 
and have been set at 0.4 mg/kg for metrafenone40. Assuming a bioconcentration factor of < 60 × for all three 
chemicals, consumption of up to 1 kg of mushrooms a day should be within the aforementioned limits for a 
70 kg person. This suggests that the measured concentrations should not pose a problem. Metal and fungicide 
concentrations were not determined for green compost. For a fair and complete comparison of the components, 
these analyses should also have been performed.

In summary, we have shown that peat can be replaced by up to 75% of alternative casing materials without 
a significant effect on yield or ginger blotch incidence in small-scale growing experiments (with the exception 
of an unsteamed grass component, which was associated with a high blotch incidence). Sphagnum moss and 
green compost could replace peat up to 75% without supply of other constituents, and thus appear to be the 
most promising materials. All tested 1:1:1:1 mixtures—containing either grass or green compost in combination 
with spent casing, Sphagnum moss and peat—had a comparable effect. The final choice for a peat-alternative in 
casings will depend on a combination of economic and sustainability aspects. For grass fibers, sphagnum moss, 
and spent casing, life cycle assessments are underway to estimate the environmental impact of these alternatives 
(Goglio et al., in preparation). The use of spent casing may be less suitable for (partial) replacement of fresh peat, 
because use of this material strictly requires pasteurisation, and this process is associated with prohibitive costs. 
Leaving out peat from the mixtures altogether did significantly reduce yield. This might be due to a difference 
in crucial physicochemical properties such as water retention properties and EC, or due to a difference in 
microbiological composition. The first hypothesis could be tested by for example leaching out spent casing to 
reduce the EC of this component16, while the second hypothesis could be tested by adding an extract from fresh 
peat to the casing.

Our work underlines the importance of not only physicochemical, but also microbiological properties of 
casing soils. Grass components with a similar physicochemical profile had a very different effect on mushroom 
growth and yield, and these differences were cancelled out by a steaming treatment. Because we do not know 
a priori whether a component contains a beneficial or an antagonistic microbiome, steaming seems the wiser 
course of action, because it prevents disease, even if it may also cause a—limited—reduction in yield. Follow-
up work should assess in more detail what the contribution of different microbes is to the parameters that we 
studied and how the different casing materials perform in the presence of pathogens.

Methods
Casing soils
The casing soil mixtures used in this study are composed of different raw materials, which were previously 
found to have no or only limited negative effect on mushroom yield and blotch incidence, when used to partially 
replace peat. The materials are described in detail in the previous study19. Briefly, spent casing is casing from the 
last cycle of an earlier mushroom cropping, and is mechanically separated from the spent mushroom compost 
following cook-out (steaming) of the growing chambers. Sphagnum moss (Sphagnum spp.) is cultivated on 
degraded peatlands, can be sustainably harvested every 20—30 years41 and is not steamed prior to use. Grass 
A and grass B are produced by NewFoss using a proprietary biorefining procedure that converts non-woody 
biomass into lignocellulosic fibres. The raw material for grass A comes from nature areas, whereas the raw 
material for grass B comes from airports. Green compost is sourced by Kekkilä BVB. The grasses and compost 
were used in our study in both unsteamed and steamed form. Steaming was performed at 70 °C for 12–13 h.

In the previous study, 30, 25 and 50% of peat was replaced with spent casing, Sphagnum moss and grass A, 
respectively. Here, we varied the proportion of replacement from 30–75% for all individual components and 
used different combinations of components to replace peat (Table 3). Because grass B was not available at the 
time of the second experiment, green compost was used instead.

Cultivation experiments
Mushrooms were grown in an experimental mushroom cultivation facility (Unifarm, Wageningen University 
and Research) as previously described42. In short, plastic boxes with an area of 0.1 m2 were filled with 8.5 kg of 
compost that was fully colonized by A. bisporus strain A15 (Sylvan). 5 L of casing soil mixed with 100 g/kg of 
phase III compost was applied on top, the temperature was gradually lowered to 18 °C until pinhead formation 
started, and mushroom yield and blotch incidence were recorded over the course of two flushes. Both yield 
and blotch incidence were expressed as mushroom weight in kg/m2. Two experiments were performed, in both 
of which 25 different casings were tested, with four replicate boxes per casing. Casing soils containing grass B 
(13–19 and 29–31) were used only in experiment 1, casing soils containing green compost (20–25 and 32–34) 
were used only in experiment 2. All other casings were used in both experiments.

Physico-chemical analyses
In the first experiment physico-chemical properties of all casing soils were determined. In the second experiment, 
these properties were determined only for casing soils containing green compost and again for 100% peat. More 
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specifically, we determined moisture content in the supplied material (% wet weight), pH, electrical conductivity 
(EC) (µS/cm), hardness (g), adhesiveness (mJ), and organic matter (OM) content (% dry matter). Bulk density 
(kg/m3) was determined only in the first experiment. Measurements were performed in 1 (bulk density), 2 
(pH, EC, OM content), or 6 (moisture content, hardness, adhesiveness) technical replicates. Water retention 
characteristics of each material were determined by measuring moisture content at −3.2, −10, −32, −50 and 
−100 cm water column, which corresponds with suction pressures of −3.2 to −100 hPa and pF values of 0.5 
to 243. Mean water fraction was calculated across all suction pressures. Moisture content at −10 cm was taken 
as a measure of water fraction in the saturated material, whereas readily available water was calculated as the 
difference in water fraction between −10 and −50 cm water column. Water buffer was calculated as the difference 
in water fraction between −50 and −100 cm water column. However, because these values were low (1, 2 or 
3%) and not measured with high accuracy, we decided to exclude this measure from further analyses because it 
would only introduce noise.

For each raw material, water holding capacity (WHC) of both the start material and the saturated material 
was determined (g water/g dry matter). WHC was determined only in the first (peat and grass B), only in 
the second (green compost), or in both experiments (other constituents). In all cases, WHC of the starting 
material was determined in 1 technical replicate, and WHC of the saturated material was determined in 5 
technical replicates. For WHC determination on the saturated material, the exact same sample was used as for 
determination on the start material. Material was saturated with water for 2 h and then left to drain for 2 h prior 

Casing Peat Spent casing Sphagnum moss

Grass 
A

Grass 
B

Green 
compost

-  +  -  +  -  + 

1 Peat 100

2 Spent casing_30 70 30

3 Spent casing_50 50 50

4 Spent casing_75 25 75

5 Sphagnum moss 30 70 30

6 Sphagnum moss 50 50 50

7 Sphagnum moss 75 25 75

8 Grass A_30_unsteamed 70 30

9 Grass A_50_unsteamed 50 50

10 Grass A_75_unsteamed 25 75

11 Grass A_30_steamed 70 30

12 Grass A_50_steamed 50 50

13 Grass A_75_steamed 25 75

14 Grass B_30_unsteamed 70 30

15 Grass B_50_unsteamed 50 50

16 Grass B_75_unsteamed 25 75

17 Grass B_30_steamed 70 30

18 Grass B_50_steamed 50 50

19 Grass B_75_steamed 25 75

20 Green compost_30_unsteamed 70 30

21 Green compost_50_unsteamed 50 50

22 Green compost_75_unsteamed 25 75

23 Green compost_30_steamed 70 30

24 Green compost_50_steamed 50 50

25 Green compost_75_steamed 25 75

26 Mix A1 (Grass A unsteamed, Spent casing, Sphagnum moss, Peat) 25 25 25 25

27 Mix A2(Grass A steamed, Spent casing, Sphagnum moss, Peat) 25 25 25 25

28 Mix A3(Grass A steamed, Spent casing, Sphagnum moss) 33 33 33

29 Mix B1(Grass B unsteamed, Spent casing, Sphagnum moss, Peat) 25 25 25 25

30 Mix B2(Grass B steamed, Spent casing, Sphagnum moss, Peat) 25 25 25 25

31 Mix B3(Grass B steamed, Spent casing, Sphagnum moss) 33 33 33

32 Mix C1(Green compost unsteamed, Spent casing, Sphagnum moss, Peat) 25 25 25 25

33 Mix C2(Green compost steamed,Spent casing, Sphagnum moss, Peat) 25 25 25 25

34 Mix C3(Green compost steamed, Spent casing, Sphagnum moss) 33 33 33

Table 3.  Composition of casing soils used in this study (% v/v). Each casing soil contains an additional 3% 
(v/v) of sugar lime. Bold casing numbers indicate casings that were only used in the first experiment, italic 
casing numbers indicate casings that were only used in the second experiment.
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to measurement. In the first experiment, heavy metal – Zn, Pb, Ni, Hg, Cu, Cr, Cd and As – content (mg/kg DM) 
of the raw materials was determined by ICP-MS in 1 technical replicate. Pesticide (fluxapyroxad, fluopicolide, 
and metrafenone) content was determined for peat, spent casing, Sphagnum moss, grass A, grass B and mix B3 
by Normec Groen Agro Control44.

Statistical analyses
Data from experiment 1 and 2 were analysed together. General linear mixed effect models (with experiment as a 
random effect) were used to assess the effect of casing on total yield. Three different modelling approaches were 
compared. In the first approach, a model was fitted with a single factor with separate levels for each casing. In the 
second approach, a model was fitted with separate factor levels for the presence vs. absence of each individual 
constituent. In the third approach, a model was fitted with separate continuous factor levels for the volumetric 
percentage of each individual constituent. For the latter two approaches, model simplification was then used 
to find the minimal adequate model, and these models were compared with the model from the first approach 
using the Aikaike Information Criterion (AIC). Statistics are reported from the most parsimonious model.

A similar approach was used for analysing total blotched yield. Variation in yield was captured by two 
different metrics. Coefficient of variation (CV) in yield within flush was calculated as the standard deviation in 
yield (per day) within flush, divided by the mean yield (per day) within flush, for each replicate box separately. 
Similarly, coefficient of variation (CV) in yield between flushes was calculated as the standard deviation in (total) 
yield of the two different flushes, divided by the mean (total) yield of the two different flushes, for each replicate 
box separately. CVs were analysed using the same approach as above.

We used permutational analysis of variance (PERMANOVA) to test for the effect of individual components 
on the overall physico-chemical profile of the casings. To enable joint analysis of all physico-chemical data, we 
used the mean value from the technical replicates where applicable. Model simplification was done using Akaike 
information criterion (AIC), and we compared a minimal model with presence/absence of each component 
with a minimal model with volumetric percentage of each component. To assess the effect of physico-chemical 
properties on yield, we used multiple regression. We first checked for collinearity between explanatory variables 
and used this information to select a sensible subset of variables for further modelling. We then fitted separate 
models with quadratic terms and different subsets of all two-way interaction terms and performed model 
simplification. These two approaches yielded the same minimal model, which only contained main effects.

In all cases, model assumptions were checked. For post-hoc testing, we evaluated only a limited number 
(k−1) of meaningful contrasts such that we did not have to correct for multiple testing. Statistical analyses were 
performed in R version 4.1.045.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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